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Breakdown of Crystallographic Site Symmetry in Lanthanide-Doped

NaYF, Crystals**

Datao Tu, Yongsheng Liu, Haomiao Zhu, Renfu Li, Ligin Liu, and Xueyuan Chen*

Trivalent lanthanide ions (Ln*") are well-known for their
luminescent properties and have been utilized for decades in
television sets and fluorescent lights. More recently, Ln**-
doped inorganic nanoparticles, emerging as a new class of
bioprobes, have attracted revived interest for their promising
applications in bioimaging and biosensing owing to their
superior features such as intense, long-lived, and multicolor
emissions.) The optical transitions of Ln*" are sensitive to
their local coordination, and the emission intensity of Ln’*'-
based compounds strongly depends on the crystal structure
and crystal-field (CF) surroundings around Ln**.”! Therefore,
Ln*" ions are often used as probe to analyze the local
structure of cations in luminescent materials.’) However, for
one family of inorganic crystals with disordered structures,
such as molybdates and tungstates in which two or more
cations statistically occupy the same lattice site, the symmetry
of spectroscopic sites for the dopant Ln** ions was observed
to deviate from that of crystallographic sites.! Because the
microscopic model of such structural disorder is established
from a least-squares fitting of single-crystal X-ray diffraction
(XRD) data by standard crystallography analysis, which takes
into account those cations randomly occupying the same
lattice site as a virtual “average” ion with their respective
probabilities, the actual local symmetry of the dopant in the
disorder site can not be revealed from the crystallographic
data.”! To date, only one report has attempted to resolve the
apparent symmetry distortion between the crystallographic
sites and spectroscopic sites by diffuse X-ray scattering.”!
Unfortunately, the mechanism behind this breakdown of
crystallographic site symmetry in an average structure
remains essentially untouched. Nowadays, disordered crystals
with distinct optical properties are widely used as host
materials for lighting and displays, lasers, or bioassays. An
unambiguous spectroscopic revelation of local site symmetry
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breakdown in this huge family of crystals is crucial to
optimizing their optical performance for further applications.

Among various host materials with disordered structures,
inorganic fluorides AREF, (A =alkali metal, RE =rare-
earth metal), are excellent hosts for Ln*" doping owing to
their low phonon frequencies and high chemical stability.!
Although Yb*/Er** (or Yb**/Tm’") co-doped cubic (a) or
hexagonal () phase NaYF, phosphors are regarded as the
most efficient near-infrared-to-visible upconversion (UC)
materials,”! the spectroscopic or crystallographic site of Ln**
in NaYF,, particularly in -NaYF,, has received much debate,
and two different symmetries have been proposed from
previous optical studies.”® The structure of f-NaLnF, was
first investigated in 1965; 3-NaNdF, has the space group P6
with two kinds of Nd*" sites in the lattice, while f-NaYF, has
P6,/m, and contains only one kind of Y** with a crystallo-
graphic site symmetry of C,,.® Since then, this pioneering
work has been extensively cited for the description of the {3-
NaYF, structure, among which quite a few researchers
confused the structure of B-NaNdF, with (-NaYF, they
synthesized and unintentionally regarded P6 as the space
group of B-NaYF,.>”) On the other hand, it has been argued
that the space group for B-NaYF, was P6 at near ambient
pressures and P6;/m only at high pressures above 20 GPa
through high-pressure crystal structure analysis in 2002.1"
However, according to the structural parameters of P6 for p-
NaYF,, the derived mean bond length of Y1-F, which was
anomalously larger than that of Y2/Na-F, thus remains
suspicious from the crystallographic point of view. The
space group was recently confirmed as P6;/m and only one
Y site (Cs,) is partially occupied by Na in non-stoichiometric
B-NaYF, powders.*™) As Eu’* ions are usually employed as an
excellent optical probe to decipher the coordination environ-
ment around the substituted cations in the crystalline
lattice,® we anticipate that the above controversy over the
local site symmetry of emitters in NaYF, can be resolved from
the high-resolution spectra of doped Eu*" ions.

Both a- and B-NaYF, are disordered crystals in which Na*
and Y*" ions are randomly distributed over the same lattice
site.'¥! Once the probe ions (Eu**) are doped into such
disordered crystals to substitute for Y**, the coordination
environment around the dopant will unavoidably be changed
because of the mismatch of ionic radius between Eu®*
(0.95 A) and Y** (0.89 A).P As a result, the real symmetry
of spectroscopic sites of Eu’" may differ drastically from that
of crystallographic sites of Y*". Previous reports on the low-
temperature spectra of f-NaYF,:Eu*" observed the possible
multiple Eu’" sites based on the presence of more transitions
of Eu’* than theoretically expected."'! However, these
formerly investigated samples generally suffered from impur-
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ities of cubic NaYF, or YOE.® No effort has been made to
perform the CF analysis and thus to reveal the crystallo-
graphic site symmetry breaking of Eu** in NaYF, phosphors.
The origin of symmetry distortion between the crystallo-
graphic and spectroscopic sites in disordered hosts remains
a challenge.

Herein, the local structure and site symmetry of Eu’" in
disordered NaYF, crystals are investigated in detail based on
high-resolution excitation and emission spectra at low tem-
perature. The CF parameters of Eu’" in both a- and f-NaYF,
phosphors are determined for the first time to verify the local
site symmetry breakdown from crystallographic O,, or Cs,.
Furthermore, such a breakdown of crystallographic site
symmetry is also found in other Ln*'-doped disordered
crystals, such as KGdF, and KYF,.

High-quality a- and f-NaYF,:Eu*" crystals were synthe-
sized by a facile hydrothermal method.®) SEM images show
that the as-prepared a-NaYF,:Eu** samples are spherical
particles with a diameter of about 350 nm, and the f3-
NaYF,:Eu** samples are submicrometer rods with an average
size of 300 nm in diameter and 700 nm in length (Supporting
Information, Figure S1). As the chemical valence of Eu*" is
the same as that of Y>*, and the ionic radius of Eu®* is close to
that of Y**,*! Eu’* can be easily doped into the Y lattice of
NaYF,. Composition analyses by the energy dispersive X-ray
(EDX) spectrum confirm the presence of Na, Y, F, and doped
Eu elements in both a- and $-NaYF, phosphors (Supporting
Information, Figure S1). The XRD peaks of a-NaYF,:Eu*"
can be assigned to pure cubic NaYF, (JCPDS No. 77-2042,
Fm3m), while all the diffraction peaks of B-NaYF,:Eu’" can
be indexed to hexagonal NaYF, without any other impurity
phases (Supporting Information, Figure S2). The space group
of hexagonal NaYF, was controversially given as either P6;/m
or P6, which can not be easily distinguished from the XRD
data owing to the tiny difference in their patterns (namely,
presence of very weak intensity for the (001) reflection at
20 =25.4° for P6).>*

Figure 1 illustrates the doping-induced breakdown of
crystallographic site symmetry for Eu*" in a- and B-NaYF,
crystals (the positional parameters of a-NaYF, and $-NaYF,
with space groups of Fm3m and P6,/m (or P6) are listed in the
Supporting Information, Table S1). The average structure of
a-NaYF, from single-crystal XRD data is a derivative CaF,
fluorite type with the Ca®" site (4a) randomly occupied by 1/2
Na™ and 1/2 Y*': the nearest-neighboring ions around Y*" on
site 4a are 8 F~, and the second-nearest-neighboring ions are 6
Na* and 6 Y*"."¢ The crystallographic symmetry for Y** ions
on site 4a is O, (Figure 1a). When Eu®" ions are doped in the
Y lattice of a-NaYF,, in view of the larger ionic radius of Eu*"
relative to that of Y*", the bond length of Eu-F is supposed to
be longer than that of Y-F, which thus perturbs the coordi-
nation shell around site 4a originally statistically distributed
by Y*' and Na'. Accordingly, the displacement patterns of
various Y/Na combinations in the second coordination shell
around each subset of Eu could be slightly different. Based on
the microscopic model of disorder,? the local site symmetry
of each subset of Eu*" will be reduced from O, to lower
symmetry, such as C,, C,, or even C;. Particularly, if the second
coordination shell with Y/Na on site 4a around one subset of
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Figure 1. Illustration showing the breakdown of crystallographic site
symmetry of Eu*" in a) a-NaYF, and b) B-NaYF, crystals. Induced by
Ln**-doping for the disordered Y/Na site, the original crystallographic
site symmetries of O, in (a) and G, in (b) are distorted to C, and C,,
respectively.

Eu’" is displaced as shown in the right of Figure 1a, the local
site symmetry for the Eu®" subset will be exactly C,. For p-
NaYF,, as there is only one Y site observed (as will be
revealed by our spectroscopic evidence later), it is reasonable
to assume that the space group for 3-NaYF, is P6;/m, instead
of P6 with two kind of crystallographic sites for Y>*.
According to single-crystal XRD data, there are two types
of cationic sites in a unit cell for the space group of P6;/m: one
nine-fold coordinated site occupied randomly by Na* and Y**
(site 2c, symmetry of Cj,), which is coordinated by nine
nearest-neighboring F~ ions in the shape of a tricapped
trigonal prism and 2Na™ and 6 Y*' in the second-nearest-
neighboring shell,['® another six-fold coordinated site is
occupied by Na* and vacancies (site 2b; Figure 1b, left).
When Eu’" ions are doped, for the same reason mentioned
above for a-NaYF,, the local site symmetry of all Eu*" subsets
will descend from Cj, to lower symmetries, such as C,, C;, or
C,, depending on the displacement pattern of Y/Na on site 2¢c
in the second coordination shell around each subset of Eu. If
Y/Na on site 2c around one subset of Eu*" are displaced as
shown in the right of Figure 1b, the local site symmetry for
this subset of Eu®" will be exactly C,.

To probe the practical local structure around Ln*" dopants
in both a- and -NaYF,, we measured the high-resolution
photoluminescence (PL) spectra of NaYF,:Eu’" samples.
Emission and excitation spectra and PL decays were recorded
at low temperature (10 K) to avoid the thermal broadening of
spectral bands at room temperature.l'”! Figure 2 shows the PL
spectra of Eu*" in B- and a-NaYF, at 10 K, which enables
a detailed assignment of the CF transition lines of Eu**. Total
numbers of 1, 3, and 5 CF transition lines from *D, to 'F,, 'F,,
and 'F, were observed in the emission spectrum of f-
NaYF,:Eu’" upon excitation at 393 nm (Figure 2a), indicat-
ing a complete lifting of degeneracy of 'F; at a rather low site
symmetry. To make sure whether all these lines arose from the
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Figure 2. a) 10 K PL emission spectra of Eu*" in 3-NaYF, (upper) and
theoretically allowed transition lines at a G, site (lower). b) 10 K PL
emission spectra of Eu’" in a-NaYF, (upper) and theoretically allowed
transition lines at an O, site (lower). In (a) and (b), the inset shows an
enlargement of the °D,—F, transition; the crystal-field transition lines
from °Dy to ’Fy, ’F, and ’F, are marked by asterisks, and the emission
peaks at about 585 nm owing to the *D,—F, transition are marked by
circles. c) 10 K PL excitation spectra (upper: a-NaYF,:Eu*", lower: f-
NaYF,:Eu’") and d) decay curves of Eu*" in a- (4) and B-NaYF,:Eu*"
crystals (0) by monitoring the characteristic emission of *°D,—’F, of
Eu’". Line in (d): fit to the data.

same site, site-selective excitation spectra were measured by
monitoring the three peaks of SD,—’F, at 594.3, 592.1, and
590.2nm. All of these excitation spectra are coincident
(Supporting Information, Figure S3), which indicates that
the luminescence originated from Eu*" occupying the same
kind of spectroscopic site, and verifies that the space group for
B-NaYF, rods could be P6,/m. In this structure model, Eu**
ions replacing Y*" should be ideally located at a crystallo-
graphic site with symmetry of C;;, in theory. If the doped Eu*"
ions remained with such a C;, symmetry, the °D,—’F,
emissions would be strictly forbidden, and the number of
’D,—’F,, emission lines would be 2 and 1, respectively
(Figure 2a, lower).!"®! However, the appearance of the *D,—
’F, transition in Figure 2a infers that the site symmetry of
Eu’" in B-NaYF, should be restricted to C,, C,,, or C,, (n=1,2,
3, 4, 6). According to the branching rules (Supporting
Information, Figure S4) and transition selection rules of the
32 point groups (Supporting Information, Table S2),! the
highest site symmetry of Eu', distorted from Cj, is deduced
to be C, based on the above spectroscopic evidence.
Similarly, for a-NaYF,, Eu*" ions substituting Y*" ions
would ideally possess a crystallographic site with point-group
symmetry of O,. In principle, the *Dy—'F,,, emissions that
are of forced electric-dipole nature should be strictly for-
bidden, and only the magnetic-dipole transition of D,—’F,
would be allowed and thus be observed in the PL spectrum of
Eu*" (Figure 2b, lower)."® However, the integrated PL
intensity of the *Dy—F, transition was found comparable to
that of *D,—'F,, which unambiguously supports that local
Eu’" ions occupy a much lower site symmetry than O,. The
numbers of CF transition lines from *Dj to 'F,, ’F;, and ’F, are
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1, 3, and 5, respectively (Figure 2b). Therefore, the highest
site symmetry of Eu*", distorted from O,, should be C; or C,,
according to the branching rules and transition selection rules
of the 32 point groups. Breakdown of crystallographic site
symmetry from O, to C; or C, was also observed in cubic
KLaF, and KGdF, nanocrystals with the same -crystal
structure (Supporting Information, Figure S5).

The PL decays were measured by monitoring the charac-
teristic emission of Eu*" (Figure 2d). Both PL decay profiles
show single exponential form, and the PL lifetimes of *D,
were determined to be 10.27 and 7.78 ms at 10 K for Eu*" in a-
and B-NaYF,, respectively. Such single-exponential decay
behavior also indicates the nearly homogeneous CF environ-
ment around Ln** in the single lattice sites.!” The observed
PL lifetime of the excited states of Eu*" is the reciprocal of the
total transition rate that consists of both nonradiative and
radiative transition rates.*! The nonradiative part depends
basically on the maximum phonon energy of the host, while
the radiative part is sensitive to the local site symmetry owing
to forced electric-dipole transitions in noncentrosymmetric
site.®*! By using the integrated PL intensity of *Dy—F, as
the internal reference, the radiative lifetimes of *D, were
calculated to be 11.31 and 6.57 ms from the emission spectra
of a- and B-NaYF,, respectively, which are consistent with
their observed values. This further confirms that the decay of
D, occurs mainly by a radiative process. In this sense, the PL
lifetime of D, also depends on the structural information
such as distortion of ligand environment and site symmetry.
The theoretical radiative lifetime of D, would be 22.39 ms
and much longer than the observed if we assumed Eu** in a-
NaYF, with exact crystallographic site symmetry of O, in
which only the magnetic-dipole transition of °Dy—’F; is
allowed. Likewise, for Eu*" ions in Cs,NaYF, with site
symmetry of O,, the PL lifetime of D, was observed to be
15.0 ms,*7 which is markedly longer than that of Eu** in a-
NaYF,. These site-symmetry-dependent decay behaviors
further show that Eu*" ions in a-NaYF, occupy a site with
lower symmetry than crystallographic site symmetry of O,.

The breakdown from crystallographic site symmetry will
significantly affect the spectral line-width of Ln*". A typical
optical spectrum of Eu*" in ordered crystals (such as In,O;
and Gd,0;) usually exhibits remarkably sharp and well-
resolved peaks with a full-width at half-maximum (FWHM)
typically in the range of 0.1-0.5 nm, which is consistent with
the fact that Eu*" ions occupy well-defined locations in the
lattice."! By contrast, owing to the minute structural dis-
tortion mentioned above, a locally variable CF surrounding
around the dopant will happen in disordered crystals, which
imposes a slightly different CF on each subset of Eu** ions. An
average CF environment for whole set of Eu*" ions is often
experimentally defined because of the indiscernibility of the
Eu subsets, even with the aid of state-of-the-art spectroscopic
equipments. As a consequence, the linewidths of the elec-
tronic transitions for Ln*" are usually inhomogeneously
broadened relative to that in ordered crystals.*>'”’ As shown
in Figure 2a,b, the emission lines are broad for Eu*" in a- and
B-NaYF, phosphors even at 10 K, with average FWHMs of
3.2 and 1.8 nm, respectively. amplified the emission peak of
the *Dy—’F, transition in a-NaYF,:Eu®" in Figure 3. The

Angew. Chem. Int. Ed. 2013, 52, 11281133


http://www.angewandte.org

17300p +——7— -

17280}°D -
17260 -

Alnm

5000 -

Energy / cm™

olF, Y VY

3
Eu*

Y

00 6.1I 02 03

—_—

Figure 3. lllustration showing an overall inhomogeneous line broad-
ening of the *D,—’F, transition owing to spectral superimposition
from different subsets of Eu*" ions in a-NaYF, as a result of crystallo-
graphic site-symmetry breakdown.

typical FWHM of this 0-0 transition line is about 0.1 nm in
ordered crystals;'®! however, it is markedly broadened to
about 1.3 nm in a-NaYF,. Such a line broadening is illustrated
by the energy level diagram in Figure 3:in a-NaYF,:Eu’", the
second-nearest-neighboring ions around Eu*", 6 Na® and 6
Y?*, are randomly distributed over the same lattice site 4a
(Figure 1a), which could exert slightly different CF on each
subset of Eu®" dopants. Accordingly, the exact energy level
position of *Dj relative to 'F, differs slightly for each subset of
Eu*" ion with different CF surroundings. Such a level broad-
ening will eventually lead to the closely lying emission lines of
’D,—'F, at slightly different transition wavelengths; that is,
an overall inhomogeneous line broadening of the 0-0
transition.

To further verify the spectroscopic site symmetry of Eu**
in a- and B-NaYF,, energy level fitting of Eu** was carried out
based on meticulous energy level assignments from the
excitation and emission spectra at 10-300 K. A total of 48
and 58 CF levels of Eu’" in a- and f-NaYF, were identified,
respectively, which span an energy range of 0-36000 cm ' and
belong to 38 multiplets of the 4f° configuration of Eu®"
(Supporting Information, Tables S3,S4). The energy level
fitting was performed by assuming the site symmetry of C; for
both a- and f-NaYF,, using f-shell empirical programs.!'® The
free-ion (FI) parameters of LaF;:Eu** " and CF parameters
of Gd,05:Eu’* 1% were used as starting values for fitting. All
of the independent CF parameters except Bt are complex
with real and imaginary parts denoted by ReB, and ImBy,
because of the low site symmetry of Eu’". By means of the
parametrization of an effective operator Hamiltonian includ-
ing freely varied 16FI and 14 CF parameters, energy-level
fitting yielded root-mean-square deviations of 13.5 and
13.8 cm™ for a- and B-NaYF,, respectively. The CF strength
of Eu*' ions in a- and B-NaYF, was calculated to be 566 and
385 cm™!, respectively, according to Chang’s definition.*"!
Usually a lower site symmetry occupied by Ln*" ions in the
host will result in a larger CF strength."! The observed CF
strength of Eu*" in NaYF, is relatively large as compared to
those halide crystals reported with higher site symmetries of
Eu** (Supporting Information, Table S5),! which justifies
the low site symmetry of Eu*" in - and f-NaYF,. The optimal
FI and CF parameters in the final fit were listed in the Table 1
and the Supporting Information, Table S6, and the fitted
energy levels were compared with experimental values
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Table 1: CF parameters of Eu’™ in a- and B-NaYF, crystals [cm™'].F!

Parameter o-NaYF,  [(-NaYF, Parameter o-NaYF, B-NaYF,
B: 271(46) 160(43) B§ 564(93) 730(108)
B 321(26) —347(24) ReBS 512(71)  —47(119)
B} 406(63) —415(65) ImBS —208(129)  432(77)
ReB; —27(85) 304(60) ReBS 110(88)  —65(121)
ImBj 394(72)  415(61) ImBS 179(135)  393(89)
ReB; 1447(83) 132(99) ReB¢ 989(350) —304(441)
ImB; —237(302)  248(70) ImB¢ —988(274) 1104(128)

[a] Values in parentheses are errors in the indicated parameters that were
freely varied in the fit.

(Supporting Information, Tables S3 and S4). Most fitted
energy levels of Eu*" in a- and B-NaYF, shift within a range
from 0 to 30 cm . Such small standard deviations show a very
satisfying agreement between the calculated and observed
levels, which thus verify the rationality of the Cg symmetry
assignment of Eu®" and directly supports the breakdown of
crystallographic site symmetry in o- and B-NaYF,:Eu**
phosphors. Both sets of reliable CF parameters are deter-
mined for the first time, which can be used as an important
reference to deduce CF and local structures of other Ln*" ions
in NaYF, phosphors.

To ascertain whether the spectroscopic site symmetry
changes with the dopant concentration, a- and B-NaYF,
samples doped with various concentration of Eu*t (0.5, 5,
and 20 mol %) were synthesized. The line positions in RT
emission and excitation spectra of all of the samples are
identical and independent of the Eu** concentration, which
consist of the fingerprint peaks originating from the same
Eu** site (Figure 4; Supporting Information, Figure S6). This
observation clearly demonstrates that the spectroscopic site
symmetry of Eu>" does not change with the dopant concen-
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3r wuout e i ‘;e
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Figure 4. a) Excitation and b) emission spectra of a-NaYF,:Eu*" crys-
tals (0.5, 5, and 20 mol %) at RT.
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tration in either a- or f-NaYF,, in view of their unaltered CF
splittings. Note that the intensity ratio of the D, —'F; (/=
0,1,2,3,4) to that of Dy—’F; (/=0,1,2,3,4) decreases mark-
edly with the Eu’" concentration in the RT emission spectra
(Figure 4). This phenomenon is caused by the cross relaxa-
tions between adjacent Eu®" ions that depend critically on the
distance between two Eu** emitters.”!! The *D,—F, transi-
tion at 578.6 nm appears even at RT, indicating an acentric
site symmetry of Eu** in all cubic samples® which is
consistent with the observations at 10 K.

The effect of the Eu*" concentration on the PL lifetime of
D, of Eu*" in B-NaYF, was further studied by monitoring the
dominant emission of Eu*" (Supporting Information, Fig-
ure S7). The PL decays from °D, of Eu’" at low concen-
trations (0.5 and 5 mol % ) show a noticeable rising edge at the
initial stage and a single-exponential decay in the tail when
excited to the higher energy level (°Lg). The rise times for
these two samples were determined to be 2.58 and 1.13 ms,
respectively, by fitting the rising edge of the decay curves
(Supporting Information, Figure S7, inset). Furthermore, the
PL lifetimes of °D, for these two samples were measured to be
3.27 and 1.51 ms (Supporting Information, Figure S8), respec-
tively, which essentially agree well with those of the rise times.
These results reveal that the population of *D, was most likely
due to the nonradiative relaxation from °D; and higher
excited states. As such, the rise time will decrease with
increasing Eu’" concentration owing to enhanced cross
relaxations between adjacent Eu®" ions. In fact, no rising
edge was observed in the PL decay of D, at the Eu*"
concentration of 20 mol %. The intrinsic PL lifetime of *D,
level can be determined to be 7.98, 7.32, and 6.96 ms from the
tail of corresponding decays with increasing Eu’" concen-
tration (0.5, 5, and 20 mol % ). The single-exponential decays
at various Eu*" concentrations confirm the existence of only
single spectroscopic site of Eu*’. The slightly shorter PL
lifetime of Eu®" observed at RT is attributed to an increase in
nonradiative transition rate with the temperature that leads to
an increase in total transition rate.”*”

In summary, single-crystal XRD indicates that Y*' ions
are located at the high-symmetry crystallographic site in
disordered o- and $-NaYF, crystals, and it is often assumed
that the doped Eu’" ions occupy the site of Y** with identical
crystallographic point group symmetry because of their same
charge and similar ionic radii. However, high-resolution PL
spectroscopy by employing Eu*" as the structural probe has
revealed that the highest spectroscopic site symmetries of
Eu’" descend from crystallographic O, to C, (or C,) in a-
NaYF,, and from crystallographic C;, to C, in B-NaYF,,
respectively. The breakdown of crystallographic site symme-
try in such disordered crystals, independent of the dopant
concentration, has been further confirmed by the crystal-field
level fitting, which yielded a very small standard deviation
from the experiments. The spectral linewidth of emitters in
disordered sites is broadened owing to spectral superimposi-
tion from different subsets of dopants. A similar breakdown
of crystallographic site symmetry can be observed in other
disordered crystals, such as cubic KLaF, and KGdF,. A
comprehensive understanding the photoactive site symmetry
breakdown and the actual CF around lanthanides in this huge
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family of crystals is of vital importance for their further
applications in the fields of luminescent bioassays, lighting,
and displays.
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