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Abstract

Sodium yttrium fluoride (NaYF4) is an upconverting material with many potential

uses in chemistry, materials science, and biology that can be synthesized hydrothermally

in both cubic (α) and hexagonal (β) crystallographic polymorphs. Understanding the

mechanisms underlying the phase conversion between the cubic and hexagonal poly-

morphs is of great interest to help inform future efforts to synthesize atomically-precise

quantum materials with well-defined sizes and morphologies. In this work, we use

a combination of analytical and cryogenic transmission electron microscopy (TEM),

scanning transmission electron microscopy (STEM), powder X-ray diffraction (XRD),

in situ liquid cell TEM, atom probe tomography (APT), and extended x-ray absorption

fine structure (EXAFS) measurements to show evidence suggesting that the hexagonal

NaYF4 nanowires form through a non-classical crystal growth mechanism involving ori-

ented attachment of grains of the cubic (α) phase. EXAFS spectroscopy also suggests

that substitutional Yb3+ point defects within NaYF4 are distributed evenly throughout

the crystal lattice without clustering, and also that they selectively substitute into one

of the two possible trivalent yttrium sites in the unit cell.

Introduction

Lanthanide-doped rare-earth fluoride crystals are a class of materials that have attracted

great interest for decades due to their optical upconversion properties.1–4 This has led to a

wide range of applications in biomedicine,4–7 solar energy,8–11 anti-counterfeiting,12–14 solid-

state laser refrigeration,15–18 and more recently, claims of enhanced night vision in living

rodents.19 Lanthanide-ions doped within fluoride crystals are also under active investigation

for applications as long-lived optical quantum memories.20 One important material is sodium

yttrium fluoride (NaYF4), which has been studied not only for its optical and electronic prop-

erties,21–24 but also for its morphological and crystallographic microstructure.4,25,26 Tradi-

tionally, NaYF4 has been grown using high-temperature Czochralski methods,26–28 but this
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method has shown difficulties in obtaining single crystals of hexagonal particles due to large

anisotropic thermal expansion coefficients.29 Czochralski methods also make it difficult to

study the mechanism by which these materials form at the atomic to nanometer level, indi-

cating the need for alternative synthesis procedures.

In contrast to Czochralski single crystal growth, hydrothermal syntheses allow for safer,

lower-cost, and more controlled growth of single-crystalline nanostructures.30–33 This pro-

cess, shown in Figure 1A, allows for an easily-controllable synthesis of either cubic (α)

nanoparticles or hexagonal (β) nanowires in an oleic acid microemulsion (Figure 1B), us-

ing only relatively non-toxic and inexpensive reagents, and temperatures easily reached by

a standard laboratory oven. However, hydrothermal processes still take place at elevated

temperatures and pressures inside a sealed autoclave, making it more challenging to probe

the chemical and physical phenomena that govern the nucleation and growth of crystalline

materials.34,35 The thermodynamics of the phase conversion between the cubic and hexago-

nal polymorphs have been thoroughly studied,36,37 indicating that the alpha phase nucleates

first based on thermodynamics, considering both volumetric and surface contributions in

free energy. Above a critical grain size, the hexagonal phase becomes more thermodynami-

cally stable. However, classical thermodynamic calculations by their nature do not depend

on complex kinetic and mechanistic phenomena that are encountered at particular synthe-

sis conditions. For example, theoretical modeling of the solvation and diffusion of sodium

(Na+) ions in water is still a subject under active investigation.38 Furthermore, the solvation,

chelation, and subsequent diffusion of ions in solution is complicated further by a ternary mi-

croemulsion system, varieties of which are frequently used in hydrothermal syntheses (Figure

1).39 Moreover, if indeed the α phase is more thermodynamically stable at small grain sizes,

then the cubic phase is also likely to appear first during crystallization, raising fundamental

questions about how the formation of the hexagonal β-NaYF4 nanowires relates to initial

synthesis of the cubic phase. In this manuscript we propose a non-classical mechanism for the

α to β phase transition based on data collected by quenching the synthesis at various time
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points. We use techniques such as cryogenic transmission electron microscopy (cryo-TEM),

powder X-ray diffraction (XRD), extended X-ray absorption fine structure (EXAFS), and

atom probe tomography (APT) to study the properties of the materials, and carefully exam-

ine the final products to elucidate the mechanism by which they form at a microstructural

level.

Figure 1: (A) Hydrothermal synthesis of NaYF4 (scale bar on STEM image = 500 nm) and
(B) ternary phase diagram for water/ethanol/oleic acid microemulsion. Shaded region is
microemulsion and unshaded region is heterogeneous mixture. (C) Cryo-TEM of early-stage
mixture showing microemulsion at 77 K. Scale bar = 200 nm. (D) Cubic and (E) Hexagonal
crystal structures for NaYF4, yellow = Na, blue = Y,Yb, green = F, white = vacancy.
Half-shaded atoms indicate split occupancy.

One difficulty in characterizing this phase conversion mechanism is that there are dis-

crepancies in the literature regarding the exact crystal structure of the hexagonal phase.40–46

While it is clear that the crystal structure of β-NaYF4 is hexagonal in nature, the occupancy

of the cation sites and the level of delocalization is a matter of discussion. For example,

Grzechnik showed in 2002 that these factors change as a function of pressure,40 but molecu-
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lar dynamics calculations by Szefczyk in 2014 showed that it is theoretically possible for any

of the three most widely reported crystal structures to exist at atmospheric conditions.41 It

should be further noted that, to our knowledge, all single crystal XRD studies of β-NaYF4

have been done on Czochralski-grown materials, which cannot be assumed to undergo the

same phase conversion mechanism as hydrothermal β-NaYF4. For this reason, the crystal

structure between the two may not necessarily be identical.

The cubic crystal structure is well-characterized as a solid solution of tetrahedrally-

arranged sodium and rare earth cations with an opposing tetrahedron of vacancies in a

cubic lattice of fluoride ions, analogous to the well-known fluorite crystal structure (Fig-

ure 1D).44,47 Notably, the sodium and rare earth ions are arranged randomly on the cation

sites, meaning that a phase transition to one of the known β-NaYF4 structures would likely

necessitate the ordering of certain cations. This ordering is straightforward to consider in

a Czochralski process that passes through a liquid/solid-phase or a classical hydrothermal

process. However, it is more difficult to contemplate in a system that undergoes non-classical

crystal growth such as oriented attachment (OA).48 Nonetheless, in light of recent results on

a number of systems that similarly produce nanowires of a bulk phase starting from primary

particles of a transient nanoscopic phase via OA,49,50 this mechanism of β-NaYF4 nanorod

formation must be considered.

During OA, crystal growth mostly proceeds by assembly of primary particles that typi-

cally attach on lattice-matched faces, for example by crystallographic alignment on a twin

plane,51–56 to form the final bulk crystal. This mechanism stands in contrast to classical

growth processes that proceed through ion-by-ion addition to atomic steps on the crystal

surface.53 While the primary particles are typically of the same phase as the secondary par-

ticles, oriented attachment can also occur in systems where primary particles of a different

phase either transform before attaching,50 attach on faces of the secondary particle that

nonetheless produce a lattice match,49 or attach to form a disordered aggregate that evolves

to a single crystal over time.57,58 Which of these mechanisms would be the most probable
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for hexagonal NaYF4 formation from cubic NaYF4 is not clear a priori, but a fundamental

understanding of the dominant mechanism, whether it be classical or via one of the previ-

ously mentioned OA pathways, is important for the optimization of growth and performance

of these materials.

In this work, we present a multifaceted approach to understand the fundamental growth

mechanism of β-NaYF4 nanowires under hydrothermal conditions. Firstly, we present a

"time series" approach in which we study the properties of NaYF4 particles synthesized in

reactions that were quenched before the β-NaYF4 could fully form, using TEM and XRD to

study the evolution of their physical and chemical properties. We then transition to a "post-

growth" approach in which we study the properties of fully-formed β-NaYF4 and α-NaYF4

particles using TEM, Energy Dispersive X-ray Spectroscopy (EDS), Electron Energy Loss

Spectroscopy (EELS), atom probe tomograpy (APT), and EXAFS to examine the particles

for chemical insights into how they form.

Experimental

Hydrothermal Synthesis of NaYF4

2 mL of a 2.875 M aqueous NaOH solution were added to 8 mL of 100% ethanol. 3 mL

of oleic acid were then added to the mixture while stirring. 1 mL of a 1 M aqueous RECl3

stock solution (RE = 90%Y, 10%Yb or 100% Y) was then added to the mixture (Solution

A) and it was stirred for 30 minutes. Meanwhile, 4 mmol of NaF were dispersed in 3 mL

of water and 3 mL of ethanol (Solution B). Solution B was added to Solution A dropwise

while stirring. After 30 minutes of stirring, the mixture was transferred into a PTFE-lined

stainless steel autoclave (Parr 4747, 25 mL) and sealed. The autoclave was placed in a 200°C

oven for a specified amount of time, Ts, and then allowed to return to room temperature.

The product was washed and centrifuged with both ethanol and water. Ts is 24 hours for

the full synthesis, and it was varied from 30 minutes to 8 hours for the time series. α-NaYF4
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particles were synthesized by the same procedure, except the synthesis was heated to only

100°C, keeping the same Ts of 24 hours.

TEM Measurements

TEM images were taken on an FEI G2 TECNAI F20 S/TEM at 200 kV with a Gatan Ultra-

scan CCD camera. For in situ measurements, a three-hour NaYF4 sample was dispersed in

water and dropcast into a Hummingbird static liquid cell TEM holder and imaged through

silicon nitride windows. Tomographic reconstructions were built using publicly available

Matlab code.59 STEM samples were prepared by dropcasting particles sonicated in a dilute

suspension onto a lacey carbon grid. High-angle annular dark field (STEM-HAADF) images

were collected on a JEOL GrandARM-300F microscope operating at 300 kV, with a conver-

gence semi-angle of 29.7 mrad and an inner collection angle of 75 mrad. Energy-dispersive

X-ray spectroscopy (STEM-EDS) maps were collected using a dual JEOL Centurio detector

setup (∼1.6 sr solid angle), with a 1 Å probe size, roughly 237 pA probe current, 10 µs px-1

dwell time, and a roughly 3.5 min total acquisition time. Electron energy loss spectroscopy

(STEM-EELS) maps were collected using the same probe settings and a spectrometer ac-

ceptance angle of roughly 113 mrad, with a 1 eV ch-1 energy dispersion, 10 ms px-1 dwell

time, and 6 min 18 s total acquisition time. The spectrometer was fully binned in the non-

dispersive axis to improve signal-to-noise. No plural scattering correction was performed and

no principal component analysis (PCA) or other denoising was applied.

Cryo-TEM Measurements

Small volumes (3.5 µL) were taken directly from a stirred vessel containing the NaYF4

reaction mixture at room temperature at several timepoints. These were applied to glow-

discharged C-flat holey carbon EM grids (Protochips), blotted, and plunge-frozen in liquid

ethane with an FEI Vitrobot plunge-freezing device. Grids were stored under liquid nitrogen

until imaging, which was done using an FEI TECNAI G2 Spirit operating at 120 kV and
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liquid nitrogen temperature, and a Gatan Ultrascan 2000 CCD. Automated data collection

was accomplished via the Leginon software package.60

EXAFS Measurements

Samples for EXAFS were prepared by dropcasting a suspension of β-NaYF4 in water onto an

X-ray transparent polyimide (Kapton) tape substrate. The sample was placed in the LBNL

ALS Beamline 10.3.2 under a helium environment. Hard X-rays were focused on the sample

around the Yb L3-edge, from 8.8-9.9 keV. Two scans were taken in QXAS (continuous-

scan) mode, with count time/point increasing roughly linearly in the post-edge region from

4 to 11 seconds. Data were taken in fluorescence and transmission mode simultaneously.

The two fluorescence scans were pre-edge subtracted, post-edge normalized, corrected for

overabsorption, then averaged.

EXAFS Analysis

Our model was fit based on the P 6̄ structure of β-NaYF4 as reported by Grzechcnik.40 This

model has a unit cell stoichiometry of Na1.5Y1.5F6 with two Y sites, one of which (Y2) is

half-occupied and shared with a half-occupied Na site (Na1) at the same position. There is

another Na site (Na2), which is half-occupied. We made the assumption that all Yb dopants

would substitute in a Y site. Because split occupancy crystal structures are incompatible

with the use of FEFF61 and Artemis,62 we modified the unit cell such that it contained two

of the original P6̄ unit cells with full occupancy of Y and Na, respectively. For further details

on this modification, see the supporting information. Shell-by-shell fitting was performed

using Artemis running FEFF6l. These fits were done in q-space with a distance range of

1-4.5 Å, a k -weight exponent of 3, and a q range of 2-14 Å-1.
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DLS Measurements

Dynamic light scattering (DLS) measurements were taken on a Malvern ZEN3600 Zetasizer™

Nano-ZS with a 633 nm red laser. NaYF4 samples were centrifuged and rinsed 3 times with

Millipore water, and resuspended in Millipore water before final DLS measurements. Particle

size measurements were taken in 1 cm polystyrene cuvettes, and zeta potential measurements

were taken in Malvern disposable folded capillary cells.

FTIR Measurements

Fourier-Transform Infrared (FTIR) spectra were taken on a Bruker VERTEX 70v FTIR

Spectrometer in attenuated total reflectance (ATR) mode. Powdered NaYF4 samples were

placed on the diamond ATR crystal and 16 scans were averaged. The spectral resolution of

the instrument is 2 cm-1.

XRD Measurements

Powder X-Ray Diffraction (XRD) samples were prepared by dropcasting a concentrated

slurry of sample onto <100> silicon wafers. Spectra were taken on a Bruker D8 Discover

Microfocus diffractometer with a Dectris Pilatus3 R 100K-A 2D detector and a Cu Kα X-

ray source with a 0.5 mm collimator. A Coupled 2θ/θ scan was performed from 16° to 93°

with a 5.5° increment to create overlap, with a scan time of 30 seconds per θ. During the

scans, the sample was oscillated in the x, y, and φ directions to remove the effects of texture

and improve statistics. An air scatter screen was used to reduce background. Scans were

integrated, indexed, processed, and analyzed using Bruker Diffrac.Eva software.

APT Measurements

Atom probe tomography (APT) samples were prepared from β-NaYF4 nanorods using a FEI

Helios Nanolab DualBeam scanning electron microscope/focused ion beam. APT was per-
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formed using a Cameca LEAP 4000X-HR housed at the Environmental Molecular Sciences

Laboratory at the Pacific Northwest National Laboratory. The detected ion count rate was

set to 300 ions per second using a 355 nm UV laser pulsed at 100 kHz. The specimen stage

temperature was 44K. The data were processed using IVAS software version 3.8.

Results and discussion

In order to elucidate details about the crystal structure of the hexagonal β-NaYF4, we used

extended X-ray absorption fine structure (EXAFS) spectroscopy to study the ytterbium

centers in doped β-NaYF4 (Figure 2). EXAFS spectra were fit to a known P 6̄ crystal

structure for β-NaYF4,40 modified for compatibility with FEFF, as discussed previously.

These data were then processed and fit with a variety of models to determine the spacing

and occupancy of the ytterbium atoms. The P 6̄ unit cell for β-NaYF4 has a stoichiometry

of Na1.5Y1.5F6, with one Y3+ ion (Y1) residing on the corner and the remaining half-ion

(Y2) in an internal split-occupancy site with sodium (Figure 1E). Ytterbium replaces these

yttrium ions in the doped structure, so EXAFS models were fit with Yb3+ in both of those

sites. Surprisingly, the fit only improved in quality when the only substitution was in the

Y1 site, suggesting that Yb does not dope into the split-occupancy Y2 site. Otherwise, the

EXAFS data fit well with our substituted P 6̄ model, except with most distances shorter,

which can be explained by the smaller ionic radius of Yb3+ as compared to Y3+. Further

insights into the synthesis mechanism and the resulting crystal structure can be gathered by

considering how lanthanide dopants incorporate into the crystal matrix.63,64 This is useful

not only for our own mechanistic studies, but also for myriad other studies involving the

upconversion properties of lanthanide-doped NaYF4.15,65,66 Specifically, the dopant can be

uniformly distributed, or it might undergo some sort of clustering, which could result in

fluorescence quenching.67–69 To determine whether the Yb dopant clusters, a model was fit

with some of the nearest Y1 sites replaced with Yb3+. This decreased the quality of the fit,

11



suggesting that the nearest rare earth neighbors to ytterbium in this structure are yttrium

ions, and therefore that the ytterbium dopant does not cluster.

Figure 2: EXAFS analysis of β-NaYF4:10%Yb nanowires. (A) EXAFS data in k space. (B)
Fourier transformed Yb spacing data and calculated best fit.

By varying the time of synthesis, Ts, from 30 minutes to eight hours, we show using TEM

and XRD (Figure 3) that the cubic α phase nucleates within minutes, while the hexagonal β

phase first nucleates around one hour. After four hours in the oven, the β phase is the only

phase detectable by XRD (Figure 3D), though it should be noted that a small amount of α-

NaYF4 still remains after even 24 hours. A Scherrer analysis of these XRD spectra (Figure

3E) shows that the β-NaYF4 nucleates with a diameter much larger than that which the

α-NaYF4 ever achieves. It should be emphasized that the maximum size measurable with a

Scherrer analysis is generally on the order of 100 nanometers, depending on the precision of

the spectrometer and the number of reflections measured,70,71 and as such, we cannot use this

method to determine that the β-particles nucleate at any specific size, but rather that they

nucleate much larger than the α-NaYF4 particles, and that the α-NaYF4 particles continue

to grow even after the β-NaYF4 particles have already formed. This is consistent with the

hypothesis that the hexagonal (β) phase nanowires are not nucleating by a classical crystal

growth mechanism, in which they would grow steadily as the feedstock dissolves.72–74 In fact,

the Scherrer analysis illustrates that the α-NaYF4 particles continue to grow with time rather
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than dissolve, which supports the argument that the phase conversion mechanism is non-

classical. This is additionally supported by experiments in which we nucleated α-NaYF4 with

and without lanthanide dopant ions, in which the doped sample had 20% Yb and 2% Er, and

then we mixed the doped and undoped samples and heated in order to form a partially-doped

β-NaYF4. A STEM-EDS analysis of these particles (Figure S1) shows that the ytterbium

concentration is not homogeneous across the rods, suggesting that they are not forming from

a homogeneous solution. These observations are corroborated by TEM images (Figure 3A-C)

which show β particles first appearing orders of magnitude larger than the α particles. TEM

images of particles at short synthesis times are also consistent with a non-classical growth

mechanism, as shown in Figure 4B, after a 160 minute synthesis, as compared to the 24 hour

synthesis in Figures 4C-E. Here we directly examined the crystal lattice for moiré fringes,

which suggest minor deviations from perfect crystallographic alignment,75 and examined the

Fast Fourier Transform (FFT) of the crystal matrix, which is related to a diffraction pattern

and shows the degree of single crystallinity through the spreading (or lack thereof) of the

spots.76 The moiré fringes in Figure 4B, as well as direct observations of the lattice fringes

and the FFT, indicate that that particle is not perfectly single crystalline, unlike the much

more uniform lattice fringes in Figure 4D, after a longer synthesis. This is consistent with

the hypothesis that the β-NaYF4 is formed by smaller crystallites that undergo an oriented

attachment process to form the larger crystal.77
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Figure 3: (A-C) TEM images of the progression of NaYF4 growth at (a) one hour, (b) two
hours, and (c) 24 hours. Scale bar A = 5 nm, B = 50 nm, C = 200 nm. (D) Powder XRD
study of NaYF4 growth at selected time points. Dashed black lines represent the theoretical
α-NaYF4 peaks and solid black lines represent the theoritical β-NaYF4 peaks. (E) Scherrer
analysis of XRD spectra. β-NaYF4 is first observed at the one hour time point at a size that
is already too large to measure with a Scherrer analysis.

Even after a 24-hour synthesis, small (∼ 30 nm), morphologically cubic particles remain

on the surface of the nanowires, as can be seen in the TEM tomographic reconstruction in

Figure 4A and in the TEM image in Figure 4B, though it should be noted that their overall

mass fraction becomes too low for them to be observed with XRD after about three hours.

By measuring the d-spacing from the HRTEM image (Figure 4E) as 2.71 Å and comparing

the projection and FFT to simulated crystal axes of possible species in the synthesis vessel,

the image in Figure 4E was indexed to the [100] projection of α-NaYF4 (Figure S2). This

demonstrates that α particles can not only survive the high temperature synthesis conditions

but that they continue to grow and form morphological structures even in the immediate

presence of β particles. Additionally, an amorphous coating appears to be present on the

end cap of the β-NaYF4 rod and on all surfaces of the α-NaYF4 cube (Figure 4B). EDS

mapping data is consistent with the presence of oleate, as discussed further below. Density

functional theory calculations by Sui et al.78 suggest that oleate can influence the growth of
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NaYF4 in several ways, which leads us to hypothesize that the presence of sodium oleate on

the end caps influences the morphology of the final particles.

The presence of sodium oleate in those end caps is suggested by EELS and EDS maps

of the sodium content of the nanowires (Figure 5). The EDS map in Figure 5F indicates an

enrichment in sodium on the caps, and the EELS map in Figure 5B shows clearly that the

sodium is aggregating on the caps rather than the sides of the wires, as well as uniformly

around α-NaYF4 particles. The apparent lack of sodium within the nanowires in the EELS

map can be attributed to multiple scattering as a result of the thickness of the particles.79

The superposition of the sodium and the fluorine EELS maps (Figure 5D) shows that the

sodium is present in regions of amorphous material outside of the nanowire, and preferentially

on the tips, rather than it accumulating within the structure. This behavior indicates that

there is sodium in that amorphous material, which is consistent with our hypothesis that

that material is sodium oleate. This finding is further supported by a mass spectrum of

the surface, measured with atom probe tomography (APT, Figure S3), which shows several

organic groups and sodium, but no yttrium, indicating that we are only measuring the

material on the end cap. The fact that we observe this enhancement of oleate on a particular

face leads us to hypothesize that it is relevant to the growth mechanics of the crystal, and

the specific nature of this influence is the subject of potential future work.

Dynamic light scattering (DLS) measurements (Table S4) show a significant change in

zeta potential during the phase conversion. The α-phase is observed to have a highly negative

zeta potential in water (-70mV), while the final β-phase has a positive zeta potential in

water (+20mV). Although the zeta potentials reported here likely differ from those within

the hydrothermal microemulsion, along with an intrinsic complexity due to the random

orientation of non-spherical particles,80 it is possible that the kinetics of oriented assembly

of the α-phase could be significantly altered as the magnitude of the zeta potential becomes

less negative during the transition to the β-phase. The different zeta potentials may also

explain the TEM observation of cubic α-phase grains attached to the surface of β-phase
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Figure 4: (A) Tomographic reconstructions of clustered β-NaYF4 particles with α-NaYF4
particles on the surface. Scale = 500 nm. (B) TEM image and FFT of a β-NaYF4 particle
after a 160 minute synthesis, noting the slight crystallographic mismatch evident in the
lattice. Scale = 10 nm. (C) TEM image of a β-NaYF4 particle (left) with an α-NaYF4
particle on the surface (right). Scale = 50 nm. (D,E) HRTEM images of β- and α-NaYF4
particles, respectively. Scale = 5 nm.
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NWs.

Figure 5: (A) STEM HAADF image of NaYF4 cluster (scale = 500 nm). (B-E) EELS maps
of (B) Na-K edge, (C) F-K edge, (D) Na + F, (E) Y-L edge. (F) EDS map of Na-K edge
(on a different cluster of NaYF4 at the same magnification).

Conclusions

In this work, we show several data sets consistent with the hypothesis that hexagonal NaYF4

nanowires synthesized by a hydrothermal method do not form through classical crystal

growth mechanisms but rather through a non-classical mechanism involving oriented at-

tachment. The proposed oriented attachment component of this mechanism suggests that

this hydrothermal synthesis could be used to build nanoparticles from multiple components,

which could be employed in nanoscale devices with novel optoelectronic properties. EXAFS

measurements suggest that the Yb3+ ions in doped NaYF4 are evenly distributed across the

crystal lattice rather than clustering, and that the Yb doping is site-specific in the β-NaYF4

structure. This finding motivates future work using low-temperature spectroscopy to further

investigate the site-specific nature of the doping.81 Furthermore, a thorough understanding of

the synthesis mechanism based on particle interactions can inform future experiments meant

to direct the morphology of β-NaYF4 particles, and could even help to design a predictive

model to control the morphology and size of NaYF4 materials.
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