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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   The glass-like structure with long-range ordered and short-range disordered is revealed in single crystal.

■   Crystal with high thermal conductivity and broad bandwidth for high repetition rate ultra-fast laser is grown.

■   Crystals range from low to high entropy doped with single element are revealed.
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Broad  spectral  bandwidth  and  high  thermal  conductivity  are  prerequisites
for  achieving  high-repetition-rate ultrafast  lasers.  However,  these  proper-
ties are generally mutually exclusive and pose a persistent challenge in the
field of laser materials. In this work, the reported rare-earth fluoride crystal
is  selected  as  laser  gain  materials.  Through  neutron  diffraction,
synchrotron  radiation  X-ray  absorption  spectroscopy  and  simulation
calculations,  a  special  structure  with  long-range  order  and  short-range
disorder in rare-earth-doped fluoride crystals is revealed for the first time.
In the structure,  anionic  defects are  randomly distributed around the acti-
vator  ions,  exhibiting  glass-like  disordered  characteristics.  The  unique
structure  enables  neodymium-doped  fluoride  crystals  to  reconcile  the
conflicting  properties  of  broad  spectrum  and  high  thermal  conductivity.
Meanwhile,  the  successful  growth  of  large-size  crystals,  coupled  with  the
preliminary  laser  amplification,  demonstrates  that  the  developed
neodymium-doped  fluorites  are  promising  candidates  for  high-repetition-
rate ultrafast lasers.

 INTRODUCTION
High-repetition-rate and high energy lasers, exhibiting high energy density,

ultra-high-resolution,  high-speed  and  high-precision  micromachining,  are
driving transformative innovations across multidisciplinary frontiers,  particu-
larly  in  high energy for  inertial  confinement  nuclear  fusion ignition,  compact
laser-driven  particle  accelerators  for  broadband  radiation  sources,  and
femtosecond-resolved spectroscopy probing ultrafast dynamics in quantum
materials  and  chemical  reactions.1-5 They have  attracted  widespread  atten-
tion and great interest across diverse domains including strong-field physics,
astronomy, biomedicine, energy, and information technology.6 Consequently,
the development of high-repetition-rate ultrafast laser sources assumes criti-
cal importance. Despite global research communities,  especially in the main
developed nations,  including the United States,  Japan,  Russia and European
Union,  have  made  substantial  investments  in  developing  such  systems,
current technology still struggles to achieve an ultrafast light source at 10 Hz
and  even  100  Hz  repetition  rates.7-10 The  development  of  advanced  gain
media for the generation of high-repetition-rate and high energy lasers repre-
sents  both  the  key  bottleneck  and  primary  target.  For  high-repetition-rate
ultrafast lasers,  laser  gain  media  prerequisites  include broad spectral  band-
widths and high thermal conductivities to enable effective energy amplifica-
tion  and  thermal  management.  For  example,  the  rare  earth-doped  glass
materials  inherently  exhibit  broad  photoluminescence  bandwidths,  which
enables  the  generation  of  ultrafast  pulses.  The  neodymium-doped  glasses
have  demonstrated  a  60  fs  pulse  and  obtained  optical  parametric  chirped-
pulse  amplification  with  petawatt-level  output.11,12 However,  the  insufficient
thermal dissipation restricts the laser to single-shot mode.13 The garnet crys-
tals possess high  thermal  conductivities,  which  effectively  suppresses ther-
mal lensing distortion through active thermal management protocols. Due to
the  narrow  emission  bands,  unfortunately,  only  picosecond  pulses  were
generated.14 The  fundamental  trade-off  between  broad  emissions  and  high
thermal  conductivities  constrained  a  persistent  materials  challenge  in  rare
earth  activated  laser  materials.  Therefore,  the  primary  challenge  for  the
development  of  high-repetition-rate  and  high  energy  lasers  critically  hinges

on  advancing  the  development  of  novel  laser  materials  with  concurrently
optimized spectral and thermal properties,15 particularly with broad emission
bandwidths while maintaining high thermal conductivities.

To  address  the  management  challenges,  Yu  et  al.  utilized  diamond  with
high thermal conductivity as the heat sink, which significantly improved ther-
mal transfer efficiency of the phosphor films.16 However,  the combination of
diamond with  bulk  crystal  progresses  sluggishly  due  to  the  size  limitations.
Although  nano/microstructural  engineering  in  Nd3+:  Al2O3 has been  demon-
strated  to  significantly  broaden  emission  bandwidths,17 the  design  of
microstructure  in  ceramics  might  be  invalid  for  single  crystal.  Recently,  the
rare  earth-doped  alkaline  earth  fluoride  crystals  have  aroused  significant
interests.  The  neodymium and yttrium co-doped fluoride  crystal  exhibits  an
ultrabroad  spectral  bandwidth  coupled  with  superior  thermal  conductivities,
which enables the generation of 103 fs pulses and laser amplification at 5 Hz
repetition  rate  respectively.18,19 In  fact,  the  rare  earth-doped fluorides  syner-
gistically  integrate  both  broad  spectral  bandwidth  and  exceptional  thermal
conductivity,  which  contribute  to  the  superior  laser  performance and render
the crystals promising candidates for generation of high-repetition-rate ultra-
fast  lasers.  Despite  six  decades  of  research,  the  fundamental  mechanisms
underlying the  coexistence  of  wide  emissions  and  high  thermal  conductivi-
ties in rare earth-doped fluorides remain unresolved, constituting a persistent
challenge in the fields. Though preliminary work attributed the broadening of
the spectrum to rare-earth ion clusters, the specific structure formed remains
undetermined.20 Unraveling  the  microscopic  structure  within  the  crystal  is  a
fundamental challenge that requires expeditious exploration.

In this work, the rare earth-doped fluoride crystals are investigated, and it is
found that  the crystals  containing abundant  anionic  defects  confined within
the  rare  earth  clusters  generate  a  unique  short-range  disordered  structure,
yet  preserving  a  macroscopically  long-range  ordered  crystalline  framework.
The positionally disordered anions result in broad emissions due to the inho-
mogeneous  effect.21,22 The  long-range  ordered  lattice  facilitates  efficient
phonon propagation,  leading to fast  thermal dissipation.23 The integration of
long-range order and short-range disorder creates a structural paradigm that
resolves  the  fundamental  conflict  between  high  thermal  conductivity  and
broad spectral  bandwidth  in  the  lattice,  enabling  excellent  and  comprehen-
sive  laser  performance.  The  first  experimental  observation  of  long-range
ordered  and  short-range  disordered  structure  removed  the  obstacle  that
persisted in the past six decades. The unique structure simultaneously opens
an  avenue  for  designing  new  high-repetition-rate  ultrafast  laser  materials,
which  is  highly  expected  to  drive  the  breakthroughs  in  high-repetition-rate
ultrafast laser technologies.

 MATERIALS AND METHODS
 Experimental section

Single  crystals  of  Ca1-0.006-yNd0.006YyF2+0.006+y (y  =  0,  0.02,  0.05,  0.08,  0.10,
0.26,  0.32),  Ca0.7Nd0.3F2.3 and  Sr1-xNdxF2+x (x  =  0.20,  0.30,  0.35,  0.40)  were
grown from the melt by the temperature gradient technique. Raw materials of
NdF3,  YF3,  CaF2,  SrF2 and  PbF2 with  a  purity  of  4N  were  stoichiometrically
weighted based on the stoichiometric ratios of the molar concentrations and
well-mixed in an agate mortar. The homogeneous mixture was loaded into a
graphite  crucible.  The  growth  process  was  in  a  vacuum  with  the  chamber
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pressure below 10−3 Pa.  Following the program in ref.  24,  the rate of  crystal
growth was 1.5 K/h. Then the growth process lasted for about ten days, after
which  the  furnace  underwent  gradual  cooling  to  room  temperature.  Finally,
the as-grown crystals were obtained.

 Near infrared absorption and emission spectra measurement
The crystals  in  seed part  of  the ingot  were cut  and prepared with dimen-

sions of  Φ11 × 2 mm3 for  the measurements.  The sample was double-face
polished  for  the  near  infrared  absorption  spectra  measurement,  which  is
executed at about 80 K. The Cary 5000 UV-Vis-NIR Spectrophotometer was
utilized  with  a  step  of  0.1  nm,  a  spectral  bandwidth  of  0.3  nm  and  a  dwell
time  of  0.5  s.  The  fluorescence  spectra  were  recorded  by  FLS1000  time-
resolved fluorimeter with a photomultiplier tube detector by liquid nitrogen.

 Thermal conductivity characterization

λ
ρ c α

The crystal was cut into 10 mm × 10 mm × 2 mm for specific heat capac-
ity measurement in the laser thermal conductivity meter LFA 467. A 3.5 mm ×
3.5 mm × 0.7 mm slice was then prepared for heat diffusion measurement in
High-Temperature  Specific  Heat  Tester  MHTC96.  Both  samples  were
subjected  to  experimental  determination  in  the  temperature  range  50 –
200°C.  Thermal  conductivity  ( )  was  determined  by  equation  (1)  based  on
the values of density ( ), heat capacity ( ) and the rate of heat diffusion ( ). 

λ = α×ρ×c (1)

 XRD and ICP-OES characterization
The crystal pieces were powdered and filtered with a 200-mesh sieve. The

sieved powders, which were collected at room temperature by Rigaku Ultima-
IV diffractometer (Japan), were used for the X-ray diffraction (XRD) measure-
ment.  The  scan  step  was  0.02°  and  Cu  Kα  radiation  was  adopted  as  the
beam. Data were collected in the range of 20 – 70° on 2θ scale. The powders
were also used to measure the actual concentrations by inductively coupled
plasma  optical  emission  spectroscopy  (ICP-OES).  Powders  with  more  than
5% rare  earth  concentrations  were  diluted  to  ensure  the  accuracy  since  the
ICP-OES is suitable for measuring low concentrations.

 NPD and XAFS spectra characterization
Neutron powder diffraction measurements were carried out on the energy-

resolved  neutron  imaging  instrument  (ERNI)  at  China  Spallation  Neutron
Source (CSNS).  For the neutron experiments,  the fine powder samples were
placed in the Ti-Zr (null-scattering alloy) containers with a diameter of 9 mm
and a height of 6 cm. The measurements were performed at room tempera-
ture.  The  NPD  data  were  analyzed  using  the  Rietveld  package  Z-Rietveld
software,25 aiming to best describe the peak profile yielded by different instru-
ments.

XAFS  spectra  were  collected  at  beamline  BL11B  and  BL14W1  which  is  a
wiggler-based  beamline  in  Shanghai  Synchrotron  Radiation  Facility.  The
measurement was carried out with a Si(111) double crystal monochromator
and  the  experiment  was  performed  at  room  temperature.  The  absorption
spectra  of  Nd  L3-edge  were  then  collected.  Spectra  data  from  Ca1-0.006-

yNd0.006YyF2+0.006+y crystals  were measured in  fluorescence mode while  other
samples with heavily doped concentrations were in transmission mode. The
measurements were repeated three times, and the analysis of raw data was
performed  using  ATHENA  and  ARTEMIS.26 Based on  the  extracted  polyhe-
drons, XANES spectra of Nd3+ L3-edge were calculated with the FEFF code.27

The  Hedin-Lundqvist  exchange-correlation  potentials  were  used.  The  core
hole states were treated with RPA screening. The calculated XANES spectra
were then used as the standard models in  the experimental  XANES spectra
fitting with the ATHENA code.

 RESULTS
First,  a  schematic  diagram  of  the  long-range  ordered  and  short-range

disordered  structure  was  elaborated.  Typically,  the  anionic  coordination
structure  surrounding  the  rare  earth  dopants  in  crystals  is  similar  to  the
lattice  structure  of  matrix,  resulting  in  sharp  emissions  and  high  thermal
conductivities.28-30 However,  the  inherent  long-range  structural  disorder  in
glass  materials  induces  continuous  variations  in  the  local  environments  of

rare earth,  which contributes to  broad emissions and poor  thermal  conduc-
tivities.31-33 While  for  rare  earth-doped  fluoride  crystal,  it  incorporates  the
merits of both crystals and glasses. As demonstrated in graphical abstract, a
large  number  of  interstitial  fluorine  atoms,  fluorine  vacancies  and  short
connected anions were observed to be localized within the rare earth clusters,
generating  a  short-range  disordered  anionic  structure.  Simultaneously,  both
the  anionic  framework  outside  cluster  regions  and  the  cationic  framework
remain highly ordered,  preserving a long-range ordered crystalline structure.
It  is  noted that  the  interstitial  fluorines,  short  connected anions and fluorine
vacancies  do  not  belong  to  one  specific  lattice  site.  Their  positions  are
randomly arranged around the rare earth ions. Consequently, the short-range
disorder can  be  described  as  positional  disorder.  Additionally,  through engi-
neering the long-range ordered and short-range disordered crystal structure,
we successfully made the laser crystal reconcile the conflicting requirements
of broad emissions and efficient thermal transportation.

In  order  to  illustrate  the  strategy  in  detail,  the  neodymium/yttrium  doped
calcium and strontium fluoride crystals were prepared. The X-ray diffraction
(XRD) patterns confirm that the diffraction lines are in agreement with those
of  pure  calcium  and  strontium  fluorite  crystals  (Figures  1A  & S1A).  Even  in
crystals  containing  high  dopant  concentrations  (32%  Y3+ in  CaF2 and  40%
Nd3+ in SrF2),  no impurity phases were detected. A remarkable feature of the
alkaline earth fluoride crystals is their ability to accommodate a large number
of trivalent rare earth ions without compromising the structure integrity.34 The
diffractions  of  (111)  and  (220)  were  fitted  additionally  using  the  single
Lorentzian  function.35 Well  agreement  between  the  fitted  and  experimental
lines  confirms  the  preservation  of  single  phase  fluorite  with  long-range
ordered structure across all samples (Figures 1B & S1B). Notably, the diffrac-
tion  peaks  of  Ca1-0.006-yNd0.006YyF2+0.006+y crystals  shift  to  the  left  as  the
concentration  rises,  whereas  almost  no  changes  occurred  in  Sr1-xNdxF2+x

crystals.  Since  the  ionic  radii  of  Nd3+ (0.111  nm)  and  Y3+ (0.102  nm)  are
slightly  smaller  than  that  of  Ca2+ (0.112  nm)  yet  much  smaller  than  that  of
Sr2+ (0.126  nm),36 it  is  difficult  to  have  a  reasonable  explanation  for  the
enlarged interplanar distances in CaF2, as well as the unchanged distances in
SrF2 in view of cationic radius.  In fact,  the interstitial  fluorine ions as charge
compensations  contribute  to  the  enlarged  sublattices,37 which  will  be
discussed further.

Though the anionic defects play a critical  role in generating the structural
disorder,  their  detailed  characteristics  remain  unclear.  Given  that  the  light
element  fluorine  is  less  sensitive  to  the  X-ray  detections,  we  referred  to  the
neutron powder diffraction (NPD) studies to better clarify the microstructure.
By Rietveld refinement on the diffraction data, detailed structural information,
such as  atomic  positions,  occupancy,  etc.,  especially  the  content  and  posi-
tion of fluorine, could be obtained. Figures 1C-J & S2 show the NPD patterns
collected  at  room  temperature  together  with  the  fitting  results.  The  sharp
diffraction  lines  also  suggest  the  preserved long-range ordered  fluorite  type
crystal  structure.  For  the  Rietveld  refinement,  the  space  group  Fm-3m  is
employed, with cations at 4a (0,0,0) site and lattice fluorine, which we refer to
as the 8c (0.25,0.25,0.25) site for the pure compound. By Rietveld analysis, we
confirm the  shortage  of  the  lattice  fluorine  content,  i.e.  the  fluorine  vacancy
(VF) at 8c site. To further determine the position of interstitial fluorine, which is
generated  by  the  trivalent  rare  earth  doping  in  the  lattice,  we  tried  different
refinement  models  with  extra  fluorine  located  at  24e  (x,0,0),  32f  (x,x,x),  48i
(0.5,y,y)  and  48h  (0,y,y).  The  refinements  show  that  the  interstitial  fluorine
tends  to  enter  the  32f  (F32f)  and  48i  (F48i) sites  of  the  lattice,  which  is  indi-
cated by a slightly improved fitting and decreased χ2 (Figure S3),  consistent
with  the  previous  reports.38,39 Fits  with  other  models  yield  either  negative
occupancy  values  or  positive  values  with  considerable  errors.  Besides  the
results mentioned above which mainly focus on the long-range ion ordering,
our  analysis  by neutron diffraction strongly indicates the presence of  short-
range  correlated  fluorine  (Fshort)  in  the  lattice.  The  theoretically  calculated
quantity  of  fluorine  to  maintain  the  electric  neutrality  of  the  lattice  was
obtained through neutron analysis. Additionally, the experimental results were
obtained  by  summing  up  the  quantities  of  fluorine  at  8c,  32f,  and  48i  sites
(Figure S4). The divergence between the theoretical and experimental quanti-
ties demonstrates the shortage of fluorine by considering only the long-range
ordering. Since the valence states of Ca/Sr and Y/Nd are fairly stable with +2
and +3, respectively, the shortage of the long-range fluorine implies that part
of fluorine ions locate at other positions without long-range ordering, i.e., with
probably  the  short-range  correlated  state,  which  will  be  discussed  further.
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The anionic  defects  obtained by refinements are  summarized in Figure  2.  It
shows that both the contents and occupancy of the defects increase as the
rare  earth  concentration  rises.  The  fluorine  defects  in  Ca0.7Nd0.3F2.3 were
compared  with  those  of  Ca1-0.006-yNd0.006YyF2+0.006+y crystal, and  show  rela-
tively  smaller  content,  occupancy  and  number  of  ions  at  the  same  doping
level. The results suggest that the rare earth ions could induce the formation
of  anionic  defects  in  the  fluorite  crystal,  with  a  higher  concentration  of  rare
earth ions leading to greater defect density.  It  should be noted here that the
nominal rare earth concentrations were used in the refinement. Since the real
concentrations  almost  linearly  correlate  with  the  doping  concentrations
(Figure S5), it is reasonable to use the nominal ones.

As is known, alkaline earth metal fluorides are in cubic fluorite structure. A
simple  cubic  anionic  sublattice  is  formed  as  framework,  and  the  cations
occupy  the  empty  anionic  sublattices  alternatively.  One  half  of  the  anionic
sublattices  are  empty.  When  trivalent  rare  earth  ion  substitutes  for  divalent
cation, the interstitial fluorine, occupying the empty anionic sublattice, is very
close  to  the  rare  earth  ions  as  charge  compensation.  Then  electric  dipoles
would be formed and they could be connected in head-to-tail style. The rare
earth clusters are therefore detected and it is found that they are easily clus-
tering in the crystal.40 It is the clusters that inevitably cause the generation of
interstitial  fluorine  and  lattice  fluorine  vacancies.41,42 According  to  previous
simulation results of rare earth clusters,43,44 the contents of VF, F32f and F48i in
neodymium and yttrium mixed clusters in calcium fluorite were extracted, as
well  as  the  contents  in  the  pure  neodymium  clusters  and  yttrium  clusters.
The yttrium concentration dependent contents of VF,  F32f and F48i in different
clusters  are  depicted  in Figure  3.  The  contents  of  VF in  2|0|2|21 and  3|0|1|31

clusters are the smallest and remain unchanged, while those in 3|0|2|41 and

4|0|2|41 increase  as  the  yttrium  concentration  rises.  The  contents  of  VF in
5|0|8|51 and 6|0|8|61 are the highest. Combined with the refinement results of
Figure  2A,  the  increased content  of  VF suggests  that  the  rare  earth  clusters
would evolve from dimers to higher order ones as the yttrium concentration
rises.  The  decreased contents  of  F32f (Figure  3B)  and increased contents  of
F48i (Figure  3C)  in  5|0|8|51 and  6|0|8|61 are  in  agreement  with  the  results  in
Figure 2B, which shows that the site occupancy of F48i increases faster than
that  of  F32f especially  in  high  doping  levels.  The  result  further  confirms  the
formation  of  higher  order  clusters.  It  should  be  noted  that  the  vacancies  in
the  clusters  are  primarily  caused  by  the  absence  or  displacement  of  lattice
fluoride  ions.  Meanwhile,  interstitial  fluoride  ions  mainly  consist  of  those
surrounding  rare-earth  ions  for  charge  compensation,  and  also  include  a
small fraction of lattice fluoride ions that have migrated away from their origi-
nal sites. The refinement results show that there is only one position value in
a sample due to the average effect (Figure S6A). However, as shown in Figure
4A, the simulated results clearly indicate that there exists a distance range for
the interstitial fluorine position, and the range becomes larger in higher order
clusters.  The wide range of position values increases the degree of disorder
in local area, approaching that of glass materials. It is noted that the contents
of  VF,  F32f and  F48i in Figure  3 are  relatively  small  in  the  clusters  without
yttrium  ions.  Consequently,  Ca0.7Nd0.3F2.3 crystal  exhibits  lower  defect
contents  compared  to  Ca1-0.006-yNd0.006YyF2+0.006+y crystal  with  y  equaling
to 0.3.

Besides  the  interstitial  fluorine  ions  and  lattice  fluorine  vacancies,  Fshort
was also uncovered from the simulated clusters (Figure 4B). Compared with
the interstitial fluorine ions, the relaxed distances of Fshort are small,45 which
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Figure 1.  Crystal structures of the crystal (A) XRD patterns of Ca1-0.006-yNd0.006YyF2+0.006+y crystals. (B) The single Lorentzian curve (dotted line) fitted diffraction peaks (111) and
(220). (C-J) NPD patterns together with the Rietveld refinement results of samples Ca1-0.006-yNd0.006YyF2+0.006+y and Ca0.7Nd0.3F2.3.
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means that they slightly deviate from the sites of lattice fluorine ions. In fact,
simulations of the clusters demonstrate that under the combined influence of
charge-compensating  interstitial  fluoride  ions  and  trivalent  rare-earth  ions,
lattice  fluoride  ions  are  irreversibly  displaced  from  their  original  sites.  A
subset  of  ions  covers  a  large  displacement  and  becomes  interstitial,  while
most  remain  close  to  their  original  sites  with  only  a  small  displacement,
resulting in a short-range and random distribution. And the number of Fshort
increases as the clusters evolve into higher order ones. The large number of
interstitial fluorine ions, short connected fluorine ions and fluorine vacancies
leads to a diffuse background in the NPD (Figure 4C). A broad bump located
around (d~ 2.2 Å) starts to emerge and gets stronger and stronger gradually
as the concentration rises. For neutron diffraction or X-ray diffraction, usually
a bump like that on the background implies sorts of short-range ordering in
the  lattice.46 We  consequently  deduce  the  presence  of  Fshort  in  the  lattice
(Figure  S7).  The  ionic  defects  in  neodymium  clusters  of  strontium  fluorite
were  also  investigated  (Figures  4D-F).  As  can  be  seen,  the  content  of  VF

increases when it varies from low to high order clusters. The results suggest
that more fluorine vacancies would be generated when more rare earth ions
were  introduced  into  the  lattice,  which  is  in  agreement  with  the  refinement
results of Figure 2C. It also shows the contents of F32f are higher than those
of  F48i in  the simulated neodymium clusters,  which contributes to  the larger
site occupancy of F32f in the crystal when doped with heavier concentrations
(Figure  2D).  Similarly,  the  positions  of  F32f and  F48i are  also  not  fixed  values
(insert of Figure 4E), as is the case with short range connected fluorine ions,
which  differs  from  the  refinement  results  (Figures  2E, 3F  & S6B).  Then,  a
diffuse background was observed in the NPD (insert of Figure 4F).

The anionic defects in the neutron diffraction were qualitatively consistent
with those of simulated rare earth clusters,  and the rare earth clusters were
found to evolve from low to high order structures. In this part, the synchrotron
X-ray absorption fine structure (XAFS),  which is sensitive to the microstruc-
tures  of  rare  earth  clusters,  was applied.  According to  the  simulated cluster
structures, the polyhedrons of 9CN (coordination number) cubic, 10CN cubic,
8CN  antiprism  and  9CN  antiprism,  as  representatives  of  cubic  and  square
antiprism  clusters,  were  extracted  (Figure  5D).43,44 Based  on  the  multi-scat-
tering theory and linear combination fitting method,27 X-ray absorption near-

edge structure (XANES) spectra of  the polyhedrons were calculated and the
experimental  lines  were  fitted  (Figures  5E-F  & S8).  The  fitting  results  are
depicted  in Figures  5A-B.  As  can  be  seen,  the  contents  of  low  order  cubic
sublattice centers decrease as the yttrium or neodymium concentration rises,
while  simultaneously,  the  contents  of  high  order  square  antiprism  clusters
increase  in  Ca1-0.006-yNd0.006YyF2+0.006+y and  Sr1-xNdxF2+x crystals. The  struc-
tural  evolutions  from  cubic  sublattice  to  square  antiprism  structure,  agree
well with the neutron diffraction refinement. The results strongly indicate that
the anionic defects are confined within the rare earth clusters. Interstitial fluo-
rine,  vacancies,  and short  connected fluorine  defects  within  the clusters  are
randomly distributed around rare earth ions. The random distribution leads to
severe  lattice  distortions  in  the  anion  lattice  confined  to  these  clusters,
thereby  forming  a  unique  structure  characterized  by  short-range  disorder
embedded within a long-range ordered framework.

To  further  confirm  the  random  positional  distribution  of  defects  such  as
fluorine  vacancies,  interstitial  fluorine,  and  short  connected  fluorine,  the
configurational  entropy  of  the  crystal  is  evaluated  based  on  the  neutron
diffraction refinement results (see Supplementary).47,48 As shown in Figure 5C,
the  configurational  entropy  increases  with  rising  rare  earth  concentration.
Notably,  a  high  entropy  state  of  1.5  R  is  obtained  even  under  single-ion
doping conditions, with yttrium concentrations reaching 26% and neodymium
levels  exceeding  30%  in  Ca1-0.006-yNd0.006YyF2+0.006+y and  Sr1-xNdxF2+x, respec-
tively.  Only  one  type  of  rare  earth  ion  induces  the  high  entropy  state.  Since
doping with individual rare earth ions induces the formation of defects such
as vacancies, short connected fluorine arrangements, and interstitial fluorine,
the random  distribution  of  the  defect  sites  generates  additional  configura-
tional  entropy.  Thus  it  is  the  rare  earth  induced  short-range  disordered
anionic lattice, that enables continuous tuning of configurational entropy. To
sum up,  doping with rare earth ions induces the formation of anion defects,
whose  randomly  distributed  positions  lead  the  crystal  to  achieve  a  high-
entropy  state,  which  is  consistent  with  the  previously  discussed  results.  In
fact,  not  only  fluorites,  but  also  alkali  halides  and  alkali-alkali  earth  halides
exhibit  numerous  anionic  defects  under  heterovalent  substitution,49,50 which
shows  a  prospect  to  regulate  the  configurational  entropy,  as  well  as  the
locally disordered structures.
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The short-range disordered structures not only contribute to high configu-
rational  entropy,  but  also  result  in  broad  emissions,  serving  as  a  critical
feature  for  the  generation  of  ultrafast  pulses.  The  near  infrared  absorption
and  emission  spectra,  which  serve  as  an  intuitive  demonstration,  were
measured and shown in Figures 6A-B & S9. As can be seen, the sharp peaks
at about 790 nm become flatter and less intense with the addition of yttrium
ions (black triangle in Figure 6A) when compared to the 4f → 4f sharp transi-
tions.  Concurrently,  a  significantly  new  broader  absorption  around  796  nm
appears, exhibiting increased intensity (dotted line in Figure 6A). The yttrium
concentration  dependent  absorption  intensity  agrees  well  with  the  XANES
analysis  in Figure  5A.  It  also  shows  that  when  the  yttrium  concentration
exceeds  8%,  the  absorptions  are  almost  identical  (Figure  6A  & S9A).  The
emission spectra of crystals doped with 10% and 32% yttrium are also nearly

the same. Similar phenomena were observed not only in calcium fluorites, but
also  in  strontium  fluorites  when  doped  with  more  than  10%  neodymium,
where the absorption spectra, as well as the emission spectra resemble one
another (Figure 6B & S9B). The emission spectra of the lightly doped crystal
are also almost the same as the crystal  doped with much lower concentra-
tions, 0.5% neodymium and  5% yttrium,  which  exhibit  large  emission  band-
widths. In fact, the emission bandwidth owing to Nd3+ ions at a single site is
only  0.8  nm,28 whereas  in  phosphate  glass,  where  Nd3+ ions  can  occupy
multiple sites, inhomogeneous broadening allows the bandwidth to reach 25
nm.  As  previously  mentioned,  Nd3+ ions  in  fluoride  crystals  induce  anion
defects  such  as  interstitial  fluorine,  fluorine  vacancies,  and  short  connected
fluorine  arrangements.  These  defect  sites  are  randomly  and  locally
distributed  around  the  Nd3+ ions,  forming  a  more  diverse  site  structure
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compared to that  in Nd-doped glasses,  which results in a broader emission
bandwidth  for  the  crystal  than  in  Nd-doped  glass.  The  lightly  doped  crystal
has a larger emission bandwidth,  and is comparable with that of Nd:glass.31

Interstitial  fluoride  ions  at  different  positions  form diverse  cluster  structures
with adjacent rare earth ions. When excited by light of single wavelength, the
emission  centers  with  various  configurations  produce  slightly  different
central wavelengths in their  emission spectra,  which macroscopically  mani-
fest  as  an  inhomogeneously  broadened  fluorescence  spectrum.  Therefore,
with increasing  doping  concentration,  the  broader  emission  bandwidth  indi-
cates  a  greater  diversity  of  cluster  structures  within  the  crystal.  The  results
indicate  that,  despite  differences  in  configurational  entropy  among  these
systems (Figure 5C), the degree of local structural disorder around the active
ions in such crystals remains relatively consistent.

Compared  with  the  heavy-doped  samples,  the  crystals  with  low  doping

concentration  show  similar  photoluminescence  bandwidths  and,  more
importantly, demonstrate superior thermal conductivities. As shown in Figure
6C, the thermal conductivity in calcium fluorite doped with 0.6% neodymium
and 2% yttrium decreases with increasing temperature, which demonstrates
a  characteristic  feature  of  crystalline  materials.  However,  when  the  yttrium
concentration  reaches  or  exceeds  10%,  the  thermal  conductivity  increases
with  temperature,  resembling  that  of  glass  materials.51,52 Rare  earth  doping
induces  defects  such  as  vacancies,  interstitial  fluorine  atoms,  and  short
connected  fluorines.  On  the  one  hand,  the  positions  of  these  defects  are
disordered, which strongly scatters phonons and significantly increases their
mean  free  path.  As  a  result,  the  thermal  conductivity  exhibits  a  glass-like
temperature  dependence  of  thermal  conductivity.53 On  the  other  hand,  the
anion  defects  disrupt  the  integrity  of  the  local  lattice.  The  propagation  of
lattice vibrational waves is blocked by rare earth ions or clusters, leading to a
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Figure 5.  Evolution  of  the  crystals (A,  B)  are  respectively  the  rare  earth  concentration  dependent  contents  of  cubic  sublattice  and  square  antiprism  structure  in  Ca1-0.006-

yNd0.006YyF2+0.006+y and  Sr1-xNdxF2+x.  (C)  The  concentration  dependent  configurational  entropy  of  the  fluorite  crystal.  (D)  The  polyhedron  models  for  theoretical  XANES  spectra
calculation. (E, F) The experimental XANES spectra and the fitting in Ca1-0.006-yNd0.006YyF2+0.006+y crystals. The 9CN cubic and 10CN cubic represent the cubic sublattice clusters,
and  their  coordination  numbers  are  9  and  10,  respectively.  The  8CN  antiprism  and  9CN  antiprism  represent  the  square  antiprism  structure  clusters,  and  their  coordination
numbers are 8 and 9, respectively.

  Inorganic Materials     ARTICLE

The Innovation Materials 4(3): 100217, July 22, 2026　　　  7



marked  decrease  in  thermal  conductivity  for  crystals  with  high  doping
concentrations.54 For  instance,  the  thermal  conductivity  of  a  crystal  doped
with 20% Y is notably lower than that of one doped with 10% Y. Such behav-
iors  were  detected  in  strontium  fluoride.  The  crystal  doped  with  1%
neodymium  exhibits  relatively  high  thermal  conductivity,  which  decreases
with increasing temperature. When the doping concentration reaches 10% or
higher, the thermal conductivity rises with increasing temperature. It is noted
that  for  crystals  doped  with  5%  yttrium  or  10%  neodymium,  the  thermal
conductivities change minimally with temperature, and remain approximately
constant.  Due  to  the  coupling  of  short-range  disordered  and  long-range
ordered  structures,  the  temperature  dependent  thermal  conductivity  first
decreases, then stabilizes, and eventually increases as the doping concentra-
tion  rises,  which  reflects  a  transition  from  crystal-like  to  glass-like  thermal
transport.  The characteristics further confirm that rare earth doping enables
the  generation  of  short-range  disordered  structures  in  the  ordered  fluoride
lattice, producing single crystals that exhibit glass-like characteristics.

The high thermal conductivities in light-doped crystals also facilitate easier
crystal growth. A strontium fluoride crystal doped with 0.5% neodymium and
5%  yttrium  was  first  prepared  in  large  size  (Figure  6D),  free  of  scattering
centers  and streaks.  The  emission  cross-section  was evaluated  to  be  5.5  ×
10−20 cm2 and  a  fluorescence  lifetime  of  365  µs,  which  is  comparable  to
commercial  Nd-doped  glasses.31 Although  the  thermal  conductivity  of  Nd-
doped  fluoride  crystals  is  lower  than  that  of  Nd:YAG,  Nd:YLF  and  Nd:YVO4

crystals, the Nd-doped fluoride crystals far exceeds these materials as shown
in Table 1. The bandwidth of Nd-doped fluoride crystals is comparable to that
of  Nd-doped  glass.  However,  the  thermal  conductivity  of  Nd-doped  fluoride
crystals  is  5.5  times  higher  than  that  of  Nd-doped  glass,  which  is  highly
conducive  for  high-repetition-rate  ultrafast  lasers.  Based  on  the  crystal,  the
laser  performance  was  subsequently  evaluated.  The  preamplification
schematic diagram is shown in Figure 6E. After injecting the seed pulse with
energy of around 1 nJ and pulse width of 5 ns into the regenerative amplifier,

the output performance at a repetition rate of 10 Hz was collected. As can be
seen in Figure 6F,  the output  energy increases as the pump power rises.  At
the  same  time,  however,  the  number  of  round  trips  decreases.  When  the
pump power  reaches  3  kW,  the  maximum energy  is  9.8  mJ.  The  horizontal
and vertical beam quality factors of output were 1.18 and 1.23, respectively.
Hence a laser output of 9.8 mJ at 10 Hz was finally achieved, which demon-
strates  a  successful  preliminary  preamplification.  Multi-stage  amplification
experiments  with  this  crystal  are  in  progress.  With  its  combination  of  wide
gain  bandwidth,  excellent  thermal  properties,  and  favorable  four-level  laser
system, the Nd-doped fluoride crystal is highly expected to support extremely
low-cost high repetition-rate high energy laser at room temperature directly.
Considering that the neodymium-doped fluorites can be grown in large size,
such  crystals  demonstrate  significant  potential  in  high-repetition-rate ultra-
fast laser technologies.

 DISCUSSIONS AND CONCLUSIONS
As a common laser gain material, the spectral and laser properties of rare-
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Table 1.  Comparison of  the  emission  bandwidth  and thermal  conductivity  at  room
temperature of the neodymium-doped laser materials.

Laser materials Bandwidth
(nm)

Thermal conductivity
(W·K−1·m−1) Reference

Nd:YAG 0.9 7.9 28,29

Nd:YVO4 1.1 5.1 57,58

Nd:YLF 1.4 6.0 59,60

Nd:glass 24 0.6 31,32

Nd,Y:SrF2 25 3.3 this work
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earth-doped fluoride crystal have been widely reported. Through the neutron
diffraction, simulations and XAFS spectra, it is determined that the rare earth
ions could induce numerous anionic defects,  such as vacancies,  interstitials
and Fshort in alkaline earth fluorides, while maintaining the fluorite type crys-
tal  structure.  These  anion  defects  are  localized  within  clusters,  forming  a
discrete  positional  distribution.  As  the  doping  concentration  is  further
increased, the content of anion defects rises, and consequently, the degree of
lattice  disorder  localized around the  rare  earth  ions also  increases,  which is
corroborated  by  calculations  of  the  configurational  entropy.  The  stochastic
arrangement  of  these  anion  defects  induces  the  formation  of  short-range
disordered structures.  Such crystals,  in which discrete distributions of anion
defects around rare earth ions form short-range disorder within a long-range
ordered lattice framework, are therefore referred to as glass-like crystals.

Doping  with  rare  earth  ions  induces  anionic  defects  in  fluoride  crystals,
which are  around rare  earth  ions.  These  exhibit  a  highly  variable  and disor-
dered positional  distribution.  The scale  of  this  local  structural  disorder  is  on
the sub-nanometer level, indicating that no secondary phase is formed within
the crystal, a result confirmed by XRD patterns (Figures 1 & S2)). Meanwhile,
both XRD and neutron diffraction results verify that macroscopic, long-range
ordered structure of the fluorite lattice is preserved. The combination of long-
range  order  and  short-range  disorder  structure  enables  rare-earth  fluoride
crystals to possess unique properties. On the one hand, anionic defects such
as  fluorine  vacancies,  interstitial  fluorine,  and  short  connected  fluorine
arrangements  maintain  the  system  in  a  high-entropy state,  wherein  signifi-
cant changes occur in the electrical,  mechanical,  and other properties of the
crystal. For example, the superionic conductive behavior of rare earth-doped
fluoride  crystals  is  strongly  correlated  with  the  type  and  content,55 and  rare
earth doping significantly alters the superplastic deformation of fluoride crys-
tals.56 On the other hand,  the locally disordered structures around the active
ions lead to inhomogeneous broadening of the 4f → 4f sharp transitions, and
broad absorptions and emissions were obtained,  which supports the opera-
tion  of  ultrafast  femtosecond  pulses.  Additionally,  the  long-range  ordered
lattice  facilitates  phonon  propagation,  enabling  rapid  heat  dissipation.  The
high thermal conductivity is therefore observed in the rare earth-doped fluo-
rite crystals, especially the light-doped ones. To sum up, the unique structure
not  only  affects  the  spectral  properties  and  thermal  conductivity  of  crystal,
but  also  holds  potential  for  regulating  other  characteristics,  such  as  ionic
conductivity and plastic deformation.

Through the engineering of short-range disordered and long-range ordered
structure,  broad  emissions  and  high  thermal  conductivities,  inherently
contradictory  features,  have  been  simultaneously  achieved  within  a  crystal.
Broad bandwidth supports ultrafast laser output and high thermal conductiv-
ity enables efficient dissipation of operational heat in lasers while promoting
scalable growth of bulk crystals. The availability of large-size crystals is very
crucial for  practical  applications.  It  is  the  modification  of  this  unique  struc-
ture  that  we  have  achieved  both  broad  band  emission  and  high  thermal
conductivity  simultaneously  within  the  single  crystal.  The  characteristic  not
only provides guidance for optimizing existing laser materials but also points
to new directions for designing multifunctional crystals in the future. It should
be  pointed  out  that  other  parameters  such  as  high  gain,  excellent  optical
uniformity, high laser-induced damage threshold, and stable thermomechan-
ical properties are also crucial for the implementation of gain media in high-
repetition-rate,  high-energy  laser  systems.  Consequently,  these  properties
will be a primary focus for future research and optimization.
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