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Ceramic lasers have advantages such as better optical homoge-
neity, cheaper production, and more freedom in shape compared
with monocrystalline lasers. However, equal or better laser per-
formances are required. Interface segregation is important as
ceramics contain a high number of interfaces, segregation to
which may locally alter the concentration of luminescent do-
pants, which in turn may influence laser performance. The pres-
ent work applies atomistic simulation techniques to investigate
the segregation of neodymium (Nd) dopants to surfaces and
mirror twin grain boundaries in yttrium aluminum garnet
(YAG). These results allow a better understanding of interfa-
cial segregation and its influence on laser performance of
Nd:YAG ceramics.

I. Introduction

NEODYMIUM-doped yttrium aluminum garnet (Nd:YAG,
Nd:Y3Al5O12) has become, since its discovery by Geusic

et al.,1 a well-known high-performance laser material. It is gen-
erally used in the form of single crystals grown by the Czochral-
ski method. However, as this method of growth is extremely
slow and as it is difficult to homogeneously dope the YAG with
more than 1.4 at.% of Nd, recent advances toward the use of
polycrystalline Nd:YAG ceramics have been made, notably by
Ikesue and colleagues.2–4 Significant contributions on synthesis
and processing have also been made by Ueda and colleagues5–7

and Lupei and colleagues.8,9 Besides a higher optical homoge-
neity, the major advantages of the ceramic route would be a
lower cost and higher production rate as well as much more
freedom in shape—even composite structures can be produced
as shown by Ikesue and Aung,4 which may lead to significant
improvements in laser performance and quality.

L’huillier et al.10 have shown that it is possible to grow mono-
crystalline Nd:YAG containing 2 at.% of Nd, and even higher
concentrations of 2.5 at.% have been reported by the use of
special growth techniques such as thermal-gradient growth.9

Ceramic materials on the other hand can be doped with up to 8
at.% of Nd (Konoshima Chemicals Co. Ltd., Osaka, Japan);
however, the exact location of these dopants is not fully known
as the resolution of measurement by fluorescence life-time as
reported by L’huillier et al.11 is limited to 50 mm. Segregation
from the bulk toward the interfaces is likely to occur due to the
difference in ionic size between Nd (0.995 Å) and Y (0.900 Å),
the Nd being substituted on Y sites in the YAG structure. We
have previously studied segregation behavior to surfaces in

YAG by computational techniques,12 and it was found that
Nd segregates to YAG surfaces quite significantly, resulting in
surface to bulk dopant concentration ratios of up to 1300.

An important phenomenon occurring in Nd:YAG lasers is
concentration quenching, which means that with increasing Nd
concentration the spacing between Nd ions decreases and cross-
relaxation between the dopant ions reduces the emission life-
time of the luminescent Nd ions. This effect decreases the laser
power and has been measured by Deb et al.,13 Merkle et al.,14

and Dong et al.,15 and modeled by Huang et al.16 As there may
be local variations in concentration due to segregation in poly-
crystalline ceramic lasers, localized concentration quenching
may occur.

The laser performance of single crystals and ceramics has
been compared by Lupei et al.8 and it has been found that ce-
ramic lasers can, under carefully chosen pumping conditions,
yield the same performances as single crystals. Further advances
in the field of polycrystalline Nd:YAG lasers may be achieved by
knowledge-based microstructure control, the target values of
grain size and dopant concentration with predicted degree of
segregation may be provided by simulations. In a previous pub-
lication,12 we reported our results on surface segregation that
would be expected to occur in a doped Nd:YAG powder before
sintering or to free surfaces during sintering. In the present pub-
lication this approach is taken a step further, where we carry out
a more detailed study of surfaces as well as segregation to mirror
twin grain boundaries, which can serve as a basis for the quest of
optimizing Nd:YAG ceramic laser materials.

II. Computational Method

The computer code METADISE17 was used for the creation
and subsequent energy minimization of all structures in this ar-
ticle. A detailed description can be found in our previous arti-
cle12 and only a short summary is given here, pointing out
differences and additions to the previous methodology. The ba-
sic data for the simulation is the crystallographic unit cell of
YAG, which was taken from the Rietveld refined neutron
diffraction data recorded at 10 K published by Rodic et al.,18

and an interatomic potential set published by Lewis and Cat-
low,19 previously applied with success to a large range of gar-
nets.20 This potential describes the interatomic forces between a
pair of ions by a combination of long-range coulombic forces as
well as a Buckingham potential for the short-range interaction.
In order to model the polarizability of the oxygen ion, a core-
shell model as first described by Dick and Overhauser21 has been
used.

A comparison of experimental bulk properties18,22–24 with
those predicted by the potential model is given in Table I. As it
can be seen, the structural parameters of the lattice are very well
reproduced, whereas the mechanical and dielectric properties
show higher deviations. This means that the current potentials
are well suited to investigate atomic structures. However,
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dielectric properties calculated based on the current potentials
should be interpreted with care, the potentials should be refined,
or first principle methods be applied for optical property calcu-
lations. A very important property of the employed potential set
is that it describes under-coordinated environments reasonably
well, without leading to unphysical relaxations.25 Many au-
thors26–30 have applied it to bulk, surfaces, and interfaces of
different materials and found it to qualitatively reproduce the
structures as well as quantitative properties such as interfacial
energies, illustrating its suitability for the study of surfaces and
grain boundaries.

Experimental data published by Cherepanova et al.31 and
Roberts and Elwell32 suggest that the (110) and (112) surfaces are
dominant in the morphology of YAG crystals. In addition, the
(100) and (111) surfaces were studied as low-index surfaces are
likely to have low interfacial energies. Surfaces can be cleaved at
different depths perpendicular to a direction defining the surface
normal. Depending on the position of this cleaving plane, differ-
ent atoms will be exposed at the surface. Some of these so-called
surface terminations or cuts will present a dipole moment
perpendicular to the surface, which makes them physically
unstable because the applied periodic boundary conditions would
result in an infinite dipole. For the four aforementioned surface
planes, all surface terminations without a dipole moment were
constructed resulting in five, six, seven, and three possible termi-
nations for the four directions, respectively. In the following, the
terminations will be designated by consecutive numbers—‘‘(111)
cut 4’’ meaning for example to the fourth cut perpendicular to the
[111] surface normal direction. All interfaces were described using
the two-region model. This model splits the crystal into two parts,
an interface region where the ions are free to relax to their equi-
librium position and a bulk region where they are held fixed, as
shown in Fig. 1(a). All surfaces were allowed to relax to their
minimum energy configuration.

Grain boundary structures were constructed by mirroring the
unrelaxed surface, which results in two interface regions as well as
two bulk regions sitting back to back as shown in Fig. 1(b). A gap
of 2 Å was introduced between the two half-crystals by shifting the
top half upwards. The top crystal was then displaced as a whole
rigid block with respect to the lower one in the two dimensions of
the interface plane. Steps of 0.5 Å were first applied in one of the
two directions until a line was finished then making a step of 0.5 Å
in the other direction to scan the next line. At each point the
structure was allowed to relax until the energy converged, permit-
ting a rigid displacement of the whole upper half-crystal in the

direction normal to the interface plane. This allows the gap intro-
duced between the two half-crystals to either close when favorable
interactions between top and bottom crystal exist, resulting in a
lowering of the energy or open when like-charge repulsion dom-
inates, which increases the energy. The relaxed energy related to
the relative positioning of the two half-crystals can thus be mon-
itored on a grid in the two dimensions of the interface plane. The
grid point representing the overall minimum energy on this energy
surface was assumed to be the grain boundary configuration.

It should be noted that this method of grain boundary con-
struction introduces certain simplifications. Firstly, only mirror
images of the exact same surface are joined to form a grain
boundary, whereas two different surfaces or even terminations
with a dipole could result in a lower energy. Secondly, grain
boundary faceting is not explicitly taken into account in this
method of construction. During relaxation of the structures, the
position and shape of the boundary plane may change freely;
however, the energy barriers associated with an important struc-
tural change such as grain boundary faceting are most likely too
high to overcome. Despite these points, the present choice is seen
as a reasonable decision with respect to the grain boundary
types looked at as otherwise the computational effort and the
complexity of the problem would be overwhelming.

In a previous study,12 the segregation was studied only on the
lowest energy surface termination along each crystallographic
direction. However, in this study, as the segregation calculations
are computationally cheap compared with the determination of
the grain boundary rigid shift, the segregation was studied to all
possible surface terminations as well as their respective mirror
twin boundaries.

When inserting a single dopant ion into the interface struc-
ture, the energy of this incorporation can be compared with the
incorporation into the infinite and otherwise perfect bulk crys-
tal. This change in energy represents the driving force for a do-
pant to migrate from the bulk to the interface, also known as the
enthalpy of segregation, which is given by

DHseg;i 1ð Þ ¼ DH interface
dopant;i � DHbulk

dopant

¼ H interface
doped;i �H interface

undoped

� �
� DHbulk

dopant (1)

In this equation, DH interface
dopant;i and DHbulk

dopant are the energies of

incorporating a dopant on a certain site i at the interface and in
the bulk, respectively. The incorporation at the interface can be

expressed as a function of the lattice energies DH interface
doped;i and

DH interface
undoped of the structure with and without a dopant on site i,

respectively, which are calculated based on the interatomic po-
tentials. The difference in enthalpy for the incorporation in the

bulk DHbulk
dopant is also calculated from the interatomic potentials

using the Mott–Littleton approach33 implemented in the
GULP34 code, which describes dopant ions in the bulk at infi-
nite dilution.

The next step is the insertion of multiple dopant ions into the
interface structure. The number of possible different configura-
tions when inserting up to n dopant ions onto n host sites in a
crystal is 2n. As the number of atoms and thus possible incor-
poration sites increase with the interface area of the periodic cell,

Table I. Comparison of Experimental Bulk Properties of Yttrium Aluminum Garnet (YAG) with those Calculated

Property

Lattice constant

Elastic constants

Dielectric constant Refractive indexC11 C12 C44

(Å) (GPa) (GPa) (GPa) (�) (�)

Experiment 11.9927 339 114 116 3.28 1.82
Simulation 11.9287 399.25 128.69 126.13 2.55 1.60

The lattice constants are the ones determined by Rodic et al.18 at 10 K, the elastic constants have been measured at 300 K by Stoddart et al.,22 the dielectric constant is the

one reported by Tomiki et al.23 for room temperature, and the refractive index was measured by Bond24 at room temperature for a wavelength of 1 mm.
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Fig. 1. The two region model for (a) surface modeling and (b) grain
boundary modeling (148 mm� 58 mm (600� 600 DPI)).
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n can easily reach values of 30 and more for the larger (111) and
(112) interfaces calculated. As relaxation of all these permuta-
tions clearly is computationally too expensive, a method not re-
quiring the explicit relaxation of the energy for every
configuration had to be found. Such a method should serve to
sample all the configurations, select the ones that are likely to
have a low energy and relax the energy only for those, discarding
the higher energy ones. It was therefore assumed that the prob-
ability of a certain arrangement of dopant ions on host sites is
given as a function of the enthalpies of segregation as shown in
the following equation:

p ¼
Yoccup: sites

i

expð�DHseg;ið1ÞÞ
1þ expð�DHseg;ið1ÞÞ

(2)

This equation is one of the standard equations for transition
probabilities in the Monte Carlo method, which is here multi-
plied over all occupied sites in the configuration. Also omitted is
the dividing factor kT usually found in this equation as the result
looked for in this particular case is not a physical transition
probability at a certain temperature but only an indication of
the likeliness of a certain configuration on an arbitrary scale.

This allows the configurations to be sorted by descending
probability and to explicitly minimize the energy uniquely for
the most probable ones for each number of dopants at the in-
terface. The method is based on the hypothesis that sites do not
interact, which is not true at higher dopant concentrations. To
resolve this ambiguity, it was shown that for a test set of surfaces
the minimal energy structure was always within the first 10 con-
figurations when sorted according to the above method. There-
fore, the top 15 configurations for each dopant configuration in
every structure were computed, reducing the computational cost
from 2n to 15n calculations.

The coverage dependent enthalpy of segregation (Eq. (3)), as
introduced by Mackrodt and Tasker35 is an adaption of Eq. (1)

for multidopant configurations. This difference in enthalpy gives
the driving force for segregation of the nth dopant ion from the
bulk to the interface. It was evaluated by considering the lowest
energies for each number of dopants n as determined by the
aforementioned approach.

DHseg nð Þ ¼ H interface
n �H interface

n�1 � DHbulk
dopant (3)

H interface
n is the calculated lattice energy of the interface structure

containing n dopant ions, H interface
n�1 the energy with n�1 dopant

ions, and DHbulk
dopant as in Eq. (1) the change in enthalpy when

incorporating a dopant ion in the bulk.
Another interesting property is the change in enthalpy asso-

ciated with the dissolution of a dopant ion originating from its
stable oxide into the host crystal. Considering the reaction given
in Eq. (4), the enthalpy of the solution per dopant ion as a
function of the number of dopant ions can be calculated as given
by Eq. (5)

undopedþ n �NdO1:5 ) dopedþ n �YO1:5 (4)

DHsol nð Þ ¼
H interface

n þ nHYO1:5
�H interface

undoped � nHNdO1:5

n
(5)

where HYO1:5
and HNdO1:5

are the lattice enthalpies of the pure

oxides per cation in the bulk andH interface
undoped andH interface

n as before

the calculated lattice energies of the undoped and doped inter-
face, respectively. The new interfacial energy can then be ap-
proximated by Eq. (6).

gdoped nð Þ ¼ gundoped þ
n

A
DHsol nð Þ (6)

where gundoped is the interface energy of the undoped interface,
n the number of dopants, and A the interface area.

III. Results and Discussion

(1) Interfacial Energies

We have calculated the undoped as well as the Nd-doped struc-
ture for surfaces and mirror twin grain boundaries in YAG. The
respective interfacial energies are given in Table II. Firstly, these
results show that the (100) surface is the most stable followed by
the (111), (110), and (112) surfaces, the latter two having similar
surface energies. The equilibrium morphology of such a crystal
as determined by a Wulff construction is given in Fig. 2(a). This
sequence of stable surfaces is retained for the doped case, the
resulting equilibrium shape is given in Fig. 2(b). The surface ar-
eas change only slightly as a result of doping: (100), 66.8%–
61.2%; (110), 5.0%–6.8%; and (111), 28.2%–32.0%. It has to be
noted that for the (110) surface a different cut becomes the low-
est energy surface termination when doped, which would mean a
shift of the surface plane. Another finding is that all surfaces can
lower their surface energies by incorporating dopants. In our
previous article we found the (112) surface to be the second most

Table II. Surface and Grain Boundary Energies for the
Undoped and the Doped Case

Surface Cut

Surface energy (J/m2) Grain boundary energy (J/m2)

Undoped Doped Undoped Doped

(100) 1 2.32 2.24 2.09 1.97
2 1.81 1.77 1.93 1.73
3 2.31 2.26 3.26 2.81
4 2.40 1.94 2.95 2.52
5 1.91 1.86 2.84 2.82
Mean 2.15 2.01 2.61 2.37

(110) 1 2.43 2.23 1.41 1.31
2 2.36 2.33 1.79 1.61
3 2.75 2.25 0.82 0.82
4 2.61 2.49 2.52 2.52
5 2.67 2.47 2.31 2.31
6 3.05 2.28 1.23 1.10
Mean 2.65 2.34 1.68 1.61

(111) 1 2.33 2.33 1.90 1.78
2 2.25 2.11 1.78 1.73
3 2.92 2.59 2.38 2.28
4 2.48 2.21 3.49 3.43
5 2.39 2.18 3.08 2.94
6 2.76 2.68 3.36 3.32
7 2.95 2.83 3.13 2.93
Mean 2.58 2.42 2.73 2.63

(112) 1 2.36 2.22 1.65 1.65
2 2.61 2.52 2.70 2.54
3 2.50 2.36 2.86 2.80
Mean 2.49 2.37 2.40 2.33

For the doped case the equilibrium concentration (as reported in Table III) at

minimum interfacial energy has been considered.

Fig. 2. Morphologies calculated from (a) the undoped surface energy
and (b) the doped surface energy (99 mm� 47 mm (300� 300 DPI)).
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stable surface. During the present work it was found that in the
previous work, limited by the number of atoms the code could
treat in the interface region, the too-shallow interface region
depth resulted in an incomplete relaxation of the surface. The
previous interface structure showed a small island of oxygen at-
oms sticking 0.2 Å out of the surface, whereas the current sur-
face is atomically flat. In the current work, as the relaxation of
the surface is less constrained, the result should be more reliable
even as the surface energy increases from 1.94 to 2.36 J/m2. This
fact also results in the disappearance of the (112) face from the
equilibrium morphology.

For the undoped grain boundaries, the (110) mirror twin
boundary has by far the lowest interfacial energy, followed by
the (112), (111), and (100) mirror twins. When doped, the same
cuts stay stable, the sequence of interfacial energy also being
conserved. However, the (100) mirror twin approaches the in-
terfacial energy of the (111) mirror twin. It can be seen that of
the most stable grain boundaries only the (100) and (111) mirror
twins reduce their interfacial energy by taking up dopants. Grain
boundary structures for the most and the least stable (110) mir-
ror twins, neither of which accepts dopants, are shown in Fig. 3.
Figure 4 shows the structures of the most and the least stable
(112) mirror twins, where only the least stable accept dopants.

(2) Enthalpies of Segregation

The coverage-dependent values for the enthalpy of segregation
are reported in Fig. 5 for the four investigated surfaces and their
mirror twin boundaries. For clarity of presentation, only the
most and the least stable cut of each face is shown, the rest being
situated in between these two extremes. For the higher index
surfaces, the concentrations investigated are lower, due to the
higher surface area; however, even for the case of the (112) sur-
face, the highest concentrations will never be attained in the ex-
periment, as will be illustrated later during the discussion of the
equilibrium interfacial energy. It can be seen that some surfaces
and grain boundaries have extremely high enthalpies of segre-
gation for the first dopant ion; however, for the second dopant
ion the enthalpies of segregation lie in the same range as for the
other terminations. The incorporation of the first dopant is thus
extremely favorable at these interfaces. Another important re-
sult seen in Fig. 5 is the oscillatory nature of some of the curves.
This indicates that the incorporation of a single dopant is less
favorable than the incorporation of a pair, suggesting the for-
mation of patterns or clusters at the interfaces. For some cases,
the value of the curve becomes positive, before falling back into
the negative range. This means that a certain configuration is
highly unfavorable, supporting the idea of formation of pat-
terns. This behavior indicates some sort of interaction between
the dopant ions.

(3) Enthalpies of Solution and Interfacial Concentration

In Fig. 6, the enthalpy of solution per dopant ion as a function
of the interfacial concentration is shown, and the resulting in-
terfacial energies are shown in Fig. 7. For clarity, again only the

most and the least stable cuts are shown, the rest being in be-
tween these two extreme cases. For the [100] direction, the least
stable surface and grain boundary have a high affinity for the
dopants as can be seen from the very exothermic enthalpy of
solution at low coverages. This results in an important lowering
of the surface energies, as can be seen from the initial decrease of
the curves. This effect is a lot less important for the most stable
(100) surfaces and grain boundaries. However, it does occur to
some extent for all cuts resulting in a minimum of interfacial
energy around 3–4 dopant ions/nm2. For the [110] direction a
very exothermic solution behavior is observed only for the least
stable surface, however very marked, resulting in a stabilization
that brings the surface energy to a level comparable to the most
stable termination for coverages of 1 Nd/nm2. It can be seen that
the (110) grain boundaries are very stable in the undoped state, the
incorporation of dopants increases the surface energy in every
case, meaning that these grain boundaries should not accept any
dopant ions. As seen for the enthalpy of segregation, the (111)
surfaces and grain boundaries exhibit a very different behavior
from the others. The surfaces and grain boundaries perpendicular
to the [111] direction do not show an extreme exothermic enthalpy
of solution for low coverages as all the others do. The most stable
surface along this direction shows a very high capacity for dopant
accommodation going up to 4 Nd/nm2.

The (112) surface breaks with the systematic behavior of the
highest energy surfaces or grain boundaries exhibiting the ex-
tremely exothermic enthalpy of solution. For the [112] direction,
it is the most stable surface and the least stable grain boundary
that show this behavior. No definitive explanation for the seg-
regation behavior of this surface could be found from the atomic
structure. Eventually, the size of the surface cell could have an
influence as increasing the size reduces dopant–dopant interac-
tions, which will be present even for low coverages for the
smaller surface cells. The most stable (112) grain boundary, like
the (110) boundary, does not accept any dopants at all. This
illustrates that extremely low-energy boundaries, which have a
very regular atomic structure do not easily accommodate do-
pants, which would lead to a disruption of this regularity and
thus an increase in energy. Despite these irregularities, it can be
stated that generally low-energy interfaces show limited or even
no trend toward segregation.

Because the enthalpy of dissolution does not take into ac-
count the energy of the bulk/interface system, but the one as-
sociated with the exchange between the pure dopant oxide and

Fig. 3. (110) mirror twin grain boundary structures viewed along the
[010] direction. (a) The most stable boundary (cut 3) and (b) the least
stable boundary (cut 4). Neither accepts any dopants at the interface.
Color code: red, oxygen; blue, aluminum; green, yttrium (180 mm� 85
mm (300� 300 DPI)).

Fig. 4. (112) mirror twin grain boundary structures viewed along the
[021] direction. (a) The most stable boundary (cut 1), and (b) and (c) the
least stable boundary (cut 3) undoped and doped at its equilibrium con-
centration, respectively. Only the least-stable boundary accepts dopants.
The dopants are shown oversized. Color code: red, oxygen; blue, alu-
minum; dark green, yttrium; light green, neodymium (180mm� 158 mm
(300� 300 DPI)).
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the interface, it is reasonable to assume that segregation is gov-
erned by the minimization of the interfacial energy, which will
also minimize the one of the bulk/interface system. When the
dopant concentration in the system is sufficient to provide do-

pant ions to all interfaces, it would be expected that the surfaces
and grain boundaries show a dopant concentration equal to that
of the minimum on the interfacial energy curve. At a lower do-
pant concentration in the system, the interfacial concentration

Fig. 5. Coverage-dependent enthalpy of segregation of the four surfaces (different scales and breaks are used on different graphs). For clarity only the
lowest and highest energy cut of each surface end grain boundary is shown, the rest being in between these two extremes. Surfaces have triangular
markers whereas grain boundaries have rhombic ones. Low-energy cuts are drawn with solid lines, whereas high-energy ones are dashed (174 mm� 113
mm (600� 600 DPI)); Nd, neodymium.

Fig. 6. Coverage-dependent enthalpy of solution per dopant ion (different scales and breaks are used on different graphs). For clarity only the lowest
and highest energy cut of each surface end grain boundary is shown, the rest being in between these two extremes. Surfaces have triangular markers
whereas grain boundaries have rhombic ones. Low-energy cuts are drawn with solid lines, whereas high-energy ones are dashed (174 mm� 112 mm
(600� 600 DPI)); Nd, neodymium.
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will be lower and the minimization of the system’s energy in-
complete. It can be seen that in every case this equilibrium con-
centration is well below the maximum concentration calculated,
showing that even for the large surfaces the calculated range of
dopant concentration is sufficient. For these equilibrium dopant
concentrations, the atomic structure has been analyzed and
characteristics of the enriched zone extracted, which can be
found in Table III. It can be seen that the enriched depth varies

from 0 to 5 Å depending on the surface and the cut. All surfaces
are covered to a certain degree, the fraction of yttrium sites oc-
cupied by the dopant ranging from 0.15 to a complete coverage
of 1.0 in the enriched zone. There are some grain boundaries
that do not accept any dopant ions and thus have a coverage of
0.0, others again accept full coverage in the enriched zone. At-
tempts at correlating the density of the enriched zone and the
interfacial energy with the dopant accommodation capacity

Fig. 7. Coverage-dependent interfacial energy (different scales are used on different graphs). For clarity only the lowest and highest energy cut of each
surface end grain boundary is shown, the rest being in between these two extremes. Surfaces have triangular markers whereas grain boundaries have
rhombic ones. Low-energy cuts are drawn with solid lines, whereas high-energy ones are dashed (173 mm� 113 mm (600� 600 DPI)); Nd, neodymium.

Table III. Characteristics of the Enriched Zone for All Surfaces and Grain Boundaries at their Lowest Interfacial Energy
(Equilibrium Dopant Concentration)

Surface Cut

Surface Grain boundary

Nd conc. (nm�2) Depth (nm) Coverage (�) Nd conc. (nm�2) Depth (nm) Coverage (�)

(100) 1.42 nm2 1 2.11 0.30 0.375 4.93 0.39/0.12 0.500
2 2.82 0.13 1.000 2.82 0.23/0.28 0.400
3 3.52 0.22 0.833 3.52 0.57/0.36 0.250
4 2.82 0.43 0.571 5.63 0.52/0.41 0.467
5 2.11 0.14 0.600 1.41 0.14/0.00 1.000

(110) 2.01 nm2 1 2.49 0.22 0.417 1.99 0.26/0.20 0.200
2 1.00 0.12 0.333 2.99 0.18/0.14 0.375
3 2.49 0.31 0.500 0.00 0.00/0.00 0.000
4 1.00 0.11 0.600 0.00 0.00/0.00 0.000
5 1.99 0.12 1.000 0.50 0.00/0.13 0.250
6 1.00 0.26 0.167 0.50 0.00/0.19 0.125

(111) 2.46 nm2 1 1.22 0.01 0.500 4.07 0.32/0.21 0.417
2 3.66 0.49 0.474 1.22 0.16/0.14 0.188
3 2.03 0.41 0.278 2.44 0.30/0.11 0.350
4 2.85 0.41 0.389 2.44 0.30/0.23 0.273
5 1.22 0.51 0.150 4.07 0.36/0.33 0.370
6 2.03 0.14 0.500 2.03 0.21/0.14 0.278
7 2.44 0.15 0.545 3.66 0.22/0.17 0.409

(112) 3.49 nm2 1 2.58 3.28 0.409 0.00 0.00/0.00 0.000
2 2.29 0.20 0.500 0.86 0.25/0.24 0.094
3 2.87 0.45 0.400 0.86 0.04/0.28 0.167

As the grain boundary segregation profiles are not symmetric, the depth in each of the two half-crystals is given.
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have not shown any clear trends as the scattering of values is too
large. It can, however, be stated that it does not depend solely on
these two factors but also on the bonding environment, which
plays a critical role in determining the equilibrium concentration
of Nd in YAG grain boundaries.

(4) Estimated Influence on Lasing Properties

The quenching effect due to segregation can be estimated by the
following method. Dong et al.15 have found a reduction of 49%
in laser performance at 3 at.% Nd in single crystals due to con-
centration quenching. Considering a homogeneous dopant dis-
tribution in a perfect crystal, the nearest neighbor spacing at 3
at.% Nd can be calculated to be 1.3 nm. In the simulated sur-
faces the nearest neighbor spacing lies between 0.2 and 0.75 nm
and between 0.39 and 0.73 nm for the grain boundaries, which
corresponds to a local doping level of 18 at.% Nd and above.
These values suggest a quenching significantly higher than the
49% reported by Dong for 3% Nd in single crystals. Therefore,
the assumption can be made that much of the dopant ions seg-
regated at interfaces will not contribute to the lasing effect.

With the data presented here only the estimations of segre-
gation to isolated grain boundaries is possible. The interfacial
energy and concentration data will however enable the con-
struction of microstructural models, allowing the investigation
of segregation in microstructures containing a population of in-
terfaces and as a function of grain size. One problem that needs
to be addressed is to estimate how representative special grain
boundaries are for the ones found in real ceramic microstruc-
tures. Mirror twin boundaries are an easy to study model system
in experimental bicrystal studies as well as simulations, ap-
proaching general grain boundaries as the interfacial area of
the periodic cell, and thus their S value increases. However, even
the larger (111) and (112) grain boundaries investigated here can
probably not be considered as close to general. The relatively
high number of calculated grain boundaries showing a large
dispersion in interfacial energies should result in a certain degree
generality when they all appear in the interface population of the
microstructural model.

Another aspect that will need to be investigated is the effect of
codoping with silicon, which is very often used as a sintering
agent during experimental production of YAG ceramics. The
tetravalent silicon ion will introduce charge-compensating de-
fects in the structure, which if silicon is also preferentially found
at interfaces could considerably influence the incorporation of
Nd dopant ions at the interfaces.

IV. Conclusions

In the present paper, previous calculations on Nd:YAG surface
segregation have been taken a step further, on one hand looking at
more surface terminations for a particular crystallographic direc-
tion as well as applying the same approach to grain boundaries.

The (100) surface was found to have the lowest surface en-
ergy, followed by the (111), (110), and (112) surfaces for both
doped and undoped cases. For the grain boundaries, the se-
quence of increasing interfacial energy is different, with the (110)
mirror twin having an extremely low-interfacial energy followed
by the (112), (111), and (100) mirror twin boundaries. It is
shown that generally interfaces with a high interfacial energy
show a higher trend for segregation. However, the (112) mirror
twin boundary does not completely comply with this rule. Also,
an open and less-dense atomic structure does not seem to be the
only factor governing dopant incorporation at the surfaces. The
bonding environment and thus the atomic structure are likely to
play a crucial role as well, which needs further investigation us-
ing ab initio methods. It is shown that interfacial doping con-
centrations due to segregation are high enough to result in
considerable local concentration quenching. Because of this
fact, not all the segregated dopants are expected to contribute
to the lasing effect.

The data developed will enable the construction of micro-
structural models allowing the study of segregation within a
microstructure of variable grain size. This computational ap-
proach should ultimately lead to knowledge-based microstruc-
ture design.
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