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The local atomic environment of Yb*" ions doped into Yb:Er:SrFCl, Yb:Er:SrFBr, and Yb:Er:BaFCl nanocrystals was probed
using Yb L2 edge EXAFS spectroscopy. A structural model derived from substitution of Yb>" for Sr** or Ba® in the
fluorohalide lattice failed to provide a crystallochemically meaningful description of the first coordination shell of Yb*". On
this basis, the presence of Yb*>" coordinated as YbF,Cls or YbF,Brs capped square antiprisms of Cy, symmetry was ruled out.
Two alternative models were evaluated. The first model was inspired by YbF, capped square antiprisms that make up the
crystal structure of orthorhombic YbFs. The second model was based on YbO,F; capped trigonal prisms encountered in
monoclinic YbOF. Both models correctly reproduced radial structure functions and yielded chemically meaningful
ytterbium—fluorine and ytterbium—oxygen distances. Results from EXAFS studies indicate that compositional and structural
heterogeneities appear in the fluorohalide lattice upon aliovalent doping with Yb*". From a compositional standpoint, extra
fluoride anions and/or oxide anions appear to be incorporated in the vicinity of Yb** dopants. From a structural standpoint,
the local symmetry around Yb®" (C, or ;) is lower than that of the crystallographic sites occupied by alkaline-earth cations.
These conclusions hold for three different fluorohalide host compositions and rare-earth doping levels spanning one order
of magnitude.

that directly impact photoluminescence response and to
establish the structural basis of photochemical reactions, in
particular of interactions between RE®* ions and charge-

Introduction

Alkaline-earth fluorohalides of formula MFX (M = Ca, Sr, Ba; X

= Cl, Br, 1) have been extensively used as hosts for divalent compen.satlng defects that are created with a_' spatial
rare-earth ions such as Sm> and Eu”. In fact. chemical correlation to the dopant. Early structural studies were

substitutions of Sm>* for Ba> in (sr,Ba)FCl and of Eu* for Ba2* conducted on Gd3+-doped SrFCl and BaFCl single crystals using
’ . 20-23

in BaFBr have been exploited to realize luminescent pressure electron paramagnetic resonance as a structural probe.

sensors™® and X-ray storage phosphors,”” respectively. More recently, fluorescence spectroscopy was employed to

3+
Fluorohalides doped with trivalent rare-earth ions (RE*")

gain insight into the local atomic environment of Eu3+, Sm™,
3+ . 8, 9, 18, 24

remain comparatively unexplored. Over the past two decades, and Tm™ doped into BaFCl nanocrystals. Although

however, efforts have been undertaken to assess their

these studies were informative regarding the local symmetry
potential as X-ray storage phosphors,g'11 optical markers in

of the site(s) occupied by RE*" ions, they provided limited
bioimaging,12 luminescent thermometers,ls'15 and media for

optical data storage.le'19 Almost invariably, these efforts have
focused on nanocrystalline fluorohalides. As a result, advances
have been made in the synthesis of RE3+—doped alkaline-earth
fluorohalide nanocrystals and in the understanding of their
photoluminescence and photochemistry. By contrast,
structural studies aimed at establishing the placement of RE®
dopants in the fluorohalide lattice lag behind. This information
is relevant to delineate metal-metal energy transfer pathways
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Electronic Supplementary Information (ESI) available: (1) K- and k3—weighted (k)
functions of Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals and of bulk YbFs, and (2) fit of
(r) of bulk YbF3. See DOI: 10.1039/x0xx00000x

insight into the chemical identity and spatial distribution of
neighboring atoms in the first few coordination shells.
Extended X-ray absorption fine structure spectroscopy (EXAFS)
is an element-specific technique with the potential to
quantitatively probe these structural features. However, to the
best of our knowledge, no attempts have been made at using
EXAFS to elucidate the local atomic environment of RE* ions in
alkaline-earth fluorohalides.
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In this article we report an EXAFS study of the local
environment of Yb>" in fluorohalide nanocrystals that had been
synthesized by our group and characterized as NIR-to-visible
upconverters.zs’ 26 v [2 EXAFS spectra of SrFCl, SrFBr, and
BaFCl nanocrystals codoped with Yb®" (sensitizer) and Er**
(activator) are quantitatively modeled. Monometallic clusters
derived from the crystal structures of MFX, YbF;, and YbOF are
used to this end. Fits of YbF,Xs, YbFg, and YbO,F; clusters to
the experimental radial structure functions are carried out and
bond distances are extracted. The proposed structural models
are compared with respect to their ability to correctly
reproduce radial to vyield a
crystallochemically meaningful picture of the first coordination
shell of Yb®". Results from EXAFS studies are discussed from
the standpoint of their implication for the placement of Yo
dopants in the fluorohalide lattice.

structure functions and

Experimental

Nanocrystal Synthesis. Nanocrystals were synthesized
following two-step (Yb:Er:SrFCl and Yb:Er:SrFBr) and hot-
injection (Yb:Er:BaFCl) routes described in detail elsewhere.”
%5 Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals that are the focus of
this article were synthesized at 250 and 275 °C, respectively.
Total rare-earth concentrations and ytterbium-to-erbium
ratios determined by inductively coupled plasma mass
spectrometry equal 3.7 mol. % and 8.5 (Yb:Er:SrFCl), 0.36 mol.
% and 3.5 (Yb:Er:SrFBr), and 3.0 mol. % and 7.0 (Yb:Er:BaFCl),
respectively.zs‘ 26

Powder X-ray Diffraction (PXRD). PXRD patterns of
polycrystalline Yb:Er:SrFX and Yb:Er:BaFCl were collected using
a Bruker D2 Phaser diffractometer operated at 30 kV and 10
mA. Cu Ka radiation (A = 1.5418 A) was employed. A nickel
filter was used to remove Cu Kf. Patterns were collected in
the 10-60° 20 range using a step size of 0.025° and a step time
of 0.5s.

Transmission Electron Microscopy (TEM). TEM images were
obtained using a JEOL JEM2010F (JEOL Ltd.) operating at 200
kV. Small aliquots of the native solutions containing the
nanocrystals were diluted with toluene and drop-casted onto
200 mesh Cu grids coated with a Lacey carbon film (Ted Pella
Inc.).

Extended X-ray Absorption Fine Structure Spectroscopy
(EXAFS). EXAFS spectra were collected at the 20-BM-B line of
the Advanced Photon Source at Argonne National Laboratory.
A Si(111) double crystal monochromator coupled to a
harmonic rejection mirror delivered a monochromatic X-ray
beam. The beam intensity was detuned to further reduce any
residual harmonics. X-ray absorption spectra of fluorohalide
nanocrystals were collected in fluorescence mode at the Yb L2
edge (9978 eV). Bulk YbF; (99.9%, Sigma Aldrich) was
measured in transmission mode as a reference. Spectra were
recorded between 9828 and 10435 eV. Normalized EXAFS
spectra y(k) were extracted from the raw data using Athena.”
EXAFS analyses were performed on radial structure functions
(RSFs) x(r) obtained after computing the Fourier transforms of
K- and k3—weighted (k). Fourier transforms were computed in
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Figure 1. Indexed PXRD patterns and TEM images of SrFCl, SrFBr, and BaFCl
nanocrystals codoped with Yb* and Er*".

the 2.0-9.5 A" k range. A Hanning window with dk = 0.1 A™"
was used. Single-shell, single-scattering models were
employed to fit y(r) functions using Artemis.”’  Structural
models included YbF;Xs, YbFy, and YbO,F; monometallic
clusters derived from the corresponding MFX, YbF3, and YbOF
structures. These models were fit to y(r) by refining (1) the
amplitude reduction factor 502, (2) the threshold energy shift
AE,, (3) fractional atomic coordinates, and (4) Debye—Waller
factors (02). The number of backscatterer atoms in each model
was fixed at the value obtained from the corresponding crystal
structure. Crystal structures and clusters were visualized using
VESTA.?®

Results and Discussion

Detailed quantitative analyses of the long- and short-range
crystal structures, elemental compositions, and morphologies
of Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals were reported by us
in previous articles.” Herein, we only provide a brief
summary of X-ray diffraction and electron microscopy analyses
aimed at screening phase purity and morphology. Results from
these analyses are summarized in Figure 1. All three samples
appear single phase to PXRD. All diffraction maxima can be
indexed to the corresponding SrFClI (PDF No. 00-024-1192),
SrFBr (PDF No. 01-076-1287), and BaFCl (PDF No. 00—-024—
0096) tetragonal phases. TEM that
fluorochloride nanocrystals are significantly smaller than their
fluorobromide counterpart. Average sizes equal to 15.8 + 4.20
(SrFCl), 55.3 + 12.4 (SrFBr), and 19.5 * 3.70 nm (BaFCl) were
determined through analysis of ~300 nanocrystals in each
sample.zs’26

Different local atomic environments were envisioned for
Yo doped into SrFCI, SrFBr, and BaFCl nanocrystals. To begin
with, we assumed substitution of Yb®" for Sr** or Ba®* and a
first coordination shell of stoichiometry YbF;Xs. This model is

imaging shows

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Unit cell of MFX (left) and view of the first coordination shell of
M?*" as an MF,Xs polyhedron (right).

Table 1. Atomic Coordinates in MFX’

Atom X y z Site Symmetry
M 1/4 1/4 ~0.20 4mm
F 3/4 1/4 0 —-4m?2
X 1/4 1/4 ~0.64 4mm

“Lattice constants: a = 4.1259 A and ¢ = 6.9579 A (SrFCl), a =
4.2610 A and c = 7.4820 A (SrFBr), and a = 4.3847 A and c = 7.2488
A (BaFcl).
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Figure 3. Fits of an YbF4;Xs monometallic cluster to the radial structure
functions of Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals. Experimental
(hollow circles) and calculated functions (solid lines) are shown. x(r)
functions were fit in the 1.0-3.0 A r range (depicted with vertical dashed
lines).
directly derived from the crystal structure of alkaline-earth
fluorohalides as shown in Figure 2. Atomic coordinates of
crystallographically distinct atoms in this structure are given in
Table 1. MFX features a tetragonal unit cell elongated along
the c axis (space group P4/nmm). The building block of the
structure consists of MF,X5; capped square antiprisms of C,,
symmetry. The first coordination shell of the alkaline-earth
metal includes four fluoride (F) and five heavy halide anions

Table 2. Structural Parameters of YbF;Xs Monometallic Clusters

SrFCl SrFBr BaFCl
So’ 1.59(18) 1.44(15) 1.77(12)
AEy(eV) -1.2(1.0) -1.0(1.0) -0.9(7)
2Yb 0.119(5) 0.081(6) 0.048(5)
X 0.587(10) 0.50(2) 0.709(19)
o (R?) 0.013(2) 0.012(2) 0.0095(10)
ox (A 0.03(2) 0.03(3) 0.037(12)
Yb—F (A) (x4) 2.223(14) 2.215(13) 2.220(7)
Yb—X (A) (x4) 3.56(5) 4.37(13) 3.57(7)
Yb—X. (A) (x1) 3.26(8) 3.10(18) 4.79(15)
Bond valence sum’ 1.81 1.79 1.73

Fit residual R (%) 0.9 0.8 0.4

“ Bond valence parameters: R, = 1.875 A (Yb—F), 2.371 A (Yb—Cl),
2.451 A (Yb—Br), and b= 0.37 A.
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(X). One of the heavy halides (X.) sits directly above the metal
cation. The presence of two anionic ligands of significantly
different radii (r(F7) = 1.31 A, r(CI") = 1.81 A, and r(Br’) = 1.96
A)*° leads to a bimodal distribution of metal-halogen bond
distances. As an example, SrFCl features Sr—F and Sr—Cl
distances equal to =~2.51 and 3.10 A, respectively.25 This
distribution of bond distances is clearly observed as the first
two maxima in the radial structure functions of Yb:Er:SrFX and
Yb:Er:BaFCl nanocrystals extracted from EXAFS spectra
collected at the Sr K and Ba L3 edges, respectively.zs’ % By
contrast, a single maximum is observed in the RSFs derived
from EXAFS spectra recorded at the Yb L2 edge, as shown in
Figure 3. This maximum results from an isotropic distribution
of ytterbium—ligand distances which, in turn, reflects the
presence of nearest neighbors of identical or similar ionic radii
around ytterbium. On this basis, incorporation of Yb* into
alkaline-earth fluorohalide nanocrystals as YbF,Xs; may be
ruled out. Notwithstanding, results from fits of this model to
the experimental RSFs of Yb:Er:SrFX and Yb:Er:BaFCl
nanocrystals are provided for completeness. y(r) functions
were fit in the 1.0-3.0 A r range. Atomic coordinates zYb and
zX were refined. Fits are shown in Figure 3 and the resulting
structural parameters are provided in Table 2; the
corresponding K- and k3—weighted (k) functions are given in
the ESI (Figure S1). Although inspection of fits indicates an
adequate agreement between experimental and calculated
RSFs, the resulting Yb—Cl and Yb—Br distances are abnormally
long. Further, these distances are longer than Sr—Cl (=3.10 A)
and Sr—Br distances (=3.22-3.46 A) encountered in SrFCl and
SrFBr nanocrystals, respectively, despite the fact that the ionic
radius of Yb®>" (1.04 A) is smaller than that of Sr** (1.31 A).”
Likewise, Yb—Cl distances are longer than Ba—Cl distances in
BaFCl nanocrystals (~3.20-3.5 A) even though Ba* (1.47 A) is
significantly larger than Yo% As expected, bond valence
sums computed using ytterbium—ligand distances extracted
from EXAFS analyses yield an anomalous underbonding of
Yb®*, with values ranging between 1.73 and 1.81 v.u.
Altogether, these results demonstrate that the first
coordination shell of Yb® in Yb:Er:SrEX and Yb:Er:BaFCl
nanocrystals cannot be described using an YbF,Xs cluster.
Emphasis was then placed on finding crystallochemically
meaningful structural models. Based on the observation of a
single maximum in the experimental RSFs of Yb:Er:SrFX and
Yb:Er:BaFCl nanocrystals, we sought for structures in which
Yb*" features a single ligand type in its first coordination shell
or, alternatively, two different ligands with similar ionic radii.
With this consideration in mind, we selected YbF; (PDF No. 00—
034-0102) as our first alternative. Its crystal structure is shown
in Figure 4. Atomic coordinates of crystallographically distinct
atoms are given in Table 3. YbF; presents an orthorhombic unit
cell (space group Pnma). The building block of the structure
consists of YbFy distorted capped square antiprisms of C;
symmetry. This polyhedron features six distinct Yo—F bond
distances, five of which range between 2.22 and 2.29 A; the
remaining distance equals 2.61 A. The feasibility of employing
an YbF4 cluster to describe the first coordination shell of Yb* in
Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals was quantitatively

J. Name., 2013, 00, 1-3 | 3
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Figure 4. Unit cell of YbF; (left) and view of the first coordination shell of
Yb* as an YbFs polyhedron (right).

Table 3. Atomic Coordinates in YbF;’

Atom X y z Site Symmetry
Yb 0.36724 1/4 0.05376 .m.
F1 0.1646 0.0633 0.3675 1
F2 0.0269 1/4 0.901 .m.

“ Lattice constants: a = 6.218 A, b= 6.785 A, and c = 4.431 A.

assessed. A monometallic cluster YbFy was fit to the
experimental RSFs of these nanocrystals. Bulk YbF; was also
analyzed for comparison purposes. Fits were carried out in the
1.0-2.7 A r range and atomic coordinates xYb and zYb were
refined. Fits are shown in Figure 5 and the resulting structural
parameters are provided in Table 4. Fits of YbF; and k-
weighted y(k) functions are given in the ESI (Figures S2 and
S3). Inspection of the fits and values of the refined structural
parameters point to YbFy as a plausible model for the local
coordination of Yb*. Yb-F bond distances extracted for
Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals are in the 2.15-2.58 A
range, in line with those derived for bulk YbF; (2.18-2.61 A).
Further, bond valence analyses yield valence sums of 2.95
(SrFCl), 2.95 (SrFBr), and 3.00 v.u. (BaFCl) in excellent
agreement with the expected value of 3.00. YbFq therefore
appears as a meaningful description of the first coordination
shell of Yb* doped into alkaline-earth fluorohalide
nanocrystals that are the focus of this investigation.

The second alternative model we considered is based on
YbOF (PDF No. 01-082-1465). Its crystal structure is shown in

Table 4. Structural Parameters of YoFs Monometallic Clusters

SrFCl SrFBr BaFCl YbF;
Se° 1.25(12)  1.14(17) 1.3(2) 1.20(8)
AEo(eV) 2.9(1.0) 3.8(8) 3.5(1.0) 2.8(7)
xYb 0.361(3)  0.384(5)  0.390(3)  0.358(8)
2Yb 0.066(7)  0.054(13)  0.051(7)  0.060(12)
o (A?) 0.010(3)  0.008(5)  0.001(5)  0.008(5)
Yb—F1A (A) (x2)  2.21(3) 2.32(4) 2.35(3) 2.22(5)
Yb-F1B (A) (x2)  2.293(18)  2.19(3)  2.155(17)  2.31(5)
Yb—F1C (A) (x2)  2.307(13)  2.30(3)  2.301(12)  2.30(3)
Yb—F2A (A) (x1)  2.20(3) 2.32(4) 2.35(3) 2.18(5)
Yb-F2B (A) (x1)  2.31(4) 2.20(6) 2.17(3) 2.30(6)
Yb—F2C (A) (x1)  2.58(4) 2.58(6) 2.57(3) 2.61(6)
Bond valence sum’ 2.95 2.95 3.00 2.93
Fit residual R (%) 0.5 1.1 0.7 0.2

?Bond valence parameters: R, = 1.875 A (Yb—F) and b = 0.37 A.

4| J. Name., 2012, 00, 1-3
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Figure 6 and atomic coordinates of crystallographically distinct
atoms are given in Table 5. YbOF features a monoclinic unit
cell (space group P2,/c) and YbO,F; distorted capped trigonal
prisms of C; symmetry as the building block. In bulk, Yb—O and
Yb—F bond distances span narrow ranges between 2.19 and
2.26 A and between 2.25 and 2.37 A, respectively. On this
basis, an YbO,F; cluster appeared as a plausible alternative to

[An] (A

Figure 5. Fits of an YbFy cluster to the radial structure functions of
Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals. Experimental (hollow circles) and
calculated functions (solid lines) are shown. y(r) functions were fit in the
1.0-2.7 A r range (depicted with vertical dashed lines).

fit the single maximum observed in the experimental RSFs of
Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals. Moreover, pure and
rare-earth-doped single crystal and bulk alkaline-earth
fluorohalides have been shown to incorporate oxide anions as
an impurity or as a charge-compensating species.B' 3034
Oxygen incorporation has been observed even in pristine
single crystals grown under conditions significantly more
stringent than those employed in the synthesis of our
nanocrystals;ss’ 36 hence, the presence of oxide anions in the
latter cannot be ruled out. In fact, oxide anions substituting for
chloride have been suggested as charge-compensating defects
in Sm3+—doped BaFCl single crystals and nanocrystals.s’ 8 EXAFS
fits of YbO,F; to the experimental RSFs functions of Yb:Er:SrFX

Figure 6. Unit cell of YbOF (left) and view of the first coordination shell of
Yb*" as an YbO,F; polyhedron (right).

This journal is © The Royal Society of Chemistry 20xx
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and Yb:Er:BaFCl are shown in Figure 7. Refined structural
parameters are given in Table 6. Fits were carried out in the
1.0-2.7 A r range and atomic coordinates xYb and zYb were
refined. Good agreement is observed between experimental
and calculated RSFs. Chemically sensible Yb—O and Yb—F bond
distances ranging between 2.16 and 2.40 A are obtained. Bond
valence sums computed using these distances range between
2.86 and 2.92 v.u., close to the expected value of 3.00 for Yb*".
YbO,F; therefore appears as a reasonable candidate to
describe the first coordination shell of Yb* in Yb:Er:SrFX and
Yb:Er:BaFCl nanocrystals. Comparison of the structural
parameters refined for YbFy and YbO,F; clusters shows that
bond valence computed for the former are
systematically closer to 3.00 than those calculated for the
latter. In addition, although Debye—Waller factors refined for
fluoride and oxide ligands in YbO,F; are positively defined,
their uncertainties are large relative to those obtained for

sums

Figure 7. Fits of an YbO,F; cluster to the radial structure functions of
Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals. Experimental (hollow circles) and
calculated functions (solid lines) are shown. y(r) functions were fit in the
1.0-2.7 A r range (depicted with vertical dashed lines).

Table 6. Structural Parameters of YbO4F; Monometallic Clusters

SrFCl SrFBr BaFCl
Se° 1.50(10) 1.4(3) 2.1(5)
AEo(eV) 1.8(6) 2.0(1.1) 1.6(1.2)
xYb 0.282(6) 0.305(2) 0.293(9)
2Yb 0.235(4) 0.217(6) 0.234(12)
ot (R?) 0.017(7) 0.001(7) 0.05(7)
o (A% 0.0056(15) 0.004(0.010) 0.005(5)
Yb—F1 (A) (x1) 2.16(3) 2.253(15) 2.20(5)
Yb—F2 (A) (x1) 2.20(3) 2.33(2) 2.24(5)
Yb-F3 (&) (x1) 2.40(3) 2.38(3) 2.42(6)
Yb-01 () (x1) 2.16(3) 2.18(3) 2.14(5)
Yb-02 (&) (x1) 2.33(3) 2.21(3) 2.30(6)
Yb-03 (&) (x1) 2.40(4) 2.25(3) 2.35(6)
Yb—04 (A) (x1) 2.25(3) 2.24(3) 2.22(5)
Bond valence sum’ 2.86 2.92 2.90

Fit residual R (%) 0.2 0.6 0.4

“Bond valence parameters: R, = 1.875 A (Yb—F), 1.965 A (Yb—0), and b =
0.37A.

This journal is © The Royal Society of Chemistry 20xx

CrystEngomm

fluoride anions in YbFq. Fixing the amplitude reduction factor
502 mitigates this deficiency by decreasing the number of
refined parameters from 6 to 5, but does not completely
eliminate it. Thus, on the basis of EXAFS analyses, one may
favor YbFy over YbO,F; as the most plausible coordination
environment of Yb*>" in fluorohalide nanocrystals, even though
the latter model cannot be ruled out.

Conclusions

In summary, the local atomic environment of Yb** ions
doped into Yb:Er:SrFX and Yb:Er:BaFCl nanocrystals was
investigated using Yb L2 edge EXAFS spectroscopy. An YbF;Xs
structural model derived from substitution of Yb*" for Sr** or
Ba®* in the MFX lattice failed to correctly reproduce radial
structure functions and led to chemically meaningless Yb—X
distances. This result provided conclusive evidence of the
absence of YbF,Xs polyhedra. Two alternative models yielded
crystallochemically meaningful descriptions of the first
coordination shell of Yb*". The first model consisted of Yb**
embedded in a fluoride-rich environment and was inspired by
YbFg polyhedra that make up the crystal structure of YbFs. The
second model was based on YbO,F; polyhedra encountered in
crystalline YbOF and had Yb®" sit in an oxygen-rich
environment. Both models pointed to the appearance of
compositional and structural heterogeneities in the
fluorohalide lattice upon aliovalent doping with Yb>".
Compositional heterogeneities involve incorporation of extra
fluoride anions and/or of oxide anions to satisfy the electronic
requirements of Yb>", a stronger Lewis acid than Sr** and Ba*".
Structural heterogeneities are reflected by a reduction of the
local symmetry around the trivalent dopant, as the point group
of Yb** (C; or C,) is of lower symmetry than that of the
crystallographic sites occupied by alkaline-earth cations (C,,). A
similar result has been reported for Eu®":BaFCl nanocrystals.24
These conclusions hold for alkaline-earth fluorohalide
nanocrystals that feature three different hosts (SrFCl, SrFBr,
and BaFCl) and rare-earth doping levels spanning one order of
magnitude (~0.36 to 3.7 mol. %).

Questions that remain open include whether Yb* ions are
isolated or aggregated (i.e., what is the connectivity of YbF,,
YbO,F;, or YbO,F, polyhedra) and their location in the
nanocrystals (i.e., inner lattice vs. surface). Regarding the
latter, it is worth noting that the absence of strong maxima in
the radial structure functions past the first coordination shell
suggests a high degree of positional disorder. This is consistent
with Yb* ions sitting on the nanocrystals’ surface or in inner
lattice sites with a highly distorted atomic environment.
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