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In this Letter, ceramic Nd:YAG is charactrizeby electron spin resonance (ESR) measurements. The ESR results
indicate that the polycrystalline ceramic Nd:YAG has barely native defects and impurity ions localization
defects, compared to an Nd:YAG crystal with the same Nd doping concentration, due to its density structure
by sintering in a vacuum pure raw material and additives during the fabrication. It may conclude that the
high quality ceramic Nd:YAG may have greater ability on optical characteristic, mechanical performance,
and laser damage than that of the crystals, which is a promising candidate to use on laser diode-pumped
solid-state lasers.
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Polycrystalline transparent ceramic Nd:YAG laser
material enables new possibilities as a new laser gain
medium according to its favorable characteristics such as
higher doping concentration, multifunction samples, mass
production, large size, and low cost[1–3]. Specifically, high-
quality ceramic Nd:YAG possesses a lower optical scatter-
ing loss, higher mechanical strength, and a larger laser
damage threshold than that obtained in a single Nd
crystal[4–7], and ceramic Nd:YAG has shown intriguing
potential as high power laser platforms[8–11]. The previous
investigations on transparent ceramic Nd:YAG laser
materials were focused on optical and laser property com-
parison to crystalline Nd:YAG materials[12]. While micro-
defect detection for the two materials has not been
available up to now, it is possibly an important factor
for their optical and laser characteristics.
To our knowledge, electron spin resonance (ESR) is an

effective method to obtain the detailed information about
native defects and impurities in the crystal; we intend to
use this technological procedure to study defects that may
be caused by raw material contamination and also the
technology of crystal growth. A ceramic cylindrical Nd:
YAG rod is selected to test the optical and laser character-
istics. Then, we discuss the possible reasons for the defect
formation indicated by the ESR results.
For laser device design, spectroscopic properties of the

laser material are important factors. The absorption
spectra were measured using an Excalibur 3100 beam
spectrophotometer. The Excalibur 3100 compares the
transmission of two beams. One beam acts as a reference
while the other beam passes through the sample. The com-
parison of the beams reveals the absorption coefficient at a
given wavelength. The instrument scans through many
wavelengths to generate the absorption spectrum of the
sample being tested.

Consider the application to a solid state laser in around
1 μm of polycrystalline ceramic. The absorption coefficient
is measured for a wavelength range of 780–830 nm and is
shown in Fig. 1. From Fig. 1, we can see the typical
absorption peaks of 1% Nd-doped Nd:YAG ceramic, such
as 795, 808, 812 nm, etc. The maximum absorption peak
at 808 nm wavelength can be typically used for diode
pumping, with the absorption coefficient proportional
to the Nd3þ doping level, as expected.

Figure 2 shows the emission spectrummeasured at room
temperature for a 1% Nd-doped Nd:YAG ceramic. Fluo-
rescence lifetime has also been measured for a ceramic
crystal, about 246 μs. The measured fluorescence lifetime
is a little higher than for other measurements, from the
literature[13,14]. The different results of lifetimes may be
due to the nonuniformities in the dopant distribution.

To quantify the laser characteristics, a short flat-to-flat
cavity is designed. One ceramic cylindrical Nd:YAG
rod is used in this experiment (1.0 at. % Nd3þ-doped,
Φ3 mm × 70 mm), provided by Shanghai Institute of

Fig. 1. Absorbance spectra as a function of wavelength for a 1%
Nd-doped Nd:YAG ceramic.
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Ceramics, Chinese Academy of Sciences. The experimen-
tal setup for the composite ceramic Nd:YAG laser rod
setup is shown in Fig. 3. There were five quasi-continuous
wave diode arrays in the laser module and each diode
array operating at a frequency of 1000 Hz and a pulse
duration of 200 μs at a wavelength of 808 nm, and the total
pump power was 210W. The laser diode (LD) is stabilized
to an individual water cooling module at 25°C for emission
wavelength tuning to meet maximum absorption at the
wavelength of 808 nm in the laser rod. M1 and M2 are
two flat mirrors, which are rear mirror and output coupler
(OC), respectively. M1 is high reflection coated with
reflectivity R > 99.5% at 1 μm, and M2 is coated with
transmission T ¼ 40% around 1 μm.
The output power of the ceramic rod Nd:YAG laser at

1 μm is measured with a power meter (Ophir F300A-SH)
in Fig. 4. We achieve a maximum output power of 54.6 W

with the optical to optical efficiency of about 25.5%. The
micro defects, such as native defects and impurity defects,
generated during the as-grown process are detected and
quantitatively analyzed in this part by ESR measure-
ments. For comparison, the ESR spectra of polycrystalline
ceramic and crystal Nd:YAG are shown in Fig. 5 using
a Bruker E500. The general garnet structure (YAG)
has a space group of Ia3d with a chemical formula of
A3B0

2B
0
3O12

[15]. The A site is usually occupied by a rare-
earth ion such as Y3þ; the B0 and B00 can be occupied by
the same transition elements such as Al3þ in YAG or Ga3þ

in GGG. Polycrystalline ceramic and crystal Nd:YAG
are both formulated by a YAG structure with doped
Nd3þ ions of the same concentration.

The ESR spectroscopy method can show valuable infor-
mation about the details ofmicrostructure, lattice location,
charge state of point defects, and impurities for studying
the materials with nuclear magnetic resonance. According
toPauli’s exclusion principle, every electron has two energy
levels withms ¼ 1∕2 (parallel) andms ¼ −1∕2 (nonparal-
lel). Under the condition of an external magnetic field, a
collection of paramagnetic centers, such as free radicals,
is exposed to microwaves at an external magnetic field.
The gap between the parallel and nonparallel energy states
is widened until it matches the energy of the microwaves.
There are more electrons in the lower state due to the
Maxwell–Boltzmann distribution that is monitored and
converted into a spectrum. The ESR technique can be used
to quantitatively testify the initial defects in numbers.

According to Fig. 5, we note that there are very differ-
ent ESR results for ceramic and crystal3. The ESR spectra
of curve (b) shows the presence of several types of para-
magnetic ions that curve (a) does not observe, and also the
intensity of the crystal Nd:YAG is higher than that of the
ceramic. In order to investigate in more detail the inten-
sity difference in the YAG crystal and ceramic as demon-
strated in the ESR results, we discuss the possibile effect
on the laser characteristics in the two materials.
The same paramagnetic positions of Nd3þ for both the
Nd:YAG crystal and ceramic are shown at 2300 and
2950 Gauss, respectively. The intensity of free Nd3þ for
a crystal has a higher intensity than ceramic at the same

Fig. 2. Emission spectrum as measured for a 1% Nd-doped Nd:
YAG ceramic from the F900 instrument.
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Fig. 3. Experiment setup of a solid ceramic Nd:YAG laser.

Fig. 4. Output power of the ceramic Nd:YAG.
Fig. 5. ESR spectra of the Nd:YAG (a) polycrystalline ceramic
and (b) crystals at room temperature.
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magnetic field. For this investigation of the different ESR
results, the higher intensity implies an existence of more
free Nd3þ electrons in the Nd:YAG crystal lattice than
that of the ceramic and may affect the laser performance
characteristics. During the laser operation process the
localization of free Nd3þ ions may capture the pumped
light and decrease the pumped efficiency, cause a loss of
transmittance and the transmission may rise. On the con-
trary, the less intensity for ceramic indicates that the Nd3þ

ions may be used in the YAG lattice with a high utiliza-
tion. It may be caused by two reasons: one possible reason
is that ceramic is used with additives such as MgO and
SiO2. Mg2þ ions, as divalent impurities, may be located
in any caption site to form acceptor defects. Oxygen va-
cancies, as donor defects, can compensate for the gener-
ated acceptor defects to form neutral aggregates. Si4þ

ions, as tetravalent impurities, may be well-distributed
placed at the Al site. Therefore, Nd3þ ions are placed at
the Y site in the lattice and the surplus Nd3þ ions can
accompany caption vacancies, which may favor improving
uniformity and the Nd3þ doping concentration. The differ-
ent ESR results of two materials with doping of the same
Nd3þ concentration show that the ceramic has a potential
ability to apply to higher-power output laser design.
Moreover, the ESR spectra of curve (b) shows the pres-

ence of several types of paramagnetic ions that curve (a)
does not observe. It may be caused by other types of impu-
rity ions. The additional paramagnetic positions may have
a complex effect on the characteristics of laser perfor-
mance. Based on the g-factor analysis, the resonance po-
sitions from 2000–2200 Gauss may be denoted as Pt or
Mo[16], depending on the different crucible. The Czochral-
ski technique of Nd:YAG crystal growth in a molybdenum
or platinum crucible possibly contributes to Mo or Pt ion
contamination in the crystal Nd:YAG. Further research is
required, such as lower measurement temperature, to
analyze the detailed information. Another typical reso-
nance positios at 3550 Gauss of curve (b) may be assigned
as Fe3þ ions. Fe3þ impurity may mainly come from the
evaporation of impurities such as ZrO2, which contains
Fe2O3 impurity[17]. On the other hand, in curve (a) of Fig. 5
there is barely any Fe3þ ion locations because the ceramic
Nd:YAG is fabricated by more pure raw materials and sin-
tering in a vacuum. More detailed study is required to
clarify the other unconfirmed paramagnetic regions and
the influence on optical and laser characteristics.
In conclusion, the spectroscopic and laser performance

of polycrystalline ceramic Nd:YAG is performed and dis-
cussed. Specifically, we use the ESR measurement method
to quantitatively analyze the initial defects. The results of
the ESR spectra indicate that the transparent ceramic Nd:
YAG may have a greater ability to obtain a density struc-
ture with less initial defects because of the method of vac-
uum sintering, pure raw material, and additives than that
of the crystal Nd:YAG. The surprising characteristics of
high quality with better density structure, less initial

defects, and more Nd3þ doping concentration about the
ceramic laser materials[18] may demonstrate its potential
reliability for additional applications such as some hard-
ness environments and high-power LD-pumped solid-state
lasers.

Recently, in the YAG lattice, antisite defects are the
primary crucial influence on the carrier transportation
and other optical prosperities. The antisites, whether
Al3þ ions are placed at the Y3þ site (AlY) or Y3þ ion,
are placed at the Al site (YAl) depend on the excess of
Y or Al. An antisite substitution YAl causes a distortion
of the lattice shortening the Y─O bond length[19]. Our work
does not confirm the antisite defects associated with
YAl─AlY antisite ions, the existence of which is also consid-
ered in the literature. More detailed study is required to
clarify the defects’ influences on their optical characteris-
tics to improve the ceramic application.It is hoped that
additional experimental data, together with theoretical
calculations, will be obtained for high-quality ceramics.
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