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High-pressure spectroscopy studies on crystal fields and local structures of Pr3¿ in GdCl3
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The pressure dependence of 20-K luminescence and excitation spectra for Pr31 ions in GdCl3 has been
studied up to 60 kbar. The variations of the Slater parametersFk , the spin-orbit coupling parameterz4 f , and
the crystal-field parametersBq

k with pressure were evaluated from the observed crystal-field energy levels as a
function of pressure. Based on the continuous variations of the crystal-field parameters with pressure, we
focused on a discussion of the anomalous behavior in the1D2 crystal-field splittings for Pr31 in GdCl3 and the
local structure of Pr31 at Gd31 in GdCl3. The present results for Pr31:GdCl3 indicated that the anomalous1D2

crystal-field splittings are described reasonably by an orbitally correlated crystal-field model. The local struc-
ture around substitutional Pr31 ions in GdCl3 was discussed quantitatively within the superposition model.

DOI: 10.1103/PhysRevB.67.125106 PACS number~s!: 78.55.Hx, 71.70.Ch, 62.50.1p
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I. INTRODUCTION

When a dopant ion is substitutionally incorporated into
crystal, a mismatch in ionic size results in local distortio
around the dopant ion. The local distortions can be espec
large when charge-compensating codopants are require
incorporate a dopant ion into a host lattice. The basic pr
lem of understanding the structural distortions accompany
a dopant in substitution has stimulated much research, m
of which has focused on the analysis of electron param
netic resonance spectra of paramagnetic dopant ions in
crystals.1–4

The well-known superposition model5,6 provides a rea-
sonable alternative approach for studying crystal-field~CF!
and local distortion effects of lanthanide dopants, becaus
can relate local bond lengths and angles to spectroscopi
determinable CF parameters (Bq

k) of lanthanides. This mode
advantageously allows theBq

k parameters to be separated in
physical and geometric contributions according to

Bq
k5(

L
B̄k~RL!Kkq~QL ,FL!, ~1!

where the sum is over the nearest-neighboring ligandsL lo-
cated at the coordinates (RL ,QL ,FL) relative to the dopan
ion, and the geometricKkq(QL ,FL) coordination factors are
known angular functions of the ligand ions. The paramet
B̄k(RL), usually referred to as physical parts or intrinsic C
parameters, absorb all the physical contributions from
ligands and depend only on the ligand type and the interio
distanceRL . A power-law exponent is commonly used
express the distance dependence of the intrinsic CF pa
eters: B̄k(R)5B̄k(R0)(R0 /R) tk, where R0 is an arbitrarily
fixed reference distance.6 For the special case of the electr
static point-charge model,tk is equal tok11. Once the in-
trinsic CF parameters for a given lanthanide ion are de
mined in several host crystals based on a given type
coordinating ligands, it becomes possible to make reason
predictions of CF interactions for the lanthanide ion in oth
host systems with the same type of coordinating ligan
0163-1829/2003/67~12!/125106~8!/$20.00 67 1251
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This means that the intrinsic CF parameters for a given i
ligand pair arise from a similar physical origin, regardless
the host lattice, and that they are nearly transferable. Th
the superposition model can be used to deduce the l
structure~nearest-neighboring ligand positions! around lan-

thanide ions in host crystals, provided thatBq
k andB̄k(R) are

obtained experimentally.
High pressure, which is a useful technique for gaini

insight into CF interactions, can be used to obtain the intr

sic CF parametersB̄k(R0) and their distance dependencestk ,
because of its ability to continuously tune interionic d
tances. High-pressure spectroscopic and structural mea
ments of lanthanide ions in several host crystals h
achieved the CF interaction strength as a function
distance.7–9 An initial attempt was made within the superp
sition model to study the local distortions around Sm21 in
CaFCl using high-pressure luminescence spectroscopy.10 En-
couraging results were obtained and suggest that h
pressure investigations of local distortions of optically act
impurity ions will be fruitful.

Although the considerable success of a conventional o
electron CF model has been achieved in rationalizing e
tronic structures of lanthanide ions in crystals, it is w
known that certain lanthanide multiplets~e.g., 1D2 of Pr31,
2H11/2 of Nd31, and 5DJ of Eu31) show anomalous CF
splittings and are not reasonably described by the conv
tional one-electron CF model. An enormous amount
effort11–18 indicated that such anomalous CF splittings occ
in ‘‘standard’’ CF analyses due to the neglect of two-electr
correlation crystal-field~CCF! effects. The largely increase
number of new parameters has hindered the wide applica
of the CCF model to a practical lanthanide system that
only provide a limited number of experimental data.

In this paper, we consider the effect of pressure on
energy-level structure and local structure of Pr31 in GdCl3.
We begin by measuring luminescence and excitation spe
of Pr31:GdCl3 as a function of pressure. Energies of 28 C
energy levels are determined up to 60 kbar and analyzed
conventional CF theory to obtain theBq

k parameters as a
function of pressure. We show that the conventional o
©2003 The American Physical Society06-1
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electron CF theory is unable to account for1D2 CF splittings
of Pr31 in GdCl3. We propose a simple model, by analogy
previous studies19,20 on 2H11/2 CF splittings of Nd31 and
5DJ CF splittings of Eu31 based on correction factors to th
reduced matrix elements, to explain the1D2 CF splitting of
Pr31. We also use the superposition model to determine
local structure of substitutional Pr31 ions in the GdCl3
lattice.

II. EXPERIMENT AND RESULTS

Single crystals of GdCl3 grown by the standard Bridgma
technique contained a concentration of 1 mol % Pr31. High
pressure was generated by a gasketed diamond-anvil
~DAC! and spectroscopic oil~polychlorotrifluoroethylene! as
the pressure transmitting medium, and determined by
ruby R1-line redshift. For low-temperature measuremen
the DAC was mounted in a closed cycle refrigerator. T
Pr31 luminescence was dispersed by a double spectrom
and detected with a photomultiplier tube using the pho
counting technique. An Ar1 laser and a dye laser were em
ployed as excitation sources. In the present study, two A1

laser lines of 472.7 and 488.0 nm and tunable dye la
wavelengths from Rhodamine 6G were selected to dire
excite the3P1 , 3P0, and 1D2 levels, respectively, of Pr31 in
GdCl3.

All high-pressure luminescence and excitation spectra
Pr31:GdCl3 were measured at;20 K. Sixteen groups of
luminescence lines were observed over a spectral range
11 500 to 21 000 cm21 and are assigned to3P0,1→3H426 ,
3F224 and 1D2→3H426 , 3F2 transitions. Upon excitation
to either the3P0 or 3P1 levels, the luminescence from1D2
was extremely weak. When the dye laser excitation sou
was used to directly excite the1D2 multiplet, much stronger
1D2→3H426 and 1D2→3F2 luminescence transitions wer
observed. The dye laser wavelengths were adjusted at
pressure to compensate for pressure-induced changes i
energy of the1D2 multiplet. The3H4→1D2 excitation spec-
trum under pressure was performed by monitoring
1D2(G1)→3H6(G4) luminescence line varying betwee
12 150 and 12 450 cm21 with pressure. Two representativ
3H4→1D2 excitation and1D2→3H4 luminescence spectr
at 1 kbar and 38 kbar are shown in Fig. 1 with a schem
transition diagram. Since there is a very similar feature of
Pr31 spectra in isostructural trichlorides such as LaCl3 ~Refs.
7 and 8!, all the observed luminescence and excitation lin
were unambiguously assigned with the CF energy levels.
ergies of most of CF energy levels were determined ge
ally based on two and/or three different luminescence tra
tions. The energies of 28 measured CF energy levels
Pr31:GdCl3 as a function of pressure between ambient pr
sure and 60 kbar are summarized in Figs. 2~a–c!.

III. CALCULATION OF CF ENERGY LEVELS

Energy levels of lanthanide ions in solids are described
the free-ion (HFI) and CF Hamiltonian (HCF):

H5HFI1HCF,
12510
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where the free-ion Hamiltonian (HFI) primarily contains the
Coulomb repulsion interaction and spin-orbit couplin
Higher-order interactions, such as the electrostatic and m
netically correlated configuration interactions,21 are consid-
ered usually in a more accurate model description. The C
lomb interaction and spin-orbit coupling are parametriz
with a set of Slater parametersFk or Fk (k52,4,6) and one
spin-orbit coupling parameterz4 f . In the one-electron CF
approximation, the CF Hamiltonian (HCF) is expressed by

HCF5(
kq

Bq
kCq

(k) ,

whereCq
(k) are the spherical tensor operators and whose

trix elements can be calculated exactly. According to the
quirement of a site symmetry, some CF parameters are le
HCF and there are four nonzero CF paramentersB0

2, B0
4, B0

6,
andB6

6 in theD3h site symmetry that approximates to the s
symmetry of Pr31 at Gd31 sites in GdCl3 ~Ref. 22!.

The experimental data shown in Figs. 2~a–c! were used to
evaluate threeFk , onez4 f , and fourBq

k parameters using a
least-squares-fit method. In our fitting procedures,
higher-order interactions were also taken into account
the corresponding parameters (a,b,g,M0,P2) were held
fixed at their Pr31:LaCl3 values8 for all calculations of our
Pr31:GdCl3 system. For a comparison of our present resu
for Pr31:GdCl3 with previous results8 for Pr31:LaCl3, both
ambient pressure values for the evaluated parameters
summarized in Table I.

Variations of these parameters with pressure were
tained using the same fitting approach. The standard de
tion s remained nearly constant (s58.8 cm21 at ambient
pressure ands59.4 cm21 at 60 kbar!. The Fk and z4 f pa-
rameters showed a nearly linear reduction with press
which is ascribed to an increased nephelauxetic effect~for
details, cf. Refs. 7 and 16!. The relative decreases inF2 , F4 ,

FIG. 1. ~a! 20-K 3H4→1D2 excitation spectra and~b! 1D2

→3H4 luminescence spectra of Pr31:GdCl3 at 1 and 38 kbar.~c! A
schematic transition diagram.
6-2
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FIG. 2. ~a!–~c! Energies of the CF energy levels as a function of pressure for Pr31:GdCl3. Empty circles, squares, and triangles deno
the identification results from the3P1 , 3P0, and 1D2 transitions, respectively. The energies for all the CF energy levels are shown here
respect to the3H4(G6) ground state.
ing
F6, and z4 f up to 60 kbar are20.7(1)%, 20.6(1)%,
20.5(1)%, and20.3(1)%, respectively. The reduction in
the average Slater parametersFk with pressure is twice as
large as the spin-orbit coupling parameterz4 f in our present
12510
system and consistent with the previous observation8 for
Pr31 in LaCl3 and PrCl3, all of which are within the expec-
tation of the central-field covalency mechanism describ
the nephelauxetic effect.7,16
6-3
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TABLE I. Parameters (cm21) for Pr31 in GdCl3 and LaCl3 at ambient pressure with statistical uncertainties given in parentheses
number of CF energy levels included in the fits is given byN, ands denotes the standard deviation (cm21) between experimental an
calculated energies of the energy levels. Values for the higher-order interaction parameters of Pr31:GdCl3 are held fixed at their Pr31:LaCl3
values (a522.81 cm21, b52676 cm21, g51453 cm21, M051.72 cm21, andP25266 cm21).8

Pr31:LaCl3 Pr31:GdCl3

F2 /F2 304.1~2!/68422~45! 298.5/67163 303.0~1!/68175~23! 302.9~1!/68153~23!

F4 /F4 46.07~6!/50170~65! 43.92/47829 45.99~6!/50083~65! 45.96~9!/50050~98!

F6 /F6 4.478~9!/32965~66! 4.104/30212 4.466~5!/32877~37! 4.467~9!/32884~66!

z4 f 746~1! 753 746~1! 745~1!

B0
2 118~7! 107 106~8! 102~18!

B0
4 2334(12) 2459 2460(20) 2485(32)

B0
6 2668(17) 2747 2741(29) 2724(43)

B6
6 442~11! 480 477~19! 465~24!

N 29 45 45 28
s 5.5 9.6 9.1 8.8
Ref. 8 23 This work This work
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The four CF parametersBq
k of Pr31 in GdCl3 varied lin-

early with pressure~Fig. 3!. The B0
6 and B6

6 parameters
showed strong increases in their absolute values with slo
of 22.28 cm21/kbar and 2.14 cm21/kbar, respectively. The
B0

4 and B0
2 parameters decreased in their absolute value

rates of 0.90 cm21/kbar and 21.54 cm21/kbar, respec-
tively.

IV. ANOMALOUS 1D2 CRYSTAL-FIELD SPLITTINGS

As well known, CF splittings in the1D2 multiplet of Pr31

in many compounds are simulated poorly in comparison w
the other multiplets in the framework of the convention
one-electron CF model.13 In our present Pr31:GdCl3 system,

FIG. 3. Variations of the CF parametersBq
k for Pr31:GdCl3 with

pressure. Error bars given at ambient pressure represent the s
tical errors only.
12510
es
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the 1D2 multiplet splits into three CF energy levelsG1 , G5,
and G6 and its discrepancy between the experimental a
calculated energies just for its three energy levels is alre
responsible for 23% of the overall standard deviations at
ambient pressure, and remained nearly constant up to
kbar ~Fig. 4!.

Like the 1D2 multiplet of Pr31, such as, for example, th
2H11/2 multiplet of Nd31 or the 5D1,2 multiplets of Eu31,
anomalous CF splittings that are persistent from host to h
also hold. There is a great deal of interest in identifying h
the conventional CF model may be improved to deal w
these anomalous multiplets. There are two major theoret
strategies. The first one is to extend the one-electron
model to a two-electron CCF model.24 The second is to con
sider interactions between the ground configuration (4f N)
and excited configurations (4f N21nl) of lanthanide ions and
to extend the set of basis wave functions in C
calculations.12,25 Unfortunately, both strategies are imprac
cable in the CF calculations because a large number of

tis-
FIG. 4. Variations of the1D2 CF splittings for Pr31:GdCl3 with

pressure. Solid and dashed lines denote the experimental and c
lated data~using the CF parameters in Fig. 3!, respectively.
6-4
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HIGH-PRESSURE SPECTROSCOPY STUDIES ON . . . PHYSICAL REVIEW B67, 125106 ~2003!
CF parameters is introduced. In the CCF strategy, enorm
efforts to reduce the number of CCF parameters and
search for a subset of the parameters particularly effectiv
dealing with the anomalous multiplets of lanthanide io
have led to the orthogonal CCF,d-function CCF, spin-
correlated crystal-field, and orbitally correlated crystal-fie
~LCCF! models. A more detailed discussion of these mod
has been given by Reid and Newman.24

In addition, an empirical model that considers adjust
the reduced matrix elements of the one-electron CF Ha
tonian with a constant multiplicative factor has been p
posed to deal with the anomalous2H11/2 multiplet of Nd31

and the 5D1,2 multiplets of Eu31 in various host
compounds.19,20

Our present Pr31:GdCl3 results for the1D2 CF splittings
and their variations with pressure provided the opportunity
gain insight into the CCF effect on the anomalous1D2 mul-
tiplet of Pr31. Let us first take a close look at energy matr
elements of its three CF energy levels in the one-electron
model:

E~G1!5
2

5
A2

3
B0

2^ f 2 1DuuU (2)uu f 2 1D&

12A 1

55
B0

4^ f 2 1DuuU (4)uu f 2 1D&,

E~G5!52
2

5
A2

3
B0

2^ f 2 1DuuU (2)uu f 2 1D&

1
1

3
A 1

55
B0

4^ f 2 1DuuU (4)uu f 2 1D&,

E~G6!5
1

5
A2

3
B0

2^ f 2 1DuuU (2)uu f 2 1D&

2
4

3
A 1

55
B0

4^ f 2 1DuuU (4)uu f 2 1D&, ~2!

where^ f 2 1DuuU (k)uu f 2 1D& (k52,4) are the reduced matri
elements. Based on Eq.~2! and using the same empirica
model proposed by Faucher and co-workers19,20 and used in
Nd31 and Eu31, we can introduce two constant multiplica
tive factorsx andy for k52 andk54, respectively, to elimi-
nate the discrepancy in the1D2 CF splittings for Pr31:GdCl3
at not only ambient but also high pressure. When a sign
cant admixture of1D2 with 3P2 (0.94u1D2&10.30u3P2&) via
both an intermediate coupling and a CFJ mixing was taken
into account, the factors were found forx50.6(2) andy
51.3(1) in the whole pressure range of 60 kbar.

An attempt will be made to find out the physical linkag
of the empiricalx andy factors to the CCF effect. In effec
the x and y factors introduced into the1D2 multiplet are
equivalent to including the additional CF operators that
duce the conventional (k52) rank CF contribution by a fac
tor of 0.4 and increase thek54 rank CF contribution by a
factor of 0.3. Yeung and Newman11 applied the LCCF mode
to Pr31:LaCl3 and observed that it is remarkable in this sy
12510
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tem and considerably reduces the discrepancy of the ano
lous 1D2 multiplet. When the LCCF effect is included in C
calculations, the conventional CF parametersB0

2 and B0
4

change from 106(6) cm21 and 2339(13) cm21 to
81(14) cm21 and 2374(24) cm21, respectively, and the
other CF parameters (k56) remain nearly unchanged.11 The
absolute value forB0

2 decreases by a factor of 0.76~16! and
increases forB0

4 by a factor of 1.10~12!. Our empirical model
used in Pr31:GdCl3 and the LCCF model considered i
Pr31:LaCl3 show a similar result.

In principle, the LCCF potential can be approximate
rewritten by substituting the operatorsCq

(k)1(bq
k/Bq

k)Vq
(k)

~LCCF! for the one-electron tensor operatorsCq
(k) in the con-

ventional one-electron CF potentialHCF5(kqBq
kCq

(k) , where
bq

k are the LCCF parameters and were derived,b0
2

51.8(1) cm21 and b0
454.5(2.3) cm21, for Pr31:LaCl3

~Ref. 11!. One can also understand that the contributions
the LCCFVq

(k) operators result in a change of the conve
tional CF parametersBq

k , a decrease ofB0
2 and an increase o

uB0
4u for Pr31:LaCl3. Furthermore, we evaluated the1D re-

duced matrix elements of the LCCFV(k) operators (k
52,4) using formula~11! of Ref. 11. Their values are give
together with those of the conventional one-electron CFC(k)

operators in Table II. It is clear from Table II that the LCC
V(2) operator reduces the contribution of the CFC(2) opera-
tor due to the opposite sign forb0

2^ f 2 1DuuV(2)uu f 2 1D& and
B0

2^ f 2 1DuuU (2)uu f 2 1D&, and the LCCF V(4) operator
increases the contribution of the CFC(4) operator due
to the same sign for b0

4^ f 2 1DuuV(4)uu f 2 1D& and
B0

4^ f 2 1DuuU (4)uu f 2 1D&. We therefore expect that our em
pirical correction factorsx andy are physically equivalent to
the LCCF effect.

We further note that a 4f 2-4 f 15d1 configuration interac-
tion via the odd-rankk CF terms contributes to the1D2 CF
splittings and eliminates the discrepancy between the exp
ment and the conventional one-electron CF model desc
tion in the case of Pr31:LaCl3 ~Ref. 12!. The physical con-
nection between the LCCF effect and this configurat
interaction is also clear because the matrix elements of
LCCF V(k) (k5even) operators are related explicitly to th
matrix elements of odd-rankU (k21) andU (k11) operators.11

Burdick and Richardson13 applied thed-function CCF
model in the analyses of ambient pressure Pr31:GdCl3 and
Pr31:LaCl3 data and obtained an improvement of their fits
the anomalous1D2 CF splitting simulation by using two
additionald-function CCF parameters@D0

2522.8(1.9) and
D0

456.0(2.2) for Pr31:GdCl3 and D0
2520.9(1.3) andD0

4

54.6(1.0) for Pr31:LaCl3]. We can also expect that our em
pirical x and y factors are related to theirD0

2 and D0
4

d-function CCF parameters.

TABLE II. 1D reduced matrix elements for the LCCFV(k) and
CF U (k) operators (k52,4) of Pr31. The values for̂ uuU (k)uu& are
taken from Ref. 26.

^uuV(2)uu& 11/70A70 ^uuV(4)uu& 24/21A70
^uuU (2)uu& 211/42A6 ^uuU (4)uu& 2/105A55
6-5
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Furthermore, the constant factorsx50.6(2) and y
51.3(1) over a wide range of pressure indicate that the C
effect should have a similar distance dependence as the
electron CF effect. In contrast, a CCF analysis15 for the effect
of pressure on the energy levels of Nd31 in LaCl3 showed a
strong pressure dependence for the orthogonal CCFG10A0

4

parameter. Li and Reid14 pointed out that the CCFg10
K opera-

tors do not include the LCCF contributions for the Pr31 sys-
tems discussed by Yeung and Newman,11 and that the con-
tributions from the CCFg10A

4 and g10B
4 operators to the CF

splittings in the 1D2 multiplet would tend to cancel eac
other, because their reduced matrix elements for1D2 have
similar magnitudes and opposite signs. These facts illust
different CCF effects that influence the2H11/2 multiplet of
Nd31 and the1D2 multiplet of Pr31.

V. LOCAL STRUCTURE

GdCl3 belonging to a class of anhydrous trichlorides h
the hexagonal UCl3-type structure~space group 176-P63 /m
or C6h

2 ).27 Gd31 cations position at 2(d) sites:
(2/3,1/3,1/4;1/3,2/3,3/4) and Cl2 anions at 6(h):
(x,y,1/4;ȳ,x1 ȳ,1/4;x̄1y,x̄,1/4). A cation coordination
polyhedron consists of nine Cl2 anions ~Fig. 5!, six of
which, referred to as apical ligand ions, are located at
upper and lower corners of a tricapped trigonal prism with
interionic distanceRA from the cation, and three of which
referred to as equatorial ions, are located on the mirror pl
at the distanceRE from the cation. In a spherical coordina
system, the coordinates of these ligand ions are express
(RA ,Q,F) for the three upper apical ions, (RA ,p2Q,F)
for the three lower apical ions withF5(2n21)p/3 (n
51,2,3), and as (RE ,p/2,F) with F5d12(n21)p/3 (n
51,2,3) for the three equatorial ions.d represents the devia
tive angle of the equatorial ion relative to the normal o
rectangular face of the trigonal prism~Fig. 5! and has an
absolute value less than 1°.

According to the superposition model@Eq. ~1!#, the total
CF contributions from these nine Cl ligands to the CF p
rametersB0

4, B0
6, andB6

6 of Pr31 in GdCl3 are given by

FIG. 5. Coordination polyhedron of Cl2 ligand ions around
Pr31 in GdCl3.
12510
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B0
45

3

4
B̄4~R0!F ~35 cos4Q230 cos2Q13!S R0

RA
D t4

1
3

2 S R0

RE
D t4G ,

B0
65

3

8
B̄6~R0!F ~231 cos6Q2315 cos4Q1105 cos2Q25!

3S R0

RA
D t6

2
5

2 S R0

RE
D t6G ,

B6
65

693

32A231
B̄6~R0!F2 sin6QS R0

RA
D t6

1cos 6dS R0

RE
D t6G ,

~3!

where the deviative angled is only involved inB6
6. Sinced

is small, cos 6d;1 and is thus neglected in our followin
discussion.

In previous high-pressure luminescence studies7,8 on
Pr31:LaCl3, the intrinsic CF parametersB̄k(R0) and their
distance dependencestk of Pr31-Cl2 ion pairs have been
reliably determined for B̄4(R0)5235(18) cm21 and
B̄6(R0)5267(28) cm21 with a reference distance ofR0
5295.4 pm, andt458(2) andt656(2). Whenthese values
are transferred to Pr31-Cl2 ion pairs in Pr31:GdCl3, the lo-
cal structure around the substitutional Pr31 at Gd31 sites in
GdCl3, characteristic of three local structure parametersRA

l ,
RE

l , andQ l , can be obtained using Eq.~3! and the observed
CF parametersB0

4, B0
6, andB6

6 ~Fig. 3!.
Our calculated results for the local structure parame

are shown in Fig. 6. The host structure parametersRA
h , RE

h ,
and Qh ~Fig. 5! of GdCl3 under pressure were studied e
perimentally using a high-pressure single-crystal x-ra
diffraction technique8 and their variations with pressure a
also shown in Fig. 6. By comparing the calculated and
periemental results, we find similar variations with press
of the local and host structure parameters with average
sets of RE

l 2RE
h5;4.9 pm, RA

l 2RA
h5;2.6 pm, andQ l

2Qh5;20.25°. The offsets are expected to exist and
attributed to local distortions due to the mismatch in ion
size between Pr31 and Gd31 ions. The similar variations
further indicate that once lanthanide ions are substitution
incorporated into host lattice crystals, the local surroundin
around the central ions distort completely. In other wor
one can reasonably assume that local distortions remain
stant under pressure.

We can further observe that the two distance distortio
are positive and that the distance distortion is larger for
equatorial than the apical bond lengths. The positive dista
distortions are due to larger substitutional Pr31 ions relative
to substituted host Gd31 cations in GdCl3. It is experimen-
tally known that the equatorial bond is clearly softer than
apical ~see Fig. 2 for the equatorial and apical bond leng
as a function of pressure in LaCl3 , PrCl3, and GdCl3, as
well as Fig. 3 for the ratio of the equatorial bond length
the apical (RE /RA) as a function of the ratio of the lattic
6-6



in
ia
ica
em
o-

ra of

s
e.
ntal

tal-
ue
m-
be

s in
the
lly

the

ual
bor
sent
h-

ure
for

ls.

of
ess

he
R-

e

HIGH-PRESSURE SPECTROSCOPY STUDIES ON . . . PHYSICAL REVIEW B67, 125106 ~2003!
parameterc to a along a series of anhydrous trichlorides
Ref. 8!. Upon substitution of lanthanide ions, the equator
bond length is expected to distort more easily than the ap
The negative angle distortion is also expected from a syst
atic decrease inQ over the series of the anhydrous trichl
rides of the lanthanides from Gd31 to La31.

FIG. 6. Variations of the distances and angles of Pr31:GdCl3
under pressure. Superscriptsl andh denote the local and host lattic
structural parameters. The experimental data forRA

h , RE
h , andQh

are taken from Ref. 8.
, J

.

. C

v

12510
l
l.
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VI. CONCLUSION

We have measured luminescence and excitation spect
Pr31:GdCl3 up to 60 kbar. The Slater parametersFk , spin-
orbit coupling parameterz4 f , and crystal-field parameter
B0

2, B0
4, B0

6, B6
6 were determined as a function of pressur

A large deviation between the calculated and experime
crystal-field splittings of the1D2 multiplet for Pr31 was ob-
served to exist within a conventional one-electron crys
field model. We showed that the deviation was primarily d
to a neglect of correlation crystal-field effects and that e
pirical corrections of the reduced matrix elements can
used to more accurately describe the crystal-field splitting
1D2. A detailed discussion of our results indicates that
empirical corrections are physically equivalent to orbita
correlated crystal-field effects.

We also used the superposition model to characterize
local structure of substitutional Pr31 ions at Gd31 sites in
GdCl3. We further found that angular distortions and uneq
distortions in the apical and equatorial nearest-neigh
ligand bond lengths are present. More generally, our pre
results illustrate the potential of crystal-field theory and hig
pressure spectroscopy for quantifying the local struct
around dopants upon incorporation in host lattices and
developing structure-property relations in optical materia
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