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The first trivalent rare-earth iodate fluoride nonlinear optical (NLO) crystal, Y(IO3),F (YIF), was successfully
designed and synthesized, featuring polarization-favorable helical chains constructed from trans-YOgF,
polyhedra and |03 groups. It exhibited a suitable balance of a wide transparency range of 0.26-10.0 um,
high laser damage threshold (LDT) of 39.6 x AgGaS,, and moderate second harmonic generation (SHG)
effect of 2 x KDP. A series of doped RE:YIF (RE = Pr, Nd, Dy, Ho, Er, Tm, and Yb) crystals were easily
synthesized benefiting from the spring-shaped helix structure, which possess wide absorption and

emission peaks as well as long lifetime, especially in the visible and near-infrared regions. Particularly, the
Received 15th May 2020 kable fl ties of Nd and Yb doped YIF crystal ble to and even bett
Accepted 21st June 2020 remarkable fluorescence properties o an ope crystals are comparable to and even better
than those of traditional self-frequency doubling (SFD) crystals such as YAB, YCOB, and GdCOB. Thus,

DO 10.1035/d0sc02789h these RE-doped YIF crystals are promising laser SFD crystals. This work also indicated that constructing
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A laser self-frequency doubling (SFD) crystal is a type of excel-
lent multifunctional crystal, which has both the stimulated
emission function of a laser crystal and the second harmonic
generation (SHG) properties of a nonlinear optical (NLO)
crystal, so that it can achieve functions such as self-activation
and SFD." By using laser SFD crystals, all-solid-state lasers can
achieve advantages such as a small size and compact structure,
low cost, easy adjustability, high stability, and so on. Generally,
a laser SFD crystal is composed of a host crystal and one or more
types of active ions which mainly include trivalent lanthanide
rare-earth ions except those with a full-shell or semi-full-shell
(sc*, Y*', La*", Lu**, and Gd’") and some transition ions.?
However, only a few host crystals are practically available at
present, mainly including LiNbO; (LN), YAl;(BO;3); (YAB),
YCa,O(BO3); (YCOB), GdCa,O(BO3); (GACOB), etc.* Therefore,
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helical chains should be an effective strategy for the design of inorganic polar materials.

there is still an urgent demand to explore new laser NLO
multifunctional crystals.

A laser SFD host crystal must be a NLO crystal with a non-
centrosymmetric (NCS) or polar structure and easily doped with
active ions. However, it is known that minerals and synthetic
crystals tend to crystallize into centrosymmetric (CS) structures.
It is still of great technical interest but challenging to effectively
synthesize polar crystals.

To accelerate the discovery of new NLO materials, the
introduction of the largest electronegative element F into oxy-
salts such as borates, carbonates, nitrates, and phosphates has
been recognized as an effective strategy.’ Besides, F can usually
improve crystals' optical properties such as broadening the
band gaps and enlarging laser damage thresholds (LDTs). In
recent years, metal iodate fluorides have become a research
hotspot. Several metal iodate fluoride NLO crystals have been
reported, mainly including Bi(IO;)F,,” Bi;OF;(10;),,° ABi,(-
10;),F5 (A = K, Rb, Cs, NH,),” B-Ba[VFO,(I0;),],* o/B-Ba,[VO,-
F,(10;),]10;,°  o/B-Bay[GaF,(10,),](105),°  K5(W;00F,)(10;),*
CsVO,F(I03),"* Ce(10;),F,-H,0," Sn(10;),F,," etc. These metal
iodate fluoride NLO crystals generally exhibit a wide transparent
range covering the visible to mid-IR region, large SHG effects,
and a high laser damage threshold (LDT). Notably, a trivalent
rare-earth iodate fluoride has not been reported yet. Consid-
ering the varied and flexible coordination patterns of rare-earth
ions, and that crystals containing trivalent rare-earth ions are
often easily doped with other rare-earth active ions for excita-
tion luminescence, it is meaningful to explore the potential

This journal is © The Royal Society of Chemistry 2020
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trivalent rare-earth iodate fluoride photoelectric functional
materials.

In this study, we have successfully designed and synthesized
the first trivalent rare-earth iodate fluoride, Y(IO;),F (YIF),
which exhibited a good balance of a wide UV transmission
range, high LDT and relatively large SHG effect. In particular,
active ion doped RE:YIF (RE = Pr, Nd, Dy, Ho, Er, Tm, and Yb)
crystals were also synthesized easily, showing wide absorption
and emission peaks as well as long lifetime, especially in the
visible and near-infrared regions. Specifically, the remarkable
fluorescence properties of Nd and Yb doped YIF crystals are
superior to those of several popular commercial laser SFD
crystals such as YAB, YCOB, and GdCOB, indicating their
potential application as laser SFD crystals. Most importantly,
the novel helical structure will provide important guidance for
the design of polar inorganic NLO crystal materials. Herein, we
will report on the synthesis, crystal structure, and linear and
nonlinear optical properties of YIF, as well as the fluorescence
performance of RE doped YIF.

The YIF and RE-doped YIF crystals (Fig. 1a) were all synthe-
sized by a mild hydrothermal method at a temperature of
240 °C. As plotted in Fig. S1 in the ESI,{ powder X-ray diffraction
(XRD) analysis confirmed the purity of YIF and the structure-
nondestructive doping of RE doped YIF. The energy dispersive
X-ray spectroscopy (EDS) analysis confirmed the existence of Y,
I, O, and F elements in YIF (Fig. S27). The synthesized crystals
exhibited good chemical stability. Thermogravimetric analysis
(TGA) showed that the YIF was thermally stable up to about
380 °C (Fig. S31). The weight loss of 73.5% (cal. 72.9%) at
around 380-1100 °C is attributed to the release of 1,05, and the
final residue at 1100 °C was confirmed to be YOF by powder
XRD (Fig. S47).

YIF crystallizes in the hexagonal polar space group P65 (the
detailed crystallographic data are listed in Tables S1-S4 in the
ESIY), and it has one Y atom, one F atom, two I atoms, and six O
atoms in an asymmetric unit. The bond valence calculations**
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Fig.1 (a) Photographs of YIF and RE:YIF (RE = Pr, Nd, Dy, Ho, Er, Tm,
and Yb) crystals; (b) the crystal structure of YIF; (c) the YF(SO4) chain in
Y(SO4)F; (d) the YF(SeOs) chain in Y(SeOs)F; (e) the helical YF(IO3),
chain in YIF.
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revealed the valence states of 5.13 or 5.46 for I’ and 3.08 for Y**,
being consistent with their ideal valence. Unlike most reported
metal iodate fluorides or other Y-containing oxysalt fluorides,
the YIF features a novel spring-shaped one-dimensional (1D)
helical chains constructed from F-bridged trans-YOsF, poly-
hedra with I0; groups hung on (Fig. 1b and e). The bond
lengths of Y-O, Y-F, and I-O bonds are varied in the region of
2.33(2)-2.55(2), 2.14(2)-2.22(2), and 1.77(2)-1.84(2) A, respec-
tively. These 1D helical chains are further connected to each
other into a 3D structure by sharing I0;, and the dangling
bonds on I0; groups are therefore eliminated, which is favor-
able for the enlargement of the band gap. Benefitting from the
polarization-induction of the helical chains, the I0; groups
were configured to a polar arrangement. The local dipole
moment of an individual I0; group was calculated to be 14.62-
14.90 D (Debye), which is consistent with other iodates.>™* The x
and y components from the twelve I0; groups within one unit
cell cancel each other out completely, while the z components
add up to a net dipole moment of —3.13 D, indicating the
formation of a polar arrangement.

Notably, the helical structure has received extensive atten-
tion in the field of metal organic coordination chemistry but
rarely been mentioned in the field of inorganic NLO crystals.”
Therefore, it will be meaningful and interesting to study the
helical chain formation of YIF by comparing with Y(SO,)F
(Pnma),'® Y(SeOs)F (P24/c),"” and NaYF(PO,) (C2/m).*® All three
crystals possess YOgF, polyhedra and CS space groups. The
YO4F, polyhedra in NaYF(PO,) are cis which hinder the forma-
tion of single chains. As for Y(SO4)F and Y(SeO3)F, their trans-
YOgF, polyhedra promote the formation of single YF(SO,) and
YF(SeOs) chains. Unfortunately these chains are all centric
linear chains, instead of helical, which then induce SHG-groups
(SO, and SeOj3) packed with inversion centers (Fig. 1c and d). It
can be inferred that the ¢trans-YO4F, polyhedra, rather than the
cis-YOgF, polyhedra, are essential for the formation of single
chains. In YIF, the density of Y (6.78 x 10> A*) is much smaller
than those of Y(SO,)F (10.87 x 107> A®) and Y(SeOs)F (12.45 x
1072 A%). The lower density means that the space to be filled
between Y** is larger, and the formation of the helical chains are
conducive to tight filling. Meanwhile, the I0; groups with
a lower valence are more favorable to achieve the charge balance
of the framework with fewer positive charges but more lacunae.
The molar ratio of the SHG-groups to Y may be a simple but
effective parameter to guide the synthesis of polar crystals with
helical chains. Obviously, the value of the 10;/Y molar ratio in
YIF is 2, which is twice that of Y(SO,)F and Y(SeO3)F. Hence, we
deem that trans-YOgF, polyhedra, SHG-groups with a lower
valence, and a large molar ratio of SHG-groups to Y are all
positive factors for helical chain formation. This rule may be
applied to other cationic systems.

The polar structure of YIF prompted us to study its SHG
properties under 1064 nm laser radiation via the Kurtz-Perry
method." As shown in Fig. 2, the YIF exhibited a moderate SHG
response of 2.0 x KDP (particle size 150-212 pm) and a type-I
phase-matching behavior. Because the SHG response is
proportional to the square of the effective nonlinear coefficient,
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Fig. 2 The powder SHG measurements of YIF and KDP at 1064 nm.

the derived effective NLO coefficient for YIF is 0.55 pm V*
according to that of KDP (ds5 = 0.39 pm V™ 1).

The UV-vis-NIR diffuse reflectance and IR spectra showed
that YIF was transparent over a broad spectrum range from
about 0.26 to 10.0 um (Fig. S5 and S67), which covered the
important entire mid-infrared range of atmospheric windows
(3-5 um) and half of the thermal infrared atmospheric window
(8-13 pm). The experimental optical band gap of YIF was 3.91 eV
(Fig. S7t), which is not only much larger than that of the
commercialized IR NLO crystal AgGaS, (2.62 eV),* but also
comparable to those of outstanding Bi(IO;)F, (3.97 €V), Bi,-
OF;(10;), (3.7 eV), ABi,(I0;),F5 (A = K, Rb, Cs, NH,) (3.75-3.88
eV), K5(W300F4)(10;) (3.83 €V), B-Ba,[GaF,(10;),](105) (4.35 eV),
and Sn(I10;),F, (4.08 eV).

Because of the large optical band gap, YIF was inferred to
possess a large LDT. Therefore, a powder LDT measurement for
YIF was performed together with AgGasS, as a reference under
the same conditions (1064 nm, 10 ns, and 10 Hz). The results
showed that YIF indeed possessed a large LDT value of 87.61
MW cm™?, which is about 39.6 times that of AgGaS, (2.21 MW
cm ™ ?). It is noteworthy that this value is also larger than those of
o/B-Ba,[GaF4(I103),](I03) (29.7 and 28.3 x AgGas,, respectively),
despite their larger band gaps. Thus, we deem that both F and
helical chains may be conducive to improving the LDT.

First-principles calculations for YIF based on density func-
tional theory (DFT) were performed to elucidate the relationship
between the electronic structure and optical properties.*® The
calculated band gap was 3.50 eV (Fig. S87), inherently under-
estimated by the GGA-PBE functionals.*™ A scissor correction®
of 0.41 eV was adopted in the subsequent calculations of linear
and NLO properties. The partial densities of states (PDOS) of
YIF showed that the top of valence band (VB) was mainly
occupied by O-2p orbitals, and the bottom of conduction band
(CB) was mainly occupied by I-5p and O-2p orbitals (Fig. S9F). It
indicates that the electronic behavior in I0; groups dominates
the linear and NLO properties. According to the restriction of
Kleinman's symmetry, YIF has two nonzero independent SHG
coefficient tensors. The calculated values were d3; = —0.64 pm
V' and d;; = 2.04 pm V™! at 1064 nm (1.165 eV), respectively.
For compounds in the 6 point group, the effective tensor is ds;,
which is why our experimental value is consistent with the
smaller d;,. The SHG-weighted charge density analysis tool and
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the real-space atom-cutting technique were adopted to further
intuitively and quantificationally evaluate the SHG-contribution
of 10; groups and YOgF, polyhedra.” The SHG-weighted elec-
tron densities of the occupied and unoccupied states in the
virtual electron (VE) process have been calculated for the VE
process dominantly contributing to the overall SHG effects. As
shown in Fig. 3a, the SHG-weighted electron density of the
occupied states is mainly concentrated on O>". In the unoccu-
pied states (Fig. 3b), the orbitals on both 0>~ and I°* were the
major source of SHG-weighted electron densities. It means that
the I0; groups have made the dominant contribution to the
whole SHG effects. This is also confirmed by the real-space
atom-cutting technique (see Table S5), where the contribu-
tion of I0; groups (—0.83 pm V') to the SHG coefficient ds; was
very large, while the YO4F, polyhedra made a negligible negative
contribution (0.07 pm V~'). Besides, the birefringence was
calculated to be 0.041 at a wavelength of 1064 nm, which is large
enough for satisfy the phase-matching condition at 1064 nm.
And the atom-cutting result also exhibited the dominant
contribution of I0; groups to the birefringence.

A series of RE (RE = Pr, Nd, Dy, Ho, Er, Tm, and Yb) doped
YIF crystals were synthesized in order to confirm its great
potential for laser application. The synthesis process is quite
easy, which should be attributed to the high compatibility of the
spring-shaped helix structure with doped ions with different
ionic radii and concentrations. Fig. 4 shows the fluorescence
spectra of RE doped YIF crystals at room temperature. The
detailed spectral properties are shown in Table S6,1 including
the main absorption peak and width, the typical emission peak
and width, and the fluorescence lifetime. As demonstrated in
Fig. 4b and c, the full width at half maximum (FWHM) of
absorption and emission peaks for Dy:YIF was much wider than
that of the traditional laser crystal Y;Al;0;, (YAG)* and nearly
the same as that of the newly developed Na,Gd,(M00O,); (NGM)
crystal.”® And the Pr:YIF sample exhibited a very broad absorp-
tion and emission peak in comparison with commercial YLiF,
(YLF)** and YAIO; (YAP)” crystals. Besides, the fluorescence
lifetime for both Dy and Pr doped YIF were comparable to that
of the aforementioned crystals. Therefore, both Dy and Pr
doped YIF are very promising laser gain media in the visible
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Fig. 3 The SHG-weighted densities for (a) occupied and (b) unoccu-
pied electronic states in YIF.
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(a) Fluorescence spectra of RE (RE = Pr, Nd, Dy, Ho, Er, Tm, and Yb) doped YIF crystals at room temperature. (b)—(e) The comparison of the

full width at half maximum (FWHM) of absorption and emission peaks as well as fluorescence lifetime between RE (RE = Pr, Nd, Dy, and Yb) doped
YIF and other laser crystals (YAG, NGM, YLF, YAP, YAB, YCOB, and GdCOB).

range. As for the Nd:YIF sample (Fig. 4d), its fluorescence
properties far exceeded those of the well-known traditional self-
frequency-doubling crystals YAB, YCOB and GdCOB, including
much broader absorption and emission peaks as well as longer
lifetime.”® As plotted in Fig. 4e, the fluorescence properties of
Yb:YIF were nearly the same as those of Yb:YAB. Besides, the
NLO effect of YIF was close to those of the abovementioned
crystals (1.1-1.3 pm V~').>° Therefore, it can be inferred that
both Nd and Yb doped crystals would be new remarkable SFD
crystals in the near-infrared region. With regard to the samples
doped with Er, Tm and Ho, one can see the significant feature of
broadening absorption and emission peaks, which should be
attributed to the varied and flexible coordination patterns of
rare earth ions in RE:YIF. In brief, from the viewpoint of fluo-
rescence, YIF is an excellent laser SFD host crystal particularly
in the field of the Dy and Pr activated visible region as well as Nd
and Yb activated near-infrared region.

Conclusions

In conclusion, via the introduction of F~, we successfully ob-
tained the first trivalent rare-earth iodate fluoride nonlinear
optical (NLO) crystal Y(I0;),F (YIF). It featured unusual helical
chains constructed from trans-YO4F, polyhedra and 103 groups,
which are favorable for polar arrangement of the 105 groups.
Apart from the suitable balance of a wide transparency range of
0.26-10.0 um, high laser damage threshold (LDT) of 39.6 x
AgGaS,, and moderate second harmonic generation (SHG)
effect of 2 x KDP, YIF showed great potential as a laser self-
frequency doubling (SFD) host crystal. Benefiting from the
spring-shaped helix structure, a series of doped RE:YIF (RE =
Pr, Nd, Dy, Ho, Er, Tm, and Yb) crystals were easily synthesized,
which possessed wide absorption and emission peaks as well as
long lifetime, especially in the visible and near-infrared regions.
Particularly, compared with those famous laser and SFD crystals
including YAG, NGM, YLF, and YAP as well as YAB, YCOB, and
GdCOB, the Dy, Pr, Nd and Yb doped YIF all exhibited more

This journal is © The Royal Society of Chemistry 2020

remarkable and comparable fluorescence properties. Hence, it
can be concluded that YIF is a promising NLO and SFD host
multifunctional crystal. Besides, constructing helical chains
should be an effective strategy for the design of inorganic polar
materials.
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