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Synthesis and Study of New Optical Hosts

CHAPTER 1

INTRODUCTION

In recent years there has been an increasing demand for solid-state laser
systems and phosphorescent materials which efficiently produce blue light. Blue

lasers are especially desirable, as the short wavelength and high energy are
advantageous in medical instrumentation and optical data storage applications.
Unfortunately, lasers meeting the energetic requirements to produce light of this

nature are not common or readily available. To produce laser light, solid-state
materials generally operate via a population inversion of electronic transitions of a
lanthanide or transition-metal chromophore within the host material (1). To extract
high-energy light from such a process, the active species must possess widely spaced
energy levels with no electronic states between them which might allow excited state

energy to bleed away from the laser output. To date the cations Ce3+ and Tm3+
have been made to lase UV and blue light, respectively, in the host material LiYF4

(2,3). Other than these examples, blue lasers have only been achieved through the
use of frequency doubling crystals, such as KNbO3 (4), via generation of the higher

order harmonics of lasing ions such as Nd3+ (5), or by a combination of the
functions of a laser host and a second harmonic generator (SHG) into one material,
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such as the self-doubling laser Nd:Y3(A1,Cr)(B03)4 (6). This last method has been

studied within our group, as the self-doubling laser has been shown to be
advatageous over the combination of separate laser and frequency-converting
crystals (7). The reader is referred to the Ph.D. dissertations of Theodore Alekel
III and Kathleen I. Schaffers for more information on this subject.
Our group has been interested in producing new host materials which possess

the desired qualities stated above. Many of the existing laser hosts known are either

oxide or fluoride derivatives, and our group has chosen to follow this path in our

research efforts. While many in our group focused on the promising field of new
solid-state borates and borate halides, I investigated the prospects of other potential
new oxide hosts, such as sulfates and phosphates, and I also explored some of the

myriad of possibilities of fluoride compounds. The lanthanide oxide sulfate system
shows promise in its predicted similarity to the naturally occuring apatite structure,
which is a well-known laser host (8). It was during the attempted solution synthesis

of the oxide sulfate Gd202Sa4 that crystals of the compound NR4Gd(SO4)24H20

were grown.

This compound is a likely predecessor to the original target

compound, as it will likely thermally decompose to form Gd2O2SO4. The synthetic

methods used and the structure determined for NH4Gd(SO4)24H20 are presented

in Chapter 2.
The possibilities existing for new fluoride compounds are quite expansive; for

more extensive reading concerning this group's efforts in this field, the reader is

referred to the Ph.D. dissertation of Yaobo Yin. My efforts were focused on
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producing fluoride compounds containing a lanthanide ion, as such a compound
would lend itself to doping with a lasing ion. Efforts to synthesize the novel alkalimetal lanthanide fluoride K5GdLi2Fio produced crystals of K2GdF5, seemingly by a

flux growth method with LiF. However, this structure was found to contain only a

single type of site for the lanthanide cation, thus indicating that any spectroscopic
information resulting from the doping of this compound with a luminescent or lasing

species should be straightforward and simple to interpret. Another potentially
interesting possibility which arises from this compound lies in the fact that several
other compounds of the general formula A2BF5, where B is a transition metal, are
known (9). Since these are structurally different from those compounds where B
is a lanthanide, the potential exists for synthesis of a novel compound of the general

formula AIBB'Fio, where B is a transition metal and B' is a lanthanide. The
combination of a lanthanide and a transition metal in the same fluoride-based lattice

could produce desirable optical qualities. The synthesis and crystal structure of
K2GdF5 are presented in Chapter 3.
Phosphors efficiently producing blue light are desirable for other practical

purposes. With the advent of low pressure fluorescent lamps and their subsequent
developments in the 1960's and 1970's, a new field of solid-state chemical research

was formed. In the early 1970's Philips (10,11) developed the tricolor lamp, which

utilized a novel scheme for the production of white light in fluorescent lamps.
Whereas previous fluorescent lamps attempted to mimic as closely as possible the
the spectral-energy distribution of black-body emitters and the sun, the tricolor lamp
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tried simply to emit in the spectral range of maximum sensitivity to the human eye.

One major component of this sensitivity range is in the vicinity of 440 nm. While

lamps containing the phosphor blends necessary to create this optimum white field
are readily available, they presently still have the drawback of using expensive rare

earth phosphors in order to produce the desired wavelengths of light. While current

lamps which use Eu2+ as the main blue-emitting chromophore are certainly
effective, industry is always on the lookout for something more efficient and less
expensive.

The generic formula A6MM'(B03)6 belongs to a recently discovered family
of oxides having the structure designated as STACK (12). Because of the ease with

which compounds of this structure are synthesized, the structure's high stability, its

distinctive octahedral environments, and its ability to accomodate lanthanide

phosphor agents, derivatives with this structure merit interest as potential
phosphors. Since the synthetic condition required to make STACK compounds are

much less severe than those used to create the prominent aluminate phosphors of

today, these borate compounds must be considered competitive to phosphors
currently in use. The study of a series of STACK compounds with Ce3+ doped into

the structure as the chromophore was undertaken to determine how effective these

compounds are as luminescent materials. From the spectra obtained in the
investigation of these compounds, we can also procure useful information regarding

the chemical and physical properties of the structure. The spectra obtained and
subsequent interpretations of the data are presented in Chapter 4.
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Abstract

Crystals of NH4Gd(SO4)24H20 were grown by solution methods.

The

structure of NH4Gd(SO4)24H20 has been determined by single-crystal X-ray
diffraction. The compound crystallizes in the monoclinic space group P2i/c in a cell
of dimensions a=6.541(2) A, b=18.817(2) A, c=8.701(2) A, and /3=96.80° with Z=4.

The compound is isostructural to other ammonium lanthanide double sulfates. The

structure consists of layers of nine-coordinated Gd polyhedra linked by sulfate
groups.

The layers are interleaved by ammonium ions and associated water

molecules, held in place by hydrogen bonding.
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Introduction

As part of our continuing studies of potential new optical materials (1-3) we
have been investigating various borates and phosphates of alkali and alkaline earth

metals and lanthanides. Because of similarities in physical characteristics, sulfates

were added to this group of oxides to be studied. The compound Gd2O2SO4 was
chosen as a target compound, with the prospects that this compound would have
qualities similar to phosphates of the apatite structure.
Attempts to synthesize Gd202804 by a solution method produced crystals
which upon examination with X-ray diffraction were found to be of the composition

NH4Gd(SO4)24H20. This may well be a suitable precursor to the target compound,
as NH4Gd(SO4)24H20 will likely thermally decompose to Gd2O2SO4. The synthetic

methods used and the crystal structure determined for NH4Gd(SO4)24H20 are
discussed here.
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Experimental

Crystals were prepared by first dissolving Gd203 (AESAR, 99.9%) in
concentrated HC1(aq) solution. NH4OH(aq) was then added to form a fluffy white
precipitate that was filtered and subsequently dissolved in concentrated H2SO4. The

solvent was allowed to evaporate at room temperature. Clear, colorless crystals
were physically extracted after evaporation.

A crystal of approximate dimensions 0.1 x 0.1 x 0.15 mm was selected and
mounted on a glass fiber with epoxy for X-ray structure determination. Diffraction

data were collected with a Rigaku AFC6R diffractometer equipped with Mo Ka
radiation. Unit-cell parameters were determined by automatic centering and least
squares refinement of 20 reflections. Intensity data were collected with w -20 scans
and a scanning speed of 32 °Arlin. in w. A total of 3386 reflections were measured
over the range 2 _20.5.60°, affording 3204 unique reflections. Systematic absences

were consistent with the space group P2i/c (#14). Computer programs from the

TEXSAN crystallographic software package (4) were used to determine the

structure. The position of the Gd atom was located by application of the direct
methods program SHELXS (5).

The positions of the remaining atoms were

determined by examining subsequent difference electron density maps. Because of

the nature of X-ray data, only five of the expected 12 H atoms were found; one of
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the ammonium group and four others of water molecules. Following refinement of
the model with isotropic thermal parameters, the data were corrected for absorption
with the program DIFABS (6). (Rini=0.040.) Final least-squares refinement affords

the residuals R = 0.046 and Ry, = 0.059. The highest peak in the final difference
electron density map corresponds to 0.51% of a Gd atom. Crystallographic data
and final atomic parameters are listed in Tables 1 and 2, respectively.
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Table 2.1. Crystallographic data for NH4Gd(SO4)24H20.
Formula Weight, amu

439.46

Crystal System

Monoclinic

a, A

6.541(2)

b, A

18.817(2)

c, A

8.701(2)

V, k

1063.5(3)

fl, deg

96.80

Z

4

Daik, g cm-3

2.744

F(000)

844

Diffractometer

Rigaku AFC6R

Radiation

Mo Ka (. = 0.71069 A)
Graphite-monochromated
k, I

Data collection
No. Observations

2630

R

0.046

Ra

0.059

Maximum Shift in Final Cycle

0.02
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Table 2.2. Selected atomic coordinates and displacement coefficients for
NH4Gd(SO4)24H20.

13,q( A2)3

y

Gd

0.15059(4)

0.62368(2)

0.28748(6)

1.296

S1

-0.3093(4)

0.5768(7)

0.2665(3)

2.111

S2

0.1285(8)

0.7769(1)

0.4167(1)

1.672

01
02
04
05
06
07
08
09

-0.0387(2)

0.7248(0)

0.3803(2)

2.364

-0.1574(3)

0.5802(9)

0.4098(7)

3.524

0.1435(4)

0.7045(1)

0.0812(7)

3.072

0.5100(0)

0.6193(0)

0.2914(3)

2.641

0.0917(9)

0.8405(7)

0.3220(9)

2.531

0.3141(3)

0.7389(0)

0.3848(1)

2.452

-0.1975(1)

0.6110(7)

0.1479(5)

2.823

-0.3633(5)

0.5040(4)

0.2305(9)

5.595

Wlb

0.1942(5)

0.6112(3)

0.5645(2)

2.704

W2

0.2494(1)

0.4991(9)

0.3354(1)

3.062

W3

0.1759(6)

0.5566(6)

0.0468(7)

2.850

W4

0.3632(3)

0.1066(6)

0.6604(6)

3.957

NH4

0.3409(8)

0.2211(6)

0.8827(2)

3.400

8112

Beg (83 )EiEi Uija, a
b W corrresponds to the 0 atom of a water molecule.
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Discussion

A labeled sketch of the unit cell is shown in Figure 1. A projection along the

c axis is shown in Figure 2. The network is comprised of nine-vertex Gd-centered

polyhedra linked through sulfate tetrahedra into chains extending along the c axis.

The sulfate groups share one edge and one vertex when linking the Gd-centered
polyhedra. These chains are held into layers by hydrogen bonding with interleaved
ammonium groups and water molecules.
The gadolinium atom is coordinated to nine oxygen atoms, three from water
molecules and six from sulfate groups. The polyhedra can be described as slightly

distorted monocapped square antiprisms. A drawing of the Gd atom and its
immediate coordination environment is given in Figure 3. The Gd-O bond lengths

vary from 2.348(6) A to 2.523(6) A, with a mean distance of 2.44(1) A. This

compares to the corresponding Sm-0 distance of 2.467(10) A in the isostructural
NH4Sm(SO4)24H20 (7). The average value also corresponds to the sum of the ionic

radii of Gd3+ and 02-, 2.39

A.

The mean gadolinium-sulfate oxygen distance

(2.44(7) A) is approximately the same as the mean gadolinium-water oxygen
distance of 2.43(4) A.
The sulfate groups closely approximate idealized tetrahedral geometry. The

O-S-0 angles vary from 108.6(4)° to 113.0(5)°, the mean being 109.4(4)°. As in
NH4Sm(SO4)24H20, the variations in S-0 bond distances are greater in the S1

14

b

t
Figure 2.1. A drawing of the unit cell of NH4Gd(SO4)24H20. The small dark
Figure
spheres represent Gd atoms, the mid-sized darker spheres S atoms, the mid-sized
lighter spheres 0 atoms, the large light spheres water molecules, and the large dark
spheres N114+ ions.

15

b

Figure 2.2. Projection along the c axis showing the coordination polyhedra of Gd

linked by SO4 tetrahedra. The dark circles represent ammonium ions, the light
circles water molecules.

16

_PI:go,re

2.3
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sulfate group than in the S2 group. (See Table 3.) The mean S-0 bond lengths of

1.471(6) A and 1.466(5) A compare to those of 1.477 A and 1.465 A in
NH4Sm(SO4)24H20.

The nitrogen atom of the ammonium ion has several contacts within 3.2 A

in the structure. These join the chains of Gd and sulfate polyhedra into layers
parallel to the (010) plane. The average length for these NH - - -O interactions is
2.98(1) A, which agrees with the mean value of these bond lengths found in sulfates
(2.97 A) (8).

18

Table 2.3. Selected interatomic distances (A) and angles (°) for NH4Gd(SO4)2 4H20.

Gd -01 2.458(5)
-02 2.5 23 (6)

-03 2.349(5)
-04 2.349(5)
-05 2.519(6)
-06 2.462(6)
-W1 2.432(6)
-W2 2.391(6)
-W3 2.467(6)

W1 -02 2.895(9)
-06 2.731(8)
-07 2.924(8)
-09 2.85(1)
-W2 2.895(9)

S1 -02 1.501(6)
-05 1.463(5)
-08 1.481(6)
-09 1.440(7)
S2 -01 1.476(6)
-04 1.466(5)
-06 1.457(6)
-07 1.464(5)

W2 -02 2.897(9)
-02 2.708(8)
-W3 2.723(9)
-W4 2.812(9)

NH4-01 3.02(1)x2
-07 2.865(9)
-W4 2.91(1)

W3 -04 2.809(8)
-06 2.759(8)
-08 2.881(8)
W4 -08 2.774(9)
-09 2.77(1)

01-Gd-02
O1 -Gd -03

01-Gd-04
01-Gd-06
01-Gd-07
01-Gd-W1
01-Gd-W2
01-Gd-W3

02-Gd-03
02-Gd-04
02-Gd-06
02-Gd-07
02-Gd-W1
02-Gd-W2
02-Gd-W3

03-Gd-04
03-Gd-06
03-Gd-07

69.7(2)
77.6(2)
124.4(2)
55.5(2)
76.4(2)
80.4(2)
139.1(2)
139.6(2)
126.0(2)
146.1(2)
117.7(2)
55.9(2)
71.5(2)
72.2(2)
109.3(2)
87.9(2)
70.6(2)
75.7(2)

03-Gd-W1
03-Gd-W2
03-Gd-W3

04-Gd-06
04-Gd-07
04-Gd-W1
04-Gd-W2
04-Gd-W3

06-Gd-07
06-Gd-W1
06-Gd-W2
06-Gd-W3
07-Gd-W1
07-Gd-W2
07-Gd-W3
Wl-Gd-W2
Wl-Gd-W3
W2-Gd-W3

143.0(2)
139.4(2)
71.3(2)
69.0(2)
150.4(2)
80.5(2)
82.2(2)
80.0(2)
125.4(2)
72.4(2)
138.4(2)
131.1(2)
127.0(2)
94.4(2)
71.5(2)
73.8(2)
139.1(2)
68.2(2)
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Table 2.3, continued.

02-S1-04
02-S1-07
02-S1-08
04-S1-07
04-S1-08
07-S1-08

108.7(4)
103.1(3)
110.0(5)
109.9(4)
111.7(4)
113.0(5)

01-S2-03
01-S2-05
01-S2-06
03-S2-05
03-S2-06
05-S2-06

109.3(3)
110.9(3)
104.2(3)
110.1(3)
109.9(4)
112.3(3)
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Abstract

The compound K2GdF5 crystallizes in the orthorhombic space group Pnma

in a cell of dimensions a = 10.811(2) A, b = 7.385(2) A, and c = 6.624(2) A with

Z = 4. Least squares refinement affords the final residuals R = 0.016 and R, =
0.025. The structure contains linear chains of trans-linked GdF7 polyhedra running

along the b axis that are separated by eight-coordinate K atoms. The structure is
compared to those of K2SmF5 and K2YF5 showing similar trans edge-sharing seven-

vertex polyhedra.
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Introduction

As part of our continuing studies of new phosphor and laser hosts, we have

been involved in the synthesis of various lanthanide and transition-metal halide
compounds. We are particularly interested in those structures containing only one
unique site for a dopant ion, such as Nd3+ or Yb3+, as this generally affords simple

and useful spectroscopic and emission properties.
Many compounds of the general formula A2BF5 are known to exist, including

several where A = K and B is a tripositive lanthanide or transition-metal ion(1-5).

To this point all of the lanthanide compounds of this type have been reported to

have non centrosymmetric structures with all atoms being crystallographically
nonequivalent. In the compound K2GdF5, we find this not to be the case, as it

crystallizes in the centrosymmetric space group Pnma.
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Experimental

Crystals of K2GdF5 were grown in a graphite crucible under a HF/N2
atmosphere from a melt consisting of 52.2 mol% KF (Alfa, 99%), 38.5 mol% GdF3

(AESAR, 99.99%), and 9.5 mol% LiF (AEASR, 99.3%). The melt was allowed to

cool naturally from 823 K to room temperature by turning off the power to the
furnace.
A clear, colorless crystal of approximate dimensions 0.1 x 0.1 x 0.25 mm was

physically extracted from the melt and mounted on a glass fiber with epoxy for Xray structure determination. Diffraction data were collected with a Rigaku AFC6R

diffractometer equipped with Mo Ka radiation.

Unit-cell parameters were

determined by automatic centering and least squares refinement of 15 reflections.
Intensity data were collected with w -20 scans and a scanning speed of 16°/min in w.

A total of 1736 reflections were measured over the range 25 20 ..60°, affording 937

unique reflections. Systematic extinctions were consistent with the space group

Pnma (#62). Computer programs from the TEXSAN crystallographic software

package (6) were used to determine the structure. The position of the Gd atom

was located by application of the direct methods program SHELXS (7). The

positions of the remaining atoms were determined by examining subsequent
difference electron density maps. Following refinement of the model with isotropic
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displacement coefficients, the data were corrected for absorption with the program

DIFABS (8) and averaged (R,=0.024). Final least-squares refinement affords the

final residuals R = 0.016 and R, = 0.025. Crystallographic data and final atomic
parameters are listed in Tables 1 and 2, respectively.
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Table 3.1. Crystallographic data for K2GdF5.

Formula Weight, amu

330.44

Crystal System

Orthorhombic

a, A

10.811(2)

b, A

7.385(2)

c, A

6.624(2)

V, A3

528.9(4)

Z

4

Dage, g em-3

4.150

F(000)

588

Diffractometer

Rigaku AFC6R

Radiation

Mo Ka Q. = 0.71069 A)
Graphite-monochromated

Data collection
No. Observations

±h, k, 1
679

R

0.016

R.

0.025

Maximum Shift in Final Cycle

0.01
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Table 3.2. Atomic coordinates and displacement coefficients for K2GdF5.

z

x

Gd

0.49695(0)

K

0.3299(3)

F(1)

0.5763(8)

F(2)

0.6961(5)

F(3)

0.4884(3)

F(4)

0.3305(4)

fll

Beq(A2)a

0.06564(8)

0.861

0.0038(8)

0.5340(2)

1.560

0.4651(7)

-0.1493(4)

1.478

1/4

0.1631(6)

1.489

1/4

0.4012(1)

1.384

-0.1316(0)

1.813

1/4

8n2
)E i E. Uia: a7 a iv.J
Beg -( 3
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Discussion

A labeled sketch with the contents of the unit cell of K2GdF5 is given in

Figure 1. The structure can best be appreciated by inspection of the perspective
views shown in Figures 2 and 3. The framework is best described as infinite chains
of trans edge-sharing GdF, polyhedra extending along the b axis that are separated
by K atoms.

The GdF, polyhedron (Figure 4) may best be described as a distorted
monocapped trigonal prism having C, symmetry. Each Gd atom is coordinated to
four crystallographically equivalent Fl atoms and the three nonequivalent atoms F2,

F3, and F4. Pairs of Fl atoms bridge adjacent Gd atoms, and all of the F atoms
serve as interconnections between the Gd and K atoms. As shown in Table 3, the
bridging Gd-Fl distances are significantly longer, (mean = 2.308(9) A), while the
three nonbridging Gd-F distances are shortened (mean Gd-F distance = 2.23(1) A).

Each GdF, polyhedron is related to its nearest neighbors by a center of inversion

at the midpoint of the shared F1 Fl edge.
All the K atoms are eight-coordinate, the resulting polyhedra forming by
sharing faces of atoms F2, F3, and F4. The average K-F distance is 2.75 A; there
is a clear division in the K-F distances near 2.86 A, the next closest F neighbor being
3.4 A away.

The three inequivalent F atoms (F2, F3, and F4) are five-coordinate,
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exhibiting approximately square pyramidal geometry. The bridging Fl atoms are

each four-coordinate, occupying distorted tetrahedral sites.
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Figure 3.1. The unit cell of K2GdF5. The small black circles represent Gd atoms,
the large dark circles F atoms, and the mid-sized light circles K atoms, here and in
Figure 3.2.
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Figure 3.2. A perspective view of K2GdF5 along the b axis.
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thd

C

0

0

C

0

0

0

0

C

0

0

Figure 3.3. A perspective view along the b axis showing the chains of GdF7
polyhedra separated by K atoms.
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Table 3.3. Selected interatomic distances (A) and angles(°) for K2GdF5.
Gd -F1
-F1
-F2
-F3
-F4

2.300(2) x 2
2.315(2) x 2
2.248(3)
2.225(4)
2.224(3)

Fl-Gd-Fl
Fl-Gd-Fl
Fl-Gd-Fl
Fl-Gd-F2
Fl-Gd-F2
Fl-Gd-F3
Fl-Gd-F3
Fl-Gd-F4
F1-Gd-F4
F2-Gd-F3
F2-Gd-F4
F3-Gd-F4

K -Fl
-F1
-F2
-F2
-F3
-F3
-F4
-F4

2.855(2)
2.757(2)
2.665(2)
2.760(2)
2.648(2)
2.749(2)
2.780(3)
2.865(3)

Fl-K-Fl
Fl-K-F2
Fl-K-F2
Fl-K-F3
Fl-K-F3
Fl-K-F4
Fl-K-F4
F2-K-F2
F2-K-F3
F2-K-F3
F2-K-F4
F2-K-F4
F3-K-F3
F3-K-F4
F3-K-F4
F4-K-F4

87.4(1)
154.65(5)
69.42(8)
79.64(7)
105.20(6)
129.35 (6)

75.64(7)
86.46(8)
82.16(6)
75.67(9)
160.7(1)
123.6(1)

127.47(6)
63.60(7)
79.46(8)
130.93(6)
79.11(9)
63.92(7)
141.21(7)
139.82(5)
73.76(8)
140.7(1)
76.40(7)
82.49(6)
93.31(5)
137.4(1)
108.08(9)
137.25(7)
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Figure 3.4. Coordination environment about the Gd atoms. Small dark circles

represent Gd atoms, larger circles F atoms.
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It is interesting to compare this structure to others of the general formula
A2BF5. In compounds with B=transition metal, such as K2FeF5 (9) and Rb2CrF5

(10), the B-centered polyhedra are generally known to be BF6 octahedra, linked
through vertices to form extended chains. This is not the case in compounds with

B=lanthanide, as the chains are known to be comprised of BF, polyhedra linked
through edges. K2GdF5, previously reported as isostructural to K2SmF5 (2), differs
from this reported structure in the respects that K2GdF5 is centrosymmetric, and the

Gd, F2, F3, and F4 atoms each occupy special positions with mirror site symmetry.
The seven-vertex Gd-centered polyhedra are similar to those found in K2SmF5 and

K2YF5 (3), as they are linked through edges to form chains along the b axis. The
mean K-F distance of 2.76(8) A compares to those of 2.74 A in K2YF5 and 2.77 A

in K2SmF5. These two structures, however, contain two types of K atoms, while

K2GdF5 contains only one type.

The Sm and Y compounds were refined in

noncentrosymmetric space groups following a consideration of the distribution of E
values. It is highly likely that a statistically similar or improved refinement of these

structures could be achieved in a centrosymmetric group.

In conclusion we may note that with only a single type of Gd site, the title
compound holds promise as a host for lasing lanthanide ions. It has been shown
that the Nd3+-doped K2LnF5 compounds may be considered as potential media for

stimulated emission in the range 1060-1350 nm (5). The lack of multiple heavy

atom sites should make spectroscopy of lanthanide doped K2GdF5 relatively
straightforward. Further study in this direction is now in progress.
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Abstract

The excitation and emission spectra of a series of Ce-doped solid state
borates, known to be of the STACK structure, were obtained. The peak excitation
energies for the Ce3+ ion vary from 26,178 cm-1 to 32,733 cm-I, while the single
emission peak varies between 23,256 cm-' and 23,475 cm-I. The energy difference

between the doublet excitation peaks does not vary by more than 740 cm-'
throughout the series. Emission bands throughout the series are relatively narrow,
spanning a range approximately 100 nm wide in each compound. The Stokes shifts

are also consistent throughout the series.
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Introduction

As part of our continuing studies of structural and optical characteristics of

new borates (1-3), we have been interested in lanthanide-activated luminescent

compounds which produce emission bands in the blue region of the UV-Vis
spectrum. One such family of borates is that of the STACK structure, which takes

the general formula A6MM'(B03)6, where A=Sr, Ba, Pb, or selected lanthanides,
M=Ca, Sr, Y, Sc, In, Bi, or selected lanthanides, and M' =Al, Sc, Ga, Sc, Y, In, Mg,

Co, Ni, Zr, Cr, Mn, Hf, Rh, Fe or a small lanthanide (4). These compounds can
be doped with lanthanide ions to produce luminescent materials. The cations Ce3+
and Eu2+ are widely known to luminesce in the blue region of the visible spectrum.

Since the electronic transition in Ce3+ which produces the blue luminescence is
known to be sensitive to its host environment and crystal field strength, this ion was

chosen for this particular study. Ce3+ was doped into a series of similar STACK
compounds; the resulting excitation and emission spectra are examined here.
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Experimental

Synthesis.

The

compounds

Sr6YA1(B03)6,

Sr6Y1.1Ga0.9(B03)6,

and

Sr6YSc(B03)6 were prepared by standard high-temperature solid-state methods.
Stoichiometric quantities of the starting reagents (nitrates, carbonates, or oxides,
typically _99.9%) were mixed with a 3 mol % excess of B203. 2 mol % of CeO2 was

added into the mixture to produce the spectroscopically active ion. The reagents
were ground under hexane and then heated at 1023 K for 40 min to decompose the
starting reagents and initiate the reactions. The samples were reground and heated
at 1323 K under a reducing H2/N2 atmosphere containing 4% H2 to produce the
final Ce3+-doped products. Analysis of powder X-ray diffraction patterns obtained

with a Philips automated diffractometer confirmed formation of the desired
products.
Optical Measurements.

Spectral data were obtained by using an optical

system especially designed for solid materials (3). A schematic diagram of the set-

up is given in Figure 1. The broadband output of a 300 W Xe arc lamp was
dispersed into a 0.4 m double-prism monochromator for excitation scanning and
focused onto the sample. Luminescence was collected with an Oriel 0.125 m grating

monochromator and detected with an R636 photomultiplier.

The average

photocurrent is converted into mV by a Keith ley picoammeter and then sampled
with a 12-bit ADC. Control of the wavelength drives of both monochromators and

43

signal processing were achieved by way of PC-based software that was written inhouse.

Data were corrected for the throughput of the optical path and the

wavelength-dependent efficiency of the detector. All of the data for the spectral
measurements in this study were obtained from microscrystalline powders at room

temperature.

The approximate quantum efficiency of each compound was

estimated by comparison of maximum peak intensity at a fixed wavelength to that
of sodium salicylate, whose quantum efficiency is well known.

Stepper

Oriel

MOtopr

Cary Model 15
Monochromator
double-prism, 0.4 meter

Lamphouse
Xe, Xe(Hg)

Mode
Cathode

Power
Supply

Holder (cold-finger)
Sample

Picoammeter
Kelthley 602

Amplified
Signal

Filter (cut off)

Stepper
Motor

In

Oriel
1/8 meter
Monochromator

Computer
Signal

Detector

Power
Supply

Stepper
Motor
Coolr ing

Ai

Driver

Figure 4.1. Block diagram of the optical instrumentation used for excitation and luminescence spectra.
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Results and Discussion

The Ce-doped STACK compounds Sr6YAI(B03)6, Sr6YLiGa0.9(B03)6, and

Sr6YSc(B03)6 exhibit luminescence in the blue region of the visible spectrum when

photoexcited by UV radiation. The Ce3+ photoexcitation and emission spectra for

each of these three compounds are depicted in Figure 2. The room temperature
luminescence curves are single bands with maximum intensities at 430, 429, and 426
nm for the Al, Ga, and Sc derivatives, respectively. The full width at half maximum

(FWHM) bandwidths are relatively narrow, the mean being 32 nm. The excitation

curves exhibit two distinguishable peaks in all three compounds; the energy
differences between the doublets of excitation peaks range from 5815 cm-' to 6555
cm-'.

The peak maxima, bandwidths, and estimated quantum efficiencies are

summarized in Table 1.
The ground state of the Ce3+ ion consists of a doublet (2F5a and 2F,a) due

to the 4f' configuration. The lower excited states arise from the crystal field
splitting of the 5d1 configuration. The transition responsible for the luminescence

in these hosts occurs from the excited 5d1 configuration to the 4f1 ground level.
Since this is an allowed electric dipole transition the decay time of the fluorescence
is therefore very short ( <10-7 sec)(5,6). The higher-energy transitions (6s-o4f, charge

transfer) are at significantly higher energies and will not be considered here.

The two distinguishable bands of the Ce3+ excitation spectra can be
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attributed to transitions from the 4P ground state to crystal field components of the
5d1 excited state. Throughout the series investigated, the energy difference between

these two peaks does not vary by more than 740 cm-1; we can conclude from this

that the crystal field strength remains relatively constant over the range of the
series, and that the atom on the M'site of the STACK structure has a negligible
effect on the overall crystal field. The postions of either peak do not shift by more
than 8-10 nm, thus reinforcing this conclusion.

The emission spectra show only one relatively narrow band for each of the
compounds examined, in contrast to several other studies previously performed on

Ce3+-activated phosphors (7-9). However, this doublet character of the emission

band depends on the temperature and and the concentration (self-absorption) of
the Ce3+ species and is not always found (10). In this case, the simple emission

spectra can be interpreted to give us information concerning the sites and
environments of the dopant ion. The STACK structure contains three unique cation

sites, designated as A, M, and M'. The nine-coordinate A site generally contains a

large dipostive ion, while the other sites are known to be host to tri- or dipositive

ions of disparate sizes. For this series, the dopant ion is approximately the same
size as those which occupy the A site, and the Ce3+ ion is therefore expected to

occupy this position in the lattice. From the spectra we can interpret that the

dopant occupies only one type of site, as occupying a mixture of different sites
would not give rise to such simple spectroscopic data. We can thus conclude that

the Ce3+ ion goes onto the A site of the STACK structure, with some of the Sr
going onto the M site in order to charge-compensate for the dopant ion.
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Figure 4.2.

Photoexcitation and luminescence data for Sr6YA1(B03)6:Ce,

Sr6Y1,1Gae.9(B03)6:Ce, and Sr6YSc(B03)6:Ce. T=300 K.
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Table

4.1.

Summary

of

spectroscopic

for

data

Sr6YA1(B03)6:Ce,

sr6Y1,1Ga0.9(Bo3)6:ce, and Sr6YSc(B03)6:ce T=300 K.

Si61&(,__1 BO )6L_Cce_

3161 igA39(B0i):Ce

SizaSc(__30 )6LCe

Excitation
peaks (nm)

307
376

306
382

305

AE of Excitation

5.94x103

6.56x103

S82x103

429

430

426

FWHM of Emission
peaks (nm)

37

32

29

Est. quantum

0.5

0.5

0.5

372

peaks (cm-1)

Emission

peaks (nm)

efficiency
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The limited shift in wavelengths of the emission peaks throughout the series

indicates that the species on the M' site has little overall effect on the emission
energies.

This is consistent with the relatively small percentage of the overall

electronic structure that this species comprises.

In conclusion we note that while this series of compounds emits
comparatively narrow bands in the blue region of the visible spectrum at
wavelengths desirable for luminescent materials used in fluorescent lamps, the fact

that these compounds have relatively poor quantum efficiencies (-50%) makes
them impractical for such uses. However, the fact that these new borate hosts
possess such optical characteristics is promising, and further research is ongoing in

this area.
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