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Coordination geometry variations of cations in yttrium aluminium garnet (YAG) melt system doped with
various Er** concentrations were quantitatively simulated at the classical molecular dynamic level. Our
calculated radial distribution functions were discussed upon different ionic pairs,

displacement, and diffusion coefficient of ions, on which we clarified two important aspects, namely

mean square

structure and dynamic properties in YAG melts with intermediate-range order (IRO). Our results show that
Er** doping affects microscopic dynamic melt structures only in a confined scale localizing in the first
nearest neighbour of Er** and O2. Furthermore, such a localization effect is not varied with Er®*
concentration and system temperature. In the present melt system, Y**, A®*, and Er** cations with intrinsic
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differences (such as mass and electronegativity scales) were found to follow the same diffusion process in
this system, which is mainly caused by the wholly collective rearrangement of the network-forming
. 3+, . . s . 34
DOI: 10.1039/d3ce01081c structure. In this Er"":YAG melt system, there is an equivalence within both structure and dynamics for Er
and Y3*, which cannot be affected by the system temperature and Er®* concentration, ascribing to the

rsc.li/crystengcomm origin of the segregation coefficient of Er** in YAG to be equal to 1.
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Introduction

Yttrium aluminum garnet (YAG, Y;Al;0;,), which has a wide
optical transparency, low internal stress, high hardness,
chemical resistance, and heat resistance, and lacking
birefringence (unlike sapphire),"™ is a valuable material for
high-energy/high-power laser phosphors,” and
scintillation materials.®

The melt method, such as the Czochralski method, is
commonly used to grow YAG single crystals. In order to obtain
high-quality YAG crystals by controlling the crystallization
kinetics process, YAG melt has attracted the attention of
scientists.” " At the micro-scale, the effect of temperature on
the bond length between cations and anions is very small.””***?
Under the subcooled state, the bond lengths of Al-O and Y-O in
the melts are shorter than those in the crystal,” and the

systems,”
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situation above the melting point is the same."' The
coordination numbers both of A" and Y** in the melts are
lower than those in the crystal.'*™? Actually, the decrease in the
coordination number is related to the change in the cation
coordination structure after melting. In the melted YAG, there
are various AlO,, coordination structures, such as AlO; (3.6%),
AlO, (65%), and AlO; (28.2%),"* and there is not only the YO,
coordination structure but also other coordination structures,
such as YO; (12.8%), YO, (36.6%), YO, (34.4%), and YOg
(13.7%)."* Our recent simulation results also have demonstrated
that indeed there are various cation coordination structures.™* It
is more important that the connected mode between the cation
coordination structure has a significant impact on the phase
transition or the state of the melt. Due to the similarity between
the local structure of the cationic polyhedral connections in the
YAG melt and that in YAP (YAIO;), the YAP phase appears
during the cooling process in YAG melt,”** which will bring out
the inclusions in the YAG crystals and reduce the quality of the
crystal. Similarly, the connection between cations can affect the
properties of the melt. For example, in the Y,0;-Al,0; system,
the connection mode of the Y*" polyhedron can induce liquid-
liquid phase transitions between low-density and high-density
melts.”>™"

Because pure YAG cannot be used as a working medium,
doping with active ions is a common way to utilize YAG. Er**
has abundant energy levels and at room temperature it can
emit lasers of 0.86, 1.64, 1.78, and 2.94 um when stimulated.

This journal is © The Royal Society of Chemistry 2024
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The Er’":YAG solid laser plays an irreplaceable role in
ophthalmic surgery. There is a significant difference in the
properties of Er*" and Y*" in the YAG melt doped with Er*”,
but the segregation coefficient of Er*" in YAG is 1. Besides, as
the radius of Er’* is close to that of Y** and the Er*" valence
state is the same as that of Y**,'®'° other reasons should be
more important for the microstructure and dynamics. The
influence of doping Er’' on the basic physical properties of
YAG melt is a valuable issue in the preparation of Er*":YAG
crystal.

In this work, we researched the Er’':YAG melt using
molecular dynamics simulations. We found that there is a
certain equivalence in the structural and dynamics behaviour
of Er'' and Y’" in the YAG melt doped with different
concentrations of Er**, which may be one of the reasons why
the segregation coefficient of Er*" in YAG is equal to 1. In
addition, the relaxation of the network structure, rather than
the mass of the ions themselves, affects the diffusion of
cations in the melt.

Computational details

In our works, the Buckingham and Coulomb potential model,
as shown in the following formula, was used to describe the
pair interaction between the ions.

oy =ayen (i) G+ 3

1)
where r is the distance between the two ions 7 and j, ¢; and g;
are the charges on two ions ¢ and j, respectively, ¢ is the
vacuum dielectric constant, Ay, p;, and Cj; are the parameters
for the Buckingham potential, as shown in Table 1. Due to
the form adopted by the model, there is a characteristic
maximum of energy at low ry.x for the Buckingham
model.”>?" If the distance between the two ions is less than
max, an unphysical attraction will happen. A repulsive term,
V(ry) = Bylr" was used to overcome this problem when r is
smaller than 7, where ' is defined as the r at 0.7 maximum
potential energy.>® Applications for this model, such as the
simulation of Y,O; nanoparticles, and Y,0;-Al,0; glasses
and crystals have shown a good transferability for this model.
Furthermore, detailed verification, including crystal elastic
constant, lattice constant, radial distribution function,
relative proportion among the various coordination units,
and bond angle distribution in the melts, was discussed in
our previous work about YAG melt,"* and the model also has
a good practicality for describing YAG melts.

Table 1 The parameters of Buckingham potential,>>?* and repulsive
term

Pairs A (eV) P c B (eV) n

Er-O 58934.851 0.195478 47.651 469.722 2.714
Y-O 29526.977 0.211377 50.477 253.661 2.842
Al-O 12201.417 0.195628 31.997 43.488 3.435
0-0 1844.7458 0.343645 192.58 39.112 3.814
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Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS)** has been used to simulate the YAG melt with
periodic boundaries. The Nosé-Hoover method**** was used
for canonical (nvt), isothermal-isobaric (npt) ensemble
simulation, and the particle-particle algorithm®® was used to
calculate the Coulomb interaction with a precision of 107,
The time step in all simulations is 1 fs. The pure YAG melt
systems include 10240 ions (the quantity of each kind of ion
conforms to the stoichiometric ratio), and the Er’*" doping
systems were created by replacing Y*' according to nine
concentrations of Er** (3 at%, 6 at%, 9 at%, 12 at%, 15 at%,
20 at%, 30 at%, 40 at%, and 50 at%). Each system was
relaxed sufficiently with 500 picoseconds under npt ensemble
at temperatures from 2000 to 3200 K with the interval of 200
K, and then simulated under nvt ensemble to collect data for
analysis.

Results and discussion
A. Effects on structure

It is necessary to have a clear understanding of the YAG melt
structure before discussing the dynamic properties of the
melt. YAG melt also belongs to the network-forming systems
connected by cationic polyhedra and has an IRO, which has
been proved in our previous studies.'* In most of the metal
oxide melts, coordination units (MO,, M = cations) are
formed among the cations, and oxygen ions act as the basic
structural unit.>® Effects of doping Er*" into YAG on the
coordination unit between cation-anions (Al-O and Y-O
pairs) are inconspicuous. The radial distribution functions
(RDF) between the Al and O ions and Y and O ions were
calculated using the following formula:

¢) —NVZ<ZZ(5(r—nj>> ©)

i i

where V and N represent the system's volume and number of
ions, respectively.

The results for 3200 K systems with various concentrations
are taken as an example, as shown in Fig. 1. The RDF for
pure YAG melt and YAG melt doping Er** is almost the same.
Therefore, doping of Er** did not change the coordination
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g | @ A-O —3% —20% | 4}b)Y-0 —3% —20%
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Fig. 1 The RDF for the Al-O (a) and Y-O (b) pairs in the YAG melt
(3200 K) with different concentrations (at%) of Er**. Doping Er** does
not change the coordination units (AlO,, and YO, shown in insert) in
the YAG.
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units (AlO,, and YO,,) in YAG. The position (r) corresponding to
the first peak in the RDF is the bond length between the two
ions. So, the doping concentration also does not change the
bond length of the Al-O and Y-O bonds. Although it is difficult
to show RDF in all systems with different temperatures, this
feature exists for the systems at all temperatures and doping
concentrations we simulated, and the RDF between Al-O and
Y-O pairs in systems with temperatures of 2000 and 2600 K are
shown in Fig. S1 and S2, respectively, in the ESL}

Er** doping does not change the relative structure between
the ionic coordination units (polyhedrons) in the YAG melts.
The RDF between different cation pairs (Al-Al, Y-Y, and Al-Y)
were calculated, as shown in Fig. 2. Compared with the RDF for
the Al-Al pairs in the pure and Er’’-doped YAG melt, it is clear
that the amplitude for each peak and undulating contour for the
RDF is not affected by doping, and fluctuations in the longer
distance beyond the first peak is also preserved, which means
that doping with Er’" did not affect the relative connection
between the AlO,, coordination unit, and IRO values are also not
affected by Er*'. The situation for the Y-Y and Al-Y cation pairs
is similar to that of Al-Al cation pairs. Cations in the melt
coordinated with O*” form the polyhedron, these polyhedrons
are connected with each other by corner, edge, and face sharing
0> Doping Er*" into the YAG melt does not impact the
connection between cation polyhedrons, and does not enhance
or weaken the IRO, which stem from the equivalence between
Er’* and Y*'. This feature is not affected by temperature and
doping concentrations, and the RDF between Al-Al, Al-Y, and
Y-Y pairs in systems with temperatures of 2000 and 2600 K is
shown in Fig. S3 and S4, respectively, in the ESL} The reasons
why doping of Er** does not impact the original network in the
melts will be discussed in the next.

The actions of Er’" on the connection between cations
units in YAG melt is equivalent to that of Y**, in other words,

T T
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—12% 50%
—15% —YAG

g(r)

— —————
2 L(b) Y=Y —g:f —ggz’ 4 (©) A-Y 3%  20%
- 2 —6% —30% -
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Fig. 2 (a)-(c) respectively represent the RDF between the Al-Al, Y-Y
and ALl-Y ionic pairs in the YAG (3200 K) with O, 3, 6, 9, 12, 15, 20, 30,
40, and 50 at% Er**. The relative structural between the ionic
coordination units (polyhedron) in the YAG melts is not affected by
doping Er**.
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Fig. 3 RDF between Al-Y and Al-Er cation pairs in the melt (3200 K)
with 3, 6, 9, 12, 15, 20, 30, 40, and 50 at% doping concentration are
showing in (a)-(i) respectively. In terms of Al-Y and Al-Er cation pairs,
Er®* is equivalent to the Y3*.

the structural association between Er’* and other cations is
the same as that between Y*" and other cations in the Er’":
YAG melts. The RDF between Al-Y, Al-Er, Y-Y, and Y-Er
cation pairs was calculated. The results for the systems at
3200 K with various doping concentrations are shown in
Fig. 3 and 4. As shown in Fig. 3, RDF for Al-Y and Al-Er pairs
are overlapping completely, which indicates that the
structural association for Al-Y pairs and Al-Er pairs are
equivalent. As shown in Fig. 4, the situation for Y-Y and Y-Er
pairs is the same as that with Al-Y and Al-Er pairs. Therefore,
in terms of the structural association between Er’" and other
cations, Er’" is identical to Y**, which may result from very
little difference between the ionic radii of Er** (1.004 A) and
Y** (1.015 A).>”® This equivalence is universal at different

(b) 6% (©) 9%
0
2} (d) 12% () 15% (f) 20%
<1
0 .
2l (9) 30% (h) 40% (i) 50%
;
%% d0 150 5 10 150 5 i0 15

Fig. 4 RDF between the Y-Y and Y-Er cation pairs in the melt (3200 K)
with 3, 6, 9, 12, 15, 20, 30, 40, and 50 at% doping concentration are
showing in (a)-(i) respectively. In terms of Y-Y and Y-Er cation pairs,
Er®* is also equivalent to the Y3*.

This journal is © The Royal Society of Chemistry 2024
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temperatures (the RDF between Al-Y, Al-Er, Y-Y, and Y-Er
cation pairs in the systems with temperature 2000 and 2600
K is shown in Fig. S5-S8 in the ESI¥).

Currently, there are two main reasons for the segregation
coefficient of Er’" in YAG to be 1. One is that the ion radius
of Er*' is close to that of Y**,'® and the other is that the
valence state of Er*" is the same as that of Y*".'> Er** does
not alter the original network structure of YAG, and in the
melt structure, Er*" is almost equivalent to Y*'. Therefore,
Er*" can completely replace Y*" in any proportion of the melt
without changing the melt Segregation is
determined by the free energy of the doped ions in crystals
and melts. If the difference between Er*" and Y** in the
crystal is ignored, the equivalence of the two ions in the melt
has a decisive impact on the segregation coefficient. So, the
equivalence between Er*" and Y*' is the fundamental reason
why the segregation coefficient of Er’* in YAG is equal to 1.

The equivalence between the Er** and Y** is reflected in
IRO. The short-range order is different between these two
cations, in which the coordination units of Er*" are a little
different from that of Y**. RDF for Er-O and Y-O pairs in the
3200 K systems with various doping concentrations is shown
in Fig. 5, and RDF for Er-O and Y-O pairs in the 2000 and
2600 K systems are shown in Fig. S9 and S10, respectively, in
the ESL{ Beyond the first peak, RDF for Er-O and Y-O pairs
coincided wholly, while the biggest discrepancy occurred in
the first peak. The intensity of the first peak in Er-O RDF is
greater than that in Y-O RDF, which indicates that the
strength of the pair correlation between the Er’* and O is
stronger than that between Y*" and O>". The coordination
number (CN) for Er*" and Y*" was calculated with the
formula, CN = 4np[¢"g(r)rdr, where p and g(r) are the
densities of O®" and RDF, respectively. The coordination
numbers for Y** and Er*" are close to each other in systems
with different temperatures and doping concentrations, as

structure.

4 (j) 3% V.o (bl) 6% (c’) 9%
l —Er-0] | ‘
2t | 1
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Fig. 5 RDF between Y-O and Er-O cation pairs in the melt (3200 K)
with 3, 6, 9, 12, 15, 20, 30, 40, and 50 at% doping concentration are
showing in (a)-(i) respectively. Short-range order is obviously different
between Er** and Y**.
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shown in Fig. S11(d)f So, the peak intensity of Er-O RDF is
higher than that of Y-O RDF, which means that within the
coordination structure, the strength of Er-O bond is stronger
than that of Y-O, which is the only difference between their
local coordination structure. The stronger Er-O bond may be
caused by the ion electronegativity for Er** (1.438), which is
greater than that of Y** (1.340),> and the ability for Er*" to
attract the negatively charged oxygen ion is stronger than that
of Y*". The entire peak of Er-O RDF tends towards the
direction of smaller r, as shown in Fig. S11(a)-(c).t Therefore,
the local coordination structure between the Er’* and Y*' is
closed, and Er’" slightly has more coordination numbers
than Y** at high temperatures.

B. Diffusions of ions

In the melt of YAG, the mean squared displacement (MSD)
can be divided into three regimes: ballistic, sub-diffusion,
and diffusion, which is similar to that of the Al,O; melt.*°
MSD was calculated using the following formula:

MSD(At) = <(rt+At - rt)2> [3)

where r and angle brackets represent the displacement at a
certain moment and the ensemble average, respectively.

In the first one, ballistic regime, ions move near the
equilibrium position under the action of inertia, as shown in
Fig. 6. The moving of ions in this stage belongs to the
vibration around the equilibrium position, and the running
time is very short (about 100 fs). As shown in
Fig. 6(c) and (d), the running times for Er’" and Y** in the
ballistic regime are approximately equal, and this feature is

10* BACIat M et e ma
(@ O7 | Boat%
10%} —2000 —2800
—2200 — 3000
10° [ —2400 — 3200
=250 Diffusion
e Ballisti : H

& |
[a) 10; o b bt e
2 107 (c) Y : ¥(d) Er 2
10'F ¥ 1
| F Ballistic ! Diffusion ¥ 1
107 F ‘ | T Balistic 1
10°} Su!::-diffusiibn ¥ Sujb-diffus on 1
10° i M ,3' e al s
10 10 10 10”10 10 10 10
t (fs)
Fig. 6 (a)-(d) respectively represent the function of mean square

displacement with time for 02", A*, Y**, and Er**, which include three
different dynamic stages in Er:YAG (50 at%) melt at different
temperature. Additionally, the function of mean square displacement
with time in other systems with 3 and 15 at% doping concentration is
shown in Fig. S11 and S12:} The mean squared displacement (MSD) can
be divided into three regimes: ballistic, sub-diffusion, and diffusion, and
the schematic diagram of each stage is shown in the illustration in (b).
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not affected by temperature or concentration (MSD for ions
in the YAG melts doping with 3 and 15 at% Er’" are shown
in Fig. S11 and S12 in the ESI}). If the vibration was treated
as a harmonic motion, as shown in the illustration of
Fig. 6(b), the running time, T = 2n\/m/k, is proportional to
v/m, where k is related to the stiffness coefficient of the
spring and m represents the mass of ions. Therefore, the
running time of the Er’* is 1.4 times that of Y**, which
obviously contradicts the current results. Based on the
pattern for the coordination structure of cations, the
contradictory is attributed to the different coordination
environments of Y** and Er**. Because Er-O bond is stronger
than the Y-O bond, the total interaction between Er** and
0> is stronger than that between Y** and O® (as discussed
preceding on the melt structure, other aspects for Er’* and
Y*" are equal in the regime beyond the first peak). The
stiffness coefficient k for Er’" should be larger than that of
Y*', which can counteract the effect of the mass.

In the second one, sub-diffusive regime, ions move within
a local range under the caging effects. Cations in the YAG
melt form a coordination structure (polyhedron) with
neighbour 0®7, and the cations are located inside the
polyhedron'* which is like a cage. The situation for anions is
similar, but surrounded by cations. The displacement of ions
at this stage mainly stems from the collective movement of
the entire cage. Because the entire cage is embedded in the
network structure of melts, the displacement is very small,
and MSD shows as a plateau. As shown in Fig. 6(c) and (d),
the length of the sub-diffusion regime of Y>* and Er’* are the
same, which means the dynamic characteristics presented by
these two cages corresponding to Y** and Er*" embedded in
the entire network structure are consistent. Additionally, the
structural environment of the Y** and Er** in the first nearest

0.8 (a) 3%

0.6}= 0% = Y*
= AP . ErY

(b) 6% () 9%

o o o
o N b

0.8f (d) 12% (e) 15% (f) 20%

o

0
0.8 (g) 30% (h) 40%

Diffusion coefficient (10°m?s)
o O O
N A O

© o o
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"~ 2000 2400 2800 32002000 2400 2800 32002000 2400 2800 3200
Temperature (K)

o
(=)

Fig. 7 The relationship between the diffusion coefficient and
temperature in the melt with 3, 6, 9, 12, 15, 20, 30, 40, and 50 at%
doping concentration are showing in (a)-(i) respectively. The diffusion
coefficients of cations are basically equal, which means that ions
diffuse in a collaborative form like a cluster.
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neighbour is different, while the structural environment
outside the first nearest neighbour is consistent. So, it can be
inferred that the sub-diffusion behaviours are determined by
the structure relaxation beyond the first nearest neighbour.
In the third one, diffusion regime, the imprisoned ions are
released by the rearrangement of surrounding ions. The
diffusion of ions mainly comes from this stage, and the self-
diffusion coefficient is equal to the slope of MSD divided by 6.
The relationship between the diffusion coefficient and
temperature is shown in Fig. 7. At each doping concentration,
the diffusion coefficient of anions is the largest. It is surprising
that the diffusion coefficient of the cations is approximately
close to each other, but their relative atomic masses are very
different (Al: 26.982, Y: 88.906, and Er:167.26). Obviously, the
diffusion of cations in these systems is neither determined by
the mass of cations nor affected by the coordination unit,
because the mass and the coordination unit for each kind of
cation is much different."* The collaborative rearrangement
between the neighbouring cation polyhedrons led to the
diffusion of ions. On the one hand, the starting time of
diffusion for each kind of ion is basically the same, as shown in
the blue dashed line in Fig. 6. On the other hand, the diffusion
barrier of cations is also basically the same, as shown in Fig. 8.
These two aspects can prove this conjecture. The YAG melt
consists of coordination units (AlO, and YO,), which are
connected with each other by sharing oxygen ions and forming
the network structure.'* Equal barriers for each kind of cation
mean the difficulty for rearrangement of the network structure
near the cation coordination polyhedron is the same. This
indirectly proves that the collaborative relaxation of the
medium-range structures affects ion diffusion. On the other
side, if the melt structure is divided into two parts, one is the
first nearest neighbour and the other is the network structure
outside the nearest neighbour, and doping of Er** only changes
the neighbour structure between Er** and O*”, without affecting
the entire networking structures beyond the first neighbour.
Doping Er** into the YAG melt also did not change the diffusion
properties of AI*" and Y**, and the diffusion properties of Er**

11F

Diffusion barrier (eV)

0.8 1 1 " 1 " 1 1 1 L 1
0 10 20 30 40 50
Concentration (at%)

Fig. 8 Relationship between the diffusion barrier and concentration of
doping Er®*. The diffusion barrier of cations is approximately equal,
which is the reason why the diffusion coefficient for cations is the
same. Furthermore, this reflects that the diffusion of cations is carried
out through network collaboration rearrangement.

This journal is © The Royal Society of Chemistry 2024
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are the same with those of Y**, which indicate that the diffusion
of cations in this kind of network-forming systems is controlled
by the collaborative rearrangement of the overall network
structure. We speculate that during this rearrangement process,
0> are exchanged between polyhedrons, and the position of
the polyhedron changes at the same time, causing all ions to
move simultaneously throughout the rearrangement.

Furthermore, the oxide functional crystals play an
indispensable role in medical treatment,*" radiation detection,*
solid-state laser,* and semiconductor fields.** However, it is still
very difficult to prepare large-sized and high-quality oxide
functional crystals.** One key reason is that its growth
mechanism is not well understood. Crystals are formed by the
solidification of atoms transported from liquid to solid by the
solid-liquid interface. Although a kinetic mechanism for crystal
growth was proposed based on atomic diffusion at the atomic
scale,®” this kind of monatomic mechanism has not yet been
accurately used to describe the growth process of the complex
systems such as oxides.*® The collaborative rearrangement that
happened near the interface may be the main dynamic process.
The equivalence between Er’" and Y*" in the melt structure, as
well as the unique diffusion behaviour in this system are the
possible reasons why Er’*" ions only replace the position of Y**
during the crystallization process. Preparation of high-quality
Er’":YAG crystals will promote the application of solid-state
lasers.”> ™"

Conclusions

Although the properties of Er*" are significantly different from
those of AI’* and Y**, the effect of E** doping on the melt
structure in YAG melt is localized in the first nearest neighbour
of the coordination structure between Er’* and O*”, and doping
Er’" does not change the original network-forming structure
characteristics between the cations. The localization effect for
doping Er*" is independent of the doping concentration and the
temperature of the systems. The diffusion coefficients of
different ions are almost the same in each system with different
doping concentrations of Er’* and different temperatures above
or near melting points. Real diffusion of ions in the Er*":YAG
melt is caused by the overall collaborative rearrangement of the
overall structure in the network-forming systems. In terms of
the structure and dynamics properties, Er** is equivalent to Y**
in the YAG melt at different temperatures and doping
concentrations, which may be the microscopic reason for the
segregation coefficient of Er’* to be 1 in YAG.
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