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Rare earth (RE) ion-doped fluoride crystals have shown great application potential in various fields,
attracting the attention of many researchers. The abnormal thermal transformation behavior of RE ion-
doped fluoride crystals leads to the singularity and weakness in their application fields. Here, the influence
of different structural characteristics of RE ion-doped fluoride crystals on the variation of thermal
conductivity is further analyzed using phonon scattering calculation. Firstly, based on the effect of the
phonon scattering mechanism on the thermal conductivity of RE ion-doped fluoride, a comprehensive
analysis examines the diverse factors that affect the abnormal thermal behavior of different doping types
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and fluoride crystals. The actual thermal conductivity characteristics are predicted to optimize the crystal
performance in various application fields of RE ion-doped fluoride crystals. Next, the influence mechanism
of the mass and radius difference caused by RE ion doping structure on the thermal conductivity of RE
ion-doped fluorides is thoroughly investigated. Ultimately, a theoretical foundation for the behavior and
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1 Introduction

RE ion-doped fluoride crystals have garnered significant
interest owing to their remarkable capabilities in lasers, TBCs,
thermoelectric materials, and other domains."” Among these,
thermal behavior is a crucial property that restricts the
application of RE ion-doped fluoride crystals. Thermal
conductivity requires additional optimization based on the
application fields.>® The thermal conductivity of RE ion-
doped fluoride shows abnormal behavior. When RE ions are
inserted in fluoride crystals, the thermal conductivity exhibits
significant abnormal characteristics. For instance, when Yb**
ions are doped at 0.1 at%, the thermal conductivity drops by
50% compared to pure CaF, crystals. At this stage, the
thermal conductivity of the 0.1 at% Yb:CaF, crystal remains
in line with the traditional trend, where thermal conductivity
decreases with increasing temperature. When the doping
concentration of Yb:CaF, in the crystal exceeds 1 at%, its
thermal conductivity no longer follows the traditional
crystalline material behavior, instead exhibiting glass-like
thermal conductivity. In other words, as the doping
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influence of disorder crystals’ thermal conductivity is established.

concentration increases, the thermal conductivity of RE ion-
doped fluoride single crystals transitions from a crystalline to
an amorphous (glass) state, exhibiting glass-like thermal
conductivity."”" In previous works,">*” rare earth ions (RE*")
were substituted for the intrinsic cationic ions (Ca®*/sr**/Ba*")
in the RE-doped fluoride crystal structure. This heterovalent
substitution leads to charge imbalance, introducing
interstitial fluoride ions and resulting in a single
substitutional point defect. As the doping concentration
increases, the number of rare earth ion clusters increases,
attributed to the aggregation of single substitutional point
defects through dipole interactions. The evolution of clusters
under varying doping concentrations has been calculated.*®™"’
Single substitutional point defects dominate in crystals with
doping concentrations below 0.1 at%, whereas crystals with
doping concentrations exceeding 1 at% predominantly
contain clusters. Therefore, the structural evolution is closely
linked to the changes in the thermal conductivity behavior of
RE ion-doped fluoride crystals.>**" Among them, the primary
reason for the continuous change in thermal conductivity
between crystalline and amorphous states with concentration
is that in RE ion-doped fluorides, disordered structures like
point defects and clusters coexist with the original fluoride
lattice order structure, which leads to the competition
between defect phonon scattering and phonon-phonon
scattering with concentration.

Therefore, based on the point defects and cluster
structure transformation, the effects of various -cluster
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structures generated by RE ion-doped fluoride crystals at
different doping concentrations on the thermal conductivity
are explored by phonon scattering coefficient calculation.
The influences of different doping ions and fluoride
matrices in RE ion-doped fluoride crystals on thermal
conductivity are provided.**** In different RE ion-doped
fluoride systems, the calculated results of the phonon
scattering coefficient have a favorable correlation with the
variation of thermal conductivity of RE ion-doped fluoride
crystals, providing a qualitative explanation for the
abnormal thermal behavior of RE ion-doped fluoride
crystals.>® In addition, the differences between RE ions and
lattice ions in RE ion-doped fluoride are analyzed by using
the intrinsic characteristics of various cluster structures.
The impact of variations in mass and radius on thermal
conductivity is thoroughly discussed. The refinement and
classification of the mass field and strain field on the glass
state transition of thermal conductivity are explored, and
the factors influencing the transition from a crystalline state
to an amorphous state of RE ion-doped fluoride crystals are
provided with a detailed explanation.

The above research  has  important  guiding
significance for analyzing the cause of abnormal
thermal conductivity of rare earth ion doped fluoride
and other disordered crystals and estimating the trend
of thermal conductivity change.

2 The microstructure influences the
thermal conductivity of RE ion-doped
fluoride crystals

The insertion of RE ions into fluoride crystals significantly
alters the system's microstructure, leading to an abnormal
variation in thermal conductivity. According to the variation
trend of thermal conductivity with doping concentration, it
can be divided into two stages. With lower doping
concentrations (<1 at%), the RE ion-doped fluoride systems
mainly generate point defects and exhibit a transition in
thermal conductivity between a crystalline state and a
crystalline-like state. At high doping concentrations (>1 at%),
the complex cluster structure predominantly influences the
thermal conductivity of RE ion-doped fluorides, displaying
thermal behavior comparable to that of glass. The influences
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of point defects and clusters on the thermal conductivity of
RE ion-doped fluoride crystals are discussed.

A parameter called the phonon scattering coefficient is
introduced to describe the thermal behavior of RE ion-doped
fluorides.>® The decisive factor of phonon scattering is the
structure modification of RE ion-doped fluorides, which
shows the variation trends of the mass and radius with
doping. The phonon scattering coefficient is calculated by
eqn (1). The thermal conductivity of the fluoride crystals is
related to the scattering of phonons, as shown in eqn (2).>*
Hence, the phonon scattering coefficient reveals the
relationship between the microstructure and the thermal
conductivity variation in RE ion-doped fluorides.

L) )] o

Kk oc 700 (2)

F:xi

where i represents the element species of RE ion-doped
fluorides; x stands for the proportion of elements; M
represents the atomic mass of RE ion-doped fluorides; ¢
stands for the ion radius of RE ion-doped fluorides.

2.1 Point defects influence RE ion-doped fluorides’' thermal
conductivity with low doping concentration

When doping a modest amount of RE ions, the doped
fluoride systems produce point defects, which cause
progressive disorder, intense phonon scattering, and
diminished thermal conductivity. The relationship between
the point defect phonon scattering coefficients of doped
CaF,, SrF,, and BaF,, with different kinds of RE dopants,
with concentration is calculated according to eqn (1), as
shown in Fig. 1, to investigate the variation of the point
defect phonon scattering coefficients in fluoride crystals with
doping RE ions. Fig. 1a shows that the point defect phonon
scattering coefficients change approximately as a linear
function relation with the concentration when the doping
concentration is less than 0.1 at%. Next, the increasing
trends of point defect phonon scattering coefficients steadily
slow down as the doping concentration increases. When
reaching a certain doping concentration, the point defect
phonon scattering coefficients are close to a maximum value.
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Fig. 1 (a) Point defect phonon scattering coefficients of RE:CaF, crystals with doping concentration; (b) point defect phonon scattering coefficients of
RE:SrF, crystals with doping concentration; (c) point defect phonon scattering coefficients of RE:BaF, crystals with doping concentration.
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In other words, the point defects significantly impact the RE:
CaF, systems' thermal conductivity at this concentration. The
point defects caused by the doping of RE ions start to
transform into clusters under the influence of dipole
interaction, and the factors of clusters on the thermal
conductivity then start to dominate."”

Furthermore, the point defect phonon scattering
coefficients increase with the number of doped RE atoms
rising, as indicated by the curve variation rule in Fig. 1a. This
phenomenon may be due to the gradual increase in the
difference between the mass and radius of RE ions and the
lattice calcium ions. As a result, the system's mass field and
strain field fluctuations enhance, lattice distortion and
disorder degree surrounding RE ions increase, and the
phonon scattering becomes intense.”>>” By comparing the
point defect phonon scattering coefficients with the atomic
number of different fluoride crystals doped with RE ions,
similar conclusions can also be obtained in RE ion-doped
SrF, crystal systems (Fig. 1b). Whereas, the scattering
coefficients of point defect phonons of RE ion-doped BaF,
crystals are slightly opposite to that of CaF, and SrF, systems
(Fig. 1c). Among them, the point defect phonon scattering
coefficient of the Y:BaF, system is significantly larger than
that of the BaF, crystals doped with lanthanide RE ions.*®
The main reason is that the mass and radius difference
between Y** and Ba®" is greater than tho of the lanthanide
RE ions and Ba®', while the mass and radius difference
between Y and Ca/Sr ions is smaller than that between
lanthanide RE ions and Ca/Sr ions.

The variation trends and maximum values of the point
defect phonon scattering coefficient differ for various
fluoride systems. According to Fig. 2, the point defect
phonon scattering coefficient in RE ion-doped CaF, crystals
changes sharply with doping concentration. Compared with
the SrF, and BaF, systems, the RE ion-doped CaF, systems
have higher peak values of the point defect phonon
scattering coefficients. Moreover, the doping concentration of
CaF, crystals is the lowest when it reaches the peak of the
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Fig. 2 Point defect phonon scattering coefficients of Y/La/Yb:Ca/Sr/BaF,
crystals with doping concentration.
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point-defect phonon scattering coefficient (Fig. 1). In other
terms, CaF, crystals embedded with RE ions are more likely
to produce point defects to cluster transformation, resulting
in more severe phonon scattering.

The relationship between the point defect phonon
scattering coefficient and thermal conductivity of RE ion-
doped fluorides can be semi-quantitatively analyzed*’ by a
functional relationship (eqn (2)).*° Fig. 3 illustrates the
variation rule of thermal conductivity that can be derived by
the point defect phonon scattering coefficient of RE ion-
doped Ca/Sr/BaF, (Fig. 1). At the doping concentration of <1
at%, the thermal conductivity rapidly decreases, and then is
stable with the doping concentration rising.”®*°

The increasing doping atomic number leads to an obvious
changing trend of thermal conductivity and inferior thermal
conductivity values. At low concentrations, the thermal
conductivity of RE ion-doped fluorides varies dramatically
due to the change in atomic types. However, as the doping
concentration increases, the difference in fluoride systems'
thermal conductivity with different atomic types becomes less
noticeable. For different fluoride systems, the changing trend
of thermal conductivity of CaF, crystals is more significant
and the thermal conductivity value reduces drastically.
Additionally, the glass-like thermal conductivity transition of
RE ion-doped fluorides is qualitatively explored by
contrasting the calculated and measured thermal
conductivity values.

Firstly, by comparing the doping of different kinds of RE
ions, the 0.5 at% Yb:CaF, has been transformed into having
glass-like thermal conductivity, while the glass-like thermal
conductivity of 1 at% Ce:CaF, is not distinct. Therefore, RE
ion-doped fluoride systems with large atomic numbers are
prone to glass-like thermal conductivity behavior. This is
consistent with the previous conclusion that fluoride crystals
with large atomic numbers have low thermal conductivity
and considerable phonon scattering.

The CaF, crystal system has strong point defect phonon
scattering, the thermal conductivity value decreases rapidly,
and the transition from crystalline to amorphous thermal
conductivity is more likely to occur under the same doping
concentrations and types of doping atoms when only
evaluating the doping concentration without taking the
influence of the fluoride matrix on thermal conductivity. The
variation of thermal conductivity is shown in
Fig. 4 (red dotted lines). The thermal conductivity drops
substantially with the large point defect phonon scattering
coefficient in the RE ion-doped CaF, systems, which also has
a similar relationship with the above-mentioned.'®**~>*

2.2 Clusters influence RE ion-doped fluorides’ thermal
conductivity with high doping concentration

It is assumed that the configurations of clusters change to
the highest order wunder extremely high doping
concentrations. According to eqn (1), the variation laws of
the cluster phonon scattering coefficient with concentration

CrystEngComm, 2025, 27, 2623-2634 | 2625
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Fig. 3 (a) Variation law of thermal conductivity of RE:CaF; crystals with doping concentration; (b) variation law of thermal conductivity of RE:SrF,
crystals with doping concentration; (c) variation law of thermal conductivity of RE:BaF, crystals with doping concentration.
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Fig. 4 (a) Thermal conductivity of Ce:Ca/BaF, crystals with temperature (low doping concentration); (b) thermal conductivity of Yb:Ca/Sr/BaF,

crystals with temperature (low doping concentration).

are calculated, as shown in Fig. 5. The cluster phonon
scattering coefficient in RE ion-doped fluoride crystals grows
progressively and shows a great increasing trend as the
concentration increases.

This phenomenon indicates that cluster phonon
scattering has an additive effect as the number of clusters
increases, which causes extreme changes in thermal
conductivity and the transition from a crystalline to an
amorphous state. In addition, the cluster scattering
coefficient increases with the atomic number of doped RE
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ions, which exerts enormous influences on the thermal
conductivity of crystals (according to eqn (2)).*>*® Depending
on the difference in doping atomic types, the thermal
conductivity is connected to the phonon scattering
coefficients of highest-order cluster configurations. For the
lanthanide RE elements with small atomic numbers, the
highest-order clusters of the RE ion-doped fluoride systems
have relatively small order and simple configurations. As
shown in Fig. 5a, the highest-order clusters are a tetramer,
and the cluster phonon scattering coefficients are low when
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Fig. 5 (a) Cluster phonon scattering coefficients of RE:CaF, crystals with doping concentration; (b) cluster phonon scattering coefficients of

RE:SrF, crystals with doping concentration.
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the doped RE ions are La, Ce, Pr, and other low atomic
number elements, which has little influence on the change
trend and value of thermal conductivity. However, the
highest-order cluster is a hexamer when the doped RE ions
are Ho, Er, Yb, and Lu. The increase of cluster phonon
scattering coefficients causes the thermal conductivity to
transition into an amorphous state.?*3°

As illustrated in Fig. 6, the influences of various cluster
structure types on the cluster phonon scattering and thermal
conductivity are examined. In the La/Nd/Gd:Ca/SrF, crystal
systems, the cluster phonon scattering coefficients of all
kinds of cluster configurations are gradually enhanced with
doping concentration, and the growth rate accelerates
dramatically at high concentrations. It is demonstrated that
the increase of doping concentration has a beneficial effect
on the cluster phonon scattering coefficient, the aggregation
degree increases rapidly, the thermal conductivity exhibits a
significant amorphous change, and thermal conductivity
values fall abruptly.

Furthermore, under the same concentration of RE ion
doping, the cluster configuration progressively becomes more
complex, indicating that the cluster phonon scattering
coefficient increases. The cluster configuration gradually
transforms from a monomer to a higher-order configuration,
such as a dimer, trimer, tetramer, or pentamer, and the
cluster phonon scattering steadily enhances. In a word, the
doping concentration of RE ions and intricate cluster
configuration result in phonon scattering, which leads to the
enhancement of thermal resistance and the decrease of
thermal conductivity. To further study the influence
mechanism of different kinds of fluoride matrices
on the thermal conductivity in RE ion-doped
fluorides, Y:CaF,, Y:SrF,, and Y:BaF, are taken as examples, as
illustrated in Fig. 7. This further proves the impact of doping
concentrations and cluster types on thermal conductivity. The
thermal conductivity declines abruptly in complex clusters and
high doping concentrations. For various fluoride matrices, the
cluster phonon scattering coefficient of the Y:CaF, system
changes strongly with doping concentration and doping has an
obvious negative effect on heat transfer behavior. The
relationship between the scattering coefficient of cluster
phonons and thermal conductivity will not be demonstrated
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Fig. 7 Cluster phonon scattering coefficients of Y:Ca/Sr/BaF, crystals
with doping concentration.

again, since the relationship between phonon scattering and
thermal conductivity is already provided in eqn (2) and
explained in 2.1 above. Next, the heat transfer of glass-like
thermal conductivity in fluoride systems is analyzed by
comparing the calculated thermal conductivity values with the
measured thermal conductivity data.>**°

Initially, the system's thermal conductivity transitions into
a glass-like thermal behavior when the doping concentration
is <1 at%. The 1 at% Ce:BaF, and 1 at% Yb:BaF, both show
crystalline thermal conductivity behavior, however the
thermal conductivity of 1 at% Ce:CaF, and 1 at% Yb:CaF,
has started to change to a glass-like state. Among them, 1
at% Yb:CaF, has a more apparent glass-like thermal
conductivity than 1 at% Ce:CaF,, as demonstrated in
Fig. 8a and b (purple dotted lines). The thermal conductivity
behavior is negatively impacted by atomic number and it is
relatively easy to obtain a thermal conductivity behavior
similar to that of glass. It is deduced that the thermal
conductivity of RE ion-doped fluoride systems can transition
from a crystalline state to a non-crystalline state within a
critical value, which is approximately 1 at%. It is also
confirmed that the cluster phonon scattering coefficients of
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Fig. 6 (a) Cluster phonon scattering coefficients of La:Ca/SrF, crystals with doping concentration; (b) cluster phonon scattering coefficients of
Nd:Ca/SrF, crystals with doping concentration; (c) cluster phonon scattering coefficients of Gd:Ca/SrF, crystals with doping concentration.
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RE ion-doped CaF, systems are higher in each cluster
configuration than those of the SrF, systems. RE ion doping
on CaF, crystals are more likely to produce a transition from
crystalline thermal conductivity to amorphous thermal
conductivity.

As illustrated in Fig. 8a and b (yellow dotted lines), the
thermal conductivity of Ce/Yb:CaF, in the high-temperature
region is greater than that of Ce/Yb:BaF,, despite the system's
thermal conductivity changing to a glass-like thermal
conductivity with high doping concentration. The impact
mechanism of the fluoride matrix on thermal conductivity is
necessary and the effect of RE ion doping on thermal
conductivity cannot be the only one considered. The BaF,
pure crystals have a lower thermal conductivity than CaF,, as
Fig. 8c illustrates. The direct effect of the fluoride matrix on
the thermal conductivity trend cannot be entirely reversed by
doping RE ions, even though the thermal conductivity
declines through doping RE ions. As a result, the thermal
conductivity of La/Yb:BaF, is lower."%*' =

Therefore, the effect of phonon scattering on the thermal
conductivity of RE ion-doped fluoride crystals is shown in
Fig. 9. The structure of the dominant phonon scattering
ranges from single-point defects to clusters, leading to a
reduction in crystalline thermal conductivity while
amorphous thermal conductivity increases. Consequently,
the overall thermal conductivity evolves into a glass-like state.

RE ion-doped fluoride crystals
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Fig. 9 Phonon scattering and thermal conductivity of RE-ion doped
fluoride crystals.
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3 Influence of different concentration
mass and radius phonon scattering
on thermal conductivity of RE ion-
doped fluoride crystals

The phonon scattering coefficient primarily includes radius
scattering and mass scattering in the system structure, as
shown in eqn (1), which states that the thermal conductivity
values of RE ion-doped fluoride crystals are closely related to
the difference of mass and radius in the microstructure, such
as point defects and clusters. The mechanism of mass
scattering and radius scattering in different structures (point
defect and cluster) of RE ion-doped fluoride crystals are
researched, and the relationship between the variation of
thermal conductivity of RE ion-doped fluoride and the

microstructure of mass and radius is described.?”*?

3.1 Influence of low-concentration mass and radius phonon
scattering on thermal conductivity

The RE ion replacement and interstitial fluoride ion
compensation appear in the doped calcium fluoride system
at low doping concentrations, resulting in a high
concentration of point defects. The formation of point
defects causes the shortwave phonon scattering of RE ion-
doped fluoride to increase, and the thermal conductivity
values reduce. The impact of radius and mass scattering on
the thermal conductivity of RE ion-doped fluoride is
concretely studied based on the point defect phonon
scattering in 2.1 above.

As illustrated in Fig. 10 and 1a, the mass scattering and
total scattering of RE ion-doped CaF, exhibit comparable
variation tendencies and approximately equal values. The
mass scattering values of RE ion-doped CaF, are significantly
greater than the radius scattering values. Therefore, the mass
difference between RE ions and lattice Ca ions is dominant.
The mass phonon scattering of RE ion-doped CaF, influences
the heat conduction behavior, the system's thermal
conductivity changes from a crystalline state to a crystal-like
state, and the thermal conductivity value reduces but the
changing trend does not significantly alter. Furthermore,
when the doping concentration of RE ions increases, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) Mass phonon scattering coefficients of RE:CaF, crystals with low doping concentration; (b) radius phonon scattering coefficients of

RE:CaF; crystals with low doping concentration.

mass scattering of the doped CaF, growth trend gradually
slows down, and the radius scattering growth trend steadily
increases. The radius scattering of RE ion-doped CaF, could
have a significant impact on the thermal conductivity from a
crystal-like state to a glass-like state with high doping
concentration.*>**** For different RE ion doping, both mass
and radius scattering increase with the increase of atomic
number, which is consistent with the variation rule of the
total phonon scattering coefficient. As demonstrated in the
ESI} comparable results have also been reached for SrF, and
BaF, systems doped with RE ions (Fig. S1 and S21).

The mass and radius phonon scattering coefficients of low
doping Y/La/Yb:Ca/Sr/BaF, systems are extracted, and the
thermal conductivity of various fluoride matrices is proved,
as shown in Fig. 11. For the different fluoride matrices, the
CaF, inset with RE ions has the highest mass phonon
scattering coefficients (Fig. 11a). However, the largest radius
scattering coefficient is seen in the RE ion-doped BaF,, as
shown in Fig. 11b. The radius and mass scattering
coefficients are opposite influences on the fluoride matrices
with low doping concentrations. Compared to the radius
scattering coefficient, the mass scattering coefficient is
substantially greater.
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Hence, the mass scattering coefficient displays a profound
impact on thermal conductivity, In the low doping
concentration, the calcium fluoride systems' thermal
conductivity diminishes, resulting in heat transfer behavior
that is similar to that of the crystal.

The contribution of mass scattering and radius scattering
of RE ion-doped fluoride to the thermal conductivity at low
doping concentration is investigated, as shown in Fig. 12, as
the thermal conductivity can be calculated using eqn (2).*°
When the doping concentration is less than 1 at%, the
impact of mass and radius phonon scattering on thermal
conductivity is noticeable. The variation trend of thermal
conductivity is steadily stable with doping concentration
when the doping concentration is more than 1 at%. Similar
to the total defect phonon scattering, mass phonon scattering
has a considerable influence on thermal conductivity, leading
to the decline of thermal conductivity. The thermal
conductivity is Dbarely impacted by radius phonon
scattering.”*® In addition, the thermal conductivity
estimated by mass and radius scattering coefficients is low
when various RE ion species have large RE atomic numbers.
For RE ion-doped SrF, and BaF, systems, there is a
comparable variation tendency (see Fig. S3 and S47).
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Fig. 11 (a) Mass phonon scattering coefficients of Y/La/Yb:Ca/Sr/BaF, crystals with low doping concentration; (b) radius phonon scattering
coefficients of Y/La/Yb:Ca/Sr/BaF, crystals with low doping concentration.
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Fig. 12 (a) Variation law of thermal conductivity of RE:CaF, crystals in mass phonon scattering coefficients with low doping concentration; (b)
variation law of thermal conductivity of RE:CaF, crystals in radius phonon scattering coefficients with low doping concentration.

3.2 Influence of high-concentration mass and radius phonon
scattering on thermal conductivity

Under high-concentration doping, the point defects of RE
ions gradually gather to form clusters, leading to the
scattering of long-wavelength phonons, which reduce the
thermal conductivity and further transform into an
amorphous state. Based on the cluster phonon scattering
coefficients in 2.2 above, the specific influence factors and
value ranges of cluster mass scattering and radius scattering
on the thermal conductivity of RE ion-doped fluoride are
investigated, for example, the CaF, systems. Due to the high
doping concentrations, the crystal systems form several
different kinds of clusters. The mass and radius scattering
coefficients are calculated by taking the highest-order cluster
as an example. Fig. 13 illustrates that mass and radius
phonon scattering steadily enhance with high doping
concentration and atomic number, which exerts the opposite
influence on the doped fluoride systems' thermal
conductivity. Moreover, the changing trend of both the mass
and radius scattering coefficients with doping concentration
are comparable to total defect phonon scattering (Fig. 5a).
The cluster radius phonon scattering coefficients are larger
than the cluster mass phonon scattering coefficients. Then,

@ *r=

= - I
» Ly o o ~ Y
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the cluster radius phonon scattering coefficients vary
considerably more than that of point defects. Consequently,
the radius scattering is sensitive to cluster generation
behavior. The impact of radius scattering on the trend
change in the thermal conductivity of RE ion-doped fluoride
(from crystalline to amorphous thermal conductivity) is
necessary, and it plays a major role.”’*° The mass and radius
scattering of the highest-order clusters grows with the
increasing atomic number for various RE ion doping. The
system of SrF, doped with RE ions exhibits the same
conclusions (Fig. S57).

Next, fluoride systems that generate various types of
clusters are analyzed to further demonstrate the effects of
mass phonon scattering and radius phonon scattering of
clusters on the thermal conductivity of different crystal
systems (Fig. 14). The mass and radius phonon scattering
increase and the heat transfer reaction decreases as cluster
complexity (from monomer to highest-order cluster)
increases. Conversely, with SrF, and BaF, crystals, CaF,
crystals possess larger cluster mass and radius scattering
values. The RE ion-doped CaF, crystal is easier to alter to the
glass-like state, further demonstrating the critical role that
cluster phonon scattering plays in reducing thermal
conductivity and achieving glass-like thermal behavior.
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Fig. 13 (a) Mass phonon scattering coefficients of RE:CaF, crystals with high doping concentration; (b) radius phonon scattering coefficients of

RE:CaF; crystals with high doping concentration.
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Fig. 14 (a) Mass phonon scattering coefficients of Y:Ca/Sr/BaF, crystals with high doping concentration; (b) radius phonon scattering coefficients

of Y:Ca/Sr/BaF, crystals with high doping concentration.

Using eqn (1), the effect of cluster mass and radius
differences on thermal conductivity is further evaluated.
Fig. 15 shows the trend of Y:Ca/Sr/BaF, thermal conductivity
with doping concentration. The considerable changes in
thermal conductivity induced by the radius phonon
scattering coefficient with doping concentration shows that
the radius difference positively affects the thermal
conductivity of RE ion-doped fluoride at high doping
concentrations. Among them, the radius scattering of various
cluster types has a regular influence on the thermal
conductivity of RE ion-doped fluoride. The highest-order
cluster has a more substantial impact on thermal
conductivity. The difference in radius scattering of various
fluoride matrices on thermal conductivity is not easily
observed. It is further demonstrated that radius phonon
scattering makes the thermal conductivity transition to an
amorphous state during the generation of clusters. Moreover,
the mass and radius phonon scattering increase as the
cluster combination degree increases. Under mass scattering
and radius scattering, RE ion-doped fluoride's thermal
conductivity exhibits abnormal thermal behavior. For
different fluoride matrices, the thermal conductivity results
due to mass and radius scattering of calcium fluoride are at
the lowest value.*>*%?

(a) 1000 | —e—YF,(CaF,)

— Y FylCaF,)

—=— Highest-order cluster(CaF,)
—e— YF,(StF,)

)

100 b —=— Highest-order cluster(SrF,)
—— YFy(BaF,)

Y,y BaF)

—+— Highest-order cluster(BaF,)

Thermal conductivity

[
T

0.1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0

Cluster doping concentration

Therefore, the effects of mass scattering and radius
scattering on the thermal conductivity of RE ion-doped
fluoride crystals are shown in Fig. 16. The radius phonon
scattering affects the amorphous thermal conductivity
transition of fluoride crystals, while the mass phonon
scattering only results in the decrease of the thermal
conductivity.

4 Conclusions

In conclusion, the investigation of RE ion-doped fluoride's
abnormal thermal conductivity has been conducted,
accompanying a thorough examination of the interaction
between phonon scattering and thermal conductivity. Firstly,
under different RE ions and fluoride matrices, the impact of
diverse point defects and cluster structures at varying
concentrations on thermal conductivity is explored. The
relationship between the calculated thermal conductivity of
phonon scattering and the actual measured thermal
conductivity data has been analyzed. Furthermore, the
influence of phonon scattering caused by the difference in
mass and radius on the abnormal thermal properties of RE-
doped fluoride has been systematically explored.
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Fig. 15 (a) Variation law of thermal conductivity of Y:Ca/Sr/BaF, crystals in mass phonon scattering coefficients with high doping concentration;
(b) variation law of thermal conductivity of Y:Ca/Sr/BaF crystals in radius phonon scattering coefficients with high doping concentration.
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Fig. 16 Mass phonon scattering and radius phonon scattering and RE ion-doped fluoride crystal thermal conductivity.

The phonon scattering coefficient calculation has
demonstrated that the thermal conductivity of fluoride
crystals diminishes with increasing doping concentration
and atomic number, which can rapidly transition into a
glass-like state. The complexity and superposition of the
clusters also lead to a decline in the thermal conductivity of
RE ion-doped fluoride at high concentrations. Next, for
various fluoride crystals, it has been discovered that CaF,
crystals doped with RE ions are more susceptible to the
formation concentration of clusters, leading to a transition of
the glass-like thermal conductivity. Due to the large mass of
Ba atoms in the BaF, crystal, the thermal conductivity of RE
ion-doped BaF, is not easy to transition to a glass-like state,
but the thermal conductivity value is always at a lower value.
Moreover, the calculated thermal conductivity of phonon
scattering matches well with the actual measured thermal
conductivity data.

Additionally, it has been discovered that the thermal
characteristics of RE ion-doped fluoride crystals are
influenced by the mass and radius discrepancies between
RE-doped ions and lattice ions in a variety of point defects
and cluster structures. Among them, under the different
concentrations, the variation in mass and radius causes the
RE ion-doped fluoride's thermal conductivity to decrease.
However, after the generation of clusters in high doping
concentration, the radius scattering coefficient's variation
degree is more than the mass scattering coefficient
compared to the point defect with low concentration. This
is mainly because of the radius disorder caused by the
alteration in ionic radius, and this distortion of the lattice
exhibits an association with the amorphous transformation
of thermal conductivity. For various fluoride systems, the
CaF, crystal has the highest mass scattering coefficient.
Whereas CaF, has the biggest radius scattering coefficient
at high concentrations, BaF, has the largest at low
concentrations. These factors cause the system structure to
become disordered, which finally causes the thermal
conductivity of RE ion-doped fluorides to change to an
amorphous state.

Thus, the thermal behavior of RE ion-doped fluoride can
be universality calculated and analyzed using the phonon
scattering coefficient, which also offers theoretical support

2632 | CrystEngComm, 2025, 27, 2623-2634

for other research fields on RE ion-doped fluoride systems.
Consequently, further research on the heat conduction of RE
ion-doped fluoride will better integrate theoretical
simulations with experimental tests, creating the way for
thorough thermal analyses of the RE ion-doped fluoride
crystals and extending the range of applications.

Next, there are two specific suggestions for studying the
thermal behavior of RE ion-doped fluoride crystals. Firstly,
the influence of different -cluster structures, doping
concentration, and thermal conductivity is still in the
preliminary stage, and it is difficult to directly reveal the
specific evolution law of cluster structure and the changing
trend of thermal conductivity under different concentrations.
Mainly, additional investigation and validation are necessary
due to the lack of intuitive structural characterization. In
addition, the accuracy of the cross-scale study between the
calculated thermal conductivity using the microstructure and
the measured thermal conductivity needs to be further
improved, in the relationship between the temperature and
concentration needs to be explored.
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