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Abstract: Ba(GdYy)o7ds 20 mol% YB*, 2 mol% Tni" (0<x<1.0) solid solution
nanocrystals were successfully synthesized via cideféhydrothermal method, the
obtained crystals were characterized by X-ray alfion (XRD), scanning electron
microscopy (SEM), the transmission electron micpycdTEM), energy dispersion
spectrometry (EDS), photoluminescence (PL) as agllibrating sample magnetometer
(VSM), respectively. The influences of the concatitn of yttrium ion (¥*) on the
microstructures, upconversion (UC) luminescent andgnetic properties of the
Ba(Gd.Y x)o7ds: 20 mol% YB*, 2 mol% Tni*samples have been deeply investigated.
XRD results showed that all the Ba(Gily)o7ds 20 mol% YB*, 2 mol% Tni*
crystals are continuous solid solution possessra pubic phase structure. SEM and
TEM results revealed that all the obtained cryséaésquasi-spherical nanocrystals with
a diameter ranging from ~55 nm to ~240 nm, anddibiing of Y¥**ion can inhibit the
grain growth. PL spectra indicated that all the gi@s exhibit main blue emission
centered at 478 nm ascribed’@®—>Hs transition of T ions, and its UC emission
intensity initially increases and then notably éases with increasing content of'Y
ion, giving the maximum at x=0.8. VSM results shawbat all the samples present
benign paramagnetism in the magnetic range of e380t kOe at 300 K due to no
coercivity or no remanence. Our results confirnt tha UC luminescence properties of
the Ba(Gd.Y)o7ds 20 mol% YB*, 2 mol% Tni" nanocrystals can be effectively
modulated through the replacement ofGidns by ¥** ions, which also can provide a

relatively clear understanding of the formationgass and the enhancement mechanism



of UC emission for other rare earth polyfluoridéidgolution nanocrystals.
K eywords: Ba(Gd..Y y)o.7ds: 20 mol% YB*, 2 mol% Tni* solid solution; nanocrystals:

hydrothermal synthesis; UC luminescent properpasamagnetic properties

1. Introduction
In recent years, rare earth fluoride luminescentenas have attracted much
attention due to their outstanding thermal stabilthemical durability, and unique
optical properties including low phonon energy (€40i%), high refractive index, wide
color range as well as high energy transfer efficye[1-6]. Nowadays, fluorides doped
with lanthanide ions have been widely used in tledd$ such as lighting [7-8],
three-dimensional display [9-11] and biologicaldhibg [12-15], thus leading the rare
earth doped fluoride to be a kind of useful andspensable multifunctional material.
Among the various rare earth fluorides, alkali metre earth fluorides and
alkaline-earth metal rare earth fluorides are W host important fluoride luminescent
materials, which can be formed by the following tways:
MAF + NRER—AREFm+3n (A= Alkalis metals; RE= Rare earth) ()
mBF,+ NRER—BnREFom+zn (B= Alkaline-earth metals; RE= Rare earth) (2)
Where m and n can be any one of natural numbesatagrthan zero. Therefore, by
selecting and adjusting various ratios of REdmetal fluoride, many novel rare earth
fluoride compounds can be designed and obtainezth ag NaYk [16-18], NaGdEk

[19-23], BaYF [24-31], BaGdE [32-41], BaGdF [42, 43] as well as K¥Fo [44-49]



etc. Recently, much attention has been paid to mmasion phenomenon in AREF
fluorides, especially for NaYH17, 18] and NaGdf[20, 22] with particular interest,
owing to their exceptional properties, both morplgidal (high monodispersity, small
size of 5-20 nm, high crystallinity, possibility osurface modification) and
spectroscopic (bright visible emission upon exmtgtstable intensity over time).

Compared with the fluorides mentioned above, atikaBarth lanthanide ternary
fluorides have obtained relatively little attentioalthough they are excellent host
materials that can be doped with divalent and levalanthanide ions, which also
exhibit the strong broadband emission in the nearspectra region (360-440 nm) and
highly efficient infrared- to-visible upconversi@mission [25, 33, 35].

As an important kind of fluorides, Ba¥ks particularly promising host for doping
with Ln*" ions for UC fluorescence and Ba element has l&rgelge value and high
X-ray mass absorption coefficient. Moreover, Bg¥YiE also an ideal host for the
Yb**/Tm* codopants in nanoscale. Therefore, the researctBavits has been
intensively carried out. However, the crystal phakBaYFs is sensitive and polytropic
with the variable synthesis conditions, there agnig two types of crystals phase.
cubic and tetragonal according to the relative rspap to now. Nevertheless, a
correlation between the synthesized phase andithméscence behaviors is not clearly
verified [50]. For example, cubic structure [24-2&id tetragonal structure [28-31]
BaYFs micro/nano crystals have been synthesized by liyelnmal method.

Contrast to BaYE; another important compound with the general fdamof



BRER; is BaGdk. Except that it is a good host matrix for lumirescLt" ions, Gd*

ion is also an ideal paramagnetic relaxation ageatl in magnetic resonance imaging
(MRI) because of its large magnetic moment and sarand time scale electronic
relaxation time [32, 33, 37-41]. The seven unpairetr 4f electrons of Gd ions are
closely bound to the nucleus and can be effectisiiglded from the crystal field by the
outer closed-shell 85p° electrons, which gives rise to the magnetic prigpeiof Gd*
ions. The magnetic moments related t*Gdns are all localized and non-interacting,
which leads to the paramagnetism of *Gibns. This makes the BaGgf very
attractive choice to be doped with various *Lnions to form single-phase
multi-functional nanocrystals.

Non-stoichiometry of B&RE/F, compounds and many of crystal structures assigned
to them have been investigated for many years f§1-Bhe phase diagram of
BaF-REF; system is complicated and reveals many phasemterthediate states [51].
The X-ray diffraction studies have shown that wtika composition of fluoride is
Ba; xREF2+x, @ cubic crystal phase is formed with a fluorigpe structure, e.g. in
BaF-YF3; when x< 0.36 [54]. The structures of these compswan easily distort from
the ideal one [53What is more, M. Karbowialet al. and P.P. Fedoroegt al. have
suggested that there is no such a phase asBaFonly Ba,Y «F..x fluorides can be
formed [50, 54, 55]. In present work we use themidia BaREE, instead of
Bay xRExF2.x as the compositions were similar to this molectdamula.

Attractively, can BaYF and BaGdF form BaGd.YxFs (0<x<1.0) continuous



solid solution? Can the replacement of *Gdon by Y** ion influence the
microstructures and UC luminescence of the forma®®.Y «Fs solid solution host,
and what are the influencing mechanisms? Obviowsige Gd" ion was introduced
into BaYFRs host and formed solid solution, this novel polgfide contains Gt ion
and Y** ion will undoubtedly be an excellent multifunctadmaterial possesses UC and
DC luminescent properties and paramagnetism. Wmiately, contrast to considerable
researches on the unary BaYBnd BaGdF nanocrystals [24-41], no report is
concentrated on the synthesis, microstructures wpabnversion (UC) luminescent
properties of BaGg,Y xFs continuous solid solution up to now.

Motivated by the above mentioned interesting ideas, have designed novel
BaGd.,Y «Fs (0<x<1.0) solid solution and synthesized Ba{&d)o.7d: 20 mol% YB",
2 mol% T (0<x<1.0) solid solution nanocrystals via a facile hydesmal method
without using any organic solvent or chelating agenhe present work. Since the total
concentration of Gd and Y in the host is invarigtd mol%) and the doping level of Yb
and Tm is fixed as 22 mol%, all the designed andl®sized co-doped solid solution
nanocrystals were denoted as Ba{@tl)o.7d: Yb>*, Tm*" with various x (8x<1.0) in
the following sections. Moreovethe influences of G concentration on the crystal
phase, grain size, UC Iluminescent and magnetic epties of the obtained
Ba(Gd..Yy)o7ds Yb®*, Tm** solid solution nanocrystals have been investigated
detail. In addition, the variation of UC luminestenoperties and the mechanism of the

upconversion process of the solid solution nandatysynthesized with different®¥to



Gd** molar ratios have also been studied. Our study prilvide significant insights
into the researches and applications on alkalindredanthanide fluoride

multifunctional nanocrystal phosphors.

2. Experimental section
2.1 Materials
All reagents were used directly without furtheripoations. Rare earth oxides,®s;

(99.99%), GdO3 (99.99%), YbOs3 (99.99%) and TrD3 (99.99%) were purchased from
Shanghai Tongna Environmental Protection and TdolggaCo., Ltd. Analytical-grade
barium nitrate (Ba(Ng);), ammonium fluoride (NgF), ammonium hydroxide
(NH3H20), ethyl alcohol (gHsOH) and nitric acid (HNG) were all received from
Chengdu Kelong Glass Co., Ltd. Distilled water wasd throughout the experiment.
2.2 Synthesis of Ba(Gd1Yy)ozeFs: Yb**, Tm* solid solution nanocrystals

A series of rare Ba(GdYy)o7ds Yb*, Tm** solid solution nanocrystals were
synthesized via a facile hydrothermal process witlsobsequent sintering treatment. In
a typical synthesis procedure, the Ln@¥JLn=Y, Gd, Yb, Tm) stock solution were
initially prepared by dissolving the correspondirage earth oxides in nitric acid by
heating. According to the stoichiometric of the Ba{,Yx)o7ds: Yb*", Tm*" solid
solution, and the corresponding demanded quanbfi€sn(NOs)3, Ba(NG;), and NHF
solution were obtained. Firstly, a certain amourBa& " ions (as shown in Table 1) were

added in a 100 mL beaker, after being stirred fooud 0.5 h, Ln(N@)s solution



contained 3.9 mmol ¥ ions and G& ions, 1.0 mmol Y& ions as well as 0.1 mmol
Tm®* ions was added into the beaker successively, iReura was thoroughly stirred
for 0.5 h, then dilute solution contained 25 mmdiJN was added dropwise into the
beaker. Finally, the formed milk-like colloidal stibn was transferred into a 100 mL
Teflon-lined autoclave, and heated at 200 for 24 h. After being cooled to room
temperature naturally, the final precipitates weetrifugally separated and collected at
3000 rpm for 30 minwashed with absolute ethyl alcohol and distilledenvaseveral
times, respectively, and dried in air at 60 for 24 h. Thus, a series of
Ba(Gd.Y)o7ds Yb**, Tm** solid solution nanocrystals were prepared.
2.3 Characterization

Powder X-ray diffraction (XRD) measurements wererfggened on a Rigaku
SmartLab powder diffractometer with CuxKadiation £=0.15406 nm) at a scanning
rate of 4°/min in the @ range from 10° to 80°. The morphologies and sizethe
as-synthesized samples were performed on a JSM-TigliD emission scanning
electron microscopy (FE-SEM), ZEISS Libra 200 F&ngmission electron microscopy
(TEM) and size distributions on Malvern Zetasizeand S (DLS). The electron
energy-dispersive spectroscopy (EDS) elemental osiipns were characterized by
FEI Quanta 250 scanning electron microscope (SH¥Mg UC luminescent spectra of
the obtained products were measured by using achit&-7000 fluorescence
spectrophotometer equipped with a continuous 980as@r diode laser as the pump

power source, the DC luminescent spectra were pdstormed on Hitachi F-7000



fluorescence spectrophotometer equipped with xésmp. The magnetic properties of
the as-synthesized samples were characterized bsatvig Sample Magnetometer
(Versalab, Quantum Design Inc, USA). All measuretmenere performed at room
temperature.

3. Results and discussion

3.1 Microstructure analysis

Fig. 1 shows the XRD patterns of the samples. it t&® seen that all the
as-synthesized crystals are highly crystalized,lkatihg all the corresponding strong
diffraction peaks such as (111), (200), (220), §344 well as (222), which are well
consistent with cubic phase BaGdE@CPDS 24-0098) or cubic phase BaYFCSD
169849), indicating that all the obtained Ba{@d)ods: Yb**, Tm** crystals are
continuous solid solutions possess pure cubic psiaseture. This should be attributed
to the same charge, similar radius and electronégyaof Yb**, Tm**, Y** and Gd"
ions, and they can occupy the same lattice siai@dF or BaYF host. Moreover, all
the observed diffraction peaks of Ba(GH,)ods Yb®*, Tm*" crystals shifted to
higher @ side when GH ions are replaced by*Yions graduallyi(e. x increased). To
comparative observation, as an example, the emaxgeD patterns in the range of
25-28° are also shown in Fig. 1 (right). In Ba{G¥y)o.7ds: Yb>*, Tm** solid solution,
Gd®* and ¥** have the same coordination number (CN = 8) andmgcthe same lattice
site, and the radius of &dion (1.053 A) in the eight coordination is a #tflarger than

that of Y** ion (1.019 A) [56]. Obviously, according to Braggiquation (k=2dsir),



the lattice parameters of the unit cell of the B&(Y )o7ds: Yb**, Tm** solid solution

will decrease with the increasing x, and thus legdhe diffraction peaks shifted to
higher 2 side. To further investigate the detailed crystalictural evolution on the
substitution of ¥* ions in the crystal lattice, the Rietveld refinemeas performed on
the program GSAS_EXPGUI. As shown in Fig. 2, a# thbtained crystals are fitted
well with cubic phase of Ba¥sHICSD 169849), and the refined structural paramete
and good refined factor®R(,, R, andy?) are shown in Table 2. One can see that the
lattice parameters of the cubic phase Ba(®d)o7ds Yb®, Tm** decrease with

increasing concentration of’Yions, which is well accordant with the XRD results

We further studied the general morphology and siz#ution ofBa(Gd Y x)o.7ds:
Yb**, Tm*" crystals substituted with different amount of*Ythrough field emission
scanning electron microscopy (FE-SEM), as showiign 3. It can be found that all the
obtained crystals are quasi-spherical nanocrystdls diameters ranging from ~55 nm
to ~240 nm, implying that the introduction of*Yinto the BaGdF host cannot change
the morphology of the formed Ba(&g,)o7ds Yb®*, Tm®* solid solution crystals
whereas significantly influence their grain sizeor@over, the grain size of the solid
solution nanocrystals decreases with the increasingunt of ¥* ions, indicating that
the doping of ¥ ion can inhibit the grain growth, and such smadiig size can ensure
that the as-synthesized Ba(Gd,)o ¢ Yb®*", Tm** solid solution nanocrystals are
potential to be used in bio-imaging. To more cheaxhibit the changes in crystallite

size, the transmission electron microcopy (TEM) amk distribution measurements

10



were performed. As some examples, Fig.4 gives tB& Timages of the selected
Ba(Gd.Y)o7ds Yb*, Tm®* nanocrystals with x=0, x=0.2, x=0.4, x=0.6, x=@u&d
x=1.0, respectively. The histogram plots of Ba{@¢)o.7ds: Yb*", Tm*" nanocrystals
and dependencies of mean grain size on the coagientof Y ion are also shown in
Fig. 5. Relative homodisperse Ba(G¥y)o7ds: Yb®*, Tm®* nanocrystals with
guasi-spherical shapes can be seen in TEM imagesthe crystallite size gradually
decreases with the increasing x (seen in the ofsedch image), which is in accordance
with SEM results. Fig. 5 reveals that the mean mgrsize of the as-synthesized
Ba(GdY)o7ds Yb*, Tm®* nanocrystals slightly decreased from ~240 nm t83~2
nm when x increased from O to 0.6. However, wh&m:1.0, the mean grain size of
the nanocrystals markedly decreases with furthereasing x (from ~200 nm to ~55
nm). Obviously, at the lower concentration of°Gibn (.e. x>0.7), the doping of ¥
can notablynhibit the growth of the final Ba(GQY x)o.7&s: Yb**, Tm** nanocrystals. T.
Grzyb et al. also have found that the size of the microwawdrdthermal synthesized
BaREFR (RE= Y, Gd and Lu) increases gradually with thendt number of RE ion
from Y** to G&* to Lu** [57]. Although the exact mechanism is unclear,may give
the plausible explanation as follows.

According to our previous work [20], the formati@mi the BaGel.YFs solid
solution crystals also may be summarized as follows

(1-X)Gd™ + xY3" + 3F - GdiY.Fs  (crystal) (3)

GdiY«Fs (crystal) + 2F + B€*— BaGd.Y«Fs (crystal) (4)

11



Generally speaking, the nucleation rate of ctystecleus will have significantly
influence on the particle size of the final crystah solution system. The larger the
nucleation rate of crystal nucleus, the smallerghsicle size of the final crystals will
be. In our case, the obtained Ba@d¥®**, Tm** and BaYE: Yb**, Tm*" nanocrystals
have distinct difference in average particle siz240 nm and ~55 nm, respectively),
and this may be attributed to the greater nucleatmte of BaYE Yb*, Tm™
nanocrystals than that of BaGa¥b**, Tm®* nanocrystals under the same hydrothermal
conditions. Therefore, the grain size of the firB&A(Gd. Yy )o7ds Yb*", Tm**
nanocrystals should be determined by the dominamgttuent (.e. BaGdF or BaYF).

It can be reasonably concluded that the nucleagignof Ba(Gel,Y )o7ds: Yb**, Tm**
nanocrystals will increase with the increasing eahiof BaYE (i.e. x), leading to the
decrease of the grain size for the final Ba{@t)o7ds: Yb*>*, Tm** nanocrystals
accordingly.

In addition, in order to evaluate whether the cloeacomposition in the obtained
Ba(Gd.Y)o7ds Yb®*, Tm®* solid solution nanocrystals are consistent witht tbf
starting solution, EDS were used to detect the mtqercentage of the ions in the
samples, and the results are shown in Fig. 6 abte Ty respectively. All the obtained
samples present the characteristic diffraction pesdkall the chemical elements in the
designed Ba(Gd\Y y)o.7ds: Yb**, Tm** solid solution, and the molar ratio of BaRE™*
is very close to 1:1. Especially, the molar ratfoYoto Gd is almost accord with the

value of x in the starting solution. Combinatiorttwihe XRD results, we can confirm

12



that all the obtained final samples are really BA(® )o.7ds: Yb>*, Tm** solid solution
crystals. As an example, Fig. 7 shows the elemamping of Gd, Y, Yb and Tm of the
as-synthesized Ba(GeY 05)o7ds: Yb**, Tm** solid solution crystal. It is clearly that all
the rare- earth elements in the crystals are ggdagtributed in the solid solution.
3.2 Photoluminescence properties

Fig. 8 presents the PL spectra of the Ba((¥)o.7ds: Yb>*, Tm®" nanocrystals under
excitation with 980 nm near-infrared light. Theéhshows the dependence of th& Y
substitution concentration.€. x) on the maximal intensity (peak at 478 nm) @& thC
luminescence. All samples exhibit main blue emissientered at 478 nm ascribed to
'G,—~3Hs transition of Tm" ions, and a series of weak UC emissions including
ultraviolet (UV, ~360 nm), red (~630 nm), near argd (~680 nm) and (~765 nm),
originating from the'D,—>Hg, *Gs—°F4, *Fs—>3Hs and*H,— Hgtransition of Tni" ions
respectively. It also can be seen that with indrep¥>" substitution concentrations in
the BaGdk host lattice, all the peak positions of the UC ilmescence spectra for the
obtained Ba(Ggd,Y,)o7ds Yb®*, Tm** solid solution nanocrystals are unchanged,
whereas their UC emission intensity (peak at 478 mmtially increases and then
notably decreases with increasing content 8f in, giving the maximum at x=0.8.
Interestingly, as also shown in the inset of Figafer a little Gd* ion being replaced
by Y3 ion, the UC emission intensities (peak at 478 naif) the formed
Ba(Gd. Y )o7ds Yb®, Tm®* solid solution nanocrystals are greater than the

as-synthesized co-doped pure Ba&GdRd BaYFEk nanocrystals. Particularly, when x is
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0.6, 0.7, 0.8 and 0.9, the enhancement degreeeobltie emission intensity for the
Ba(Gd.Y)o7ds Yb**, Tm** nanocrystals is more significant than that ofd¢bedoped
nanocrystals with the other x values. These resotigate that the UC luminescence
properties of the Ba(GdY,)o7ds Yb®', Tm®* series nanocrystals can be effectively
modulated through the replacement of Gdns by Y* ions.

In general, the chemical composition, microstruesuémorphology and grain size)
and crystal symmetry of the luminescent crystaltbeethree key roles that determine its
UC luminescence property. Actually, the UC lumiresze emission intensity of the
obtained Ba(Gd.Y)o7d s Yb**, Tm®* nanocrystals may be attributed to the following
two aspects in our case.

On the one hand, the UC emission intensity of tléG8i .Y, )osds: Yb**, Tm**
nanocrystals is mainly dependent on the effectimetent of BaYEk host in the solid
solution, since BaYs-is acknowledged as one of the most efficient UGt moaterials.
Therefore, the substitution concentration of Yin fact, the effective content of Y&
host) has a remarkable influence on the UC emigsi@msity of the Ba(Gg\Y x)o.7ds:
Yb*, Tm®* nanocrystals. In other words, the UC emission nsitg of the
Ba(Gd.Y)o7ds Yb**, Tm* nanocrystals will increase with increasing ke.(
concentration of Y§ if the other influencing factors are ignored. Base there is no
effective YR host, the as-synthesized pure Ba@ks: Yb®**, Tm** nanocrystal
possesses the lowest UC luminescence emissionsitytecompared with the other

Ba(Gd. Y )o7ds Yb*, Tm** nanocrystals (0<x<0.9), even if it has the largest

14



average particle size.

On the other hand, the grain size of the sample affects the UC luminescence
intensity since the relative intensity of upconedremissions changes with the surface
concentration quenching effect [58-60]. As the ipkatsize decreases, the concentration
of the surface dopant ions increases with the biggdace-to-volume ratio, leading to a
softened variation of the relative emission intgnf@1]. Since the gross of Yb and Tm
is a fixed value and the molar ratio of Yb to Trurechanged, the relative concentration
of Yb and Tm in the unit volume will increase witine decrease of lattice constant of
Ba(Gd..Yy)o.7ds Yb®*, Tm®* nanocrystals. That is to say there are more YbTand
ions in each unit volume, this may lead the inceeztseffective concentration of Yb and
Tm ions and further enhance or decrease (concemtrqtienching effect) the intensity
of UC luminescence.

Clearly, the UC emission intensity of Ba(Gd,)osd=s: Yb®>*, Tm" nanocrystals
should be determined by the comprehensive influerudethe above mentioned two
aspects. At the lower substitution concentrationYdf ion (0<x<0.3), the effective
content of YR host in the Ba(GdY)o7ds: Yb**, Tm®* solid solution nanocrystals is
relative low, so their UC emission intensity slightft with the increasing x. Although
the gradually increase of doped™i.e. x) will increase the content of ¥ost in the
Ba(Gd <Y x)o.7d5 solid solution nanocrystals and enhance their bdgon intensity, it
also leads the significantly decrease in grain sizthe Ba(Ge,Y)o7ds Yb**, Tm™

solid solution nanocrystals and drastically weakitiesr UC emission intensity in such

15



conditions. In other words, the enhancement of U@ihescence comes from the
increase of the effective content of BaYf.e. the effective content of Y host
moderately exceeds the reduction of UC luminesceteras from the decrease in grain
size. On the whole, the UC emission intensitie8afGd.Y )o.7ds: Yb**, Tm** solid
solution nanocrystals gently increase with theeasing x and a little higher than that
of the as-synthesized pure BaG@hd BaYEk nanocrystals.

When 0.4x<0.8, the concentration of ¥ks high enough, and the enhancement of
UC luminescence comes from the increase of theteféecontent of YE in the solid
solution is much higher than the reduction of U@ilbescence stems from the decrease
in grain size. As a result, the UC emission inteesiof the co-doped Ba(G@gY x)o.7ds
solid solution nanocrystals sharply increase vhhihcreasing x. Whereas when x>0.8,
the UC emission intensities of the co-doped narstaly solid solution nanocrystals
abruptly decrease with the further increasing xs tmay be attributed to the
concentration quenching effect comes from the mmeeof effective concentration of
Yb and Tm ions in each unit volume owing to therdase of lattice constant of
Ba(Gd.Y)o7ds: Yb*, Tm*" nanocrystals accordingly. As for the as-synthesizare
BaYosds: Yb®*, Tm** nanocrystal, the smallest average particle sizelsleto the
strongest concentration quenching effect althotidgias the largest effective content of
YF3 host. As a result, it also presents the much IdW@remission intensity.

In order to study the UC luminescence mechanism etttitation power-dependent

UC emissions intensities of Ba(Gg x)o7ds: Yb**, Tm®* nanocrystals were measured,
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as shown in Fig. $or the unsaturated UC process, the number of pboidich are
required to populate the upper emitting level cardbscribed by the following relation
[62]:

Iy o< P"

Wherels is the upconversion emission intenskyjs the laser pump power ands
the number of the laser photons involved. More igally, an emission band that
demands energy transfer upconversion steps to be exciikdhave a slope oh when
the UC luminescence intensity is double-logaritratijc plotted versus pump power
used [63]. As can be seen, the slope valger() for the emission peak located at 478
nm and 630 nm are 2.30 and 1.84, respectively. fHsiglt indicates thdG,—~>Hs and
'G,—3F, transitions of T ion originate from a three-photon and two-photon
processed, respectively.

As one of the most commonly used activators,\itefl established that Tfhions are
of greater interest and more applicable in biomedditagnostics, high-density optical
data storage and reading and photoprinting singie tho stable levels,e. ‘G, and®F,,
and blue UC luminescence near 480 nm [64, 65].

The upconversion mechanism is shown in Fig. 10.dd8®80 nm near-infrared light
excitation, YB* ions are excited from the ground st3e), to the excited statéFs
rapidly because Y ion has a large absorption cross section aroufdn®8 and then
Yb®* ions decays to the ground state and at the medmwhie absorbed energy

transferred to TA ions efficiently. The uninterrupted energy traiosis between Y3
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ions and Tri" ions make Tn ions transferred fronHs to 'G4 level and’F, 3 levels, at
the'G, level, the Tm" can non-radiative decay to tfies, °F4 levels, yield the blue and
red emissions respectively. Moreover, there is a@rgy transition process between
Gd** ion and Tni" ions as shown in Fig. 10, when the, energy level of Tr{ is
pumped td'ls energy level, then the energy of this excitedestatnsfer tdP;, energy
level of Gd* ion, which is also seen in Refs. [66, 67]. Fig.idthe CIE chromaticity
diagram for the emission spectrum of Ba§@¢th.go.7d s Yb**, Tm*" nanocrystali(e.
x=0.8), we can see that the sample yields pure luie and gives the chromaticity
coordinates at (0.1586, 0.1250), which will be anpising blue light resource. The
investigation on the down conversion (DC) lumineseeproperties of the synthesized
Ba(Gd.Y)o7ds: Yb**, Tm®* nanocrystals are given in supporting informatibiy(S1
and Fig. S2).
3.3 Paramagnetic property

The inorganic compounds containing {denerally exhibit paramagnetic properties
for the seven unpaired innef dlectrons, which is well protected by the outei5p%
electrons. Hence, the as-synthesized Ba(®go & s Yb®*, Tm®" nanocrystals not
only exhibit excellent luminescent properties, blgo show magnetic properties when
applied magnetic field. Fig. 12 shows the hysterésdps of Ba(Gd,Y)o.7d s Yb*,
Tm®" (0<x<0.9) nanocrystals at room temperature (300 K). ©are see that all the
samples present benign paramagnetism in the magaetje of -30 to 30 kOe at 300 K

due to no coercivity or no remanence. Moreover, thhserved magnetization of
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Ba(Gd.Y)o7ds Yb**, Tm** (0<x<0.9) solid solution nanocrystals gradually decrease
from 1.77 to 0.34 emu/g when x increases from @.90(inset of Fig. 12), this should be
ascribed to the continuous reduction of the magnetimposition contenti.é. the
concentration of Gdfy for the obtained co-doped nanocrystals, and esults are also
similar to the previous reports [36, 38, 39].
4. Conclusion

In summary, Ba(GgkY)o7ds: 20 mol% YB*, 2 mol% Tni* (0<x<1.0) continuous
solid solution nanocrystals with single cubic phaseicture have been synthesized
through a facile hydrothermal method. The micragtrirtes, UC luminescent and
magnetic properties of the obtained Ba{@d)osd=: Yb**, Tm®* solid solution
nanocrystals have been significantly impacted leycbncentration of ¥ ions. The UC
emission intensity (peak at 478 nm) initially in@ses with increasing content of ¥F
and then notably decreases, giving the maximun¥@i8¢ and this should be attributed
to the synergistic effect of the content of the maiffective UC host and the
microstructures of the co-doped nanocrystals. Ba(@gords Yb®, Tm™
(0.4<x<0.8) nanocrystals are demonstrated to be bettérrhasixes than pure Ba¥F
and/or BaGdF for UC luminescence, and the Ba@Wogosds Yb®, Tm™
nanocrystalsie. x=0.8) owns highest UC fluorescent efficiency. Eaver, all the
obtained Ba(GgkY)osds: Yb®*, Tm®™ solid solution nanocrystals exhibit benign
paramagnetism at room temperature, showing thenpakeapplications in displays,

biological labels and bio-separations. Our preseotk may provide a guidance to
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design and synthesize the other fluoride solid temlusystems with superior UC

luminescence properties and more promising applitcsit
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Table Captions

Table. 1 Overview of the hydrothermal conditions @dntrollable synthesis of

Ba(Gd.Y)o7ds: Yb**, Tm** solid solution nanocrystals.

Table. 2 Rietveld refinement patterns of the Ba(q)o.7ds: Yb**, Tm** nanocrystals

Table. 3 Atomic percentage of the synthesized Ba(®gosds Yb®", Tm** solid

solution nanocrystals.

27



Figure Captions
Fig. 1 XRD patterns of Ba(GqY)o.7ds Yb*", Tm*" solid solution nanocrystals (left

side) and the enlarged patterns in theghge from 25° to 28° (right side).

Fig. 2 XRD refinements of the Ba(G&g,)o.7ds: Yb**, Tm** nanocrystals.

Fig. 3 FE-SEM characterization of Ba(Gd,)o7ds Yb®, Tm’* solid solution

nanocrystals.

Fig. 4 TEM images of the selected Ba(Gdy)ords Yb®*, Tm" solid solution

nanocrystals: (a) x=0, (b) x=0.2, (c) x=0.4, (dDx&; (e) x=0.8, (f) x=1.0.

Fig. 5 Histogram plots of Ba(GlY)o.7d%s: Yb*", Tm** solid solution nanocrystals (a-k)

and dependencies of mean grain size on the coatientof Y** ion (1).

Fig. 6 EDS spectra of Ba(GgY y)o.7ds: Yb**, Tm®* solid solution nanocrystals.

Fig. 7 Element mapping images of Gd, Y, Yb, Tm ia(Bd2Y 0.go7ds Yb®", Tm**

(x=0.8) correspond to the EDS region.

Fig. 8 UC emission spectra of Ba(Gd y)o.7¢s: Yb**, Tm* nanocrystals under 980 nm
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laser diode pump at room temperature 101.26 mW.

Fig. 9 Double-logarithmic of the upconversion enagssintensity versus the pump
power density of the Ba(GgYo8)o7ds nanocrystals doped with 20 mol% ¥tand 2

mol% Tnt",

Fig. 10 The mechanism of optical thermal sensinguph Tni" upconversion under

infrared excitation and G8Yb**-Tm** energy transfer in Ba(GgYy)osds Yb*,

Tm®*" nanocrystals under infrared excitation.

Fig. 11 CIE chromaticity diagram of the selected® »Y 0.8)07ds: Yb®", Tm*" under

980 nm excitation.

Fig. 12 Magnetization-applied magnetic field cungdsBa(Gd.Y)o7ds: Yb**, Tm**

(0<x<0.9).
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Table. 1 Overview of the hydrothermal conditions of contablle synthesis of the

Ba(Gd.Y)o7ds: Yb**, Tm** solid solution nanocrystals.

Samples Ba(Ng), Gd(NG;); Y(NOs3)s Yb(NOs);  Tm(NGs);  NH4F

Ba(Gd.«Yx)ordFs: Yb, Tm (mL) (mL) (mL) (mL) (mL) (mL)

x=0 12.50 19.50 0 5.00 1.00 12.50
x=0.1 12.50 17.55 1.95 5.00 1.00 12.50
x=0.2 12.50 15.60 3.90 5.00 1.00 12.50
x=0.3 12.50 13.65 5.85 5.00 1.00 12.50
x=0.4 12.50 11.70 7.80 5.00 1.00 12.50
x=0.5 12.50 9.75 9.75 5.00 1.00 12.50
x=0.6 12.50 7.80 11.70 5.00 1.00 12.50
x=0.7 12.50 5.85 13.65 5.00 1.00 12.50
x=0.8 12.50 3.90 15.60 5.00 1.00 12.50
x=0.9 12.50 1.95 17.55 5.00 1.00 12.50

x=1.0 12.50 0 19.50 5.00 1.00 12.50
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Table 2 Rietveld refinement patterns of the Ba{Gd,)o.7ds: Yb*", Tm*" solid solution

nanocrystals.
Samples Refined factor L attice parameters Space group
v Ry(%) Rup(%) a(A) b (A) c(A) V(A%
x=0 4.606 5.53 7.59 5.900 5.900 5.900 205.379 Fm-3m
x=0.1 1.381 3.27 4.23 5.890 5.890 5.890 204.336 Fm-3m
x=0.2 1.324 3.35 4.25 5.889 5.889 5.889 204.232 Fm-3m
x=0.3 1.079 3.07 4.01 5.885 5.885 5.885 203.817 Fm-3m
x=0.4 1.927 4.34 5.35 5.882 5.882 5.882 203.532 Fm-3m
x=0.5 1.187 3.40 4.35 5.878 5.878 5.878 203.090 Fm-3m
x=0.6 1.991 4.34 5.67 5.877 5.877 5.877 202.986 Fm-3m
x=0.7 2.219 4.86 6.04 5.873 5.873 5.873 202.635 Fm-3m
x=0.8 3.349 5.58 7.74 5.871 5.871 5.871 202.340 Fm-3m
x=0.9 1.078 3.53 4.42 5.870 5.870 5.870 202.246 Fm-3m
x=1.0 2.419 5.17 6.72 5.866 5.866 5.866 201.838 Fm-3m
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Table 3 Atomic percentage of the synthesized Ba(@)o.7ds Yb**, Tm*" solid

solution nanocrystals.

Samples Atomic percentage (%)

Ba(Gd..Y,)o7ds Yb, Tm Ba Gd Y Yb m

x=0 17.19 14.90 0 3.87 0.60 63.43
x=0.1 17.03 12.81 1.27 3.78 0.42 64.69
x=0.2 16.10 10.51 2.48 3.53 0.50 66.88
x=0.3 16.57 9.65 3.91 3.56 0.48 65.84
x=0.4 16.44 8.12 5.33 3.52 0.38 66.22
x=0.5 16.20 6.78 6.57 3.31 0.40 66.74
x=0.6 16.95 5.70 8.34 3.56 0.39 65.05
x=0.7 16.49 4.33 9.72 3.56 0.36 65.54
x=0.8 16.34 2.72 11.04 3.36 0.35 66.20
x=0.9 16.78 1.32 11.90 3.67 0.39 65.95
x=1.0 16.76 0 13.96 3.79 0.45 65.04
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Fig. 1

| !
1CSD 169849 g ‘g § a §Ba(Gdl—xYx)o78F5:Yb3+va3*
A A A (k) x=1.0 A
(j) x=0.9 A
Al N_ A
(i) x=0.8 _k
A N A
(h) x=0.7 _k
— AL A A
= (9) x=0.6 A
] AL N Al
> () x=05 N
_,2‘ A N N
.% A_A A A (6) x=04 Il
d) x=0.3
c (d) x
LJL A A (c) x=0.2 _,/L
(b) x=0.1 __JL
A N A |
‘L (a) x=0 _JL
ERE) ) [ o -~ = —
JCPDS 24-0098 ‘3 \g%, @ 5‘ g/ g g‘ § g ‘
10 20 30 40 50 60 70 80 25 26 27 28

2 Theta (degree) 2 Theta (degree)

33



Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig.7
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Fig. 8
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Fig. 9
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Fig. 10
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ACCEPTED MANUSCRIPT

Fig. 11
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Fig. 12
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Highlights
1. Novel Ba(GdiYy)o7sFsYb® Tm®* nanocrystals have been proposed and
synthesized.
2. The UC enhancement mechanism of the co-doped nanocrystals have been proposed.

3. Thiswork may provide a guidance to design for other fluoride solid solution systems.



