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Y MAS (Magic angle spinning) NMR has been investigated to study the local environment of Y sites in a red phos-
phor, Eu doped-Y,0,S (Eu~Y,0,S), with varying the Eu content. Despite the presence of paramagnetic Eu>* ions, high
resolution spectra were acquired and a number of local environments were detected. The assignment of the resonances to
different Y local environments was made on the basis of signal intensities, chemical shifts, and spin-lattice relaxation times
(T1) in conjugation with the crystal structural data which were obtained by the Rietveld method. Besides the main peak in
pure Y208, four peaks caused by the Y'!-Fu species and ten peaks caused by the Eu-Y'~Eu species were distinguished in
Eu-Y,0,S, where Y! is the next nearest-neighbor Y site for the doped Eu atom, and Y'~Eu and Eu~Y'—Eu are substituted
by one and two Eu, respectively. Y atoms (Y2, Y3, - Y"), which are further from the second and more nearest-neighbors
from Eu were observed at the same resonance position for all samples investigated with that of pure Y,0,S.

The T; values of the ¥Y signal were reduced from 6.6 h for pure Y,0,S to 230 s (10 mol% Eu-Y,0,S) for Y"
(n>2), to several tens of seconds for Y'—Eu and to several seconds for Eu—Y'—Eu in Eu-Y,0,S. The Eu content to Y in
the region where Eu atoms are randomly isolated was estimated from the intensity ratio of the total intensities of the four
Y' peaks to the main peak. 7 reduction and a line-broadening due to paramagnetic Eu®* ions are discussed in relation to

2655

the distribution of Eu ions.

The incorporation of paramagnetic ions into a local co-
ordination sphere surrounding a resonating nucleus in solid
materials causes a paramagnetic shift, line-broadening, an
overlapping of the signals and an enhanced side band inten-
sity in MAS NMR spectra. On the other hand, it allows many
different local environments to be detected.'—'* MAS NMR
can remove a large anisotropic broadening (i.e., dipolar and
chemical shift anisotropies) and ascertain the influence of the
local coordination and the next nearest-neighbor paramag-
netic ion on the isotropic chemical shift.

Recently, assignments of the resonances to different
lithium local environments were made by comparing the
observed shifts in the °Li MAS NMR spectra and local struc-
tures in a number of lithium manganates.” The shifts are
ascribed primarily to a Fermi-contact shift mechanism.

It was shown that the isotropic chemical shift for the Y
nucleus is dependent on the number and type of atoms of the
next and the second nearest-neighbors, which are not only
paramagnetic, but also diamagnetic atoms.*!1—!7

In a series of rare-earth stannates, Ln,Sn,O7 and titanates
Ln,Ti, O, a very large variation of the ''°Sn chemical shifts
(from approximately +5400 to —4200 ppm) was caused by
lantanide ions, except for Gd, which were attributed princi-
pally to the Fermi-contact shift mechanism.® Furthermore,
five new peaks result from changes in the local coordina-

tion when Sm>* substitutes for Y>* in the Y,Sn,07.> The
shifts due to the local environment in ¥Y MAS NMR sig-
nals was explained by a through-space dipolar mechanism
(pseudocontact interaction).*

The authors applied Y static and MAS NMR to the phos-
phOI’S, EU“Y203 and Tb——Y3A15012.16’17 In Tb—Y3Al5012
with increasing content of doped Tb, extra peaks appeared
near to the main peak at 239 ppm in the ¥Y MAS NMR
spectra, and their chemical shifts were discussed based on the
pseudocontact mechanism. The extra peaks were assigned
to the second to the fifth nearest-neighbor Y (Y2, Y*, Y*, and
Y?) atoms to the Tb atom via the intervening coordinated
oxygen atoms.'” A red phosphor, Eu—Y,03, and a green phos-
phor, Tb—Y3Al50;, have been used in color picture tubes.
The brightness of these phosphors is strongly related to the
local environment of the Y centers in lanthanide-doped phos-
phors. In these investigations it was found that %Y
MASNMR plays a useful role in probing the properties
of phosphors, and that the randomness of the distribution
of paramagnetic ions in the mother crystallites is the most
important factor concerning the high brightness of the phos-
phors.'®!” In this paper, we present the results from the 3Y
MASNMR study of a series of Eu—Y,0,S red phosphors
with 0 to 10 mol% content of Eu/Y. By incorporating Eu,
fourteen new peaks appeared. The aim of this study was
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to determine the fourteen local coordination environments
of Y atoms surrounded by paramagnetic Eu** ions with the
4% electron configuration and to characterize the distribu-
tion of Eu atoms in the mother crystallites. For this purpose,
precise crystal structures of Y,0,S and Eu-Y,0,S were de-
termined by the Rietveld method first, and then spin-lattice
relaxation times (7)) of each species and chemical shifts were
considered. The chemical shift deviation of the 14 newly ap-
pearing peaks from the main peak for Y,0,S was explained
by paramagnetic (contact and pseudocontact) shifts. The
contribution of the contact and pseudocontact shifts to the
paramagnetic shift of the peak was not quantitatively inter-
preted from the data in this investigation.

Experimental

Materials:  All of the samples used in this study are listed in
Table 1. The raw materials, Y,03; and Eu,O3, were prepéred by
Mitsubishi Kasei Co., Ltd., and the other materials were purchased
from Wako Co., Ltd., Junsei Co., Ltd., and Kanto Chemical Co.,
Ltd. The raw material Y,0;3 contained Tb4O7 at about 28 ppm as
a photosensitive material. The other raw material, Eu, O3, was of
luminescence grade, and all other materials were of reagent grade.

The samples employed in this investigation were prepared by the
method described in the handbook of phosphors'® and patents.!>*°
The preparation procedures were as follows: Na,COs, K3POy4, and
S were added to raw materials, Y,03 and EuyOs;, as the flux in an
alumina crucible; the mixture was fired at 1200 °C for several hours.
Eu-Y»0,S samples prepared by the above methods were washed
with pure water several times and dried. Each molar ratio, Eu/Y,
and the amounts of impurity were determined by GD-MS VD9000,
Seiko-SPS-1200A ICP, and Rigaku 3370 X-ray fluorescence spec-
trometers. The amounts of impurities in all samples except Y203
with 28 ppm content of Tb4O7 were less than 1 ppm. The Tb con-
tent in Eu-Y,0,S samples prepared were analyzed as 10 ppm. The
activator content was consistent with the analytical concentration
of Eu within the experimental error. The chemical compositions
of the samples used for crystal structure refinement by the Rietveld
analysis were pure YzOzS (KR]) and (Y()_9091 ,El]o.()g()g)zOzS (KR6)

Apparatus and Measurements:  X-Ray powder diffraction
data of Y,0,S and the Eu-doped Y,0,S were collected at room
temperature by a Rigaku RINT-1500 X-ray diffractometer equipped
with a curved graphite monochromator in the scattering beam path.
The diffraction intensities were measured by step-scannings in the
ranges of 10° to 120° in 20 with the step width of 0.04° and the
measuring time of 4 seconds using Cu K« radiation.

An analysis by the Rietveld method was carried out by means of
the RIETAN program.”' The space group of Y20, was P3m1 (No.
164), which is identical with that of La;O,S. Supposing that Y,0,S
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has a similar crystal structure to that of La,O0,S, we referred the
atomic parameters of La;O,S as the initial values for the analysis.
The crystal structure of the Eu-doped Y>0O,S was analyzed under
the assumption that Eu atoms partially occupy the Y site.

The emission spectra and the brightness excited by an elec-
tron beam were measured with a TOPCON ABT-32 spectrome-
ter. Furthermore, the emission spectra excited by the light with a
wavelength of 254 nm and the intensities of 624 nm peaks "Dy
—"F,)*? were measured by a Fluorescence Spectrophotometer,
F-4500 (Hitachi). The emission pattern of Eu—Y>0,S showed
the maximum intensity peak at 624 nm.>> The brightness (%) of
Eu—Y,0,S excited by the electron beam, as well as the peak inten-
sity at 624 nm in the Juminescence spectra excited by the light with
the wavelength of 254 nm, is tabulated in Table 1. The particle size
was measured with a Model PA-2 Coulter Counter.

8Y MAS and static NMR measurements were carried out at
14.706 MHz on a Bruker MSL-300 spectrometer (7.05 T) equipped
with a low frequency CP (cross polarization) MAS probe (dia.
7 mm) at a spinning rate of 5 kHz and a static probe (dia. 10
mm), respectively. 90° pulse widths were 11 ps (MAS) and 15
us (static). Chemical shifts were determined relative to a 1.5 M
Y(NOs); aqueous solution (1 M = 1 moldm™>) as 0 ppm for ¥Y.
A single pulse was used for MAS and static measurements. All
measurements were performed at room temperature.

Results

89y Static and MASNMR Spectra:  The 3°Y static
and MAS spectra of Eu—Y,0,S (KR2 to KR6) are given in
Figs. 1a and 1b, respectively, together with those of pure
Y,0,S (KR1) for a comparison. The ¥Y static NMR spec-
tra show the maximum intensity at the nearly 234 ppm
(corresponding to ¢, )." For all Eu—Y,0,S samples, four
additional peaks appear besides of the central peak at 292
ppm and the significant line-broadening of the signals occur
with increasing in Eu content. These five peaks, including
the central peak, are labeled symbolically D, @), 3, @, and
(B, respectively, in order from the high frequency side as
shown in Fig. 1b. The linewidth at half-height for peak 3
(in KR1 to KR6) was proportional to the Eu content, which
is shown in Fig. 2.

The 3°Y MAS spectra of a sample with 10 mol% Eu (KR6)
detected at the short recycle times of 2, 50, and 249 s are
demonstrated in Fig. 3. As results, 10 other peaks labeled
(a), (b), (¢), - - - (j) newly appear besides peaks D to (3.

Spin-Lattice Relaxation Times (77) of Y Resonance:
The saturation recovery curve of the main peak (292 ppm,
®) in pure Y,0,S was fitted by a single 77 (6.61 h).'* On the

Table 1. Sample List of Eu-Y,0,S

Sample  EwY (Y1-Eu,),03 Chroma  Particle size  Brightness®  Intensity of 624 nm peak®
mol% 1—c @ x/y*2 dso/um % (arbitrary) %(arbitrary)

KRI 0 1.00 0.00 230/244 6.8 44 —

KR2 1 0.9901  0.0099  554/403 6.3 197 80.6
KR3 2 0.9804  0.0196  604/375 6.8 164 92.7
KR4 4 09614  0.0384  649/342 6.1 123 100

KRS 7 09346  0.0654  669/326 6.4 84 95.5
KR6 10 0.9091  0.0909  673/322 58 57 93.2

a) Incorporated activator content.

b) Excited by the electron beam.

c) Excited by the light with the wavelength of 254 nm.
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Fig. 1. *Y solid state NMR spectra of Eu—Y»0,S. (a): Static NMR spectra of KR1 to KR6. Spectral width: 200000 Hz, data point:
8K, 90° pulse: 15 us, pulse width: 5 ps, aquisition number: 3300—17000, recycle time: KR1; 1000 s, KR2-KR6; 10 s, dead time:
50us. (b): MAS NMR spectra of KR1 to KR6. Spectral width: 15000 Hz, data point: 4 K, 90° pulse: 11us, aquisition number: 1
to 250 times, recycle time: KR1; 150000 s, KR2; 1000 s, KR3; 7500 s, KR4; 5000 s, KR5; 1600 s, KR6; 1200 s, spinning rate:

5000 rps, dead time: 150 ps.
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Fig. 2. Relationship between the peak width at half-height

and the Eu content.

0.08

other hand, the saturation recovery curves of the main peaks
for Eu-Y,0,S (KR2 to KR6) showed at least two different
T1, Tis, and Tyy. The shorter T}s was approximately several
seconds (5 to 19 s) and no clear relation to the Eu content was
found. The population of the shorter component was about
10% for all samples. As listed in Table 2, the longer 77y,
showed the Eu content dependence. Ty of peak 3) reduced
from 23800 s (6.61 h) for pure Y,0,S to 230 s (3.83 min) for
KR6, as a function of Eu content. The saturation recovery
curves of the additional peaks (D), @), @, and (5 for KR2
to KR6 closely fit by one T1, and the T; ranging from 18 to
148 s was also independent of the Eu content as tabulated
in Table 2. The T; for peaks (b), (e), (g), and (i) in Fig. 3
were very short and in the range of 11 s to 43 s, as shown in
Table 7 (right most column).

The MAS spectra for KR3 to KR6 demonstrated in Fig. 1b
were obtained by accumulating after a recycle time of about
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Fig. 3.

The #Y MAS spectrum of KR6 with 10 mol% content of Eu. Spectral width: 15000 Hz, data point: 2 or 4 K, 90° pulse: 11

us, aquisition number: 1152—4150 times, spinning rate: 5000 rps, dead time: 150 ps, recycle time: (A); 249 s, (B); 50 s, (C); 2 s.

Table 2.
Randomly Distributed Area of Eu—Y,0,S

Spin-Lattice Relaxation Times, Observed and Calculated Y'/Y", and the Eu Concentration in the

sample Ti/s Yiy" Eu concn Recycle time
o”» o~ OR @” ©° obsd caled calcd s
KR1 / / 23800 / / / / 150000
KR2 20 34 2460 36 145 / 0.176/1 1000
KR3 17 39 1560 36 157 0.25/1 0.428/1 0.013 7500
KR4 17 30 890 31 143 0.53/1 1.494/1 0.023 5000
KR5S 21 42 370 33 164 0.93/1 / 0.031 1600
KR6 16 46 230 36 133 1.31/1 / 0.036 1200
Ave. 182 382 / 344 1484 ! / /

T of five peaks were measured by the saturation recovery method. a) The peak intensities of (3) for KR2 to KR6 were
fitted by employing the non-linear least square method with two components, long (L) and short (S) components. The
shorter components Tg (about 10%) were about several seconds. The longer Ty, is presented for KR2 to KR6. The peak

(@ for KR1 was fitted by a single 77.

5 times the longer Ty, of peak (3). The relative values of the
area of the peaks (D, @), @, and () were almost precisely
1:1:2:1. Theratio of the total peak area for D+ +@+(B)
to that for peak (3 is shown as Y'/Y” (n>2) in Table 2.
Crystal Structure of Pure Y,0,S and Eu-Y,0,S: Ta-
ble 3 shows the refined atomic parameters of the crystal
structure of pure Y,0,S (KR1). The atomic parameters of
the Eu—Y,0,S (KR6) were the same as those of pure Y,0,S
within the experimental errors. The lattice parameters were
refined to @ = 3.784(2) and ¢ = 6.587(4) A for Y,0,S and
a=3.792(2) and ¢ = 6.596(4) A for the Eu-Y,0,S. The lat-

Table 3. Atomic Parameters of the Crystal Structure of Pure

Y,0,8
Atom Site x y z g B/ A’
Y 2d 2/3 1/3 0.2817(8) 1 0.1(1)
(6] 2d 2/3 1/3 0.630(4) 1 0.3(7)
S la 0 0 0 1 0.6(4)

B is the isotropic thermal parameter and g is the site occupancy.

b) The saturation recovery curves were fitted by one 7.

tice parameters refined for Y,0,S are consistent with those
determined by Zachariasen within the experimental errors.?*
The lattice parameters increase along with an increase in the
Eu content of the Eu—Y,0,S, since the ionic radius of Eu?*
(1.15 A) is bigger than that of Y3* (1.10 A).” The global reli-
ability factors defined by Young and Wiles®® are Ry, = 16.7%
and R, = 11.8%, and the phase-dependent reliability factors
are R, = 3.8% and Ry = 2.2% for Y,0,8S, and Ry, = 16.0%,
R, = 11.2%, Ry, = 4.0% and Rs = 2.3% for the Eu—Y,0,S,
respectively. Figure 4 shows the manner of fitting between
the observed and calculated intensities by the Rietveld anal-
ysis for the X-ray powder diffraction pattern of Y,0,S, in
which the calculated intensities are in fair agreement with
the observed values. The manner of fitting for Eu-Y,0,S
was almost the same as that for Y,0,S. Table 4 shows the
interatomic distances between Y atoms and oxygen or sulfur
atoms of Y,0,S. The crystal structures of Y,0,S and the
Eu-Y,0,S are quite similar to that of LayO,S.

The crystal structure of an unit cell of Y,0,S is shown
in Fig. 5. In a hexagonal unit cell, two Y atoms sit at sites
with C3, symmetry, two O atoms at sites with C3, symmetry,
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Fig. 4. X-Ray powder diffraction pattern analysed by the Rietveld method. Solid line and dotted line show calculated intensities
and observed intensities, respectively. A shows the difference between the two.

Table 4. Interatomic Distances between Y Atoms and Oxy-
gen or Sulfur Atoms of Y,0,S

Bond Range (A)
Y-O 2.29x 1
Y-O 2.26x3
Y-S 2.87x3

Fig. 5. Schematic crystal structure of Y20,S unit cell.

and one S atom at a site with D3, symmetry. One Y atom
is coordinated with four O atoms and three S atoms. For
convenience, hereafter, we make a label for each type of Y
atom as follows: The central Y atom is named Y?, the next
nearest-neighbor Y atom y-bridged by O and/or S atoms to
Y%is Y! (ie., YO(=O-, -S)Y!, YO-S-Y!, etc.), the second
nearest-neighbor Y atom u-bridged by O and/or S atoms to
Y%is Y2 (ie., YO(-O—, -S)Y!(—O-, -09Y?, YO(-S—, -S-)-
Y!(=S-)Y?, etc.) and the third or further far neighboring Y
atoms is Y, Y#, ---, and so on. If the Eu atom substitutes at
one Y site, Eu becomes Eu® and the other atoms are named in
the same manner. We also labeled each Y atom surrounding
one substituted Eu atom as 1, 2, 4, 5, ---, 16 in order of
the interatomic distance between the Y and Eu, except for
No. 5 and No. 6 in Fig. 6. The Y atoms labeled with the
same number have the same interatomic distance, but the

TSR
el NN e\ §
ARG WA
KRN
X\;%:’.@@vh

Fig. 6. Eu doped Y20,S. The labeled symbolically 1, 2, 4,
5,---, 16 are corresponding to the species with same No.
indicated in Table 5.

same number does not always mean that the type of bridge
is identical. For example, all Y atoms with number 1 are
Y'(-O-, —O-)Eu, but Y atoms with number 12 are Y2(-O-,
~S-)Y!(-0O-, —=S-)Eu, or Y?>(-S-)Y'(-S-)Eu. The type of
the bridge between Y? and Y, the interatomic distance of
Y-Y and the number of Y atoms are tabulated in Table 5.
The No. of Y in Fig. 6 are coressponding to those in Table 5
when Y is replaced by one Eu atom.

Within 6A of Eu atom there exist four kinds of Y!, ie.,
Eu(-O-, -0-)Y!, Eu(-S—, -S-)Y!, Eu(-O-, -S)Y!, and
Eu-S-Y! and one second nearest-neighbor Y2, Eu(-O-,
~0-)Y'(-0—, -S-)Y2. The four types of Y! atoms are
attributable to peaks (D, @, @, and (5, respectively, as
discussed later. The Eu—Y distance (r) and the angle (&) be-
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Table 5. The Type of the Bridge between Y° and Y, the Interatomic Distance of Y°-Y, and the Number of Y

No.of Y Y°-Y bond Distance of Number of Y
YO-Y/A
1 Y'(-0-, —-09)Y! 3.61 3
2 Y°(-S-, -S)Y! 431 3
4 Y°(-0-, -S-)Y! 3.78 -6
5 Yo-s-Y! 5.73 3
6 Y0, -S9)Y!(-0-, -0)Y2 5.23 3
Y'(-0-, -0 Y!(-0-, -S)Y?
7 Y°(-0-, -S9)Y!(-0-, -0 Y? 6.46 6
Y°(-0-, -09)Y!'(-0-, -S)Y?
8 YO-S-Y!(-S-, -S)Y? 6.55 6
Y°(-S-, -S9)Y'-S-Y?
Y’(-0-, -0)Y'(-0-, -0-)Y?
Y(-0-, -S9H)Y!(-0-, -S)Y?
9 Y-S, -9 Y!(-0-, -0)Y? 6.59 1
10 Y'-0-, -0 Y' (=S, -S9)Y? 6.59 1
11 Y%(-0-, -S9)Y!(-S-, -S)Y? 6.87 6
Y0(=S—, -S9)Y!(-0-, -S-)Y?
Y'-$-Y!(-0-, -S-)Y?

12 YO-S-Y'-8-Y2 7.57 6
Y°(-0-, -S9)Y'(-0-, -$9)Y*

13 Y°(-0-, -09)Y'(-S-, -SY? 7.60 6
Y°(-0-, -0 Y'-s-Y?

14 Y°(-S-, -S9)Y!(-0-, -0)Y? 7.60 6
Y-$-Y'(-0-, -0)Y?

15 Y°(-0-, -S9)Y! (-0-, -0 Y (-0-, -S9)Y° 8.39 6
Y0-$-Y!-$-Y2(-0-, ~0-)Y>

16 Y-S-Y!(-0-, -S-)Y? 8.71 6

Y(-0-, -S-)Y'-S-Y*

tween the principal axis at Eu site (crystal c-axis) and Eu~Y
vector are shown in Table 6, which were used for signal
assignments of these 5 species.

Discussion

When Eu atoms were doped in Y,0,S, the chemical shift
of the central peak (3 in ¥Y MAS spectra was kept con-
stant at the position of the pure Y,0,S (292 ppm) and the
lineshapes were gradually broadened (Fig. 1b). Since the

incorporation of paramagnetic Eu®* ions does not cause an
isotropic chemical shift to the %Y signal at 292 ppm, this
signal must be free from the Eu effect. We assigned peak
(B to Y" where Y” is far apart from Eu (as discussed later,
n>2). The additional four peaks appear only with Eu dop-
ing in Y,0,S. Therefore these peaks must result from Y in
crystallites containing paramagnetic ions and their chemical
shifts are caused by the paramagnetic effect via Eu** ions
with the 4f° electron configuration.

Table 6. The Type of the Bridge between Eu and Y and the Parameters of Structure of Y2025

Peak  Type of the o Number Chemical AD 6° (3cos® 0 —1)/r?
No. bridge A of Yatom  shift/ppm ppm degree 10 em™
@ _Y_l(—O_—, ~O-)Eu 3.61 3 367+3 75+£2 372 19.2
)] Y!'(-S-, -S-)Eu 4.31 3 330+3 38+1 149.5 15.3
® Y@®r=x2 29241 0
@ Y!(-O-, SHEu 3.78 6 23143 —61+1 90.0 —18.5
® Y!-S-Eu 5.73 3 14243 —150+2 130.4 1.40
Y*(-0-,-09)Y'- 523 3 (292)® (0) 57.0 —7.80
(-O—,-S-)Eu

a) ris the Eu-Y interatomic distance calculated by the Rietveld analysis.
the main peak at 292 ppm. — sign represents the lower frequency shift and + sign the higher frequency shift.
angle between the principal axis (crystal c axis) at the Eu atom and the Eu-Y vector.

peak (3, which is described in the text.

b) A is the difference of chemical shift from
¢) 0O isthe
d) This peak is included in the main
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Assignment of the Y MASNMR Signals, Y'-Eu
Species:  As shown in Table 6 and Fig. 6, the popula-
tion of Eu(-O—, ~0-)Y', Eu(-S—, -S-)Y!, Eu(-0—, -S-)Y!,
Eu-S-Y!, and Eu(~O—, ~0-)Y!(-O-, —=S—)Y? species which
exists within 6 A from Eu atom, is 3, 3, 6, 3, and 3, re-
spectively, per one Eu substituted. According to the rela-
tive intensity, 1:1:2:1, of the four peaks D, @), @, and
(), peak @ is assigned to Y!(-O—, ~S—)Eu. The reduc-
tion of T} and the shift induced via the paramagnetic Eu**
ion could be useful for further assignments of the three re-
maining peaks. The spin-lattice relaxation mechanism in
a solid containing a paramagnetic species occurs predomi-
nantly through the dipolar interaction, rather than through
the scalar interaction.”” The inverse of T; is proportional to
the inverse of rf:

1T =3 Q/5[1B KR SS+DIlr/A+af H1 ™5, (1)

where 7; is the Eu—Y interatomic distance, s and y; are the
gyromagnetic ratio of the electrons of Eu** and the Y nucleus,
respectively, S is the total electron spin angular momentum
of Eu?*, @y is the Y nuclear resonance frequency, & is the
Plank constant, and 7 is 7 of the unpaired electrons.

T for the four peaks had not any Eu content dependence
(Table 2), indicating that the distance between Eu and Y
of each species is identical in KR2 to KR6. If we con-
sider Y! species including only one Eu, the larger is r, the
longer is T;. In comparison of the observed T (averaged
value for 5 samples, see the lowest row in Table 2) to the
Eu-Y distance (Table 6), the observed T increases in the
order of peak (D <@<® <), and r increases in the order
of Eu(-0—-, -0-)Y! <Eu(-0-, -S-)Y! <Eu(-S—, -S-)Y'! <
Eu(-O-, -S-)Y!(-0—, -0-)Y2 <Eu-S-Y!. Therefore, peak
(@ should be assigned to Eu(-O—, -0-)Y!, because peak @
is due to Eu(-O—, —-S-)Y!. If we assume peak (Q) is due to
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Eu(-S—, -S-)Y! and peak () is due to Eu-S-Y! or Eu(-O-,
~0-)Y!(=0—, —S-)Y? because the latter two species have
nearly identical distances (5.73 and 5.23 A respectively), an
inverse of the averaged T; for the four peaks can be plotted
against 1/r® by using r for each species given in Table 6.
Figure 7 demonstrates that 1/7 is well correlated with /70,
which gives a guarantee for the assurnption above. In order
to determine which is attributable to peak (5), Eu-S—Y! or
Eu(-0-, -S-)Y!(-O-, ~0-)Y?, the pseudocontact and the
contact shifts were discussed as follows.

There are two dominant paramagnetic shifts caused by the
incorporation of the Eu atom substituting at the Y atom, the
pseudocontact shift® via the through-space dipolar interac-
tion and the contact shift® via the Fermi interaction. The
pseudocontact contribution to the chemical shift of Y! or Y?
resonance via Eu’* ion replacing to Y was estimated as fol-

6
@ e
5+

L0

10%s/T,

0 1 1 i 1
0 1 2 3 4 5

10'44(cm)6 /1°
Fig. 7. Relationship between 1/T; and 1/r® for 4 peaks. @

and M for peak (3) are corresponding to Eu-S—Y' and Eu-
(-0-, —S-)Y'(-0-, ~0-)Y?, respectively.

Table 7. The Relationship between the Bond Style of X', and the Chemical Shift and T

Peak No.  Bond style of X_l Obsd Predicted Predicted Obsd chem. Predicted  Obsd
A”/ppm A /ppm  chem. shift/ppm  shift/ ppm Ti/s Ti/s
D Eu(0,0)Y! 75 367 18.2
) Eu(S,9)Y! 38 330 38.2
@ Eu(0,9)Y! —61 231 344
©) Eu-S-Y! —150 142 148.4
a Eu(0,0)Y!(0,0)Eu 1509 4429 454 / /
b Eu(0,0)Y'(S,S)Eu 113 405 406 129 11
¢ Eu(S.S)Y'(S,S)Eu 76 368 368 / /
d Eu(0,0)Y(0,S)Eu 14 306 306 11 /
e Eu(0,8)Y!(S,S)Eu —23 269 267 20 16
f Eu(0,0)Y'-S-Eu —75 217 216 14 /
g Eu(S,S)Y!'-S—Eu —112 180 176 34 43
h Eu(0,S)Y'(0,S)Eu —122 170 168 / /
i Eu(0,S)Y'-S—-Eu —211 81 75 28 27
i Eu-S-Y'-S-Eu —300 -8 —11 / /

a) A is the difference of chemical shift from the main peak at 292 ppm. b) The A of Eu(0,0)Y!(0,0)Eu was estimated as the

addition of the A of Eu(0,0)Y! and Eu(0,0)Y., i.e., (75+75) = 150 ppm.

¢) The chemical shift was estimated as (150+292) = 442

ppm. d) T; of Eu(0,0)Y(S,S)Eu was estimated as 1/7} (Eu(0,0)Y'(S,S)Eu) = 1/7;(Bu(0,0)Y1)+1/T;(Eu(S,S)YD).



2662 Bull. Chem. Soc. Jpn., 72, No. 12 (1999)

lows: the net pseudocontact shift, AH,, for a paramagnetic
ion in axial symmetry is given by

AH,=(—g" B2I(J + DT — 1)(2J + 30243 (r")(3cos” 6 — 1)
(||l J)Ho) /(60(KT)*r), )

where g is the Lande g factor, J quantum number of a to-
tal angular momentum of the paramagnetic ion, A9(r?) a
crystal field parameter, » the Eu—Y distance, 6 the an-
gle between the principal axis at Eu and the Eu-Y vec-
tor, and (J||«||J) a numerical coefficient. It is predicted
that the psuedocontact shift due to Eu** is zero as J =0 at
ground state. Because Eu’* is known to have low-lying
excited J states, a more refined interaction term involving
excited states for Eu** has included.? In (Y, Ln),Ti,O; and
(Y, Ln);Sn,0; (Ln: Eu, Nd) three peaks were observed,
which are caused by Y(OY)s(OLn) species, and their shifts
were explained mainly by the pseudocontact interaction.*
We thus tried to explain the shift of the four peaks by
the pseudocontact mechanism first. In Eq. 2, the contri-
bution from the structural term, (3cos?8 —1) / 3, is calcu-
lated from the crystal structure data, which was listed in
Table 6. Assuming that the other parameters in Eq. 2 are
constant for all species, the pseudocontact shift becomes
proportional to the value of the structural term, (3cos®6 —
1)/r®. The pseudocontact shift estimated is in order of
Y!(-0-, ~O~)Eu (peak (D)>Y'(-S-, ~S-)Eu (peak @)>
Y!-S-Eu>Y?(-O-, -S-)Y!(-O—, “0-)Eu>Y!(-O~, -S-)-
Eu (peak @) from higher frequency side. As mentioned
above, peaks (1), Q) and @) have already been assigned on
the basis of 7} and the relative signal intensity. The estimated
pseudocontact shifts for peaks (), @), and @) are in the order
of the observed shifts. Peak (5) exhibited an extremely lower
frequency shift in comparison with the pseudocontact shift
estimated for Y'-S-Eu or Y?(-O-, -0-)Y!(-O-, ~S-)Eu.
This fact suggests the presence of any other reason, such as
some difference of the crystal field parameter, AJ(r), and
difference in the degree of the contribution due to the con-
tact shift in Y'-S-Eu or Y2(-O—, -0-)Y' (-O-, -S—)Eu from
those in other three species.

According to the estimated pseudocontact shift, a peak
originated by Y2(-O-, ~0~)Y!(-O-, -S-)Eu should be de-
tected between peak 3) and peak @. However any other
peak with enough intensity was not observed. In the discus-
sion above, we assumed the identical A(r?) for both types
of species despite the difference in interatomic distance r
between Y2(-O—, —O-)Y'(-O—, —=S-)Eu and other four Y!
species such as Y'(-O—, -O-)Eu. Therefore, the pseudocon-
tact shift for the Y? species must be overestimated, because
the crystal field parameter becomes smaller for Y2(-O-,
-0-)Y!(~O-, -S-)Eu with longer distance (5.23 A) than
for Y!(-O-, -O-)Eu (3.61 A). The chemical shift of the sig-
nal for Y?(-O—, ~-0-)Y'!(-O—, ~S-)Eu must move toward to
the main peak (3 and actually could overlap to peak 3). As
for the other Y2-Eu species, which are shown in Fig. 6, the
estimated pseudocontact shifts from the structural parame-
ter under the same assumption are distributed in the range
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from —7.85 to 6.99x10?' cm™>, compared with —18.5 to
19.2x10%' cm™? for Y'-Eu species. In the same manner the
reduction of A9(r?) value for Y2~Eu species causes to move
their shift towards to peak (3). Namely, we conclude that all
Y" (n>2) signals are included in peak (3.

The contact shift due to the Fermi interaction with the
unpaired electrons is written as followés:*

AH. =a, <S7>/(7/h)1 (3)

where a, is the electron-nuclear hyperfine coupling constant,
(S,) the expectation value of the z component of the Eu**
spin, y the gyromagnetic ratio, and # the Planck constant.
In Eq. 3 only a, is strongly dependent on the nature of the
bond between Eu** and the given nuclei, in other words, on a
degree of delocalization of unpaired electrons through each
bond connecting Eu and Y atoms. Therefore, the contact
shift will quickly fall down as the number of bonds separat-
ing the resonating Y from the paramagnetic ion increases.
Y!-S-Eu has two bonds connected straightly through the S
atom between Y! and the Eu atoms, while Y2(-O—, —S-)-
Y!(—O~, ~O-)Eu has two sets of four zigzag bonds between
them. The big lower frequency shift observed in peak (5 is
attributable to the contact shift in to Y!-S—Eu, not to Y?(-O—,
-0-)Y!(-0-, -S—)Eu. We assigned peak (3 to Y!-S-Eu.

Assignment of the ¥ Y MAS NMR Signals, Eu-Y'!-Eu
Species:  We discussed above the Y! species with only
one Eu atom in the next nearest-neighbor Y. In sam-
ples with the higher Eu content, however, Y! species with
two next nearest-neighbor Eu atoms are possibly produced.
According to the crystal structural data, there exist ten
such species with different bonding property, i.e., Eu(-O—,
-0-)Y!(-0-, ~-0-)Eu, Eu(-0-, -0-)Y!(-S-, -S-)Eu, Eu-
(=S~, ~S9)Y'(=S~, -S-)Eu, Eu(-0-, -0-)Y!(-O-, -S-)-
Eu, Eu(-0-, -S-)Y!(-S-, =S-)Eu, Eu-S-Y!(-O-, -O-)Eu,
Eu-S-Y'!(-S—, -S-)Eu, Eu(-O—, -S-)Y!(—O—, —=S-)Eu, Eu-
(-0—,-S-)Y'-S-Eu and Eu-S-Y'-S-Eu. Chemical shifts of
ten species can be estimated by an additivity of the paramag-
netic shifts for each bond property included in an individual
species, i.e., the observed shift of four Y! species mentioned
above. The predicted chemical shift is listed up in Table 7.
As demonstrated in Fig. 3, we detected ten peaks with short
T| by employing the short recycle time. Surprisingly, the
observed chemical shift of ten peaks labeled by (a), (b), (c),
---and (j) is perfectly fitted to the predicted chemical shift.
Therefore, the peaks (a) to (j) were assigned to Eu-Y'-Eu
species. The good agreement in the predicted and the ob-
served chemical shifts of ten species enforces the certainty
of the assignment of peak 3) to Y'-S~Eu.

Distribution of Eu Atoms: One Eu atom doped in pure
Y,0,S creates fifteen Y! atoms around the Eu through O
and/or S bridges. If we assume a random distribution of Eu
in Y,0,8, the ratio of the number of Y' atoms to Y” (n>2)
atoms is calculated as Y':Y" = 15¢: (1 —16¢) for (Y;_.,
Eu,),0,S. Under this assumption there exist only the Y!-Eu
and Y" (n>2) species when ¢ <0.625, i.e., sample KR1 to
KR4 and Y!-Eu and Eu-Y'-Eu species exist only when



T. Harazono et al.

¢>0.625 i.e., KR5, KR6, and moreover, and no Y" (n>2)
species exist in samples KRS and KR6. In the experimen-
tal observation, nevertheless, peak (3) still had a significant
intensity in all samples. Moreover, if we compare the cal-
culated Y'/Y” with the observed Y'/Y" in 8°Y NMR, which
are presented in Table 2, the observed Y'/Y” is smaller than
the calculated one even in the sample with very low Eu con-
tent. These results suggest that the doped Eu atoms are not
always distributed randomly and a portion of the Eu atoms
could not affect to 8°Y resonance. Here, in Eu—Y,0,S, the
model which we proposed in Tb-Y3Als0;, green phosphor
and Eu-Y,0; red phosphor could be justified.'®!” Namely
the doped Eu atoms form a randomly distributed area, where
Eu atoms are sufficiently separated from each other, and
a densely distributed area, where Y atoms are surrounded
by more than three of next nearest-neighbor Eu atoms and
do not contribute to Y NMR spectra. Both areas are al-
ways present as a mixture. If we assume that the randomly
distributed area forms its own block in the sample and the
observed Y!/Y" ratio originates in the area, an actual com-
ponent of Y and Eu in the randomly distributed area would
be calculated as (Y057, Eugg13) in KR3, (Yo.977, Eug g23) In
KR4, (Yo.969, Eug.o31) in KRS, and (Yg.964, Eug g36) in KR6,
which is tabulated in Table 2. We can not say about how
many percentage of the Eu atoms doped in each sample be-
long to the area from the present data. A quantitative analysis
of the signal intensity would be necessary.

Ty and the Line-Broadening of Peak (3):  The spin-
lattice relaxation rate, 1/77, as described by Eq. 1, is approx-
imately proportional to rj*6, that is, square of Eu content,
[Eul?. The plot of 1/T; (closed circle) versus [Eu content]?
in Fig. 8 showed a curvature especially in the small amount
Eu content. If we take the Eu content estimated from the
Y!/Y" ratio as an effective Eu concentration (Eue), the plot
of 1/T, (open square) versus [Eueg concentration]? showed a
much better linear relation in all content range, as shown in
Fig. 8. Namely, only the paramagnetic centers incorporated
randomly in the mother crystallites affect to the T} reduction
of peak 3.

The line-broadening arising from the magnetic moment of
the electron is caused primarily by the interaction between the
magnetic dipoles, which was described based on the second
moment method by Van Vleck.?! The second moment, M>,
for the interaction between the electron spin of Eu* and the
Y nuclear spin is related to the interatomic distance r; (Eu-Y)
as follows:

My =(4/15) RS+ 1> r 8. @)

Since the dipolar line-broadening is proportional to a square
root of M5, and then approximately proportional to rj_3, even
in the lattice where the paramagnetic centers were not dis-
tributed in the cubic symmetry, the dipolar line-broadening
becomes proportional to the content of Eu®* ions, [Eu’*].
The linewidth at the half-height of the central peak (3) plot-
ted versus the Eu content showed a good linear relation, as

shown in Fig. 2. If we plot the linewidth versus Eueg concen-
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Fig. 8. Relationships between 1/T) for peak (3), and [Eu
content]* and [Eue concentration]’. @ and [ indicate
the incorporated Eu content and the estimated effective Eu
concentration, respectively.

tration estimated above, a lower convexed curve is obtained
and no linear relation is exist. This indicates that the ran-
domly distributed area and the densely distributed area are
well mixed in microscopic scale and the line-broadening is
affected by whole Eu atoms or that a constant percentage
of the doped Eu content in each sample is distributed in
the randomly oriented area. In contrast to the T reduction,
where closely present Eu atoms became affective, the line-
broadening was caused by Eu ions far from Y atoms.

Brightness of Eu-Y,0,S: In the phosphors, generally,
the concentration-quenching effect decreases the emission
intensity when the Eu—Eu distance becomes shorter.'® In the
present investigation, the emission intensity at 624 nm by
excitation via UV (254 nm) increased with the Eu content
and then decreased in the samples with high Eu content.
As mentioned above, NMR becomes inactive for Y atoms
in the densely Eu distributed area where the concentration-
quenching effect occurs.

Conclusions

Solid state Y (I =1/2) MAS NMR of the red phosphor,
Eu-Y,0,S, have been investigated for the characterization
of Y sites in the phosphor. Besides the main peak (292 ppm)
by Y" (n>2) species in pure Y,0,S, another 4 peaks ap-
peared in the Eu—Y,0,S up to 10 mol%. Upon increasing
the Eu content, 10 smaller peaks appeared. Before assign-
ment of these peaks the crystal structure of the samples was
precisely investigated by the Rietveld method. The crys-
tal structures of Y,0,S and the Eu-Y,0,S are quite simi-
lar to that of L.a,0,S and the all observed 3Y MAS NMR
peaks have been assigned to Y atoms specifically posi-
tioned to the doped Eu atoms. The previous 4 peaks are
attributable to Y'-Eu species, i.e., Y'(-O—, -O-)Eu (367
ppm), Y!'(-S—, -S-)Eu (330 ppm), Y!(-O—, -S-)Eu (231
ppm), and Y!-S—FEu (142 ppm). The relative intensity and
chemical shifts of the 4 peaks, and relationships between
T; and structural parameters (Y—Eu distance, the angle be-
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tween the Eu—Y! vector and the principal axis at the Eu
site, and the bond angle of Eu—O-Y and/or Eu-S-Y) are
mutually used for the assignment. The 10 peaks appear-
ing in the spectra measured at rather short recycle times
for samples with higher Eu content are assigned to Y! with
two Eu atoms in the fifteen next nearest-neighbor Y sites,
that is, from higher frequency side Eu(-O-, -O0-)Y'(-O-,
—0-)Eu (454 ppm), Eu(-O—, -O-)Y!(-S—, —S-)Eu (406
ppm), Eu(-S—, -S-)Y!(-S—, ~S-)Eu (368 ppm), Eu(-O-,
-0)Y!'(-0-, =S-)Eu (306 ppm), Eu(-O-, -S-)Y!(-S-,
—S-)Eu (267 ppm), Eu-S-Y!'(-O-, -O-)Eu (216 ppm),
Eu-S-Y'(-S-, =S-)Eu (176 ppm), Eu(-O-, -S-)Y'(-O-,
~S-)Eu (168 ppm), Eu(-O-, -S-)Y'-S-Eu (75 ppm) and
Eu-S-Y!-S—Eu (—11 ppm). The signals for Y! with more
than three next nearest-neighbor Eu to Y! was not found at
the predicted position. The signals for Y? species such as
Y2(-O-, -0-)Y!(-O—, -S-)Eu, where Y? is the second near-
est-neighbor Y to Eu, were not separately detected from the
central peak, because their predicted peak positions are very
close to the central peak. It is clear that paramagnetic Eu**
ions do not affect to the chemical shift of the signal for Y"
(n>2) in Eu-Y,0,S. The chemical shift of these peaks was
discussed based on the pseudocontact and the contact shift
mechanisms. Especially the species Eu-S—Y! exhibits rather
large contact shift than other species because of its straight
bonding between Eu and Y. The paramagnetic Eu** incor-
poration results a huge reduction of T values of ¥Y signal
from 6.6 h for pure Y,0,S to 230 s (10 mol% Eu-Y,0,S) for
main peak (Y": n>2 species), to several tens of seconds for
Y!—Eu, and to several seconds for Eu—Y!-Eu in Eu-Y,0,S
at high Eu content. The T reduction is mainly attributable
to the dipolar interaction between the paramagnetic Eu** ion
and ¥Y nuclei and not to a spin diffusion mechanism.

An investigation for NMR-active Y atoms are mostly nec-
essary for design of high emission intensity. Quantitative
investigation of signal intensities of newly appeared signals,
the reduction of T and the line-broadening due to incorpo-
rated paramagnetic Eu®* ions in Y NMR spectra will be
promising technique for solving the problem, how we can
obtain the high brightness of phosphor Eu-Y,0,S.

We wish to thank Mr. Yasuo Shimomura (Mitsubishi
Chemical Co., Ltd.) for the measurement of UV-excited
luminescence for Eu—Y,0,S.
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