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Luminescent transparent ceramics (Tb; 4Y,)3Als01, (x = 0, 0.2, 0.5, 0.8) are successfully prepared by a solid-
state method with additional hot isostatic pressing (HIP) treatment, and the structure and properties are in-
vestigated by XRD, SEM, PL, UV-Vis spectrophotometry and ellipsometry. The Y-containing samples are shown
to be solid solution phases between TAG and YAG. The PL intensity is 14 times stronger with the incorporation of

80 mol.% Y, and the °D,—’F5 emission lifetime of Tb®>* is prolonged from 0.357 to 3.035 ms at room tem-
perature. A unique magnetoluminescence emerges upon the incorporation of Y, showing an interesting emission
decrease to 55% as the Y content reaches 80 mol.%. Remarkably, this magnetoluminesence can occur at room
temperature without an intense magnetic field. Based on our work, transparent (Tb; 4Y,)3AlsO;, ceramics ex-
hibit the potential for applications in green emitters, optical instruments and photoelectric devices. In particular,
the magnetoluminescence provides a simple, noncontact and nondestructive route for probing magnetic fields.

1. Introduction

As a component of the RGB color system, the green emitter
plays a fundamental role in multiphosphor-based white-LED illumina-
tion, displays, lasers, decorative lighting and optical instruments
[1-5]. In recent years, researchers have discovered multiple
green emitters comprising single crystals, phosphor powders, poly-
crystalline ceramics, glass, etc., such as SrHfS;, MgAION:Mn>*,
[Ph4P],[MnBr4], CsPbBrs, CHsNH3PbBrs and Tb**-doped ZnO-B,0s-
SiO5 [3,4,6-9]. These efforts have mainly been devoted to advances in
simplicity, functionality, reliability, efficiency and luminous tunability.

Among all the categories of luminescent materials, inorganic
transparent ceramics possess a much higher chemical stability and wear
resistance than organic bases, a low-cost synthesis relative to single
crystals, and extra optical features compared with phosphor powder,
making them promising for photoelectric applications. Terbium alu-
minum garnet (Tb3Als0;,, abbreviated as TAG), has been widely re-
ported for its potential applications as Faraday isolators [10,11], and
current research primarily focuses on advances in the ceramic trans-
parency and magneto-optical properties [11-16]. However, less atten-
tion has been paid to the optimization of the TAG luminescence, which

also deserves further exploration. TAG phosphor powder and single
crystals have been prepared since early times, and a few attempts have
proceeded for the modification of the luminescence [17-20]. In 2011, a
transparent TAG ceramic was first reported, but little work has been
devoted to the refinement of its luminescence properties. Actually, the
green emission of Tb®* that occurs in TAG is quite stable due to the
nature of electron energy levels compared with that of other efficient
luminescent centers. By taking advantage of that, it is probably that the
luminescence intensity and lifetime can be improved by introducing
other components with an easily controlled synthesis route. It is also
highly meaningful to investigate the effect of a magnetic field on the
luminescence of TAG-based transparent ceramics, which has hardly
been reported in the current papers. Magnetoluminescence (ML) has
been drawing more and more interest due to the attractive potential of
novel magneto-optical dual-function materials, and the quest for the
underlying physical mechanism is growing [21-23]. In applications, the
magnetism-responsive character provides an alternative way of rea-
lizing tunable luminescence, data storage, and bioimaging [24-28] and
suggests a simple, noncontact and nondestructive route for the detec-
tion of magnetic fields [29], which remains a challenge in some prac-
tical situations. Therefore, the study of the ML of TAG-based materials
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Fig. 1. The process for synthesizing transparent (Tb; ,Yy)3Als0;15 (x = 0, 0.2, 0.5, 0.8) ceramic tablets.

has an essential significance in the development of new types of pho-
toelectronic and magnetic devices.

In this paper, we have prepared luminescent transparent (Tb;.
xYx)3Als015 (x = 0, 0.2, 0.5, 0.8) ceramics through a solid-state reac-
tion and HIP posttreatment, and the crystal structure, microscopic
morphology and optical properties of the samples were investigated.

2. Experimental method

The method for the preparation of all samples in this paper is based
on the reported literature and our previous work [30,31]. The process
for sample preparation is presented in Fig. 1. All chemical reagents
needed were purchased from Aladdin Inc., CN. Tb40; (99.99%), Y>053
(99.99%), and Al,03 (99.99%) raw powders are weighed according to
the exact stoichiometric ratios of (Tb;.,Y4)3Als0:5 (x = 0, 0.2, 0.5, 0.8)
and then fed into a ball mill along with 0.4 wt% TEOS (99.99%) and
0.08 wt% MgO (99.99%) as sintering aids. Afterwards, ethyl alcohol
(99.99%) is added to the mixture for dispersion before the following
15 h ball milling process. Then, the obtained slurries are thoroughly
dried in the oven, followed by an 80 mesh sieving to acquire homo-
geneous powder mixtures. A tablet machine is utilized to uniaxially
press the powders into a ®16 mm stainless steel mold under 10 MPa,
and then the obtained tablets are cold isostatically pressed (CIP) for
5 min at 200 MPa to become the green bodies. A 4 h calcination of the
tablets at 800 °C follows to remove the residual organics, and then a
sintering process proceeds in a muffle for 24 h at 1600 °C. Eventually,
the tablets are treated by hot isostatic pressing (HIP) for 3 h under a
196 MPa Ar atmosphere. After the preparation, the ceramic tablets are
polished on each side to 1.5 mm thick.

The crystal structures of the samples are identified by X-ray dif-
fraction with a Bruker D8 Advance powder diffractometer (Cu K, ra-
diation, Germany). The microscopic observations of the samples are
accomplished by SEM (JSM-6510, JEOL, Kariya, Japan). Steady-state
PL and excitation spectra at room temperature are measured by a
fluorescence spectrophotometer (FL-4500, Hitachi, Japan; Xe lamp as
the light source) with a scan speed of 240 nm/min. The absorbance and
in-line transmittance spectra are obtained with a UV-Vis spectro-
photometer (UV-2600, Shimadzu, Japan). Luminescence lifetime and
time-resolved emission decay measurements are performed by a fluor-
escence spectrometer (FLS980, Edinburgh Instruments, UK) with a
365 nm pulsed laser source. The refractive index curves are obtained
through fitting the ellipsometric data collected at an angle of 64.53°
using a Mueller matrix ellipsometer (ME-L ellipsometer, Wuhan Eoptics
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Technology Co., China). The magnetoluminescence behaviors are re-
corded by detecting the emission of samples laid on a few pieces of
NdFeB ring magnets by a spectrophotometer (QE65 Pro, Ocean Optics
Inc., China) with a 365 nm LED as the excitation light source. The in-
tensity of the applied magnetic field is determined by a magnetometer.

3. Results and discussion

HIP, as a commonly used posttreatment method, proves to be ef-
fective for the expelling of poles between grain boundaries, which is
crucial for the optical homogeneity and transparency. To determine the
optimal sintering temperature, the relative densities of pure TAG
ceramic are obtained after HIP treatment at different temperatures, as
shown in Fig. 2, in which the highest relative density is attained at
1650 °C. Generally, a higher relative density leads to superior optical
properties. Thus, 1650 °C is considered to be the optimal HIP tem-
perature for the preparation of Y-containing TAG ceramics.

3.1. Structure and morphology

Crystallographically, TAG belongs to a cubic crystal system with the
symmetry O}’-Ia3d, each unit cell containing 8 chemical formula units
[32]. The atomic stacking of TAG is commonly seen as a model fea-
turing linkages between the coordination polyhedrons of [TbOg] do-
decahedrons, [AlOg] octahedrons and [AlO,] tetrahedrons. Tb®* is
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Fig. 2. Relative density of pure TAG ceramics (x = 0) as a function of the HIP
temperature (The error bars have been shown).
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Fig. 3. (a) XRD patterns of the 1650 °C HIPed (Tb; ,Y,)3Als0;5 ceramic tablets. (b) Enlargements of the XRD patterns from 26° to 31°. (¢) Structure of the crystal
lattice of (Tbg 5Y0.5)3Al5012 plus the coordination polyhedron models of the metal ions. (d) Calculated lattice parameter and linear fitting curve as a function of the Y
content (The error for the experimental data and R? value standing for the quality of the fitting are listed).

surrounded by 8 oxygen ions to form a distorted dodecahedron, and all
the Tb®* sites in a unit cell are equivalent despite the local orientation
differences [32].

Fig. 3a displays the XRD patterns of the 1650 °C HIPed (Tb;.
xYx)3Al5015 ceramic tablets as well as the standard PDF patterns of YAG
(yttrium aluminum oxide, Y3Als0,,, PDF#33-0040) and TAG
(PDF#00-056-1461). For the pure TAG sample (x = 0), the peaks
match up pretty consistently with those of the standard TAG pattern,
with the intensity of the (321) peak higher than that of the (400) peak.
The Y-containing set of patterns is quite analogous without any peaks of
impurity, and all peaks appear to be rather sharp with good symmetry.
However, we have spotted slight position shifts and relative intensity
variations of particular peaks. In Fig. 3b, as the Y amount increases, the
peaks gradually shift towards larger angles along with the inversion of
the relative intensity. When x = 0.8, the peak positions appear to be
pretty close to those of pure YAG, and the (400) peak gets higher than
the (321) peak, which is also consistent with pure YAG. Similar changes
occur for other peaks.

In principle, Y>* is able to replace Tb®* in the lattice as a result of
the similarity of their ionic radii (Tb®*: 1.04 A, Y3*: 1.019 A, for 8
coordination; AI®*: 0.39 A and 0.535 A for 4 and 6 coordination, re-
spectively) and ionic charges. The evolution of the XRD patterns can be
attributed to the lattice shrinkage caused by the substitution of the
smaller Y2* for Tb®". Additionally, it is clear that the diminution of the
d-spacing between crystal planes results in a right shift of the diffraction

peak, according to Bragg's law. Fig. 3c provides the structure of the
(Tbg.5Yo.5)3Al5015 crystal lattice and the polyhedron models, showing
the placement and connection types of the coordination polyhedrons.
Due to the equivalence of all Tb®* sites, the substitution of Y>* should
be uniform and coherent. Theories of the solid solution reveal that if (1)
the ionic radius difference A (4 = (1 — 1,)/n) of the substituting ion and
original ion is less than 15% (in this case, 2.0%), (2) the valence states
of the ions are the same, and (3) the crystal structures of the two pure
phases are identical, it is possible to form a continuous solid solution. In
our case, these conditions are completely satisfied. Additionally, TAG
and YAG have rather close lattice sizes (a = 12.074, 12.01 [o\, respec-
tively) and the same garnet structure [33]. Hence, it is reasonable to
assume that by introducing Y, the sample gradually transforms from
TAG (x 0) into solid solution phases (Tb;,Y,)3Als015, alongside
slight changes in the lattice size.

We have also calculated the lattice parameters from the XRD data,
as presented in Fig. 3d. A linear relation between the lattice parameter
and Y concentration is demonstrated by the fitting line to attest to the
solid solution phases [34], according to Vegard's law (see Eq. (1)), a
well-known empirical rule for solid solutions:

apg = caap + (1 —cp)ag

@

where aag, aa, and ap represent the lattice parameters of the A-B solid
solution, A and B, respectively, and c, is the concentration of A. In
general, we have successfully prepared samples of the designed
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Fig. 4. SEM images of the 1450 °C thermal-etched surfaces of the samples. (a) pure TAG, (b) (Tbg gY0.2)3Al5012, (¢) (Tbg5Y0.5)3A15012, (d) (Tbo.2Y0.8)3Al1501 2.

compositions without any detectable secondary phase, which is highly
essential for realizing transparency, isotropy and other optical proper-
ties.

The surface SEM morphology of the thermal-etched samples is
presented in Fig. 4. It is noted that all samples exhibit relatively uniform
grains without abnormal growth and clean grain boundaries. Only a
couple of poles can be seen in the images, indicating a fairly good
densification of the ceramics, which is of great benefit to the optical
quality. As the Y content increases, the average grain size declines while
the grain boundaries increase, probably because the introduction of Y
suppresses grain growth.

3.2. Absorbance, transmittance and refractive index

The absorbance spectra of the transparent (Tb,,Y,)3Als0;, cera-
mics in the UV-vis region are presented in Fig. 5a. The peaks at 485,
377, and 352 nm are attributed to the 4f-4f transitions of Tb®>* from 7Fg
to ®Dy, °D3 and ®D,, respectively. The 325 nm peak is due to the spin-
forbidden (E;) transition of Tb®™ [20]. No absorption peak of Tb** can
be found in the spectra [17]. All the absorption peaks largely maintain
consistency for samples with different Y contents, which means that the
addition of Y does not introduce new absorption to the TAG samples in
the studied region. However, a significant decline in the absorption is
noted when the concentration of Y3* increases, as a result of the de-
crease in the overall absorption of Tb®*. The in-line transmittance
spectra of the samples are shown in Fig. 5b. Absorption peaks emerge at
485 and 376 nm, in accord with the absorbance spectra. The trans-
mittance of the pure TAG ceramic rises along with the increase in the
wavelength but only reaches approximately 50% at 700 nm. By con-
trast, the transmittances of the (TbgsY(s5)3Als0, and
(Tbg.gY0.2)3Al5015 ceramics exceed 50% in the region of 400-1100 nm,
and that of the (Tbg »Y¢.g)3Al50;, ceramic generally reaches 65%. This
result reveals that the transmittance of the TAG ceramic can apparently
be enhanced by increasing the amount of Y doping, and this is bene-
ficial in optical applications.

Fig. 6 shows the fitted refractive index curves of samples based on
ellipsometric data. The curves of the solid solution samples are plotted
by fitting the ellipsometric data. Curves of pure YAG and TAG are
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obtained from the literature [35,36]. It can be noted that all curves
decrease monotonically in the vis-NIR region, which is a general rule
for transparent materials. Apparently, the refractive index increases as
the amount of Y rises, and the curve gradually evolves from TAG to
YAG. This can be considered the transformation of the optical proper-
ties from those of TAG to those of YAG through intermediate phases of
(TbyxYx)3Als015 (x = 0.2, 0.5, 0.8) [37], on account of the similarity in
the crystal structure and the homogeneous atomic substitution.

3.3. Photoluminescence

Fig. 7a shows the excitation and photoluminescence (PL) spectra of
(Tb;xYx)3Al50,5 ceramics with different Y contents under detected
wavelengths of 543 and 325 nm, respectively. Excitation spectra ran-
ging from 350 to 400 nm are ascribed to f-f transitions of Tb*>"*, and the
peaks within the range from 280 to 350 nm are attributed to 4f-5d
transitions of Tb®*. Strong emission peaks at 493, 543, 587, and
624 nm and weak peaks in the range of 670-710 nm are detected,
corresponding to the °D,—"F; (J = 6, 5, 4, 3, 2, 1, 0) transitions of
Tb3* [36], as also shown by the schematic diagram in Fig. 7b [38-40].
The overall integrated PL intensities are calculated in the inset of
Fig. 2a. Apparently, the luminescence intensifies as the Y content in-
creases due to the diminution of nonradiative centers, which coincides
well with other literature [41]. Fig. 7c shows the CIE-1931 color space
chromaticity diagram, indicating a slight shift of the color coordinates
as the concentration of Y increases, mainly as a result of the relatively
weakened *D4—"F 1 o peaks. The inset of Fig. 7c shows a typical strong
green emission of the sample under the excitation of a 365 nm LED
source, proving our samples to be highly efficient luminescent ceramics.

Fig. 8a shows the decay curves of the Tb®>* ®D,—"F5 emission for
(Tb;.xYx)3Als01, ceramics under 365 nm pulsed excitation. A single
exponential fitting model with the form of Eq. (2) is applied to all
curves:

t

ItH)=A exp(—;) )

The lifetime 7 of all the samples is calculated from the fitting, and
the results are presented in Fig. 8a. It shows that as the amount of Y
rises, the lifetime of the Tb®* °D,—"Fs emission increases from 0.357
to 3.035 ms as a result of the attenuated interactions between the lu-
minescent and quenching centers, thus significantly improving the
stability of the ®D, energy level of Tb®*. Moreover, the increased
emission in Fig. 7a can be further illustrated by the enhancement of the
lifetime, according to Eq. (3) [42].
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o0 t
Iy = I ——|dt = I
ss J; Oexp( T) 0T 3)

It can be noted that I is proportional to t if Iy is kept a constant,
where I represents the emission intensity, t represents the emission
lifetime, and Iy can be considered as a parameter that depends on the
fluorophore concentration and a number of instrumental parameters.

In Fig. 8a, we find that the fittings of the curves with x = 0.5 and
0.8 coincide well, while the other two fittings deviate obviously from
the experimental curves, which can be clearly seen from the inset of
Fig. 8a. This phenomenon has also been found in Y;_,Tb,BO3; material
with a high concentration of Tb3* [43]. The deviation from the fitting
is caused by a radiationless process involving Tb®* ions and impurities.
To further explore the exact interaction mechanism of Tb®*, here, we
assume the interaction to be of a multipolar type; thus, the decay be-
haviors of (Tbg gY¢.2)3Al501, and pure TAG samples are analyzed by the
direct quenching scheme [32,43], according to the well-known Inokuti
and Hirayama's model referred to in Eq. (4):

? = exp[—% - k(t)]

0
where t represents the intrinsic lifetime for a single ion and k(t) is
described by Eq. (5) according to the Forster resonance energy transfer
(FRET) mechanism:

3
)SF(I
where the S value stands for dipole-dipole, dipole-quadrupole, and
quadrupole-quadrupole interactions. Cy and y are constants, and C re-
presents the number of acceptors in a unit volume [40,44].

In Fig. 8b, the experimental data from the time-resolved emission
measurement of the °D,—’Fs transition of Tb®* is plotted to be ana-
lyzed through Inokuti and Hirayama's model, according to Eq. (6).

o () ()] ()

I

The equation theoretically suggests a straight line in the plot with a
slope of 1/S. Based on this, linear fittings are carried out, and the S
values are calculated in Fig. 8b. The values are not well consistent with
the typical values, i.e., 6, 8, and 10. This can be explained by the
overwhelming migration effect (or diffusion effect) between Tb3*
[43,45,46], through which the radiationless energy is randomly dis-
tributed on the cations.
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3.4. Magnetoluminescence

Along with the rapid development of high-density memory, photo-
electronic devices and applications in high magnetic fields, researchers
have paid great attention to the luminescence and electrical con-
ductivity of materials exposed to an external magnetic field. In most
papers, ML refers to PL or EL (electroluminescence) affected by the
applied magnetic field [21]. This has been observed in some semi-
conductor nanostructures and organic compounds [22,23,28,47], ty-
pically under strong magnetic fields and/or low temperatures. In spite
of the widely investigated PL and EL, little work has been done to fully
understand the process of ML. So far, the mechanism of ML has been
attributed to spin-dependent excitation processes, intercharge spin-spin
interactions, and Lorentz effects [21].

Fig. 9a manifests the PL evolution for all samples affected by the
applied magnetic field. Fig. 9b shows the relations of the integrated PL
intensity to the magnetic field and the apparatus used for the ML
measurement. All emission peak positions remain unchanged regardless
of the applied magnetic field. No evident change in the PL intensity is
noted for the pure TAG sample. However, a conspicuous fall in the PL
intensity appears as the amount of Y rises when increasing the magnetic



Ceramics International 46 (2020) 8971-8978

Z. Xing, et al.
(@)
—(Th_,Y. ).AlLO
L at5q Tbo.zYo.s 3AI5012
| transitions ( 0.5 0.5)3 5712
(TbO_BY0_2)3AI5012
m pure TAG

)\em=543nm

f-f tra?sitions

Relative Intensity (a.u.)

210
2, .
Tos8 il
Soe /
e R /
543nm  ® /
© 0.2
04 0/
0 02 04 06 08
X

e 5 7
i w’ ‘DAH Fz,1,o
5D4~>7F6 ~ ::
493nm ,:'.,'“'.
.",'".";“:‘:‘. %
uv NIR
300 400 500 600 700
Wavelength (nm)
(b) c)

Tb** 4f75d (

4 0.9 .
5G D, LED light
s source

16 5D3 0.8

\ 0.7 Typical
D, emission
\
\ 0.6
\ 500
CR 0.5
\ y
\ 0.4
\
, \
e \ 0.3
==
4 0.2 Composition | CIE Coordinates
F, 4 1| pure TAG | (0.396,0.552)
. F, 0.1 2 [(ThygYo,)ALO:, | (0.383,0.559)
.LLL\N . 3 (Tbo.5Y0.5)3A|5012 (0-38210-562)
b A b 4 | (T0y,Yo 0),ALO,; | (0.377.0.564)
P 0.0 03 04,05 06 07 08

interaction
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field intensity. When the amount of Y reaches 80 mol.%, the emission
intensity exhibits the greatest decline of approximately 45% under a
30 mT magnetic field, as demonstrated in Fig. 9b.

The result indicates that a higher concentration of Y leads to a more
sensitive decline under the applied magnetic field, which is closely
related to the evolution of the electronic energy levels of Tb®* with the
increase of Y content combined with the effect of a magnetic field. The
crystal field and Zeeman effect may be the two main factors responsible
for this phenomenon. Here, we only discuss the D, and “F; energy
levels of Tb>*, since they are the main related electronic states of the
luminescence. Observations and calculations have revealed that the
energy gaps between upper and lower Stark sublevels of the *D, and
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most of the “F; multiplet in Tb®*-doped YAG crystal are smaller than
those in pure TAG crystal [48], indicating that the crystal field splitting
of Tb®* is weakened with the increasing substitution of Y* for Tb®*
and the sublevels get closer with each other. Furthermore, when ex-
posed to a magnetic field, the Stark sublevels undergo a second splitting
[24,49,50], which is referred to as the Zeeman effect, typically weak-
ening the luminescence along with the increase of the magnetic field
intensity. And it has been demonstrated that the magnetic field makes a
difference to the intervals and ordering of the energy level fine struc-
tures, and neighboring sublevels may cross in some cases [24,49],
therefore the radiative transition probabilities between these levels can
be altered [49,51,52]. In addition, the Stark levels of initial (or final)
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Fig. 8. (a) Decay curves, single exponential fittings and lifetimes of
Tb®* °D,—"Fs emission for (Tb.Y,)3Als0;, ceramics. Inset: enlarged image
for pure TAG and (TbggYo.2)3Al50;, samples. (b) A plot of the experimental
data (scatter) from the time-resolved measurement of °D,—’Fg emissions and
theoretical fittings (solid line), according to Eq. (6) (The values of R? stand for
the quality of the fitting).

states can be “mixed” under the magnetic field in the magneto-optically
active transition process of Th®>*, during which the energy splitting of
the closely located Stark levels will be virtually inconspicuous [51]. U.
V. Valiev et al. pointed that in the magnetic field this “mixing” effect of
non-degenerate electronic states of Tb®>* plays a specific role in the
radiative 4f-4f transitions, which can lead to the modulation of mag-
neto-optical activity [52]. Specifically in this work, the introduction of
Y narrows the gaps of Stark sublevels of Tb®*, and this may be bene-
ficial to the “mixing” effect of the adjacent levels under the magnetic
field, leading to the greater decline of the luminescence.

It is quite noteworthy in this case that the ML of (Tb; ,Y,)3Al501>
emerges under room temperature and does not demand a strong mag-
netic field, which is rather meaningful for potential applications into
photoelectronic devices with precise magnetic control, such as minia-
ture optical probes and magnetic imaging.

4. Conclusions
We have successfully prepared (Tb; 4Yx)3Als01» luminescent trans-

parent ceramics. The Y-containing samples exhibit solid solution phases
between TAG and YAG with fine crystallization, and the average grain
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Plots of relative integrated intensities of sample PL as a function of the intensity
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size decreases as the Y content increases. The introduction of Y de-
creases the absorbance and increases the transmittance. The refractive
index curve of the (Tb;4Yx)3Als0:» sample evolves towards higher
values near those of YAG as the Y content increases. With the in-
troduction of Y, the PL intensity of the TAG can be enhanced by up to
14 times, and the RT lifetime of the *D,—’Fs emission is prolonged by
up to 3.035 ms, showing efficient and long-lasting PL. The deviation
from the single exponential decay behavior of the °D,—"F5 emission for
x = 0 and 0.2 is caused by a radiationless process involving Tb®>* and
impurities. The PL intensity declines more significantly for the samples
with higher amounts of Y when the magnetic field intensity increases,
which can be easily applied in photoelectronic devices and magnetism-
controlled devices, such as optical probes, magnetic field detectors and
controllable light sources. We believe that our work is helpful to further
explore the multifunctional applications of TAG materials and hope-
fully sheds light on the magnetoluminescence research.
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