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Abstract. LaOX: Er** phosphors (X~ = CI7, Br™) were synthesized and their fluorescence
spectra at room and liquid-nitrogen temperature measured. Based on the double-sphere
coordination point-charge field model, the coordination field perturbation energy levels of
Er’™ {ons doped in LaOX matrices were calculated and the corresponding specira assigned.
The energy lavels calculated agree well with the spectra observed, and the theoretical
assignments give a reasonable explanation for the temperature effect on the 1,5 — Fyp 1p
excitation bands. A comparison of the coordination field parameters B for the whole
LaOX Ec** (X" = CI", Br-)and LaOX : Eu** (X~ = Cl~. Br~, [~} series shows an increase
in the strength of the coordination field effect with the increasing ionic radius and
electronegativity of X~ host anions.

1. Introduction

The PbFCi-type phosphors REOQX and MFX activated with trivalent and divalent rare-
earth (RE) ions are both excellent x-ray and photostimulated luminescence materials.
Considerable attention has been paid to the study of the spectra and electronic energy
levels involving coordination field (CF) perturbation on RE ions in these matrices. REOX
compounds offer an excellent opportunity to observe the variation in the CF effect in
both the RE and the halide series. Holsa ef al [1] studied the cF effect on Eu®* and Tb**
in REOX by fitting the spectra phenomenologically, but they did not involve the spectral
analyses of other RE ioms. In our previous work [2], this study was extended to
LaOX:Pr** and LaOX:Dy’" based on the double-sphere coordination point-charge
field (DscPCF) model [3]. In this paper, the results for LaOX: Er** will be reported.

The excitation and emission spectra of Er** in crystals are typical f—f transitions. It
has four characteristic emission bands for transitions between excited states and the
ground state: green band (*S;,— *Iisp2), red band (*Fy,— “Iis0). IR1 (*};2—*15,2) and
1IR2 (*Iy32— *I15/2). Excited with red light, the *Ly,— *l;5, weak emission (at about
810nm). which disappears in most matrices, was observed for LiYF, [4]. Because of the
strong spin—orbit coupling ( {4 =2380cm ") [5], the energy gaps between different 5+,
levelsarelargerthan 1000cm ™' inmost cases, Inaddition, because of the small CFmixing,
J remains a good quantum number. These show the convenience of CF simulation.

2. Experimental details

Polycrystalline powders of LaOX:0.005Er** phosphors were prepared by a solid state
reaction between corresponding RE oxides and ammonium halides under the protection
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Figure L. Part of the excitation spectrum of LaOCLEr™ at RT (- — =) and LNT { )

(Aem = 551.5 nm).

of a reductive atmosphere of N,-10% H; or in the presence of carbon powders. Er,O,
and La,>O; of high purity (99.99% or higher) were products obtained from the Shanghat
Chemical Plant. The samples prepared in a Ny-H; atmosphere emit with a higher
tuminosity. The fluorescence spectra were measured at room temperature (RT) and
liquid-nitrogen temperature (LNT) with a Hitachi model 850 fluorescence speciro-
photometer. Some of the results are shown in figures 1-3.

Figure I shows clearly that two more peaks appear in the *Ijs;,— “Fs;2 and *lys
— “F, ., excitation bands at RT than at LNT, For LaOCl: Er®*, these peaks are located at
456.0 and 459.1 nm and at 494.3 and 498.0 nm. respectively. This evident temperature
effect not only shows the difference between the population numbers of the different
Stark components of the *I,5, level but also provides evidence for the spectral analyss.
This will be discussed in section 4.

The emission spectra of LaOX:Er** covers the whole visible region with the main
peak between 530 and 560 nm (*Sy;, — *I;;; green emission, see ﬁgures 2 and 3). Allthe
emission bands show considerable CFsplitting. The appearance of the *Iy» — *I;5,, weak
emission at about 810 nm indicates that the effective non-radiative transition from F;,,z
s} Ig?z greatly increases the population number of the *ly;, emitting level. 1t has been
pOmted out above that this emission band does not appear in most matrices.
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Figure 2. Emission spectra (620~820 nm)of LaOBr : Er** (
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yand LaOCl: Er'* (— — =)

3. Caiculation of the pscpcr perturbation energy of Er’* jn LaOX

The energy Hamiltonian of Ef** in LaOX is H = Hy + Hcr. where H, represents the
free-ion Hamiltonian including the spin—orbit coupling and Hcr the cF perturbatlon
potential operator. Because the deviation between the theoretically calculated free-ion
energy level and the measured value i$ usually comparable with the CF perturbation, we
prefer to take the measured eigenvalues of H,,, which has been shown later in the middle
of figure 5, as the start of the CF calculation.

The whole LaOX (X~ = CI7, Br™, I7) series has tetragonal crystal structure (space
group, P /nmm (D1,); Z = 2) with layers of (LaO)"* complex cations alternating with
halide layers (figure 4) [6-8]. Trace amount of Er** ions in LaOX matrices are coor-
dinated to four oxygen and five halide ligands with C,, point site symmetry. In terms of
the contribution to the ¢F effect on RE ions, the nine ligands can be classified into three
equivalent series:

series 1 40 (Ro, Og, o)
series 2 4X (Ry, Oy, Dy)

series 3 1X" (Ryr, Oy, Bx)
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used in CF calculations.,

in which ®¢, = 0°, 90°, 180°, 270°, ®y; = 45°, 135°, 225°, 315°, &% = (°, and R; and O,
are listed in table 1. The fact that the La-X and La-X' distances vary considerably while
the La-O distance remains almost the same indicates that La-X and La-X' coordination
may have a major effect on the variation in CF perturbation in the LaOX series. It shouid
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Table 1. Spherical coordinates R, and @, and the effective charge Z* and @, of the ligands
inthe LaOX: Er* series (X~ = CI™, Br~).

Parameter LaOCl LaQBr

used in

calculations 40 4X 1X 40 4X 1x’

Z§ e 3.105 3.830 3.505 3.200 3,763 33N
Oy/le —1.600 =0.706 =0.700 -1.650 -0.750 -0.750
R, (A) 2.39 3.18 3.14 2.40 3.28 3.47
E) {deg) 59.5100 113,666 180 59954 116396 180

also be pointed out that X and X’ are different halogen ligands because of their different
distances to RE ions. .

In a tetragonal perturbation field the CF Hamiltonian Hep is described by five non-
zero B¥, CF parameters:

Hee = BYCE + BYCY + Bi(C4y + C3) + BSCS + BS(CE, + C9) (1)

in which C%, = V4x/(2k + 1)Y%,, BE, = AL GF).

From the viewpoint of the DSCPCF model [3], a complex unit MX, can be considered
as an entity in which its central ion M with effective nuclear charge Z}, is surrounded by
n positive ligands with effective nuclear charge Z3; (the secondary-sphere coordination
point charge) and n negative bond charges with magmtude g; (which distribute along the
M—X bonds and form the first-sphere coordination point charge). The magnitude of
the bound charge g; and its position »; depend primarily on Z} and Z3;, and can be
calculated as follows:

q; = ZRZ%/(VZ5 + VZ5)
1= RNZLI(VZE + VZE)
where R; is the M—X bond length. The space distribution of the double-sphere coor-
dination point charge possesses the point group symmetry of the complex and satisfies

the Feynman force equilibrium requirements. In this model the lattice sum A%, can be
represented as the contributions from Z%, and g;:

ey

g Z *
A= E (rkil Rk+1) i (9, 9)). (3)
i i

In the simulation, M= Rrg, Z; =18.10+ 0.65 (N — 1) [9,10] and Z} are the only
parameters which can be adjusted in the CF simulation.
By applying equation (3) in figure 4, the specific forms of A¥ are as follows:

Af =2[(3c0s’ @ — 1)(go/rd — Z/R3) + (3cos® Oy — 1)
X {gx/rk — ZE/R + (@x /rie = Z% /R%)
= (35 cos* ®g —30cos? g +3)go/rd — Z§/RE)+ (35 cos* By
—30c0s? @x +3)(gx/rk — Z%/RX)] +(gx /% — Z% /R%)]
= 1[(231 cos® © ~ 315 cos* g +105 cos® @ = 5)go/ro —Z&/RG)
+(231 cos* @y —315cos* Oy +105cos? Ox — 5)gx/rk — Z% /R
+(qx /rk — Z% /R%) 4)
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Ad = (VTO/H)[sin® O (go/rd — Z5/RE) —sin® Oy (qx/rs — Z4/RY)]
A§ = (3VT4/8)[sin* @o(11 cos? O — 1)(go/rh ~Z5/RD)

— sin* O (11 cos® O ~ 1)(gx/rk — Z4/RY].

The basis function for irreducible representation of the tetragonal groups is the linear
transformation of the L-S§ coupling wavefunction:

|/Tpy) = % ST WM (5)

in which J, T and P represent the irreducible representations of the R(3}*, O* and D §
(which is isomorphous with C§,) groups, respectively, and p the row label of the P
representation. The CF perturbation matrix elements can be derived from the above
equation as follows:

YTplHNMTpY =8, 2 FETY (6)

k.m

in which T3 =aB2, Tt =bBj, TS =cBf, Ti=VT0bB% and T = V14 cBS. The
calculation procedure above has been programmed.

The values of the radial integrals () are as follows [10): (") = 0.666a3,
{r'y = 1.126a and {*) = 3.978a{. The simulated values of Z}; are listed in table 1. The
corresponding CF perturbation energy levels of Er** in the LaOX series are shown in
figure 5. As a comparison, the calculated results of the point-charge electrostatic model
{PCEM) are shown in figure 5 too. The numbers in parentheses in the middle of figure 5
are the free-ion energy levels of Er'* in the LaOCl matrix. It should be pointed out that,
because the two energy levels *F;,; and 41-"5,.:2 are close to each other, J mixing between
them should be taken into account in the CF calculation. The results are shown in the
upper right of the corresponding levels in figure 5. This correction is smalier than
15em™i,

4. Theoretica} assignments of the fiuorescence spectra of LaOX :Er**

Because of the Kramers degeneracy, the Er’* ion has only two kinds of Stark component
¢’ and €”inthe C}, CF. According to the group theory selection rule in Cj, site symmetry,
transitions between any different Stark components are allowed. Figures 6-8 show part
of the assignment of the fluorescence spectra of LaOX : Er** based on the pSCPCF model.
The calculated lines agree well with the measured lines.

According to the assignment in figure 6, it is easy to explain the temperature effect
on “lys,— “Fs;; and *1j5;,— *F excitation bands in figure 1. For the *1;57 level, the
Stark components (11)¢”, and so on (3)&”. (7)e" with higher energies possess a non-
negligible population number at RT (0.299 or higher; see the population number shown
on the right of figure 6), the excitation transitions from these Stark components appear
in the excitation spectra, while at LNT the population number of these components
becomes very small (0.144 or less), and therefore the corresponding emission lines
disappear in the spectra.
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5. Discussion and conclusion

Although there have been several models describing the crystal-field effect, such as the
angular overlap model, the polarization model and the superposition model {11, 12], it
is proper to compare the pscPCF model with the PCEM model considering their physical
characteristics.

As Hiifner [11] pointed out earlier, the calculations of B%, performed with the point-
charge model show that the results were mostly too large for & = 2 terms, of the right
magnitude for & = 4 terms, and an order of magnitude too small for the k = 6 terms.
Some modifications have been made to overcome the shortcomings. The introduction
of the shielding effect of the outer 552 and 5P® shells into this model by Burns et af [13]
largely rectify the discrepancies in BZ,. The largest discrepancy remained in BS,. Leavitt
et al [14] modified this model in another way. They corrected r to r/z (7 = (.75) based
on the consideration that the Hartree—Fock radial functions do not give an adequate



Yang Pin et al

492

3 1) 4 069 6 59 tz9 66 <19 609 bb- LIg- g9 05— 61— %
99 96 £59 068 €6 828 €6'%  FOI S8 ()3 I (e gb—  6E'% 18— -
£/ B> ¥EL vTT SvE 18£ P81 oTg too 7T wWi— P05 881 0iZ- v~ g
e 6Er— (125 £ 126 99— FLII— 18T T8 096— S0t LK €5 LT ¥EL L B
Lo 6hLI- €921 — 180 S6¥l— OIgi-  1L°0 985k~ €T - 8.0 8921 £86 08'0 LS1T 16 4
Y W 424054 o WADd 424250 s wWand 42435A ¥ WAd 43d05d " Wiadd A2dI5U “g
LNAIOET s i ()| LAD0RT L4390 LHAD0RT

;WD UL S1B SanfRA IV T, N XOERT PUR , 17 1 X0 I0) %y storowesed 4 pare[na[es ay T, 7 AqeL



Fluorescence spectra of LaOX : Er'* 493

approximation to the true radial charge distribution. According to this assumption,
B! and B%, will be increased by 3.2 and 5.6 times, respectively. We believe that both of
the above modifications paid too much attention to the corrections of the central ion
parameters with too little consideration of the coordinate bonding effects of the ligands
and therefore cannot represent the true charge distribution around the central ion. This
is the problem of the point-charge model itself. From the viewpoint of the bonding
effect, there must be charge ‘accumulation’ to a certain degree along the central ion—
ligand bonds. This effect is at least qualitatively reflected by the bond charge g in the
pscpcF model. The correction of the DsCPCF model to the PCEM model is reasonably
described by the ratios of the BY parameters in the two models. Let R = B)
(Dscecr)/B¥, (PcEM). Table 2 shows clearly that the DsCPCF model makes B decrease
slightly and B?, and especially B%, increase greatly. For example, for LaOX:Er*,
Rj=0.8, R} =1.8-3.0 and R%, = 6.2-8.3. A similar correction exists in table 2 for
LaOX:Eu** and other RE complexes [2, 10]. This correction to By, and BS, parameters
with the DsCPCF model is similar to that with the modification of () by Leavitt eraf[14].
Sophisticated calculations have shown that the excited 5d states contribute the most to
the bonding effect between the RE ion and its ligands while the 4f orbitals contribute
very little [15]. It is reasonable to keep the free-ion Hartree-Fock {+*} of inner 4f orbitals
fixed in CF calculations.

The CF parameters B for the same RE ion in table 2 show an increasing trend along
the LaOX series (X~ = C1~,Br~,17). This kind of evolution could be related to increases
in both the jonic radius and the electronegativity of the X~ host anions, which naturally
led to the ‘covalency’ effect for LaOBr and especially for LaOl. It also should be noted
that the energy levels of the charge transfer state of RE ions show a decreasing tendency
along the LaOX series [2]. The facts above indicate that the bonding effect between the
RE ion and its ligands with lower electronegativity in crystals is non-negligible. In such
systems, the DSCPCF model shows its advantages, especially for the 2*!L; terms with
large J-values and some terms involved in supersensitive transitions of RE ions.
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