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Effect of pressure and temperature on 4f -4f luminescence properties of Sm21 ions
in MFCl crystals „M 5Ba, Sr, and Ca…
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We present effects of pressure and temperature on 4f -4 f luminescence properties of Sm21 ions in MFCl
crystals (M5Ba, Sr, and Ca!. Temperature experiments indicated that a two-step nonradiative process (5DJ

→4 f 55d thermal crossover followed by 4f 55d→5DJ8,J downward feeding! strongly influenced the lumines-
cence intensity distribution from the5DJ (J50,1,2) states of Sm21. We quantitatively analyzed the tempera-
ture dependence of the intensities and lifetimes of5DJ (J50,1,2) 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 the5DJ→4 f 55d process and the downward feeding fractions of the 4f 55d→5DJ

process. Pressure experiments showed a strong shift of the 4f 55d state to lower energy. This shift led to an
increase in the degree of 4f -5d electronic admixture, a decrease in the thermal crossover barrier between the
5DJ levels and the 4f 55d state, and decreases in the lifetimes of the5D0 and 5D1 states. We analyzed the
change in lifetime of the5D0 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
4 f -5d spin-orbit coupling, leads to a relaxation of the second order electric dipole forbiddenness of the
5D0↔7F0 transition and to significant contributions to the radiative5DJ→7FJ8 transitions of Sm21.
@S0163-1829~98!04742-0#
re

r

e

5
n

ei

s
y

es
e

-

g
e

to

e

sity

is
l JO

this
on
,

em-

use
f
ld

at
-

ure

the

n
n

ec-
I. INTRODUCTION

The luminescence properties of divalent rare earth (RE21)
ions differ fundamentally from those of the trivalent ra
earth (RE31) ions because the 4f N215d configuration is
much closer in energy to the ground 4f N configuration. This
results in a stronger interaction between the two configu
tions and a larger admixture of parity-allowed 5d orbital
character into the 4f -4 f transitions of RE21 ions.

High pressure luminescence studies of RE21 ions are of
interest because pressure has the ability to tune the en
separation between the 4f N215d and 4f N configurations.
This is because the larger average radial extent of thed
orbitals, and their accordingly much stronger interactio
with the host lattice, lead to much larger variations in th
energies with pressure relative to the more shielded 4f orbit-
als. Since the energy of the 4f N215d configuration decrease
with increasing pressure,1 we have the ability to continuousl
increase its interaction with the ground 4f N configuration.
This provides a unique opportunity to systematically inv
tigate the influence of 4f -5d coupling on the luminescenc
properties of RE21 ions.

Among RE21 ions, Sm21 has drawn much attention re
cently because of its hole burning properties.2–4 Sm21 has a
ground 4f 6 configuration and typically has a lowest-lyin
excited 4f 55d configuration at energies only slightly abov
the 5DJ excited states of the ground 4f 6 configuration. The
close proximity of the 4f 55d configuration to the 4f 6 con-
figuration leads to a mixing of the two configurations and
an alteration of the optical properties of Sm21. The 4f 55d
configuration influences several aspects of 4f -4 f absorption
and luminescence of Sm21 including Fano resonance of th
PRB 580163-1829/98/58~18!/11944~15!/$15.00
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5D3(4 f 6) level,5 the 7F0-5D0 two-photon transition,6 and
the anomalous crystal field splittings of the5D1(4 f 6) level.7

Of particular recent interest is the5D0↔7F0 transition
of Sm21 and Eu31. Even though this transition is strictly
forbidden in the framework of the Judd-Ofelt~JO! theory,8,9

it shows very strong absorption and luminescence inten
in some Sm21-activated materials~e.g., Sm21:MFCl,
Sm21:SrB4O7, and Sm21:glasses)10–14 and Eu31-activated
materials ~e.g., Eu31:Sr2TiO4, Eu31:REOCl, and Eu31:
oxyapatites).15–17 The seemingly anomalous strength of th
transition poses a serious challenge to the conventiona
theory and has motivated new theoretical work.18 Recent ef-
fort has been devoted to understanding the mechanism of
transition and new models, including the ligand polarizati
model19 and extensions of the JO theory to higher orders20

have been proposed.
In this paper, we present the results of pressure and t

perature studies of the 4f -4 f luminescence in Sm21:MFCl
(M5Ba, Sr, and Ca!. These systems were selected beca
of their strong5D0↔7F0 transitions and the wide range o
supporting information available which includes crystal fie
~CF! analysis based on absorption and luminescence
ambient10,21,22and high pressure23,24 and temperature analy
sis of 5DJ lifetimes at ambient pressure.25,26 We have previ-
ously presented a preliminary study of the effect of press
on 5DJ lifetimes.27

The principal objective of the paper is to understand
influence of the 4f 55d configuration on the lifetimes and
intensities of the5D0 – 2→7FJ transitions of Sm21. We ex-
pect the 4f 55d configuration to exert two principal effects o
emission from the5DJ states. First, the spin-orbit interactio
can lead to a mixing of 5d character into the5DJ states and
a consequent increase in radiative transition probability. S
11 944 ©1998 The American Physical Society
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PRB 58 11 945EFFECT OF PRESSURE AND TEMPERATURE ON 4f-4f . . .
ond, the presence of the 4f 55d configuration introduces a
nonradiative decay channel for the5DJ levels through ther-
mally activated electron crossover. Pressure permits u
decrease the energy of the 4f 55d configuration relative to
the 5DJ(4 f 6) excited states. This leads to an increase in
spin-orbit interaction and a lowering of the activation en
gies to thermal crossover between the 4f 55d configuration
and the 5DJ(4 f 6) states. We will describe the temperatu
dependence of the luminescence efficiencies and lifetime
the 5D0 – 2 states within the framework of the single config
rational coordinate model using static and dynamic r
equations. In addition, the5D0(4 f 6) lifetimes as a function
of pressure are quantitatively analyzed by taking into
count magnetic dipole~MD! and electric dipole transition
mechanisms. We include the conventional second order
electric dipole~2nd-ED! and third order electric dipole~3rd-
ED! contributions in our analysis. We find that 3rd-ED e
fects, through 4f -5d spin-orbit coupling, contribute signifi
cantly not only to the5D0→7F0 transition; but also to the
other 5DJ→7FJ transitions of Sm21.

II. BACKGROUND AND THEORY

A. Energy level diagram for Sm21:MFCl

Sm21 is isoelectronic to Eu31 and has a ground 4f 6 and a
first excited 4f 55d configuration. Coulomb repulsion an
spin-orbit interactions split the ground 4f 6 configuration into
a total of 2952S11LJ multiplets consisting of 7 septets, 7
quintets, 168 triplets, and 46 singlets. Experimentally, ho
ever, only the7F0 – 6 and 5D0 – 4 multiplets are usually ob-
served for Eu31 and Sm21 in different host materials. The
observed barycentric energies of the5D0 – 2 and 7F0 – 6 mul-
tiplets of Sm21:MFCl (M5Ba, Sr, and Ca! at ambient pres-
sure are collected in Table I. The lowest 4f 55d state of
Sm21:MFCl lies in the region from 17 000– 20 000 cm21

and decreases from BaFCl to SrFCl to CaFCl.5,12,23Figure 1
shows the energy level diagram for Sm21:SrFCl. Upon ex-
citation of the parity-allowed 4f 6→4 f 55d transitions, strong
4 f -4 f luminescence occurs between the5D0 – 2 and 7F0 – 6
levels.

B. SCC energy level diagram and nonradiative transitions

Figure 2 illustrates the single configurational coordin
~SCC! energy level diagram appropriate for Sm21 in MFCl

TABLE I. Barycentric energies (cm21) of the 5D022 and
7F026 multiplets of Sm21:MFCl at ambient pressure.

Sm21:BaFCl21,23 Sm21:SrFCl22,23 Sm21:CaFCl12,24

7F0 0 0 0
7F1 284 285 286
7F2 810 809 809
7F3 1489 1486 1485
7F4 2273 2269 2269
7F5 3126 3124 3125
7F6 4011 4014 4016
5D0 14 530 14 472 14 387
5D1 15 868 15 804 15 710
5D2 17 808 17 734 17 632
to

e
-
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e

-

O

-

e

(M5Ba, Sr, Ca!. The seven7FJ multiplets are not shown
and would be placed with the zero of energy at the minim
of the 7F0 parabola. The5D0 – 2 multiplets have small
Franck-Condon~FC! offsets (Sf'0.1)28 and each is assume
to have the same FC offset relative to the ground7F0 mul-
tiplet. In contrast, as depicted in Fig. 2, there is a large
offset (Sd.1) for the 4f 55d state.28

FIG. 1. Energy level diagram for Sm21:SrFCl. The positions of
the 5D0 – 2 and 7F0 – 6 energy levels were taken from Table I. Th
inset demonstrates the 10 K absorption spectrum of Sm21:SrFCl
~Ref. 23! at ambient pressure between 18 500 and 25 000 cm21.

FIG. 2. Single configurational coordinate energy level diagr
for Sm21 in SrFCl. Similar diagrams can be drawn for Sm21 in
BaFCl and CaFCl.



e

lo

b

a

ith
s

s

ic
op

erm
s

em-
the

s
pera-
er
al

ture
ich
il-
tion

iate

al
.
ith

ince
udy,

nse
-
uch

11 946 PRB 58YONGRONG SHEN AND KEVIN L. BRAY
In Fig. 2, the vertical offsets between the5DJ multiplets
are denoted bypJJ8\v5EJ2EJ8 and those between th
lowest 4f 55d state and each of the5DJ (J50,1,2) multip-
lets by pdJ\v5Ed2EJ , where \v is the energy of the
single optical phonon associated with the diagram. The c
lying 4f 55d state influences the nonradiative~through
4 f -5d thermal coupling! and radiative~through electronic
4 f -5d mixing! processes of the5DJ→7FJ transitions. In the
nonradiative process, a quenching of the5D2 and 5D1 states
occurs through thermally activated crossovers mediated
the 4f 55d state: 5D2→4 f 55d→5D1 , 5D0 and 5D1
→4 f 55d→5D0 . The nonradiative downward 4f 55d→5DJ

rates,WdJ
nr , are given by

WdJ
nr ~T!5WdJ

nr ~0!WpdJ
~Sd ,\v,T!, ~1!

whereWdJ
nr (0) is the transition electronic factor andWpdJ

is
the Boltzmann-weighted Franck-Condon function.28 The up-
ward 5DJ→4 f 55d rates are simply given by

WJd
nr 5WdJ

nrR pdJ, ~2!

whereR5exp(2\v/kBT) and the exponentpdJ is the num-
ber of phonons bridging the energy gap between the 4f 55d
and 5DJ states.

Direct nonradiative processes also occur between the5DJ
multiplets through multiphonon relaxation. The5D2→5D1
and 5D1→5D0 multiphonon relaxation rates are given by29

WJ.J8
nr

~T!5WJJ8
nr

~0!@12R#2pJJ8, ~3!

where WJJ8
nr (0) is the rate constant at 0 K and is highly

dependent on the energy gap (pJJ8\v) between theJ andJ8
levels. It is assumed that the nonradiative upward ratesW01

nr

and W12
nr are negligible because of the large energy g

(pJJ8\v/kBT@1) between the5D0 and 5D1 and 5D1 and
5D2 states.

When Sm21 is excited into the 4f 55d state, the feeding
process 4f 55d→5DJ results in populationsNJ in each 5DJ
level. 5DJ→7F0 – 6 luminescence subsequently occurs w
radiative transition probabilityWJ

r . Since no luminescence i
observed from the 4f 55d state in Sm21:MFCl, the nonradi-
ative 4f 55d→5DJ transitions must take place with rate
much faster than the rates of the radiative 4f 55d→7F0 – 6
transitions.

C. Dynamic and steady rate equations

According to Fig. 2, we can write the following dynam
rate equations describing the time dependence of the p
lations of the5DJ levels upon excitation at rateGd into the
4 f 55d state:

Ṅd5Gd1W2d
nr N21W1d

nr N11W0d
nr N0

2~Wd2
nr 1Wd1

nr 1Wd0
nr !Nd ,

Ṅ25Wd2
nr Nd2~W2d

nr 1W21
nr1W2

r !N2 ,

Ṅ15Wd1
nr Nd1W21

nr N22~W1d
nr 1W10

nr1W1
r !N1 ,
se

y

p

u-

Ṅ05Wd0
nr Nd1W10

nr N12~W0d
nr 1W0

r !N0 . ~4!

To describe the transient behavior that occurs in the5D0 – 2
luminescence after pulsed excitation, we set the source t
Gd of Eq. ~4! equal to zero and use the initial condition
Nd(0)5Nd

0 andNJ(0)50 (J50,1,2).
For the purpose of this paper, Eq.~4! will be simplified

according to processes that dominate over the various t
perature ranges of the study. From Fig. 2 we see that
activation energy to thermal crossover increases as5D2
,5D1,5D0 . Simplification of Eq.~4! is possible because a
the temperature is increased, we expect successive tem
ture quenching of5DJ luminescence via thermal crossov
back to the 4f 55d state. At very low temperature, therm
crossover from each of the5D0 – 2 states is inefficient and
emission from all three states is observed. As the tempera
is raised, we enter a low temperature regime in wh
quenching of only the5D2 emission is observed as the ava
able thermal energy becomes comparable to the activa
energy of 5D2 thermal crossover. In this regime,W1d

nr 50
andW0d

nr 50. Solving Eq.~4! for the 5D0 – 2 populations gives

N2~ t !5N̄21 exp~2t/t21!1N̄22 exp~2t/t22!,

N1~ t !5N̄11 exp~2t/t11!1N̄12 exp~2t/t12!,

N0~ t !5N̄01 exp~2t/t01!1N̄02 exp~2t/t02!

1N̄03 exp~2t/t03!, ~5!

where

~tJ1!215Wd2
nr 1Wd1

nr 1Wd0
nr ~J50,1,2!,

~tJ2!215W1
r 1W10

nr ~J50,1!,

~t22!
215W2

r 1W21
nr1W2d

nr ,

~t03!
215W0

r .

A further increase in temperature leads to an intermed
temperature regime in whichW2d

nr becomes sufficiently rapid
that 5D2 emission is no longer observed and a rapid therm
equilibrium between the5D2 and 4f 55d states is achieved
Under these conditions, we have quasi-3 level behavior w
W1d

nr Þ0 and W0d
nr 50. Solving Eq.~4! in the intermediate

temperature regime also yields Eq.~5!, but with slightly dif-
ferent forms for the time constantst i j :

~tJ1!215Wd1
nr 1Wd0

nr ~J50,1!,

~tJ2!215W1
r 1W10

nr1W1d
nr ~J50,1!,

~t03!
215W0

r .

At still higher temperatures, complete quenching of5D1 lu-
minescence due to rapid thermal crossover is expected. S
we do not reach this temperature regime in the present st
we will not comment further on it.

In the present study we examined the transient respo
of the 5D0 – 2 states using;6 ns excitation pulses and con
sidered luminescence decay behavior beginning at m
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longer times. Under these conditions, the feeding ratesWdJ
nr

are much faster than both the multiphonon relaxation ra
WJ.J8

nr and the radiative ratesWJ
r . Equation~5! then simplies

to

N2~ t !5N̄2 exp~2t/t2!,

N1~ t !5N̄1 exp~2t/t1!,

N0~ t !5N̄0@exp~2t/t0!2exp~2t/t1!#, ~6!

where

~t2!215W2
r 1W21

nr1W2d
nr ,

~t1!215W1
r 1W10

nr ~ low temperature regime!,

5W1
r 1W10

nr1W1d
nr

~ intermediate temperature regime!,

~t0!215W0
r . ~7!

According to Eq.~6!, we expect upon excitation into th
4 f 55d state that the5D2 and 5D1 states will exhibit single
exponential luminescence decays and that the5D0 lumines-
cence will consist of an exponential rise followed by an e
ponential decay.

Finally, we were interested in the steady state lumin
cence efficiencieshJ of the 5DJ states. Steady state pumpin
conditions imply that the time derivatives in Eq.~4! become
zero. In the low temperature regime of this study, the ste
state solution of Eq.~4! gives

h25
W2

r N2

Gd
5a2

W2
r

W2
r 1W21

nr1~a11a0!W2d
nr ,

h15
W1

r N1

Gd
5a1

W1
r

W1
r 1W10

nr F11S W21
nr

a1
1W2d

nr D h2

W2
r G ,

h05
W0

r N0

Gd
5a0F11

W10
nr

a0

h1

W1
r 1W2d

nr h2

W2
r G , ~8!

where the feeding fractionsaJ from the 4f 55d state to the
5DJ states are given by

aJ5
WdJ

nr

Wd2
nr 1Wd1

nr 1Wd0
nr ~J50,1,2!. ~9!

In the intermediate temperature regime we obtain similar

h15
W1

r N1

Gd
5a1

W1
r

W1
r 1W10

nr1a0W1d
nr ,

h05
W0

r N0

Gd
5a0F11S W10

nr

a0
1W1d

nr D h1

W1
r G ,

aJ5
WdJ

nr

Wd1
nr 1Wd0

nr ~J50,1!. ~10!
s

-

-

y

D. Radiative transition probabilities

The experimental data on the CF spectra of RE ions sh
that the intra-4f transitions are primarily electric dipole an
magnetic dipole in nature. In principle, ED transitions with
a pure 4f N configuration should be strictly forbidden becau
the ED operator (PE) has odd parity and the transition ma
trix element must have even parity to be nonzero. Howev
ED transitions can occur as a result of the interaction of
central ion with a surrounding noncentrosymmetric crys
field. This interaction leads to a mixing of opposite par
configurations into the ground 4f N configuration of RE ions.
By contrast, MD transitions within the 4f N configuration are
parity-allowed because the MD operator (PM) has even par-
ity. Electric quadrupole transitions would also be allowe
but are extremely rare and not applicable to the curr
study.

The spontaneous emission probability per unit time
tween an initial stateu i & and a final stateu f & is given by the
Einstein coefficient30,31

Wi→ f
r 5

32p3v i f
3

\
n3U^ i uPMu f &1

n211

3n
^ i uPEu f &U2

, ~11!

wherev i f is the energy difference (cm21) between statesu i &
and u f & andn is the refractive index of the material.

For RE ions in crystals, wave functions for CF levelsu j &
are given by

u j &5 (
@a jSjL j #Jj

C@a jSjL j #Jj
u4 f N@a jSjL j #JjG j&,

in an intermediate coupling scheme that includes
J-mixing. The functionsu4 f N@a jSjL j #JjG j& are symmetry
adapted linear combinations of the basis functio
u4 f N@a jSjL j #JjJzj

& according to u4 f N@a jSjL j #JjG j&

5(Jz j
CJz j

G j u4 f N@a jSjL j #JjJzj
& whereG j denotes an irreduc

ible representation of the point group of the RE bondi
environment.

1. Magnetic dipole transitions

The transition matrix element for an MD allowed trans
tion is given by

^ i uPMu f &5mB (
@a iSiLi #

JiJzi

C@a iSiLi #Ji
CJzi

G i (
@a fSfL f #

JfJz f

C@a fSfL f #Jf

3CJz f

G f ~21!Ji2JziS Ji 1 Jf

2Jzi r Jz f
D

3^4 f N@a iSiLi #Ji uuL12Suu4 f N@a fSfL f #Jf&,

~12!

wheremB is the electron Bohr magneton andr the polariza-
tion of the transition. The reduced matrix elements betwe
the u4 f naSLJ& states can be explicitly evaluated.32 The se-
lection rules for an allowed MD transition are30

D l 50, Da50, DS50, DL50,

DJ50,61 ~not 0↔0!, and
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DJz50,61.

The a, S, andL selection rules are strongly relaxed by t
intermediate coupling and theJ selection rule can be slightly
relaxed by the CFJ mixing. For Eu31 and Sm21 ions, the
5D1↔7F0 and 5D0↔7F1 transitions have been establish
as predominantly magnetic dipole.30,33

2. Electric dipole transitions

Odd CF terms induce an admixture of the opposite-pa
4 f N21nl configuration~where nl is normally 5d) into the
4 f N configuration and as a result, ED transitions within t
4 f N configuration become partially allowed. Judd a
Ofelt8,9 first developed a quantitative theory involving
simple configuration mixing caused by a static nonc
trosymmetric crystal field. Wybourne34 later introduced an-
other series of ED intensity mechanisms involving static
(HCF) and spin-orbit interactions (HSO). The latter interac-
tion links initial and final states which differ in spin by on
unit and consequently permitDS51 transitions within 4f N.
Accordingly, the ED interaction Hamiltonian (HInt) can be
written34

HInt5(
l

H E•Du l &
1

Eli
^ l uHCF1HCFu l &

1

El f
^ l uE•DJ

1(
l ,l 8

H E•Du l &
1

Eli
^ l uHSOu l 8&

1

El 8 i
^ l 8uHCF

1HCFu l &
1

El f
^ l uHSOu l 8&

1

El 8 f
^ l 8uE•DJ , ~13!

whereD is the sum( j r j of the position vectors for all elec
tron j in the 4f N configuration,E is the electric field vector,
andE•D represents the ED operator (PE5E•D). Eli andEl f
denote the energy differences between the higher interm
ate statel and the initial statei and final statef , respectively.
The first term gives the conventional JO-ED contributio
This term is commonly designated as the 2nd-ED contri
tion because the ED term requires a first order static per
bation of both initial and final states by the noncentrosy
metric crystal field. The second term gives the 3rd-E
contribution in which the spin-orbit operatorHSO links LS
coupled states of differing spin with 4f N, andE•D andHCF
link 4 f N states to states within the opposite parity exci
configuration 4f N21nl.

For Sm21 ions, the 4f N215d excited configuration lies
much lower in energy than any other opposite-parity exci
configuration, so we have included only this configuration
our calculation. Upon application of the 3rd-ED mechani
to the 5D0(4 f 6)↔7F0(4 f 6) transition, we obtain a clea
linkage scheme:

^5D0~4 f 6!uHCFu5LJ~4 f 55d!&

3^5LJ~4 f 55d!uHSOu7LJ8
8 ~4 f 55d!&

3^7LJ8
8 ~4 f 55d!uE•Du7F0~4 f 6!&.

By taking into account the 4f N215d state as the only
intermediate state and using the closure approxima
(( l u l &^ l u51) as used in the original JO theory, the 2nd- a
y

-

F

di-

.
-
r-
-

d

d

n
d

3rd-ED contributions to the line strength for a transitionu i &
→u f & can be written explicitly as35

^ i uPEu f &5(
t

even

(
k

odd

Ck
~ t !~Ed f!

21~E ~1!B̂~k!!~ t !

3^ i uU ~ t !1~Ed f!
21Ok

~ t !u f &, ~14!

wherek51,3,5 and for eachk, t5k61. Expressions for the
Ck

(t) andOk
(t) terms appearing in Eq.~14! are given below:

C1
05A12

7
,

O1
~0!5A42z fU

~0!W~11!02A6S z f2
2

3
zdDW~11!0,

C1
256A 2

35
,

O1
~2!5A42z fU

~2!W~11!01
3

2
A1

5 S z f2
4

9
zdDW~11!2

1
1

2
A3

5
z fW

~12!22A3

5
~z f2zd!W~13!2,

C3
252

8

7
A1

5
,

O3
~2!5A42z fU

~2!W~11!01
3

2
A1

5
~z f2zd!W~11!2

1
1

2
A3

5
z fW

~12!22A3

5 S z f2
1

6
zdDW~13!2,

C3
452

2

7
A22,

O3
~4!5A42z fU

~4!W~11!01
1

6
A22

3 S z f2
13

22
zdDW~13!4

1
1

3
A5

2
z fW

~14!42
1

3
A5

3
~z f2zd!W~15!4,

C5
45

2

77
A70,

O5
~4!5A42z fU

~4!W~11!01
1

6
A22

3
~z f2zd!W~13!4

1
1

3
A5

2
z fW

~14!42
1

3
A5

3 S z f1
4

5
zdDW~15!4,

C5
65

10

11
A26

7
,
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O5
~6!5A42z fU

~6!W~11!01
1

2
A 5

13 S z f2
2

3
zdDW~15!6

1
1

2
A21

13
z fW

~16!6,

wherez f and zd are spin-orbit coupling coefficients for th
s
-,

b

n
a

a
ni

a
to
e
in
4 f N and 4f N215d configurations, respectively, andEd f is
the mean energy difference between these two config
tions. B̂(k)5^4 f ur u5d&B(k) is a tensor, theqth component of
which equals (21)qB2q

k , where theBq
k are the ordinary CF

parameters.
In this model, the line strength for an ED transition b

tween intermediate coupled CF levelsi and f is given by
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Equations~14! and ~15! indicate that the 2nd-ED term
permit intra-4f N transitions only through the second
fourth-, and sixth-rank tensorsU (t), and that the 3rd-ED
terms do so through other even-rank tensorsU (t)W(11)0 and
W(1l)t. Reduced matrix elements forU (t) andW(1l)t can be
calculated using Eq.~7-35! given by Judd.36

The selection rules derived from 2nd-ED theory are30

D l 561, DS50, uDLu<6,

DJ<6, unlessJi or Jf50 when DJ52,4,6,

uDJzu5p1q.

The selection rules forS andL can be partly relaxed in the
intermediate coupling scheme because transitions occur
tween levels which are a linear combination ofLS coupling
states. In the 3rd-ED mechanism,DS51 transitions become
partly allowed through spin-orbit coupling betwee
4 f N215d and 4f N states. As an example, the 3rd-ED mech
nism leads to nonzero intensity of the5D0↔7F0 transition
of Sm21 or Eu31 ~Refs. 10–17!, which is forbidden in the
2nd-ED theory.

III. EXPERIMENTAL

A. Materials

The Sm21-doped MFCl (M5Ba, Sr, and Ca! samples
used in the present work were grown using the stand
Bridgman technique in the materials laboratory of the U
versity of Paderborn. The nominal Sm21 concentration was
0.1 mol% . For determination of luminescence intensity
ambient pressure, the single crystal sample was ground in
fine powder and used to obtain relative intensities becaus
the strong polarization of luminescent transitions
Sm21:MFCl.
e-

-

rd
-

t
a

of

B. Luminescence intensity measurements

For intensity determinations, Sm21 luminescence was ob
tained upon 4f 55d excitation at 488.0 nm and was dispers
by either a 1 mSpex 1000M or a 1 mSpex 1704 monochro
mator and detected by a Hamamatsu R928 photomultip
tube. The spectral response of the instrument was consid
in determination of relative luminescence intensity.

C. Luminescence decay measurements

For luminescence decay measurements, pulsed 565–
nm excitation from a Nd31:YAG laser pumped tunable dy
laser was used to excite Sm21 from the ground state
7F0(4 f 6) to the 5D2(4 f 6) state~a 60:40 mixture of R590
and R610 dyes! and the 532.0 nm wavelength of Nd31:YAG
laser was directly used to excite Sm21 from the ground state
7F0(4 f 6) to the 4f 55d state. The spectra were dispersed
a 1 m Spex 1704 monochromator and the decay data w
captured with a 100 MHz digital storage oscilloscope c
pable of averaging over 1000 signal pulses.

D. High pressure technique and temperature experiments

A modified Merrill-Bassett diamond anvil cell~DAC! was
used to generate high pressure. The sample chamber
sisted of a hole of diameter 200–250mm drilled in a pre-
indented Inconel gasket. A single crystal was loaded in
sample chamber along with the ruby chips used as the p
sure calibrant. A 4:1 methanol:ethanol mixture was used a
pressure transmitting medium for Sm21:SrFCl and a spectro
scopic oil ~poly-chlortrifluorethylene! was used for
Sm21:CaFCl because of the hygroscopic nature of the Ca
compound.

For low temperature experiments, a closed-cycle cr
genic refrigerator was used to cool samples in the DAC
well as bulk samples, single crystals, or powders at amb
pressure. For measurements above RT, we used a self-
device consisting of a rectangular silicone rubber heater w
a maximum temperature of about 530 K and a tempera
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FIG. 3. Ambient pressure and RT luminescence spectrum of Sm21:SrFCl powder upon excitation to the 4f 55d state (lex5488.0 nm).
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controller ~SSR240DC10, Omega Eng. Inc.!. Temperature
was maintained stable within 3 K during all experiments.

IV. RESULTS

A. Temperature dependence of ambient
pressure luminescence intensity

Upon excitation into the 4f 55d state, Sm21:MFCl lumi-
nescence can be observed from the5D0,1,2→7FJ transitions
at low temperature. A very strong temperature depende
for the transitions was observed. As an example, Fig
shows a typical RT luminescence spectrum of Sm21:SrFCl
powder at ambient pressure, excited at 488.0 nm. We
served 5D0→7F0 – 4 and 5D1→7F0 – 3 transitions. The
branching ratios of these transitions were estimated from
relative intensity of the luminescence spectrum in Fig. 3 a
are presented in Table II.

The 5D0,1,2→7F0 transitions were chosen for detaile
measurements because of their simple and fully resolved
pearance which allowed us to accurately determine lumin
cence intensity. The integrated intensities for the5D0,1,2
→7F0 transitions were obtained from luminescence spe
measured at seventeen temperatures between 12 K and
Figure 4 shows typical spectra at different temperatures
Fig. 5 shows the variation of intensity for each of th
5D0,1,2→7F0 transitions with temperature. Below 50 K, w
observed strong5D2 luminescence and weak5D1 and 5D0
luminescence. From 50 K to 100 K, a rapid drop in5D2
intensity and growth in5D1 and 5D0 intensities were ob-

TABLE II. Branching ratios~%! of the 5D0→7FJ and 5D1

→7FJ transitions of Sm21:SrFCl at ambient pressure~atm.! and 48
kbar.

7F0
7F1

7F2
7F3

7F4

5D0 52 19 26 1 2 atm.
33 26 39 2 ,1 48 kbar

5D1 16 61 12 11 atm.
25 48 15 12 48 kbar
ce
3

b-

e
d

p-
s-

a
RT.
d

served.5D2 luminescence was almost completely quench
at about 100 K. We attribute the variation of the5D0,1,2
luminescence intensities with temperature up to about 10
to thermally induced 5D2→4 f 55d→5D1 ,5D0 crossover
processes. At temperatures above 100 K, a gradual decr
in the 5D1 intensity and increase in the5D0 intensity were
observed and are attributed to a thermally induced5D1
→4 f 55d→5D0 process and a direct5D1→5D0 mul-
tiphonon relaxation process.

B. Temperature dependence of ambient pressure lifetimes

Ambient pressure luminescence decays for Sm21:MFCl
were obtained at several temperatures. The decay patter
the 5D2 and 5D1 luminescence were single exponential at
temperatures considered, under either7F0(4 f 6)→4 f 55d
~532.0 nm! or 7F0(4 f 6)→5D2(4 f 6) ~560.0–568.0 nm! ex-

FIG. 4. Ambient pressure5D0,1,2→7F0 luminescence spectra o
Sm21:SrFCl at several temperatures upon excitation to the 4f 55d
state (lex5488.0 nm).
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citation. In Table III, we present the5D0,1,2 lifetimes at am-
bient pressure and low temperature obtained for Sm21:MFCl
in the present work and previously for Sm21:BaFCl.25,26

The lifetimest2 for 5D2 andt1 for 5D1 in Sm21:SrFCl
as a function of temperature were obtained from the de
patterns and are shown in Fig. 6. The5D2 lifetime was con-
stant up to about 60 K and then decreased drastically w
increasing temperature up to about 100 K. This behavio
similar to that shown in Fig. 5 for the5D2 luminescence
intensity. The5D1 lifetime exhibited a gradual decrease b
ginning at ;100 K, followed by a more pronounced de
crease beginning at;260 K.

The transient5D0→7F0 luminescence exhibited an expo
nential rise followed by an exponential decay. Some typi
5D0→7F0 decay patterns of Sm21:SrFCl at several tempera
tures are shown in Fig. 7. The rise and decay times w
obtained from the decay patterns and corresponded to
5D1 lifetime (t1) and the5D0 lifetime (t0), respectively, as
predicted by Eq.~6!. The 5D0 lifetime t0 at several tempera
tures is also shown in Fig. 6 and exhibited a slight decre
with increasing temperature from 1.74~8! ms at 12 K to
1.36~7! ms at 360 K.

The ambient pressure5D1 lifetime was also obtained
from the 5D1→7F0 decay patterns up to;480 K for
Sm21:BaFCl and up to RT for Sm21:CaFCl, as shown in
Fig. 8. We see at ambient pressure that the temperature
pendence of the5D1 lifetime of Sm21:BaFCl was very simi-
lar to that of Sm21:SrFCl and that Sm21:CaFCl showed a

FIG. 5. Temperature dependence of5D0,1,2→7F0 luminescence
intensity distribution in Sm21:SrFCl at ambient pressure upon exc
tation to the 4f 55d state (lex5488.0 nm). The solid lines are pro
vided only as a guide for the eye.

TABLE III. Ambient pressure 5D0,1,2 lifetimes ~ms! for
Sm21:MFCl (M5Ba, Sr, and Ca! at 12 K.

t0
5D0

t1
5D1

t2
5D2

Sm21:BaFCla 2000 880 695
Sm21:BaFCl 1950~90! 870~41! 740~35!

Sm21:SrFCl 1740~80! 476~25! 473~21!

Sm21:CaFCl 1000~40! 54~3!

aExperimental data for Sm21:BaFCl below 10 K~Refs. 25 and 26!.
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rapid decrease in5D1 lifetime at a much lower temperatur
than in Sm21:SrFCl and Sm21:BaFCl.

C. Pressure dependence of lifetimes

The pressure dependence of the5D0 and 5D1 lifetimes of
Sm21:SrFCl at RT and 20 K, and of the5D0 lifetime in
Sm21:CaFCl at RT are shown in Fig. 9. For all pressures,
lifetimes were measured by monitoring the5D0,1→7F0 lu-
minescence lines. In both systems, we observed an e
mous, linear decrease of the5D0 and the5D1 lifetimes with
pressure. The RT5D0 lifetime changed at a rate o

FIG. 6. Temperature dependence of the ambient pressure5D0,1,2

lifetimes of Sm21:SrFCl upon excitation to the 4f 55d state (lex

5532.0 nm). The solid lines are provided only as a guide for
eye.

FIG. 7. Typical 5D0→7F0 decay patterns of Sm21:SrFCl at
ambient pressure and different temperatures upon excitation to
4 f 55d state (lex5532.0 nm).
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d ln t0 /dP521.22(3)31022/kbar from 1.00~4! ms at ambi-
ent pressure to 74~4! ms at 210 kbar in the case o
Sm21:CaFCl and at a rate ofd ln t0 /dP521.28(3)
31022/kbar from 1.36~5! ms at ambient pressure to 69~4!
ms at 230 kbar in the case of Sm21:SrFCl.

The pressure-induced decreases in the5DJ lifetimes re-
flect the extensive thermal coupling and electronic mixing
the 5DJ(4 f 6) and 4f 55d states of Sm21 in the MFCl hosts.

FIG. 8. Temperature dependence of the ambient pressure5D1

lifetime for Sm21:MFCl (M5Ba, Sr, and Ca! upon excitation to
the 4f 55d state (lex5532.0 nm).D denotes low temperature ex
perimental lifetime data for Sm21:BaFCl obtained from Ref. 26
Solid curves represent calculated results using Eq.~16! and the
parameters given in Table IV.

FIG. 9. Pressure dependence of the RT and 20 K5D1 lifetimes
of Sm21:SrFCl, and the RT5D0 lifetime for Sm21:SrFCl and
Sm21:CaFCl upon excitation to the 4f 55d state (lex5532.0 nm).
The solid lines are provided only as a guide for the eye.
f

Upon application of pressure, the 4f 55d state shifts to lower
energy and can successively cross the5D2 , 5D1 , and 5D0
levels. This redshift of the 4f 55d state leads to~i! an in-
crease of the electronic 4f 55d-4 f 6 mixing and a consequen
increase in radiative 5DJ rates and ~ii ! a lowering
of the 5DJ→4 f 55d thermal crossover barrier, an effe
that increases nonradiative rates. Additional low tempe
ture measurements of Sm21:SrFCl showed that the 20 K
5D0 lifetime was only slightly longer than the RT lifetime i
the pressure region from ambient pressure to;150 kbar
@e.g., t0(RT)5220(15)ms and t0(20 K)5240(14)ms at
;150 kbar#. This implies that the nonradiative contributio
to the 5D0 lifetime from the 5D0→4 f 55d upward crossover
process was not important over the present pressure r
and therefore that the observed decrease of the5D0 lifetime
with pressure is primarily related to an increase in the rad
tive decay contribution. As predicted in Eq.~7!, (t0)21

5W0
r remained valid over the pressure range of this stud

The 20 K 5D1 lifetime (t1) for Sm21:SrFCl showed a
much stronger decrease than the5D0 lifetime with pressure.
It changed at a rate ofd ln t1 /dP525.1(2)31022/kbar
from 476~25! ms at ambient pressure to 300~20! ns at
;150 kbar. Since we expect negligible thermal crosso
from the 5D1 state to the 4f 55d state at 20 K and negligible
variation of the5D1-5D0 multiphonon decay rate with pres
sure, this result indicates that 4f 55d mixing into 5D1(4 f 6)
increased significantly with pressure and led to a decreas
the 5D1 lifetime through an increase in radiative decay ra
We further observed that the RT5D1 lifetime in Sm21:SrFCl
decreased more strongly than the 20 K5D1 lifetime with
pressure @d ln t1 /dP528.8(3)31022/kbar# and attribute
the difference to the effects of thermally activated5D1
→4 f 55d upward nonradiative crossover.

V. ANALYSIS AND DISCUSSION

A. Temperature effect

We have observed that theT,50 K Sm21:SrFCl lumines-
cence originates almost entirely from5D2 ~Fig. 4!. As the
temperature was raised, the5D2 luminescence becam
quenched and the5D0,1 luminescence intensity increased. A
about 100 K, the thermal quenching of5D2 luminescence
was almost complete and the5D1 luminescence reached
maximum in intensity. As the temperature was further rais
from 100 K up to RT, the5D1 luminescence gradually be
came quenched and the5D0 luminescence intensity gradu
ally increased. The5D0,1,2 luminescence efficiencies (h0,1,2)
were obtained from Eqs.~8!–~10! and the experimental dat
given in Fig. 5 as a function of temperature. The results
shown as symbols in Fig. 10.

The temperature dependence of the Sm21:SrFCl 5D0,1,2
luminescence efficiencies can be described by Eq.~8! 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 dire
5D2→5D1 multiphonon relaxation rate (W21

nr) was negligible
because the nonradiative5D2→4 f 55d upward process is the
dominant effect on both the luminescence efficiency a
5D2 lifetime whenT,100 K. Based on the exponential en
ergy gap law for mulitphonon relaxation process,29 the 5D2
→5D1 multiphonon relaxation process (E22E1
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51930 cm21) should be nearly three orders of magnitu
weaker than the5D1→5D0 process (E12E051332 cm21).

The temperature dependence of the5D2 and 5D1 life-
times of Sm21 can be described by Eq.~7!. By substituting
Eqs.~1!–~3! into Eq. ~7!, we obtain

~t2!215W2
r 1Wd2

nr ~0!Wpd2
~Sd ,\v/kBT!R pd2,

~t1!215W1
r 1W10

nr~0!@12R#2p10

1Wd1
nr ~0!Wpd1

~Sd ,\v/kBT!R pd1. ~16!

A direct fit of Eq. ~16! to the 5D2 and 5D1 lifetime data for
Sm21:SrFCl ~Fig. 6! was completed to obtain initial value
for the physical parameters appearing in our model. Sev
points concerning the physical meaningfulness of the par
eters are worth noting. First, the5D2 decay below 50 K was
taken to be purely radiative because of the low rates expe
for nonradiative5D2→4 f 55d thermal crossover and nonra
diative 5D2→5D1 multiphonon decay (E22E151930
cm21). The radiative rateW2

r was therefore obtained directl
from the 5D2 lifetime measured below 50 K. Second, th
variation of the 5D1 lifetime below about 240 K is purely
due to the temperature dependence of the direct5D1→5D0
multphonon relaxation process~see dashed line in Fig. 11!.

FIG. 10. 5D0,1,2 luminescence efficiencies (h0,1,2) of
Sm21:SrFCl between 12 K and RT. Solid curves represent ca
lated results using Eqs.~8! (T,100 K) or~10! (T>100 K) and the
parameters given in Table IV. The average feeding fractions (aJ)
below 100 K obtained from the calculation area2571.1%, a1

522.2%, anda056.7%.
al
-

ed

The values ofW1
r , W10

nr(0), and\v were obtained from fits
of 5D1 lifetime below 240 K. Third, the rapid decreases
t2 between;50–;100 K andt1 between;240–;480 K
are due to nonradiative5D2,1→4 f 55d thermal crossovers
Wd2

nr (0), Wd1
nr (0), Sd , and Ed

0 were obtained from fits of
these lifetime data.

Refined parameters for Sm21:SrFCl were obtained by
considering both lifetime (5D1,2 levels, Fig. 6! and lumines-
cence efficiency (5D0,1,2, Fig. 10! data. In the refinement
Eq. ~16! was used for the fits of the lifetime data and Eq.~8!
(T,100 K) or Eq.~10! (T.100 K) was used for the fits o
the efficiency data. The parameters obtained in the lifeti
only fit described above were used as initial values in
refinement. The refined parameters are given in Table IV
the fits based on the parameters are included as solid line
Figs. 10 and 11. Excellent agreement with the experime
data was obtained.

Since luminescence efficiencies as a function of tempe
ture were not obtained for Sm21:BaFCl and Sm21:CaFCl,
we used the valuesSd53.28 and\v5268 cm21 obtained

-

FIG. 11. The ambient pressure5D1 and 5D2 lifetimes of
Sm21:SrFCl as a function of temperature. The experimental lifeti
data were reproduced from Fig. 6. Solid curves denote the ca
lated results using Eq.~16! and the parameters given in Table IV
The dashed curve represents a calculation using Eq.~16! that in-
cludes only radiative and multiphonon decay contributions to
5D1 lifetime.
of the

ciency

es
TABLE IV. Parameters for the theoretical fits of experimentally observed temperature dependence
ambient pressure5DJ lifetimes and5DJ luminescence quenching in Sm21:MFCl (M5Ba, Sr, and Ca!. The
values in the second row were obtained by taking into account both the lifetime and luminescence effi
data in Sm21:SrFCl and resulted inSd53.28(21) and \v5268(7) cm21. For Sm21:BaFCl and
Sm21:CaFCl, best fit values from Eq.~16! to the 5D1 lifetime data were obtained using the fixed valu
Sd53.28 and\v5268 cm21.

W2
r

(103 s21)
Wd2

nr (0)
(1013 s21)

W1
r

(103 s21)
Wd1

nr (0)
(1012 s21)

W10
nr(0)

(104 s21)
Ed

0

(104 cm21)
Wd0

nr (0)
(1014 s21)

Sm21:BaFCl 0.583~20! 3.803~37! 0.055~10! 1.886~7!

Sm21:SrFCl 2.116~45! 1.242~33! 0.886~43! 2.229~38! 0.125~12! 1.863~3! 6.82~21!

Sm21:CaFCl 2.626~55! 1.572~35! 1.650~27! 1.767~8!



s
e

11 954 PRB 58YONGRONG SHEN AND KEVIN L. BRAY
TABLE V. Selection rules for the electric dipole~ED! and magnetic dipole~MD! transitions of Sm21 in
MFCl (C4v symmetry!. Symbols3 andA denote forbidden and allowed transitions, respectively. Symbol^

represent transitions forbidden according to theJ selection rule, but which become partially allowed in th
presentJ mixing.

5D0

A1

5D1

A2

5D1

E

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

7F0 A1 3 3 A A 3 3 A A A
7F1 E A ^ ^ A A A A A A

A2 A 3 3 3 A A A A A
7F2 E 3 A A A A A A A A

B1 3 3 3 3 3 3 A A A
B2 3 3 3 3 3 3 A A A
A1 3 A A A 3 3 A A A

7F3 E(1) 3 ^ ^ 3 A A 3 A A
E(2) 3 ^ ^ 3 A A 3 A A
B1 3 3 3 3 3 3 3 A A
A2 3 3 3 3 A A 3 A A
B2 3 3 3 3 3 3 3 A A
-
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for Sm21:SrFCl and Eq.~16! to fit the 5D1 lifetimes of
Sm21:BaFCl and Sm21:CaFCl. The resulting fits agreed ex
cellently with the experimental data~Fig. 8! and gave the
parameter values shown in Table IV for Sm21:BaFCl and
Sm21:CaFCl.

The results in Table IV indicate a decrease in the 4f 55d
energy (Ed

0) across the host lattice series: BaFCl-SrFC
CaFCl. This observation is consistent with the result of
sorption measurements10,21,23 and with other recent high
pressure studies of5D2 thermal quenching.7,23 From Table
IV, we also notice that the nonradiative rateW10

nr(0) and the
radiative rateW1

r increase in the host lattice series: BaFC
SrFCl-CaFCl. The increase ofW10

nr(0) is related to an in-
crease in the strength of electron-phonon coupling due
decrease in the nearest neighbor bond length in this la
series.~The mean bond lengthR̄ in pm is 299.3 for BaFCl,
283.3 for SrFCl, and 270.5 for CaFCl.!37 Raman scattering
studies ofMFCl crystals38 reveal six Raman-active lines, a
of which shifted to higher energy from BaFCl-SrFCl-CaFC
The two highest energy modes are at 216 and 251 cm21 for
BaFCl; 241 and 296 cm21 for SrFCl; and 252 and 336 cm21

for CaFCl. The increase inW10
nr(0) across the series is thu

seen to be a simple consequence of the exponential en
gap law for nonradiative multiphonon decay (W10

nr(0)
;exp@2b(E12E0)/\v# with 1,b,5).39 The Raman results
also demonstrate the reasonableness of the phonon en
\v5268 cm21 obtained in our analysis of Sm21:SrFCl
~Table IV!. The increase of the radiative rateW1

r from BaFCl
to CaFCl is explicitly related to an increase in the degree
electronic 4f -5d mixing due to a decrease in the energy
the 4f 55d state in this host series and will be discussed
more detail below.

B. Pressure effect

The strong decreases of the RT5D0 lifetimes in
Sm21:SrFCl and Sm21:CaFCl and in the5D1 lifetime in
-
-

a
ce

.

rgy

rgy

f
f
n

Sm21:SrFCl at 20 K with pressure~Fig. 9! indicate that the
radiative ratesWJ

r were increased with pressure. We attribu
the lifetime decreases to increased electronic 4f -5d mixture
resulting from a shift of the 4f 55d state to lower energy with
pressure. The energy separation between the 4f 55d state and
the 5DJ levels, Ed2EJ , influences 5DJ luminescence
through both nonradiative and radiative processes. The t
perature variation of the5DJ luminescence has been use
above to analyze the nonradiative transition process
Sm21:MFCl. The pressure variation of the5DJ lifetimes
will now be used to study the radiative transition process
the context of the ED and MD transition mechanisms d
scribed in Sec. II D.

The radiative5D1 and 5D0 rates (W1
r andW0

r ) are a sum
of the 5D1→7FJ and 5D0→7FJ transition rates (J50 – 6).
The luminescence spectrum of Sm21:SrFCl ~Fig. 3! shows
that the 5D0→7FJ and 5D1→7FJ transitions (J50 – 3)
dominate. We can therefore reasonably assume that only
5D0→7F0 – 3 and 5D1→7F0 – 3 transitions contribute signifi-
cantly toW0

r andW1
r .

Sm21 ions enter theMFCl lattice substitutionally atM21

sites and possessC4v site symmetry. In this symmetry, th
J50,1,2,3 multiplets are split into 1, 2, 4, and 5 CF leve
The MD and ED selection rules inC4v for 5D0,1(G i)
→7F0 – 3(G f) transitions~whereGa5A1 , A2 , B1 , B2 , or E
labels the different representations ofC4v) are given in
Table V.

We note that the 3rd-ED mechanism provides intensity
the otherwise forbidden5D0↔7F0 transition through a lin-
eark51 CF term and the scalar operatorW(11)0 term of Eq.
~14!. These terms provide the only possible intensity mec
nism for the5D0↔7F0 transition. Also, the5D0→7F3 tran-
sition is forbidden in the 2nd- and 3rd-ED mechanisms
the J selection rule. In most Sm21- and Eu31-doped materi-
als, in fact, the 5D0→7F3 transition appears only very
weakly ~e.g. Fig. 3!. The presence of the5D0→7F3 lumi-
nescence is related to the CFJ mixing.
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TABLE VI. Reduced matrix elementŝiL12Si&, ^iU (t)i&, and^iW(1l)ti& calculated from the interme
diate coupling wave functions given in the text.m@n#5m310n.

^@5D0#iL12Si@7F1#& 13.0783@21# ^@5D0#iW(11)0i@7F0#& 15.8801@21#

^@5D1#iL12Si@7F0#& 21.3946@21# ^@5D0#iW(11)0i@5D0#& 19.7731@21#

^@5D1#iL12Si@7F1#& 17.1798@23# ^@5D1#iW(11)0i@7F1#& 18.7575@21#

^@5D1#iL12Si@7F2#& 14.5212@21# ^@5D1#iW(11)0i@5D1#& 11.1950@10#

^@5D2#iW(11)0i@7F2#& 18.5820@21#

^@7F0#iU (2)i@7F2#& 23.7126@21# ^@5D2#iW(11)0i@5D2#& 18.4169@21#

^@7F1#iU (2)i@7F1#& 13.9308@21# ^@5D3#iW(11)0i@7F3#& 16.6291@21#

^@7F1#iU (2)i@7F2#& 22.2789@21# ^@5D3#iW(11)0i@5D3#& 11.8049@21#

^@7F1#iU (2)i@7F3#& 24.5777@21# ^@5D0#iW(11)2i@7F2#& 15.2216@21#

^@5D0#iU (2)i@7F2#& 15.5189@22# ^@5D1#iW(11)2i@7F1#& 21.9301@21#

^@5D0#iU (2)i@5D2#& 21.1359@21# ^@5D1#iW(11)2i@7F2#& 13.6777@22#

^@5D1#iU (2)i@7F1#& 24.9844@22# ^@5D1#iW(11)2i@7F3#& 11.0065@10#

^@5D1#iU (2)i@7F2#& 12.7342@22# ^@5D0#iW(12)2i@7F2#& 27.0640@21#

^@5D1#iU (2)i@7F3#& 16.0486@22# ^@5D1#iW(12)2i@7F1#& 17.5616@21#

^@5D1#iU (2)i@5D1#& 11.1059@21# ^@5D1#iW(12)2i@7F2#& 23.7807@21#

^@5D1#iU (2)i@5D2#& 21.0380@21# ^@5D1#iW(12)2i@7F3#& 27.6933@21#

^@5D1#iU (2)i@5D3#& 21.2739@21# ^@5D0#iW(13)2i@7F2#& 18.7814@22#

^@7F1#iU (4)i@7F3#& 13.5817@21# ^@5D1#iW(13)2i@7F1#& 22.1036@21#

^@5D1#iU (4)i@7F3#& 24.3180@22# ^@5D1#iW(13)2i@7F2#& 11.9830@21#

^@5D1#iU (4)i@5D3#& 28.6941@22# ^@5D1#iW(13)2i@7F3#& 23.8321@22#

^@5D1#iW(13)4i@7F3#& 25.2889@21#

^@7F1#iW(11)0i@7F1#& 19.3457@21# ^@5D1#iW(14)4i@7F3#& 11.6312@21#

^@7F2#iW(11)0i@7F2#& 19.6028@21# ^@5D1#iW(15)4i@7F3#& 14.7689@22#

^@7F3#iW(11)0i@7F3#& 18.0984@21#
in

e

-
te
e
am

n
te

tr

ity

ion.

r
is

fi-
in

d

a

ed

nti-
-

Application of the 2nd- and 3rd-ED theory formulated
Sec. II D to the calculation of the5D0,1→7F0 – 3 transition
oscillator strengths requires calculation of reduced matrix
ements for the single electron operatorsU (t) and the two
electron operatorsW(1l)t. The relevant reduced matrix ele
ments ofU (t) andW(1l)t were calculated in the intermedia
coupling scheme and are presented in Table VI. For th
calculations, we used the theoretical formulation and par
eters (F25330.7 cm21 for the Slater parameter andz4 f
51057 cm21 for the spin-orbit coupling parameter i
Sm21:SrFCl) given in Ref. 37 to first obtain the intermedia
coupling wave functions for the5D0,1 and 7F0 – 3 multiplets:

u@7F0#&'94.2%u7F&15.6%u5D&10.2%u3P&,

u@7F1#&'95.2%u7F&14.5%u5D&10.2%u5F&10.1%u3P&,

u@7F2#&'96.6%u7F&13.0%u5D&10.3%u5F&,

u@7F3#&'97.7%u7F&11.6%u5D&10.5%u5F&10.2%u5G&,

u@5D0#&'82.2%u5D&111.9%u3P&15.3%u7F&10.6%u1S&,

u@5D1#&'88.9%u5D&16.5%u3P&14.1%u7F&10.4%u5F&.

These wave functions were used to calculate the MD ma
elementŝ iL12Si& between the5D0,1 and 7F0,1,2 multiplets
presented in Table VI.
l-

se
-

ix

In a C4v crystal field, six nonzero odd CF terms:B̂0
1, B̂0

3,

B̂0
5, B̂4

5, B̂0
7, and B̂4

7, contribute to the ED transitions.48,49

Since the contribution of the next highly excited odd-par
configuration (4f 55g) is not taken into account, only thek
51,3,5 CF terms are relevant to the present calculat
Moreover, the twok55 CF terms contribute only to the
radiative 5D1→7F3 transition and are further omitted in ou
calculation ofW1

r because of the small branching ratio of th

transition ~Table II!. Therefore, onlyB̂0
1 and B̂0

3 remain in
our model.

Literature values of the two spin-orbit coupling coef
cients needed for calculating the ED oscillator strengths
Eq. ~14! were used:z4 f51057 cm21 ~Ref. 37! and z5d
51000 cm21 ~Ref. 40!. By substitutingz4 f , z5d , and the
matrix elements ofU (t) andW(1l)t in Table VI into Eq.~14!,
we can obtain the ED oscillator strengths of the5D0,1

→7F0,1,2,3 transitions as a function of onlyB̂0
1, B̂0

3, andEd .
Previous ambient pressure21,22 and high pressure23,24 lu-

minescence studies showed thatJ mixing due to CF effects
is insignificant in Sm21:MFCl. Thus, we calculate ED an
MD oscillator strengths from Eqs.~12! and ~15! in the ab-
sence ofJ mixing. We show later that this assumption is
valid one. The values calculated from Eqs.~12! and ~15!
along with Eq.~11! and n51.654 ~Ref. 41! were used to
obtain the radiative rates for the5D0→7F0,1,2,3 transitions.

In order to quantitatively describe the pressure-induc
decrease of the 5D0 lifetimes of Sm21:SrFCl and
Sm21:CaFCl shown in Fig. 9, we assumed that three qua
ties Ed , B̂0

1, andB̂0
3/B̂0

1 vary linearly with pressure. We fur
ther used the ambient pressure energy level positions~Table
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I!, the measured pressure shift of the5D0 level (dE0 /dP
522.1 cm21/kbar), and constant7FJ levels with pressure
to evaluate the5D0→7FJ transition frequenciesv0J (J
50 – 3) needed in Eq.~11! at different pressures.

We note that when the5D0 lifetime data in Fig. 9 for
Sm21:CaFCl are shifted with respect to Sm21:SrFCl byDP
522 kbar, the two data sets nearly coincide~Fig. 12!. This
pressure offset reflects differences in substitutional lat
distortions between Sm21:SrFCl and Sm21:CaFCl. The
smaller Ca21 cation site suggests shorter nearest neigh
bond lengths, or equivalently a higher internal lattice pr
sure for Sm21 in CaFCl relative to SrFCl.

Fits of the 5D0 lifetime data of Sm21:SrFCl using Eq.
~11! and assuming linear variations ofEd , B̂0

1, and B̂0
3/B̂0

1

with pressure were completed and gave the results show
Fig. 12. Analogous fits were made to the5D0 lifetime data of
Sm21:CaFCl using the same functions ofEd , B̂0

1, andB̂0
3/B̂0

1

FIG. 12. Calculated and experimental results for the press
dependence of the RT5D0 lifetimes of Sm21:SrFCl and
Sm21:CaFCl. The data for Sm21:CaFCl are shifted with respect t
those of Sm21:SrFCl by a pressure of 22 kbar. The solid curv

were calculated using Eq.~11! and the functions ofEd , B̂0
1, and

B̂0
3/B̂0

1 given in Table VII.
e

r
-

in

and the pressure offsetDP522 kbar. Table VII presents ra
diative rates and branching ratios at ambient pressure an
kbar to illustrate representative results from the calculatio

The calculated pressure-induced shift of the 4f 55d state
was found to bedEd /dP5223(2) cm21/kbar. The shift
agrees well with the220(2) cm21/kbar value measured in
pure SmFCl up to 100 kbar.42 A smaller value
(214.9 cm21/kbar) was observed for Sm21:SrF2 up to 140
kbar1 and probably results becauseMF2 systems are ex-
pected to be less compressible thanMFCl systems.42–47

Table VII shows that the radiative rate of the5D0↔7F0
transition is significant. The calculations reveal that the pr
cipal contribution to the5D0↔7F0 transition is ED in nature
and due to appreciable 4f 6-4 f 55d spin-orbit coupling origi-
nating from the linear (k51) CF term in Sm21:MFCl. Table
VII also reveals that a strong enhancement of the radia
rate of the5D0↔7F0 transition occurs with pressure as th
4 f 55d configuration shifts to lower energy. The resultin
decrease in the energy difference between the 4f 55d and
5D0 states leads to enhanced spin-orbit coupling between
two states and supports the notion that this spin-orbit c
pling is principally responsible for the strength of5D0↔7F0
emission. Finally, we see from Table VII that the radiati
rate of the primarily magnetic dipole5D0↔7F1 transition is
nearly constant with pressure.

In order to test the assumption that CFJ mixing is negli-
gible within the 7FJ CF multiplets, we repeated the calcul
tion at ambient pressure and 48 kbar. We found that CJ
mixing had a negligible effect at ambient pressure and on
small effect on the calculated radiative5D0→7FJ rates at 48
kbar. ~The J mixing contribution is 224 s21 for 5D0
→7F0 , 3 s21 for 5D0→7F1 , and 21 s21 for 5D0→7F2 in
Sm21:SrFCl at 48 kbar.!

A strong cancellation between the 2nd- and 3rd-ED c
tributions occurred for the 5D0→7F2 transition. In
Sm21:SrFCl at ambient pressure, for example, the ED c
tributions ~2nd-ED, 3rd-ED! to the 5D0(A1)→7F2(A1) and
5D0(A1)→7F2(E) electric dipole matrix elements@Eq. ~15!#
were (5.05131023 erB , 23.07731023 erB) and (3.789
31023 erB , 22.38731023 erB), respectively, wheree is
the electron charge andr B is the Bohr radius. When thes
matrix elements are used in Eq.~11!, we obtain transition
rates of 2547 s21 for a purely 2nd-ED contribution, 969 s21

re
TABLE VII. Calculated values of the radiative rates and the branching ratios~BR! for the 5D0

→7F0,1,2 transitions.P denotes pressure in kbar andEd is in cm21.

Sm21:SrFCl Sm21:CaFCl

ambient pressure 48 kbar ambient pressure 48 kbar

Rate
(s21)

BR
~%!

Rate
(s21)

BR
~%!

Rate
(s21)

BR
~%!

Rate
(s21)

BR
~%!

5D0→7F0 298 39 896 66 512 51 1338 78
5D0→7F1 99 13 97 7 97 10 95 6
5D0→7F2 372 48 367 27 401 40 282 16

Ed518 630223(2)P

1010
•B̂0

1556(2)10.64(6)P

B̂0
3/B̂0

15104(8)20.70(8)P
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for a purely 3rd-ED contribution, but only a value of 372 s21

when both contributions are considered simultaneou
Similar behavior was observed for Sm21:CaFCl. This can-
cellation probably accounts for the fact that the relat
5D0→7F2 luminescence intensity in Sm21-doped materials
is weaker than in Eu31-doped materials.

Table VII indicates that the ambient pressure branch
ratios determined from the model for the5D0 lifetime are
comparable to the experimental values determined from
luminescence intensity measurements~Fig. 3 and Table II!.
In Sm21:SrFCl, the5D0→7F0 luminescence exhibited a de
crease in intensity relative to5D0→7F1 and 5D0→7F2 with
pressure. The 48 kbar experimental values for the branc
ratios are also presented in Table II. Comparing the ca
lated ~Table VII! and experimental~Table II! results at 48
kbar shows that the calculated branching ratio for5D0
→7F0 is larger than that for5D0→7F2 whereas the experi
mental branching ratio for5D0→7F0 is smaller than that for
5D0→7F2 . This inconsistency indicates that the prese
model overestimates the linear (k51) 3rd-ED contribution.

The calculation for the5D0→7F1 branching ratio also
deviates from the experimental result at high pressu
Within the present model, the5D0→7F1 transition origi-
nates purely from the MD mechanism with a radiative r
that should be independent of pressure. A pure MD mec
nism predicts that the5D0(A1)→7F1(E) transition should
be twice as strong as5D0(A1)→7F1(A2). The experimental
results, however, indicate that the5D0(A1)→7F1(E) transi-
tion is about 10 times as strong as5D0(A1)→7F1(A2) at
ambient pressure. According to theC4v CF selection rules,
the 5D0(A1)→7F1(E) transition is MD- and ED-allowed
while the 5D0(A1)→7F1(A2) is only MD-allowed. Thus, it
appears that additional ED contributions to the5D0(A1)
→7F1(E) transition are present and not included in t
present model based on 2nd- and 3rd-ED mechanisms.

The ratioB̂0
3/B̂0

1 directly reflects contributions of the lin
ear and third-order crystal field to the ED transitions. T
sign of the ratio obtained for Sm21:SrFCl (B̂0

3/B̂0
15104 at

ambient pressure! agrees with that of Eu31:KY3F10 (B̂0
3/B̂0

1

517):48,49 a physically consistent result given the sam
C4v site symmetry in the two systems. The larger ma
nitude of B̂0

3/B̂0
1 for Sm21 is consistent with the large

^4 f ur 3u5d&/^4 f ur u5d& ratio expected for RE21 ions relative
to RE31 ions50 due to the greater radial expansion of bothf
and 5d orbitals for RE21 relative to isoelectronic RE31.

We close by noting that attempts to apply the pres
theoretical model to the pressure dependence of the5D1 life-
time led to poor agreement with experiment. The reasons
the disagreement are not understood at this time, but ma
related to a breakdown of the closure approximation use
the model.
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VI. CONCLUSIONS

Our study of the pressure and temperature dependenc
the 4f -4 f luminescence transitions of Sm21 in MFCl crys-
tals (M5Ba, Sr, and Ca! has provided new insight into th
effect of 4f 6-4 f 55d interconfigurational interaction on
4 f -4 f luminescence properties of Sm21. High pressure was
used to continuously decrease the energy of the higher ly
4 f 55d configuration relative to the 4f 6 configuration. The
proximity of the 4f 55d configuration influences both nonra
diative and radiative processes of the5DJ(4 f 6) states of
Sm21.

Thermal coupling through a two-step nonradiative5DJ
→4 f 55d→5DJ8 (J.J8) process has a significant effect o
the luminescence efficiency of the5DJ states. A single con-
figurational coordinate model has been developed to quan
the nonradiative thermal crossover process and was foun
provide excellent agreement with temperature depend
5DJ luminescence intensities and lifetimes over a wide ran
of temperature.

A strong decrease in5D0,1 lifetimes with pressure was
observed and was reasonably described using magnetic
electric dipole transition mechanisms including conventio
Judd-Ofelt second-order electric dipole~2nd-ED! and ex-
tended third-order electric dipole~3rd-ED! contributions. We
found that the 3rd-ED mechanism through the 4f -5d spin-
orbit coupling significantly contributed to radiative5DJ rates
of Sm21. The results suggest that 4f -5d spin-orbit coupling
will exert a strong influence on radiative transitions of div
lent rare earth ions in general and that 4f -5d spin-orbit cou-
pling represents the principal difference between the spec
scopic properties of isoelectronic divalent and trivalent r
earth ions.

The present theory proved to be much more successfu
modeling lifetimes and radiative decay processes of the5D0
state than the5D1 state of Sm21. It was proposed that this is
due to a more serious breakdown of the closure approxi
tion used in the present model for the5D1 state.

Finally, the work demonstrates that pressure provide
unique way of studying luminescence properties of dival
rare earth ions because of its ability to continuously tune
extent of 4f -5d electronic mixing and activation barriers t
thermal crossover. Future studies will focus on extending
pressure range sufficiently enough to induce a fi
4 f 55d-5D0(4 f 6) electronic crossover.
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26J. C. Gâcon, J. C. Souillat, J. Seriot, and F. Gaume-Mahn,

Lumin. 18/19, 244 ~1979!.
27Y. R. Shen, K. L. Bray, and W. B. Holzapfel, J. Lumin.72/74,

266 ~1997!.
28C. W. Struck and W. H. Fonger,Understanding Luminescenc

Spectra and Efficiency UsingWp and Related Functions
~Springer-Verlag, Berlin, 1991!.

29L. A. Riseberg and H. W. Moos, Phys. Rev.157, 429 ~1968!.
.

,

.

.

30R. D. Peacock, Struct. Bonding~Berlin! 22, 83 ~1975!.
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