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ABSTRACT: Y3−3xNd3xSc1Al4O12 (x = 0, 0.01, and 0.02) ceramics were
fabricated by sintering at high temperature under vacuum. Unit cell parameter
refinement and chemical analysis have been performed. The morphological
characterization shows micrograins with no visible defects. The thermal analysis
of these ceramics is presented, by measuring the specific heat in the temperature
range from 300 to 500 K. Their values at room temperature are in the range
0.81−0.90 J g1−K−1. The thermal conductivity has been determined by two
methods: by the experimental measurement of the thermal diffusivity by the
photopyroelectric method, and by spectroscopy, evaluating the thermal load. The
thermal conductivities are in the range 9.7−6.5 W K−1 m−1 in the temperature
interval from 300 to 500 K. The thermooptic coefficients were measured at 632
nm by the dark mode method using a prism coupler, and the obtained values are
in the range 12.8−13.3 × 10−6 K−1. The nonlinear refractive index values at 795
nm have been evaluated to calibrate the nonlinear optical response of these
materials.

1. INTRODUCTION

New ceramic materials belonging to the family of garnet
compounds are emerging as a promising alternative for high
power lasers. Among them, Y3−3xNd3xSc1Al4O12 (x = 0.01 and
0.02, hereafter 1 and 2 atom % Nd:YS1AG) presents interesting
features such as the long lifetime of Nd3+ emitting levels and
the broad line widths due to its disordered structure (Sc3+ is
randomly found in the positions of Al3+). Replacing Al3+ ions
with larger Sc3+ ions increase the distance between dodecahe-
dral lattice sites (substitutional sites for Nd3+) and tend to
reduce the relatively strong Nd3+ ion−ion interaction
encountered in YAG associated with the concentration
quenching of Nd3+ fluorescence.1 In addition, Ober et al.
generated 260 fs pulses using Nd3+-doped mixed scandium
garnets like Nd:YS1AG.2 The disordered nature of these
crystals induces a strongly inhomogeneous broadening of both

fluorescence and absorption bands, which is favorable for
obtaining pulsed laser operation.
Recently, the evolution of the fluorescence of Nd3+ with

temperature in the YS1AG matrix has been studied;3,4 it was
demonstrated that the temperature of the gain medium has a
strong effect upon the fluorescence spectrum and the laser
properties of the YS1AG ceramic. In particular, these works
have shown that depending on the temperature, a Nd:YS1AG
ceramic laser can operate selectively at 1061 or 1064 nm, or
simultaneously at both wavelengths with a strong gain
structuration.
Another interesting advantage is that ceramic materials might

have a lower manufacturing cost than traditional bulk crystal
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since the sintering temperature is significantly lower than their
melting point, the temperature needed to be reached for
growth of these materials. Additionally, it is known that the ion
doping levels can be larger in ceramics than in single crystals
and that ceramic processing allows manufacturing of multiple
shapes and designs.5 The fabrication of laser materials with a
disordered nature leads to avoiding the imperfection due to
different segregation processes and makes the uniformity of the
material composition over the whole medium easier.6

For high-power laser applications in which the thermal
effects such as heat load and thermal lensing are important, the
determination of the thermal properties of the amplifier
medium is crucial. In particular, the thermal conductivity is
an important parameter for a laser active material because it
indicates how easily heat wastes can be dissipated, and it
determines the maximum pumping density that a material can
sustain without excessive optical distortion and stress. Among
the different lanthanide hosts, the thermal conductivity of the
garnet family is one of the largest. Additionally, the knowledge
of the thermooptical coefficient, which governs the thermal
lensing effects, can help in controlling it.
The nonlinear refractive index coefficient, n2, is related to the

self-focusing effect as well as to the nonlinear absorption
coefficient present in the gain medium at high pumping levels,
so knowledge of this parameter is important for high-power
laser applications.
In ceramics, some defects generally encountered such as

secondary phases, pores, or grain boundaries could affect the
heat diffusion. It is known that at room temperature, the
thermal conductivity, κ, is not affected by the existence of grain
boundaries since the intrinsic thermal resistance due to
interaction between phonons dominates. On the other hand,
at low temperature, the phonon−phonon interaction is strongly
reduced; leading to only extrinsic contributions from defects,
including grain boundaries. Thus, the polycrystalline material
displays a lower thermal conductivity by about 1 order of
magnitude. All this suggests that specific defects in ceramics
contribute to reduce the thermal conductivity at low temper-
atures.7

The nonlinear refractive index, n2, is another important point
to be considered in the design of high-power solid-state lasers
and related optical systems. In the case of a medium with a high
nonlinearity, the self-action of a powerful laser beam involves
the effects of self-focusing and self-phase modulation. In
general, the measured values of n2 in ceramic samples are rather
close to those corresponding to single crystals and tend to
increase if the linear refractive indices of the materials increase.
This tendency is well-known and confirmed for many media.8

The present work is devoted to characterize the thermal and
optical properties of a new family of ceramic materials, the
YS1AG. A detailed study of these properties allows a better
understanding of the behavior of this ceramic material during
high power laser action operation.

2. EXPERIMENTAL DETAILS
Description of the Ceramic Synthesis Method. The

ceramic samples were elaborated according to a process
detailed elsewhere.9 In short, submicrometer α-Al2O3 (purity
>99.99%, Baik̈owski, France) Y2O3 (purity >99.99%, Alfa Aesar,
Germany), Sc2O3 (purity >99.9%, Auer Remy, Germany), and
Nd2O3 (purity >99.99%, Alfa Aesar, Germany) powders were
mixed together in stoichiometric proportions to form after
thermal treatment the Y3−3xNd3xSc1Al4O12 (x = 0, 0.01 and

0.02) garnet phase. Powder mixing was carried out by using ball
milling in water with different amounts of SiO2 (up to 0.3 wt
%) as sintering aid. After drying and applying cold uniaxial
press, the green pellets produced were heated at temperatures
higher than 1173 K in air atmosphere to remove organic
residues. Sintering was conducted in a tungsten mesh-heated
furnace under vacuum (P ≤ 10−2 Pa) at a temperature of 2023
K for 10 h. The specimens were placed in an alumina crucible,
and heating and cooling rates of 5 K min−1 were applied.

Composition and Structural Characterization. The
chemical composition of the samples was measured by electron
probe microanalysis. The samples were embedded in an epoxy
resin, and polished to perform the surface analysis. The X-ray
lines and standards used were Lα and YAG, Kα and Sc, Kα and
Al2O3, and Lα and REE4 for Y, Sc, Al, and Nd concentration
determination, respectively. With the experimental parameters
used, the Nd detection limit was 0.033 in weight %, and, in all
cases, the neodymium concentration obtained was above this
detection limit, ensuring a correct determination of the
concentration.
X-ray diffraction (XRD) measurements were made using a

Siemens D5000 diffractometer (Bragg−Brentano parafocusing
geometry and vertical θ−θ goniometer) fitted with a curved
graphite diffracted-beam monochromator, diffracted -beam
Soller slits, a 0.06° receiving slit, and a scintillation counter as
detector. The angular 2θ diffraction range was between 104°
and 111°. The data were collected with an angular step of 0.02°
at 16 s per step and sample rotation. Cu Kα radiation was
obtained from a copper X-ray tube operated at 40 kV and 30
mA. The surface of the sample was dusted with Si (SRM 640b)
as the standard. The X-ray diffractogram was analyzed using the
Fundamental Parameters Approach convolution algorithm10

implemented in the program TOPAS.11 The refined parameters
included the unit cell parameter, the 2θ zero error, the
background coefficients, the integrated peak intensities, and the
full width at half-maximum of a Lorentzian profile to describe
the peak broadening induced by the crystallite size.
Before microstructural observation, the sintered samples

were polished and thermally etched at 1923 K under air during
1 h in order to reveal their grain structure. Microstructural
observations were carried out by using conventional scanning
electron microscopy (SEM; Philips XL30).

Thermal Parameters Measurement Techniques. The
heat capacity, Cp, of undoped and Nd-doped YS1AG was
measured with a Discovery DSC calorimeter from TA
Instruments. The measurements were made using Tzero
aluminum pans and a nitrogen flow of 50 cm3 min−1. The
sample mass used in these measurements for the different
ceramic compositions was around 4 mg. The calibration of the
equipment for Cp measurements was carried out by heating
sapphire in vacuum and the cell constant and temperature
deviation were calculated with In. The heating ramp used both
in the calibration process and in the heat capacity measure-
ments was 10 K min−1 and several runs for every calibration
step were made to average it. After different heating curves with
sapphire, the equipment software averaged and calculated the
calibration constant KCp as a function of the temperature taking
into account the theoretical values of the heat capacity of
sapphire. The measurements were made from 300 to 500 K,
and after several runs were carried out to study the
reproducibility, the heat capacity of the different ceramic
samples was obtained as a function of temperature. The
software of the calorimeter directly gave us the heat capacity of
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the samples taking into account the calibration constants of the
equipment measured previously.
Thermal diffusivity, D, has been measured using a photo-

pyroelectric setup in the standard back configuration.12 In this
method, the front surface of the sample is illuminated by a
modulated light beam, while its rear surface is in contact with a
pyroelectric detector, which produces an electrical current
proportional to the sample temperature. It has been
demonstrated that, when the sample and the sensor are
thermally thick (the thickness of the sample, l, is greater than
the thermal diffusion length μ = (D/πf)1/2); both the phase, ψ,
and the natural logarithm of the amplitude of the photopyro-
electric current have a linear dependence on the square root of
the modulated frequency,√f, with the same slope, p. From this
slope, the thermal diffusivity of the sample in the direction
perpendicular to the surface (the through-thickness thermal
diffusivity) can be obtained:13

π=D
l

p

2

2
(1)

First the thermal diffusivity was measured at a reference
temperature, Dref(Tref), followed by a continuous change of the
temperature recorded at a fixed frequency at the same time that
the phase of the photopyroelectric signal. In fact, the phase
changes are directly related to changes in the thermal diffusivity
of the sample, in such a way that the temperature dependence
of D follows the expression14

π
= − Δ

−⎛
⎝
⎜⎜

⎞
⎠
⎟⎟D T

D
T

f
( )

1 ( )

ref

2

(2)

where Δ(T) = Ψ(T) − Ψ(Tref) is the change in a phase for a
given change in temperature. It is worth mentioning that this
method provides high-resolution measurements since small
temperature gradients in the sample produce a good signal-to-
noise ratio.
In our experimental setup, a diode laser (λ = 656 nm) with a

power of 50 mW is used as the heating source. Its intensity is
modulated by a periodic current governed by the computer and
serving as the lock-in reference. The pyroelectric transducer is a
350 μm-thick LiTaO3 crystal with Ni−Cr electrodes plated on
both surfaces. The samples are attached to the pyroelectric
transducer by using an extremely thin layer of highly heat-
conductive silicone grease (Dow Corning, 340 Heat Sink
Compound). The photopyroelectric current is processed by a
two-phase lock-in amplifier, which provides us with a vector
signal output comprising the amplitude and phase angle of the
signal with respect to those of the reference. Both, sample and
detector are placed inside a nitrogen bath cryostat that allows
measurements in the temperature range from 77 to 500 K. The
accuracy of our diffusivity measurements is estimated to be
±3%.
Plates of undoped YS1AG, together with 1 atom % and 2

atom % Nd:YS1AG have been measured. Their thicknesses are
about 0.73 mm. Since these samples are transparent to the
diode laser wavelength, the front surface was coated with a very
thin graphite layer (≈ 3 μm). Several heating runs from 300 to
500 K at a rate of 0.10 K min−1 have been performed. A
modulation frequency of 11.0 Hz, high enough to ensure the
sample is thermally thick but low enough to guarantee a good
signal-to-noise ratio, was used.

In the fractional thermal loading study, the fraction of
absorbed pump power converted to heat, as explained in Figure
1, was measured from two methods: a thermal one and a

spectroscopic one. In the thermal method, the temperature of
the sample and its time evolution were recorded with a
Pyroview 380L thermal camera (384 × 288 pixels) from Dias
Infrared Systems. The calibration of the camera temperature
was obtained from a comparison with the temperature
measured with a platinum sensor and applying the Stephan
law,15 leading to the emissivity of the studied material.
The sample with mass m was heated with the pump beam

from a LIMO fiber coupled laser diode, near 808 nm
wavelength. The powers of the incident beam, the reflected
beam by the sample, and the transmitted beam were measured
in order to get the absorbed pump power Pabs. When the
sample temperature was stabilized at ΔT above the room
temperature, the pump beam was suddenly stopped, and the
sample temperature decreased exponentially with a time
constant τ determined from the experimental data.
The fractional thermal loading η (ratio of absorbed pump

power converted to heat) is then obtained from the
expression16,17

η
τ

=
ΔC m T

P
P

abs (3)

where Cp is the heat capacity per unit mass and ΔT is the
difference between the sample temperature and room temper-
ature.
From spectroscopy, the fractional thermal loading was

estimated as

η =
+ +

λ

Q Q Q
h

1 2 3
1

p (4)

where λp is the pump wavelength for the 4F5/2 level, and Q1 =
(1/λp) − (1/λE) is the heat due to the 4F5/2 → 4F3/2
nonradiative de-excitation (λE = absorption wavelength of the
4F3/2 emitting level). Q2 = ηNR/λE is the heat due to the
nonradiative de-excitation of the 4F3/2 level with a quantum
yield ηNR = 1 − τ/τ0, where τ0 is the

4F3/2 lifetime at weak Nd
concentration and τ = ∫ 0

∞(I(t)/I(0)) dt is the effective
fluorescence lifetime measured for a sample witht 1 atom %
Nd concentration of the measured sample, taking into account
that the decay is not exponential due to well-known cross-
relaxation mechanisms.
Q3 = (1 − ηNR)((1/λE) − (1/λeff)) is the deposited heat

following all the three radiative de-excitations at λ1, λ2, and λ3
wavelengths from the 4F3/2 emitting level at the effective λeff
wavelength calculated including the measured branching ratios.

Figure 1. Radiative and nonradiative deexcitation processes in
Nd:YS1AG.
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We also obtained the thermal conductivity, κ, from the
temperature distribution on the exit face of the sample
measured with the Pyroview 380L thermal camera (image
resolution: 46 μm/pixel). The 1 atom % Nd-doped YS1AG
ceramics sample (6 × 6 mm2 square, thickness: 2.5 mm) was
pumped through its entrance face and cooled down from the
four edges in close contact with a water cooled copper mount.
The pump was the focused beam from the fiber coupled laser
diode.
Modeling the heat process as axisymmetric around the z-axis,

the temperature distribution inside the sample follows the well-
known heat equation:

κ
∂
∂

∂
∂

+ ∂
∂

= −⎜ ⎟⎛
⎝

⎞
⎠r r

r
T
r

T
z

Q r z1 ( , )2

2 (5)

where Q(r, z) is the heat per unit volume deposited inside the
sample by the pump, r is the radial coordinate, and z is the axial
coordinate. We calculated the heat deposited with the
expression

η α=
−

+
π

α α− − − −Q r z
R P

e( , )
(1 )

( Re )e
w

z l z r w
h

0

2

( )) 2 /

p
2

2
p
2

(6)

where α is the absorption coefficient, wp is the average pump
waist, l is the sample thickness, R is the face reflectivity, P0 is the
pump power, and ηh is the fractional thermal loading.
The Neumann conditions used for solving the heat equation

are ∂T/∂z = 0 at the entrance and exit faces, meaning that the
heat exchange with air is neglected, −κ(∂T/∂r) = H(Tedge −
TCu), at the edges of the sample in contact with the Cu mount.
H is the heat transfer coefficient adjusted to reproduce the
sample edge and Cu-mount measured temperatures.
Optical Parameter Determination. Optical transmittance

was measured using a Cary 5000 spectrophotometer, with a
double beam option. The samples were polished to optical
grade quality. The thickness of the sample used in the
measurements was 710 μm. The thermal dependence of the
refractive index of YS1AG doped with neodymium was
analyzed using a prism-film coupler system (Metricon model
2010), which scans the incident angle to determine the critical
angle for total internal reflection (TIR). The refractive indices
were measured at λ = 632.8 nm from room temperature to 415
K, which covers the range of temperature that suffers the crystal
during laser operation.
For the nonlinear refractive index evaluation, the laser source

used was a Ti Sapphire Oscillator (Tsunami, Spectra Physics)
and a regenerative amplifier system (Spitfire, Spectra Physics)
based on chirped pulsed amplification (CPA) operating at 795
nm with 120 fs pulses, a repetition rate of 1 kHz, and a
bandwidth of 10 nm. The maximum pulse energy delivered by
this system was 1 mJ, but it was reduced to the μJ level by using
a calibrated neutral density filter, a λ/2 plate, and a polarizer.
The beam was focused by a f = 200 mm lens in the sample,
which was placed on a motorized stage to perform the scan of
the sample along the propagation direction (z-axis) with 1 mm
steps. In order to increase the effective Rayleigh range of the
focused beam, a circular iris (diameter 4 mm) was placed before
the lens. A beam splitter behind the focus of the lens allowed
monitoring of the absorption of the sample in the near field by
a charge-coupled device (CCD) camera (operating in
integration mode). In the far field (more than 60 cm behind
the focus), an iris limited the beam and a second CCD camera

registered the transmitted signal. To determine the nonlinear
refractive index, we used the expression18,19

λ
π

=
Δ

−
n

T

S I L
2

0.406(1 ) 22
pv

0.25
0 (7)

where ΔTpv is the change in the transmittance from the valley
to the peak, Io is the peak intensity at the focus of the lens, L is
the thickness of the sample, λ is the wavelength of the beam
used for the experiments, n2 is the nonlinear refractive index,
and S is the transmittance of the iris.

3. RESULTS AND DISCUSSION
3.1. Structure and Microstructure of YS1AG and

Nd:YS1AG Ceramics. Table 1 summarizes the chemical

composition of the studied samples. It can be pointed out that
the aluminum contents in the samples are lower than those
corresponding to the theoretical stoichiometry. This could be
related with the light nature of this element, which can be lost,
partially, in the high-temperature sintering process. This lack of
aluminum is compensated with an excess of Y(+Nd) and Sc.
The neodymium contents agree with the expected neodymium
concentration.
Figure 2 shows the obtained XRD patterns for the YS1AG

and Nd:YS1AG ceramics. We measured the crystallographic

parameter (cubic system, space group Ia−3d (N.230)) reported
also in Table 1. These values are smaller than those previously
reported in literature for YS2AG (Y3Sc2Al3O12) single crystal
(Allik et al.20 a = 12.271 Å; Kokta et al.21 a = 12.324 Å, and
Bogomalov et al.22 a = 12.251 Å), which agrees with the lower
content of Sc3+ in our ceramics, which has a larger ionic radius
than Al3+.
From the point of view of their occupation in Y3ScAl4O12,

Sc3+ and Al3+ are distributed stochastically at the same site, at
the octahedral position, ScO6 or AlO6 (Wyckoff 16a) in garnet
structure (ionic radii of these ions: Al3+ (VI) = 0.535 Å, Sc3+

(VI) = 0.745 Å23). Thus, this material has a disordered
structure. Figure 3 shows the expected location of Sc3+ ions in
the garnet structure. This figure is plotted using the atomic

Table 1. Description of the Stoichiometry and Unit Cell
Parameters of the YS1AG Microceramic Samples in This
Work (MW Molecular Weight)

material stoichiometry MW
unit cell

parameter [Å]

Y3ScAl4O12 Y3.03Nd0.00Al3.90Sc1.07O12 614.73 12.1757(3)
1% Nd:Y3ScAl4O12 Y3.00Nd0.03Al3.92Sc1.05O12 616.03 12.1738(7)
2% Nd:Y3ScAl4O12 Y2.98Nd0.06Al3.93Sc1.03O12 617.95 12.1749(3)

Figure 2. XRD patterns recorded for the Nd:YS1AG microceramics.
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positions in a typical garnet structure, and assuming that all the
Sc3+ ions substitute Al3+ ions in the octahedral position, as in
the YS2AG compound. In YS1AG, Sc3+ is replacing Al3+ in the
octahedral position with a ratio of 1/2. Y3+ is surrounded by
eight O forming a YO8 polyhedra (dodecahedral site, Wyckoff
24c), and the Nd3+ is expected to be substituted in this site due
to the similarity of ionic radii (ionic radii, Y3+ (VIII) = 1.09 Å
and Nd3+ (VIII) = 1.109 Å24). Finally, using the determined
unit cell parameter from XRD analysis, the calculated molecular
weight extracted from the chemical composition, and Z = 8, it is
also possible to calculate the density of the ceramic samples
reported in Table 2.
Figure 4 shows the microstructure of the 2 atom %

Nd:YS1AG ceramic sample. From SEM observations (Figure
4a), the grain size appears to be rather homogeneous and close
to 0.65 μm in size, whereas no visible secondary phases or
residual porosity (relative density close to 100%) have been
detected. The transmission electron microscopy (TEM)
micrograph (Figure 4b) shows a triple point (i.e., junction
between three grains) with no local segregation or other visible
defects. To study the crystallinity of the observed nanocrystals,
FFT patterns of the three regions of the HRTEM image were
obtained (see insets in Figure 4b), which indicates the (hkl)
reflections in the crystalline lattice. As can be observed in the
figure, the grain with the highest level of crystallinity is in region
number one.
3.2. Thermal Characterization. 3.2.1. Specific Heat. The

Cp measurements of undoped and Nd doped YS1AG samples
were made in the range from 300 to 500 K, and the values
obtained are shown in Figure 5. The values obtained at room
temperature are in the range 0.81−0.90 J g1−K−1 (summarized
in Table 2), being larger than that reported for undoped
crystalline YAG (0.60 J g1−K−1). Assuming as a first
approximation that the heat capacity of a polyatomic solid is
the sum of the heat capacity of the constituent atoms; this

increase in the specific heat in relation with YAG should be
expected due to the substitution of Al3+ by heavier atom Sc3+,
which also has a larger atomic heat capacity. Additionally, the
dependence of the specific heat with temperature and its value
shows the typical behavior of a dielectric crystal.

3.2.2. Thermal Diffusivity. The thermal diffusivity is the
parameter that determines the rate at which the thermal
equilibrium is reached, and it depends linearly on the mean free
path of the phonons and their speed. As it is mentioned in the
Introduction, the thermal phonons are not affected by the
boundaries in the ceramics, so the expected values of thermal
diffusivity must be similar in bulk crystals and bulk ceramics. At
high temperatures (higher than the Debye temperature) the
mean free path of the phonons is proportional to 1/T, so the
thermal diffusivity decreases with the increase of temperature.
Figure 6 shows the variation of the thermal diffusivity with the
temperature for undoped and Nd:YS1AG ceramic samples for
two different concentrations of Nd doping.
The thermal diffusivities at 300 K are 2.40, 2.39, and 2.35

mm2s−1 for the undoped, 1 atom % Nd-doped, and 2 atom %
Nd-doped samples, respectively. The thermal diffusivity value
tends to decrease with the increase of the Nd content;
nevertheless, this slight variation is in the range of the precision
of the technique of measurement. In comparison with other
garnet structures, a larger value of 4.1 mm2 s−1 at 300 K has
been reported for crystalline YAG;24 however, a smaller value of
1.94 mm2 s−1 has been reported for GS2AG (Gd3Sc2Al3O12).

25

Then, the thermal diffusivity measured for the YS1AG ceramics
in the present paper is in the expected range of values for a
garnet material.

3.2.3. Thermal Conductivity. The thermal conductivity can
be calculated by κ = ρ·D·Cp.

26 Thus, by using the density, the
thermal diffusivity, and the specific heat, we can calculate the
thermal conductivity dependence with temperature (assuming a
constant density), as shown in Figure 7. The behavior observed
is typical of a dielectric crystal in the temperature range studied,
despite the structural disorder. For example, for the undoped
sample, the thermal conductivity reaches a 70% of its value at
room temperature, when we increase the temperature up to
500 K.27 Table 2 summarizes the thermal conductivity values of
YS1AG and Nd:YS1AG at room temperature. The thermal
conductivity at room temperature is around 8.6−9.7 W m−1

K−1, which is a rather competitive value compared to that of
YAG crystal.

3 . 2 . 4 . F r a c t i o n a l T h e r m a l L o a d i n g . A
Y3.00Nd0.03Al3.92Sc1.05O12 sample was pumped with a 423 mW
laser emitting at λp = 807 nm. The weight of the sample was
0.418 g, and it was observed that, due to energy absorption, its
temperature increased up to 48 K above room temperature.
After stopping the pump, the sample temperature decreased
with a time evolution following an exponential evolution. The

Figure 3. Projection of the YS2AG crystalline structure parallel to the
[001] direction.

Table 2. Thermal Properties, Molecular Weight, and Density of Garnet Structures and Nd:YS1AG Microceramics

material MWa Cp [J g
−1K−1] ρ [g cm‑3] D [mm2s−1] κ [W m−1K−1] ref

Y3Al5O12 (crys)
b 593.616 0.59 4.56 4.1 11.22 24

Gd3Sc2Al3O12(crys) 861.59 0.43 5.71 1.94 4.76 25
Y3ScAl4O12 (cer)

c 614.73 0.83 4.524 2.40 9.06 this work
1% Nd: Y3ScAl4O12(cer) 616.03 0.90 4.535 2.39 9.71 this work
2% Nd:Y3ScAl4O12(cer) 617.95 0.81 4.548 2.35 8.66 this work

aMW: molecular weight. bcrys: single crystal. ccer: ceramics.
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time constant was 75.3 s, leading to a fractional thermal loading
of 49%.
From our spectroscopic measurements, the involved wave-

lengths are λE = 880 nm and 902.8, 1076.1, 1358.5 for the
radiative transitions toward the 4I9/2,

4I11/2, and
4I13/2 levels,

with branching ratios 0.32, 0.57, and 0.11, respectively. So we
obtained the wavelength λeff of the effective transition in Figure
1 as 1/λeff = 0.32/902.8 + 0.57/1076.1 + 0.11/1358.5. From the
decay time measurements we found τ = 188.4 μs, while we took
τ0 =280 μs from the literature.6 The spectroscopic method led
to an estimation of 47.5% fractional thermal loading, which is
similar to that from the temperature evaluation method. A
similar procedure led to 38% fractional thermal loading for a
0.8% Nd-doped YAG sample. The spectroscopic method was
used to estimate the fractional thermal load of the 2% Nd-
doped YS1AG sample, which resulted in a 55% fractional
thermal loading, using a decay time of τ = 160 μs.

3.2.5. Thermal Conductivity Determined from Thermal
Loading and Temperature Distribution. To study the
temperature distribution in the sample, the radial, r, and axial,
z, coordinates are commonly used in the literature. The (r,z)-
dependence of the temperature was made explicit by Chen28

and Innocenzi29 with an analytical solving method that neglects
the z-derivative in order to consider only the radial heat flow.
This method was refined later.30−32 However, the analytical
solutions published up to now exhibit a temperature gradient
along the z-axial direction of the form of exp(−αz) (the same
dependence than the absorbed pump) which was not validated
by our method.33 Our numerical solution of the heat equation
using Matlab without neglecting any axial thermal transfer,
shows that the axial temperature distribution calculated at the
central axis (r = 0) of the sample is far to have an exp(−αz)
dependence (see curve (a) in Figure 8). This is the signature,
together with the radial transfer, that some heat is transferred
from the vicinity of the entrance face (which can be very hot
due to axial nonuniform pump) toward the exit face (which is
much less hot). This is because, in reality, the axial conductivity

Figure 4. SEM (a) and TEM (b) micrographs corresponding to the 2 atom % Nd:YS1AG microceramics obtained after vacuum sintering at 2023 K
for 10 h. Insets: FFT patterns of the different ceramic grains.

Figure 5. Temperature evolution of the specific heat (Cp)
corresponding to the YS1AG and Nd:YS1AG microceramics.

Figure 6. Temperature evolution of the thermal diffusivity of the
YS1AG and Nd:YS1AG ceramic samples.

Figure 7. Temperature evolution of the thermal conductivity, κ, of the
YS1AG and Nd:YS1AG microceramics.

Figure 8. (a) Axial (r = 0) and (b) radial temperature distribution on
the exit face (z = 2.5 mm) of the 1 atom % Nd:YS1AG ceramic.
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is not zero, to the contrary of the simplifying approximation
used in eqs 1−5.
The experimental radial temperature distribution, obtained

under an incident power of 5.85 W incident power at 808 nm,
was well represented by our model (see curve (b) in Figure 8)
with a fitting value for the thermal conductivity κc = 6.9 W
m−1K−1 and the average value wp = 340 μm. Because the edge
temperature of the sample was close to 22 °C, the value of κc
measured in this section involves a sample temperature in the
22−77 °C range (entrance face) and has to be understood as an
average value. This value is lower than that at room
temperature (close to 9.7 W m−1 K−1), but it is in agreement
with subsection 3.2.2 showing the decrease of the thermal
conductivity with temperature. This average κc value has the
interest to be measured in experimental conditions very close to
those ones used in a diode end-pumped pumping laser cavity.
3.3. Optical Characterization. 3.3.1. Optical Trans-

m i t t an c e . The op t i c a l t r a n sm i t t a n c e o f t h e
Y3.00Nd0.03Al3.92Sc1.05O12 sample (thickness 710 μm) is shown
in Figure 9, without reflectance correction. The cutoff of the

optical transmittance in the UV−visible range was defined as
the wavelength where the maximum transmission is decreased
by a 1/e factor and is located at around 235 nm. The
transmittance at 700 nm (where there is no neodymium
absorption) is around 80% (according to the refractive index
measured at 632 nm, the specular reflectivity should be around
9%). This high value of transmittance agrees with the low
density of microstructural defects (pores, secondary phases)
observed in the ceramic samples.
3.3.2. Linear Refractive Index and Thermo-optic Coef-

ficient. The refractive index and its dependence with
temperature are related to the polarizability and density of
the material. In fact, the temperature dependence of the density
is related to the volumetric expansion coefficient of the
crystallographic unit cell. Usually, the density, and hence the
refractive index, decrease with temperature owing to the

positive volumetric expansion coefficient of the crystallographic
unit cell, which leads to a negative thermo-optic coefficient.
Furthermore, a positive change in polarizability with temper-
ature (an increase of the thermal occupancy of the energy levels
of the material as a function of temperature) leads to a lower
fundamental phonon frequency, ω0, and an optical band gap,
Eg, which, in ionic crystals, results in an increase of the
refractive index, i.e., a positive thermo-optic coefficient.34 As it
can be observed in Table 3, the YS1AG ceramic materials
possess a positive thermo-optic coefficient, as other garnet
structures. This means that the polarizability of the material
plays a more important role that the thermo-optic coefficient.
The values measured for the different samples are in the same
range 12.8−13.3 × 10−6 K−1.
Figure 10 shows the evolution of the refractive index with

temperature for the undoped and Nd doped samples. As can be

seen in this figure, the refractive index of Nd:YS1AG decreases
as the Nd concentration increases.

3.3.3. Nonlinear Refractive Index, n2. The measurement of
n2 for the undoped YS1AG sample was performed at several
peak intensities, as is shown in Figure 11. The signal obtained

Figure 9. Optical transmittance of the 1 atom % Nd:YS1AG ceramic
sample with a thickness of 710 μm.

Table 3. Optical Properties of Garnet Structures and Nd:YS1AG Microceramics

material n (λ,nm) MW dn/dt [10−6 K−1] (λ,nm) n2 [10
−13 esu] (λ,nm) ref

Y3Al5O12 (crys) 1.8295(632) 593.616 9.3 (633) 2.7(1060) 35
Y3Al5O12(crys) - 15 (632) - 36
Gd3Sc2Al3O12(crys) 1.9640(632) 861.59 5.48 (632) 5.5(1060) 37
Nd:Y3Sc2Al2GaO12 (crys) - - 44 - 38
Y3ScAl4O12 (cer) 1.8567(632) 614.73 13.3(632) 2.5 (795) this work
1% Nd:Y3ScAl4O12(cer) 1.8564(632) 616.03 12.8(632) - this work
2% Nd:Y3ScAl4O12(cer) 1.8564(632) 617.95 13.2(632) - this work

Figure 10. Temperature evolution of the linear refractive index for the
YS1AG and Nd:YS1AG microceramics.

Figure 11. Dependence of the transmittance difference valley peak
with the energy of the pulse for undoped YS1AG microceramics.
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was not homogeneous, and we also observed a discrepancy on
the signal depending of the incidence point on the sample,
indicating a certain degree of inhomogeneity in the ceramic
sample.
Nevertheless, using the experimental transmittance valley−

peak difference, the n2 calculated is 5.5 × 10−16 cm2W−1 (2.5 ×
10−13 esu). Usually materials belonging to the garnet family
present n2 values higher than 2.5 × 10−13 esu, being the lowest
one for YAG. Additionally, n2 shows a linear dependence with
the linear refractive index and with the polarizability of the
constituent anions: since YS1AG ceramic has a larger linear
refractive index than YAG (1.8567 versus 1.8295 at 632 nm)
and also the Sc3+ shows higher polarizability than Al3+, we
believe that the n2 value extracted from the experimental
transmittance valley−peak difference of 2.5 × 10−13 esu is quite
reliable.

4. CONCLUSIONS

High crystalline quality neodymium-doped YS1AG ceramics
have been obtained by sintering at high temperatures. All the
microceramics prepared belong to the cubic system with space
group Ia3 ̅d and a unit cell parameter around 12.17 Å. The
stoichiometry of all the samples shows that neodymium
concentration corresponds to that introduced initially, and
almost all have a slight deficiency of Al. The grain sizes of the
ceramics are homogeneous, and no visible secondary phases or
residual porosity was detected, accordingly to the high optical
transmittance in the visible and near-infrared range measured.
The dependence of the thermal conductivity with temperature
shows the typical behavior of a dielectric crystal, despite the
disorder present in the structure, with a value at room
temperature around 9 W m−1 K−1. The thermal properties of
these ceramics are rather competitive, and the values obtained
are similar to those of garnet crystals. The refractive index of
these compounds at 632 nm measured at room temperature,
are in the range 1.8564−1.8567, and the thermo-optic
coefficient is positive, with values ranging from 12.8 to 13.3
× 10−6 K−1. Finally, the n2 value at 795 nm extracted from the
experimental transmittance valley−peak is 2.5 × 10−13 esu,
which is in agreement with the n2 values for the garnet family of
compounds. Summarizing, these ceramics are a promising
alternative to the high-power laser host materials used at
present.
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