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The ion substitution characteristics of Y3+—doped (Tho.8Y0.2)3Al5012 transparent ceramics synthesized by
a solid-state reaction and vacuum sintering are investigated. The sample sintered at 1680 °C exhibits the
best optical properties, yielding a transmittance >75% from 900 to 1600 nm. The Verdet constant of this
sample at 632.8 nm is —108.79 rad-T~'-m~'. X-ray diffraction (XRD) results show that all of the samples
have a pure garnet crystal structure without secondary phases. The microstructure of the samples reveals

homogeneous grain sizes that averages <10 pm.
OCIS codes: 160.3820, 160.4670.
doi: 10.3788/COL201311.021601.

Magneto-optical materials are important components
of Faraday isolators in high-power lasers. Today, the
most commonly used Faraday magneto-optical mate-
rial in the visible (VIS) and near-infrared (NIR) regions
is the terbium gallium garnet (Tb3GasOi12, TGG) sin-
gle crystal®? In fact, the terbium aluminum garnet
(Th3Al5012, TAG) single crystal is much better choice
for its large Verdet constant.!®4. However, the growth of
TAG single crystals from the melt is extremely difficult
because of the incongruent melting nature of TAG and
its unstable phasel®!. Considerable efforts have been de-
voted to the improvement of the quality of TAG-based
single crystals. For example, some researchers have used
Lu®t, Sc3*, and Yb3* ions to partially substitute Th3+
or AI** ionsl®7 and stabilize the garnet phase. Other
scholars have developed new synthesis methods, such as
the hybrid floating zone method®l. However, the utiliza-
tion of TAG single crystals remains limited by the size
and optical quality of the crystals obtained. Thus, TAG
single crystals are unavailable in the commercial market.

In theory, TAG ceramics should be able to avoid in-
congruent melting problems because their fabrication
temperature is well below their melting point. Over
the past two decades, several studies have shown that
the transparent ceramic may replace its single crystal
counterpart because of its excellent properties®'9, The
TGG ceramic was first reported in 20031, and recent
studies had shown that TGG transparent ceramics ex-
hibited qualities similar to those of single crystals!*2:13],
The synthesis of TAG transparent ceramics has also been
studied™. The Verdet constant of TAG transparent ce-
ramics fabricated in Ref. [14] is ~172.72 rad-T~!-m~ at
632.8 nm, which is approximately equal to that of a TAG
single crystal, and 75% transmittance can be achieved
within the 400-1600 nm region. These findings indicate
that the TAG transparent ceramic may be a potential
magneto-optical material.

The yttrium iron garnet (YIG) single crystal is the
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most commonly used Faraday isolator material in the
1.1-5.5 pm region; however, it cannot be used in the
VIS and NIR regions because of its strong absorption!*?.
In 1973, the Faraday rotation angle in the VIS and NIR
regions of Bi**-doped YIG was found to be one to two or-
ders of magnitude larger than that of pure YIG[6—18] Tn
1988, Ce3T-doped YIG was investigated and its magneto-
optical properties were found to be more efficient than
those of Bi:YIGI'. Previous works have also investi-
gated Th3*-doped Y3Al;012(YAG)[2%21, n this letter,
we use Y371 to partially replace Th3T and investigate the
performance of (Tbo.sY0.2)3Al5012 (Y-TAG) transpar-
ent ceramics.

High-purity Alz03(99.999%), Y2035(99.999%), and
Tb407(99.999) commercial powders were weighed ac-
cording to the designed (TbgsYo.2)3Al5012 composi-
tion. Ethyl orthosilicate (0.4 wt%) and magnesia (0.008
wt%) were also added to the powder mixture. The
powders were mixed by ball milling in ethanol for 24
h. Afterwards, the mixture was dried at 80 °C for 48
h, uniaxially pressed into plates at 10 MPa, and then
subjected to cold isostatic pressing at 200 MPa. The
green bodies were pre-sintered in air at 600 °C for 3 h
to remove organic ingredients. The plates were sintered
at 1650, 1665, 1680, 1695, and 1710 °C under a base
pressure of approximately 1.0x1072 Pa for 11 h. The
obtained transparent ceramic samples were labeled S1,
S2, S3, S4, and S5. All specimens were polished on both
sides to the same thickness. The optical transmittance
spectra of the samples were measured on an ultravio-
let/VIS/NIR spectrophotometer (V-570-JASCO, Japan)
and their crystal structure was investigated by X-ray
diffraction (XRD) on an Ultima IV instrument (Rigaku,
Japan). The microstructures were analyzed by scanning
electron microscopy (SEM) on an Auriga-39-40 system
(Auriga, Germany). The Verdet constant at 632.8 nm
was measured using a home-made instrument that in-
cluded a He-Ne laser, two polarizers, and an electromag-
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net. All of the characterization methods were conducted
at room temperature.

A photograph of Y-TAG transparent ceramic samples
is shown in Fig. 1. With the exception of S5, which is
translucent, the letters under all of the samples can be
seen clearly, particularly in S2 and S3. Figure 2 shows
the XRD 6-260 scanning patterns of the samples. All of
the samples show a pure phase that is almost identical
to the standard cubic TAG phase. The diffraction peaks
slightly shifted at different sintering temperatures. S1
showed the largest shift and the tendency approached
to the phase of pure yttrium aluminum garnet (YAG).
Figure 2 also illustrates that the Y3* ion can be heavily
doped into the TAG lattice.

The optical transmittance spectra of the transparent
ceramics are shown in Fig. 3. The transmittance of the
samples initially increased and reached a maximum of
>75% at 900-1600 nm in S3 and then decreased in S4

Fig. 1. Picture of the double-side polished Y-TAG transpar-
ent ceramic samples sintered at different temperatures.
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Fig. 2. XRD patterns for all the transparent ceramic samples.
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Fig. 3. Optical transmittance of the polished transparent ce-
ramic samples.

and S5. Variations in the optical transmittance of all of
the samples were consistent with the appearance of the
samples shown in Fig. 1. At approximately 900-1600
nm, the transmittances of S2 and S3 reached 77%, indi-
cating that doping with Y3T ions improves the optical
properties of TAG. The optical transmittance spectra
also indicate that Y-TAG transparent ceramics are sen-
sitive to relatively high sintering temperatures. The
transmittance of S5 was <30% in the VIS and NIR re-
gions while the sintering temperature was 15 °C higher
than S4. Although its intensity was relatively weak, an
absorption peak at approximately 484 nm, which was
attributed to the Th3T:"Fg— 5D, transition*¥, was also
detected. Peaks at approximately 880 nm were brought
about by the change in excitation source during mea-
surement. In this letter, the only varying factor was the
sintering temperature; thus, the optical properties of the
transparent ceramics could be further enhanced if we
optimize the synthesis process. For example, we could
improve the granularity of the raw material powders and
adjust the sintering schedule, among others.

The microstructure of the ceramic samples was mea-
sured by SEM after thermal etched at 1400 °C for 10 h
(Fig. 4). The grain size of all of the samples was com-
paratively homogeneous and without abnormal grain
growth. The average grain size was relatively small but
the pores were still observable. The average grain sizes
were 8.72 and 9.44 pm for S1 and S4, respectively, and
few pores were observed (Figs. 4(a) and (d)). The pores
in S2 and S3 were greatly reduced, consistent with their
improved optical properties. The average grain sizes of
S3 and S2 were 5.46 and 8.93 pm, respectively. Small
grains attached to the surface of S3 may have been caused
by thermal etching. The microstructure of S5 illustrated
in Fig. 4(e) indicates the poor optical properties of the
sample. While many pores were enclosed in the grains
and various small grains were embedded in the grain
boundaries, which were marked by squares, the average
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Fig. 4. SEM photographs for the thermal-etched polished sur-
face of the samples (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5.
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grain size was only 3.46 pm, the smallest among all of
the samples. The SEM image revealed a smaller average
grain size for Y3* ion-doped TAG transparent ceramics,
which indicated that it could optimize the microstruc-
ture of TAG. The SEM results further indicate that the
sintering temperature does not exhibit an evident rela-
tionship with the grain size.

The Verdet constant of S2 at 632.8 nm measured at
room temperature was —108.79 rad-T~!-m~!, which was
approximately 37% lower than that of a reported TAG
transparent ceramic samplel'¥ and 19% lower than that
of TGG transparent ceramic!’®. Thus, doping TAG
transparent ceramics with Y3* ions significantly affects
the magneto-optical properties of the resulting material.

In conclusion, Y3*-doped TAG transparent ceramic
samples are achieved by a solid-state reaction and vac-
uum sintering. A stable TAG phase is obtained over a
broad sintering temperature range (from 1650 to 1710
°C). The optical quality of TAG transparent ceramics can
be improved by doping with Y3*. The transmittances
of S2 and S3 reach 77% in the NIR region. The average
grain size of the samples is <10 ym. Doping with Y3+
decreases the magneto-optical properties of TAG and its
Verdet constant is reduced to —108.79 rad-T~'-m~! at
632.8 nm. Future studies can focus on determining other
ions that can improve the quality of TAG transparent
ceramics.

This work was supported by the National Natural Sci-
ence Foundation of China (Nos. 51172254 and 51202269)
and the Science and Technology Commission of Shanghai
Municipality (No. 10JC1415700).
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