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Mn?* is an excellent luminescent ion with variable color from green, yellow to red in different hosts
and has been widely utilized in recent years. The luminescent intensity of Mn2* in many hosts is so low
that the correlative application is restricted. In the present paper, two methods, i.e. employing a charge
compensator and introducing a sensitizer, were adopted to enhance the luminescence of Mn?* in Y3Als 012
(YAG). By employing Si#* as a charge compensator, the doping content of Mn?* (x) in Y3MnyAls_2,Six012
can be lifted up to 0.4. Mn?* in YAG emits orange light in a broad band. The peak wavelength shifts from
586 to 593 nm with the increasing x. The luminescent intensity of Mn?* reaches its maximum whenx=0.1.
Co-doping Th3* into Mn2* doped YAG, the sensitization effect of Tb3** on Mn2* was observed clearly. The
resonance energy transfer from Th3* to Mn2* occurs because there is a well overlapping between emission
spectrum of Th3* and excitation spectrum of Mn?*. A reasonable explanation for the sensitization effect
of Tb3* on the luminescence of Mn?* was brought forward.
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1. Introduction

Being an excellent luminescent ion with variable color from
green, yellow to red in different hosts [1], Mn%* has obtained
more and more comprehensive attention in recent years. Currently,
Mn?2* has been widely utilized in sulfides, phosphates, borates, alu-
minates, silicates [2-6], and so on, as an activator or sensitizer.
The luminescence transition of Mn2* is parity and spin forbidden.
Therefore, the luminescent intensity of MnZ* in many hosts is so low
that the correlative application is restricted. There are two effective
methods to be employed to enhance the luminescence of Mn2*. One
is increasing its doping content but the increment of doping con-
tent is restricted by many factors such as the radii of ions, chemical
valence and attraction of elements, the bonding orbital of atoms,
etc. The other is through the energy transfer from the other lumi-
nescent ions. Some rare earth ions such as Ce3* and Eu?* can be
taken as the sensitizers of Mn%* because these ions can transfer the
absorbed energy to Mn2* and enhance the luminescence of Mn2*
[7-9].

Y3Al5015 (YAG) is a host with excellent structural compatibility.
Inner Y3* and AI3* can be substituted by many kinds of cation with
different sizes and valence in a certain extent. Many researchers
investigated the effect of doping other ions on host structure and
luminescence properties of usual luminescent ions [10-12]. How-
ever, few literatures reported the luminescence properties of Mn2*
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in YAG. The main reason for this is that the doping content is
strongly restricted as a result of charge unbalance. A big doping
content will bring new phases in phosphors which destroy the
stable garnet structure. While a small doping content only brings
weak luminescence which can nearly be inspected by the present
instruments.

According to above depiction, it is very difficult to lift the lumi-
nescent intensity of Mn2*. In this work, two methods are tried
to enhance the luminescence of MnZ* in YAG. One is employing
tetravalent cation (Si**) as a charge compensator to keep charge
balance while the doping content of MnZ* in YAG is lifted up. The
other is co-doping the other rare earth ions with the expectation
that Mn2* has a better performance under the sensitization of the
other ions. The emission bands of Tb3* in many hosts locate from
360 to 660 nm [13,14]. Some of them in ultraviolet (UV) or blue
region usually approach or overlap the absorption bands of the
other luminescent ions. For this reason, Tb3* is frequently selected
as a sensitizer of the other luminescent ions. Especially, energy
transfer from Tb3* to Mn2* has been observed in some hosts such
as LaMgAl;1 049 [15], SrAl12049 [16], etc. It is expected and possi-
ble that Tb3* has a sensitization effect on Mn2* in YAG. To the best
of our knowledge, there is no literature published which reported
the sensitization effect of Tb3* on Mn2* in YAG up to now. In this
work, a series of phosphors Y3_, ThyMnyAls_»,Six012 (x=0, 0.05,
0.1, 0.15, 0.2, 0.3, 0.4; y=0.01, 0.02, 0.03, 0.04, 0.05) were syn-
thesized with traditional solid state reactions. The luminescence
properties of Mn2* and Tb3* and the energy transfer from Tb3*
to Mn2* were investigated. MnZ* can emit orange light in a broad
band peaking from 586 to 593 nm. The energy transfer from Tbh3*
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Fig. 1. The XRD patterns of Mn2* singly doped samples Y3MnyAls_2SixO15.

to Mn2* enhanced the luminescence of Mn2* remarkably. The pro-
cess and mechanism of energy transfer from Tb3* to Mn?* were
also discussed. To be clear, in the following expressions the dop-
ing contents of Mn?* and Tb3* are abbreviated as italic x and y,
respectively.

2. Experimental

All the studied phosphors were synthesized with traditional solid state reac-
tions. Firstly, raw materials Y,03 (99.99%), Al,03 (99.99%), MnCO3 (99.0%), SiO,
(99.0%) and Tb407 (99.99%) were accurately weighed according to the composition
of Y3_y TbyMnyAls5_2,Six012 (x=0,0.05,0.1,0.15,0.2,0.3,0.4; y=0.01,0.02,0.03, 0.04,
0.05). A small amount of H3BO3 was added into the raw materials as the flux. The
weighed materials were put into an agate mortar and ground with an agate muller
for 2 hin order to mix them thoroughly. Then they were heated up to 1550°C with a
constant heating rate (5 °C per minute) in a tubular furnace. A weak reducing atmo-
sphere with H, (5%) and N, (95%) was employed in order to keep the valence of
manganese and terbium to be +2 and +3, respectively. The samples were preserved
at 1550°C for 4 h, and then cooled naturally with the furnace. The cooled samples
were ground again and filtered well before they were measured and analyzed.

The phase identification of prepared phosphors was carried out by a Beijing
MSAL-XD-2 X-ray powder diffractometer (XRD) which worked with Cu Ko irradia-
tion (A =0.15406 nm) at 36 kV tube voltage and 20 mA tube current. The excitation
and emission spectra of the phosphors were measured with a Hitachi F-7000 Fluo-
rescence Spectrophotometer. The work voltage of the spectrophotometer was fixed
at 400V and the width of the monochromator slits for both emission and excitation
was fixed at 2.5 nm.

3. Results and discussion
3.1. Structure analysis

All the prepared phosphors were measured and analyzed by
XRD. Comparing the XRD patterns of Th3* singly doped samples
with standard JCPDS cards by MDI jade 5.0 software, the main
diffraction peaks are all consistent with JCPDS card No. 88-2048.
Thus Tb3* singly doped samples can be indexed to YAG with
single garnet structure. This indicates that a small amount of Th3*
does not change the phase structure of YAG significantly [17,18].
However, there is some difference among the XRD patterns when
Mn?2* is singly doped or co-doped into YAG. Fig. 1 presents the
XRD patterns of Mn?* singly doped samples. They seem to be
identical in Fig. 1. All of them can be indexed to YAG with single
garnet structure. When these patterns are magnified (shown
in Fig. 2), one can see clearly that with the increment of x, the
diffraction peaks shift to higher angles. According to Bragg’s
equation, 2dsinf=niA (here A is the wavelength of employed
X-ray, n is the diffraction order, 6 is the diffraction angle of the
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Fig. 2. The magnified part of the XRD patterns of Mn?* singly doped samples
Y3M[1XAI5,2XSiXO12.

corresponding diffraction peak, d is the interplanar distance of
corresponding crystal plane), the movement of 26 to higher angles
shows that the interplanar distance decreases gradually which
subsequently results in the shrinkage of the crystal lattice. Hodges
[19] pointed out that when Mn2* is doped into four kinds of garnet
structures (Y3A150]2, LU3G85012, LU3A15012, and Y3G&5012), Ml’l2+
can come into any of three kinds of sites. (Which are in the center
of dodecahedron, octahedron and tetrahedron, respectively. In
YAG, they are composed of YOg, AlOg and AlQy4, respectively.)
There are two obvious differences between our experiments and
theirs. Co-doping content in our experiments is much bigger
than theirs. Si** was co-doped into YAG as a charge and volume
compensator while the doping in their experiments was sole.
The radii of the involved ions are as follows: R(Y3*g)=0.1019 nm,
R(AP*6)=0.0535nm, R(AI3*4)=0.039nm, R(Mn2‘g)=0.096nm,
R(Mn2*)=0.067 nm, R(Mn2*;)=0.066nm, R(Si*"4)=0.026 nm
[20], the subscript here denotes the coordination number (CN)
of the cation. According to the difference of radii among these
ions and the ratio of raw materials, it is assumed that most of
Mn2* comes into octahedron with CN=6 to replace Al3*g, which
makes the octahedron expand and Si** comes into tetrahedron
with CN=4 to replace AI**4, which makes the tetrahedron shrink.
The results of XRD analysis indicate that with the increment of
x, samples keep garnet structure all along. This proves that our
assumption is right. With the increment of x, the shifting to higher
angles of the main diffraction peaks indicates that the total effect
of the co-doping of Mn2* and Si#* is making the crystal lattice
shrink to a certain extent.

3.2. Luminescence of Mn®* in YAG

The excitation spectrum and emission spectrum of Mn2* singly
doped sample Y3Mng 1Al4gSig1012 are shown in Fig. 3. Its exci-
tation spectrum monitoring the emission at 587 nm is composed
of the broad band in UV region and several absorption bands in
violet-blue region. The broad band from 200 to 250 nm peaking
at 221 nm looks a little instable with some line emissions. This
might be related with the absorption of air to UV in this wave band.
According to literatures [21-23], this broad band can be attributed
to Mn2*-02~ charge transfer (CT) transition. The emission spec-
tra excited with 221 and 409 nm (the strongest excitation peak in
violet-blue region) are shown in the right of Fig. 3. Their emission
spectra are all broad bands peaking at 587 nm. According to the
Tanabe-Sugano diagram of 3d° configuration and some related lit-
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Fig. 3. The excitation spectrum and emission spectrum of Mn?* singly doped sam-
ple Y3Mng 1AlsgSip1012: (a) CT band monitoring 587 nm emission; (b) absorption
bands in UV and violet-blue region monitoring 587 nm emission (7x); (c) emission
spectrum excited with 221 nm; (d) emission spectrum excited with 409 nm (7 x).

eratures [24-26], observed broad band emission can be ascribed to
the transition of Mn2* from 4T (*G) to 6A; (6S), and several absorp-
tion bands at 492, 467, 450, 419 and 409 nm can be assigned to the
transition of Mn2* from the ground state 6A; (6S) to the excited
states 4T, (4G), 4A; (4G), 4T, (4D), E (*D) and 2A; (*D), respec-
tively. This indicates that the sample can be excited efficiently by
UV light and visible light in violet-blue region.

Fig. 4 presents the emission spectra of samples with different
x under the excitation of 409 nm. It is observed that all the emis-
sion spectra are in a broad band peaking around 590 nm, and the
emission intensity increases firstly, decreases subsequently with
the increasing x. When x=0.1, the emission intensity reaches its
maximum. The dependence of emission intensity of phosphors on
x is presented in the subgraph of Fig. 4. From that subgraph, it is
also observed that the emission peak shifts to longer wavelength
gradually (586, 587, 589, 590, 592 and 593 nm). The electron con-
figuration of Mn2* is [1s2 2s2 2p® 3s2 3p6] 3d°>. Five 3d electrons
are in the outside of the other sublayers without any shield. Thus
the energy level of these electrons is affected by crystalline field
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Fig. 4. The emission spectra of Mn?* singly doped samples Y3Mn,Als_»SixO12. The
curve with hollow square symbols shows the functional relationship of the emission
intensity with x, while the curve with solid circle symbols shows the functional
relationship of the peak wavelength of emission spectra with x.
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Fig. 5. The excitation spectra of samples Ys_, Tb3",Mn,Als_5,SixO12: (a) the exci-
tation spectrum of Tb3* singly doped samples Y295TbgosAlsO1, monitoring the
emission at 544nm; (b) the excitation spectrum of Mn?* singly doped sample
Y3Mnyg 1AlsgSip.1 012 monitoring the emission at 587 nm; (c) the excitation spec-
trum of Mn?* and Th3* co-doped sample Y,.95Tbgo5Mng1AlsgSio1012 monitoring
the emission at 587 nm; the subgraph shows the magnified part surrounded by the
rectangle in the main graph.

strongly. The results of XRD analysis indicate that the interplanar
distance decreases gradually with the increasing x, which results in
the decrement of the bond length. Consequently, the crystal field
effects around Mn2* get stronger which enhances the splitting of
3d> energy level. Thus the lowest energy of 3d energy level gets
lower. This shows red shift in emission spectra macroscopically.

We also measured excitation spectra of samples with differ-
ent x monitoring the emission around 590 nm (not shown in the
present paper). It is observed that the changing trend of the excita-
tion intensity is similar to emission intensity, i.e. it increases firstly,
decreases subsequently with the increasing x. When x=0.1, the
excitation intensity reaches its maximum. However, the position
of excitation peaks does not show significant alternation.

3.3. Luminescence of Tb3* in YAG

Fig. 5(a) presents the excitation spectrum of Tb3* singly doped
phosphor Y395Tbg g5Al5012 monitoring the emission at 544 nm.
There are three excitation bands corresponding to the transition
from 4f% to 4f75d! in this excitation spectrum. Their peak wave-
length is 231, 275 and 324 nm, respectively. The weak excitation
peaks in the region from 350 to 500 nm are due to the absorption
of the forbidden f-f transitions of Th3*.

Fig. 6(a) presents the emission spectrum of Tb3* singly doped
phosphor Y3 g5Tbg 5Al501, excited with 275 nm. It can be sepa-
rated into two groups. The first is the near-UV and blue emission
below 480 nm, including several peaks at 385, 419 and 439 nm,
ascribed to the °D3-7F; (J=6, 5, 4) transitions. The second is the
green and red emission above 480 nm, including several peaks at
492, 544, 593 and 629 nm, corresponding to Dy-"F, (J=6, 5, 4, 3)
transitions [17,18,27,28]. (For interpretation of the references to
color in this text, the reader is referred to the web version of the
article.)

3.4. The energy transfer from Th3* to Mn?*

Fig. 6(b) presents the emission spectrum of Mn2* singly doped
sample excited with 221 nm, and Fig. 6(c) presents the emission
spectrum of Mn2* and Tb3* co-doped sample excited with 275 nm.
It can be pointed out that the emission spectra of co-doped sam-
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Fig. 6. The emission spectra of samples Y3,yTb3*yMnXA15,2XSiXO12: (a) the emission
spectrum of Tb3* singly doped samples Y295TbgosAls01, excited with 275 nm; (b)
the emission spectrum of Mn?* singly doped sample Y3MngAlsgSip1 012 excited
with 221 nm; (c) the emission spectrum of Mn?* and Tb3* co-doped sample
Y2.95Tbo.0sMng 1AlsgSip.1 012 excited with 275 nm; the subgraph shows the magni-
fied part surrounded by the rectangle in the main graph.

ple and Tb3* singly doped sample are similar where the emission
of Tb3* is predominant. An interesting phenomenon revealed in
Fig. 6 is that the part from 550 to 640 nm in the emission spec-
trum of co-doped sample is obviously composed of the emission in
a broad band peaking at 587 nm of Mn?* and the emission peaks
around 593 nm of Tb3*. Tb3* can be efficiently excited with 275 nm.
From the above analysis, in Mn2* singly doped samples, the 275 nm
light has no obvious excitation effect on Mn2*. However, in Mn?*
and Tb3* co-doped sample, the emission in a broad band of Mn2*
appears when the sample is excited with 275 nm. Obviously, the
reason for the occurrence of this phenomenon is that Tb3* can trans-
fer the absorbed energy to Mn2*. An important observation which
should be remarked is that orange emission peaking at 587 nm of
MnZ* obtained from the excitation of 275 nm is remarkably higher
than the one from the excitation of 221nm(the peak wavelength of
the CT band in the excitation spectrum of Mn2*). This indicates that
the intensity of sensitized luminescence is not only much higher
than the intensity from the intrinsic excitation (according to Fig. 3,
the emission intensity excited with 409 nm is only about one tenth
of the one excited with 221 nm, thus the emission spectrum excited
with 409 nm was not shown in Fig. 6) but also higher than the
emission intensity from the excitation of CT band.

From Fig. 6, it is also observed that the emission intensity near
492 nm and from 400 to 425 nm in the emission spectra of co-doped
sample is a little lower than Tb3* singly doped sample. Clearly, the
decrement here supplements the increment from 550 to 640 nm
each other. This observation confirms that some Tb3* with higher
energy transfer absorbed energy to Mn2*. Subsequently, the emis-
sion intensity of Tb3* decreases while the luminescence of Mn2*
is enhanced. Keeping y =0.05 fixed, it is observed that the emis-
sion intensity of Tb3* in co-doped samples is always lower than
Tb3* singly doped ones. But the emission intensity does not change
with the increasing x monotonically. The functional relationship of
the emission intensity with x is complicated and ambiguous, which
needs further investigation. There are two aspects of reasons for
this phenomenon. On one hand, the emission intensity of Tb3* is
about ten times higher than the emission of Mn2*. Thus only a small
part of energy absorbed by the Tb3* in excited states is transferred
to Mn2*. The change of the emission intensity of Tb3* is too small to
be measured credibly. On the other hand, the emission intensity of
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Fig. 7. Energy level diagrams for Tb3* and Mn2?* in YAG. The red and green arrows
indicate the transitions involving nonradiative energy transfer from Tb3* to Mn?*.
Blue arrow indicates the enhanced emission of Mn?*. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of the
article.)

Mn?2* in YAG does not increase with the increasing x monotonically.
When x=0.1, the emission intensity reaches its maximum. Keep-
ing x=0.1 unchanged, we changed y from 0.01, 0.02, 0.03, 0.04 to
0.05.1tis observed that the luminescent intensity of Mn2* under the
excitation of 275 nm increases with the increasing y. This further
verifies the sensitization effect of Tb>* on Mn?* in YAG.

Fig. 5(b) and (c) presents the excitation spectra of Mn?* singly
doped and Mn?*, Tb3* co-doped samples monitoring the emission
at 587 nm. From Fig. 5(c), when the luminescence of Mn?* in co-
doped sample at 587 nm was monitored, a broad band with higher
intensity peaking at 275 nm was obtained except for the broad band
peaking at 221 nm and some absorption bands in the region from
380nm to 550 nm. Clearly, the broad band peaking at 275 nm is
from the excitation of co-doped Tb3"*. The intensity of the broad
band peaking at 275 nm is much lower than the one obtained in
the excitation spectrum of Tb3* singly doped sample. The reason for
this is that the monitoring wavelength is not 544 but 587 nm. Mag-
nifying the part surrounded by the rectangle in Fig. 5, we can see in
the subgraph that the intensity of the excitation peaks from 380 to
450 nm in co-doped sample is higher than the one in Mn2* singly
doped sample. This demonstrates that Th3* can transfer absorbed
energy to Mn2* in another way.

From Fig. 5, there are two excitation bands from 400 to 425 nm
in the excitation spectrum of Mn2* singly doped sample which cor-
respond to the transitions from ground state 6A; (6S) to excited
states 4E (#D) and 2A; (D). However, in the emission spectrum of
Tb3* singly doped sample (Fig. 6) the emission band of the Tb3*
from excited state °Dj3 to ground state 7Fs just locates from 400 to
425 nm. The overlapping of these bands is very good. In addition,
the excitation band peaking at 492 nm (Fig. 3), corresponding to
the transition from ground state 6A; (6S) to excited state 4T, (4G),
has a perfect overlapping with the emission band of the *D4-"Fg
transition of Tb3* (Fig. 6). The perfect overlapping between the
emission spectrum of Th3* and the excitation spectrum of Mn2*
brings convenience to the resonance energy transfer from Tb3* to
Mn?2*. According to the theory of energy transfer developed by Dex-
ter [29], the resonance energy transfer depends on the overlapping
extent of the sensitizer's emission spectrum with the activator’s
excitation spectrum. In the process of the energy transfer from
Tb3* to Mn2*, Tb3* and Mn?* play the role of sensitizer and acti-
vator, respectively. Thus the energy transfer from the Th3* to Mn2*
depends on the overlapping extent of the emission bands of Th3*
and the absorption bands of Mn2*. The energy transfer process may
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be described as follows (Fig. 7). The energy that populates the 5D3
energy level by direct absorption from ground state ’Fs is trans-
ferred to Mn2* on the ground state 6A; by multipole interaction.
Consequently, the energy level of a part of Mn2* is lifted from
ground state 6A; to excited states 2A; or “E. Subsequently, these
Mn?* relax from higher excited states 2A; and “E to the lowest
excited state 4T, by nonradiative relaxation. The energy that pop-
ulates the >D,4 energy level by direct absorption from ground state
7Fg is transferred to Mn2* on the ground state A; by multipole
interaction. The energy level of another part of Mn?* is lifted from
ground state 5A; to excited state 4T,. These Mn2* can also relax to
the lowest excited state 4T; by nonradiative relaxation. The elec-
tron on the excited state T; returns to ground state 6A; by radiative
transition. Simultaneously, a photon is emitted. The energy transfer
from Tbh3* to Mn?2* increases the number of Mn%* which are lifted
or relaxed to lowest excited state 4Ty. As a result, the red emission
from Mn?* is enhanced significantly.

4. Conclusions

By employing Si*" as a charge compensator, the doping con-
tent of Mn2* in YAG was increased to a certain extent. On this
basis, the structure and luminescence properties of MnZ* singly
doped phosphor YsMnyAls_5,SixO12 (x=0.05, 0.1, 0.15, 0.2, 0.3,
0.4) were investigated. Mn?* in YAG emits orange light in a broad
band. With the increment of the doping content, the emission
peak shifts to longer wavelength and the emission intensity of
phosphors increases firstly, decreases subsequently. The emission
intensity reaches its maximum when x=0.1. Two groups of emis-
sion peaks, corresponding to the optical transitions from excited
states D3 and >Dy, to ground state ’F; (J=6, 5, 4, 3), respectively,
were observed in the emission spectra of Tb3* singly doped phos-
phors Y3_, Tb3*,Als01> (y=0.01, 0.02, 0.03, 0.04, 0.05). When Tb3*
and Mn2* were co-doped into YAG, the obvious sensitization effect
of Tb3* on Mn2* was observed which indicates that the energy
transfer from Tb3* to Mn2* occurs. The reason for energy trans-

fer from Tb3* to Mn2* is verified that there is a perfect overlapping
between the emission spectrum of Tb3* and excitation spectrum
of Mn?*. The experiments and analysis in the present paper con-
firm that charge compensation and the sensitization of the other
luminescent ions are two effective methods which can be utilized
to enhance the luminescence of Mn%* in YAG.
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