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The properties of f-NaEuF4/NaGdF, core—shell nanocrystals have been thoroughly investigated. Nano-
particles with narrow size distribution and an overall diameter of ~22 nm have been produced with either
small p-NaEuF, cores (~3 nm diameter) or large p-NaEuF, cores (~18 nm diameter). The structural pro-
perties and core-shell formation are investigated by X-ray diffraction, transmission electron microscopy
and electron paramagnetic resonance, respectively. Optical luminescence measurements and X-ray
photoelectron spectroscopy are employed to gain information about the optical emission bands and
valence states of the rare earth constituents. Magnetic characterization is performed by SQUID and X-ray
magnetic circular dichroism measurements at the rare earth M, s edges. The characterization of the
core—shell nanoparticles by means of these complementary techniques demonstrates that partial inter-
mixing of core and shell materials takes place, and a significant fraction of europium is present in the
divalent state which has significant influence on the magnetic properties. Hence, we obtained a combi-
nation of red emitting Eu®* ions and paramagnetic Gd®* ions, which may be highly valuable for potential

www.rsc.org/nanoscale future applications.

1 Introduction

NaREF, nanoparticles (RE: rare earth) have attracted increas-
ing interest in recent years for applications in biological
labeling and imaging,"° photodynamic therapy and drug
delivery,>2® photovoltaics,”” ° photonics®* and security
labeling. Frequently, nanocrystals with core-shell struc-
ture are synthesized, since a shell of inert material increases
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the quantum yield of a luminescent particle core by decreasing
energy losses on the particle surface.’’*° Particles containing
one or more shells of the doped material furthermore allow us
to spatially separate the dopant ions with different functional-
ities and to control the migration of energy within such
structures.’™*® For lanthanide ions emitting in the red and
near infrared spectral regions, fluoride host materials are of
particular interest because the very low phonon frequencies of
fluoride lattices decrease the probabilities of multiphonon
relaxation processes, resulting in high quantum yields. One
example is the Eu®" ion, displaying pure red emission in many
host materials, because all transitions except those from the
Dy, level are quenched due to multiphonon relaxation. In the
fluoride host, however, also transitions from the higher °Dy,
°D, and °D; levels are observed provided that the concen-
tration of the Eu®" dopant is low. At higher concentrations,
however, cross-relaxation between adjacent Eu®*" in the lattice
leads to quenching of the °Dy, °D, and °D; transitions in these
materials, too. Trivalent gadolinium, on the other hand, is
characterized by a relatively large energy gap between the
ground state (®S,/,) and the lowest excited level (°P,,,).>" Impor-
tantly, this excited level is situated in the ultraviolet spectral

This journal is © The Royal Society of Chemistry 2016
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region, i.e. well above the emitting *Do, Dy, °D, and °Dj; levels
of Eu*'. A NaGdF, shell around a NaEuF, core can therefore
improve the luminescence efficiency of the core. Moreover, the
lattice mismatch between the core and the shell is very low
due the very similar lattice constants of NaGdF, and NaEuF,.
In addition to their interesting optical properties, europium
and gadolinium have remarkable magnetic properties. Owing
to their seven unpaired electrons, Gd** ions in the ground
state can, for instance, efficiently alter the relaxation times of
the surrounding water protons and are therefore the basis of
the most commonly used contrast agents in magneto reso-
nance imaging.’® While gadolinium ions usually form the oxi-
dation state m+, europium compounds can contain either Eu**
or Eu*" ions, or both. Trivalent europium in the ground state
("Fo, S =3, L =3, ] = 0) has no magnetic moment while divalent
europium has seven unpaired electrons in the ground state
(®S7/, S = 8, L = 0, ] = 7/2). Interestingly in some trivalent com-
pounds formation of divalent europium states on the surface
was observed.>">> Moreover, Kachkanov et al. detected an opti-
cally induced magnetic moment of Eu*" ions in GAN.>?

In this work, we synthesized core-shell systems composed
of a B-NaEuF, core and a p-NaGdF, shell. This structure has
two advantages. Firstly, the influence of different surrounding
media on the B-NaEuF, core can be minimized or entirely
removed. Secondly, the combination of red emitting Eu*" ions
and paramagnetic Gd*" ions is highly valuable.

The nominal size is the expected size based on the used
materials respectively precursor particles. We use a number of
complementary methods to evaluate the structure of f-NaEuF,/
NaGdF, core-shell particles and to study their electronic and
magnetic properties. Detailed knowledge of these properties is
indispensable to compare the results with those of Eu** doped
f-NaGdF, nanoparticles and to further optimize the core-shell
system in question. Structural properties and core-shell for-
mation are determined by means of X-ray powder diffraction
(XRD) and high resolution transmission electron microscopy
(HR-TEM). Core-shell formation is further investigated by elec-
tron paramagnetic resonance (EPR) and optical luminescence
spectroscopy. Chemical and electronic properties with special
emphasis on the Eu and Gd valence states are determined
employing X-ray photoelectron spectroscopy (XPS), whereas
magnetic characterization is performed with a superconduct-
ing quantum interference device (SQUID) magnetometer. The
measured magnetization curves are analyzed by means of
Monte Carlo based Heisenberg simulations. Finally we per-
formed element specific X-ray magnetic circular dichroism
(XMCD) at the Eu M, 5 and Gd M, 5 edges to gain a complete
picture of the internal magnetic structure of the multifunc-
tional f-NaEuF,/NaGdF, core-shell nanoparticles.

2 Results and discussion
2.1 Total scattering measurement and PDF analysis

Fig. 1 shows the pair distribution functions (PDFs) for both
core-shell samples as well as the 22 nm p-NaGdF, nanocrystals
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Fig. 1 Comparison of atomic PDFs in real space, G(r) for 20 nm
B-NaEuF4/NaGdF, core—shell nanoparticles with a 3 nm p-NaEuF, core
and ~8.5 nm p-NaGdF, shell, 22 nm $-NaEuF,/NaGdF, core—shell nano-
particles (NPs) with an 18 nm p-NaEuF, core and 22 nm 3-NaGdF,4 nano-
particle (NP) doped with 1% Eu and their differential PDFs.

doped with 1% Eu. The two samples containing low Eu and
high Gd concentration (20 nm p-NaEuF,/NaGdF, core-shell
nanoparticles (NPs) with a 3 nm p-NaEuF, core, 22 nm
f-NaGdF, nanoparticle (NP) doped with 1% Eu) exhibit very
similar PDFs that differ significantly from the core-shell
sample with the 18 nm p-NaEuF, core. Comparing the two
core-shell samples (20 nm -NaEuF,/NaGdF, core-shell nano-
particles with a 3 nm f-NaEuF, core, 22 nm f-NaEuF,/NaGdF,
core-shell nanoparticles with an 18 nm p-NaEuF, core) we can
clearly identify shifts of the peak positions in the PDF (corres-
ponding to atom-atom distances). Note that the structures of
bulk p-NaEuF, and $-NaGdF, are quite similar and the differ-
ences in bond distances between the different atoms are thus
expected to be small. In order to enhance the visibility of the
structural differences we calculated the differences between
the corresponding PDFs, given as AG(r) in Fig. 1. One can
clearly see that the difference between the PDF of the 20 nm
f-NaEuF,/NaGdF, core-shell nanoparticles with a 3 nm
f-NaEuF, core and the 22 nm p-NaGdF, NP doped with 1% Eu
is very small, resulting in very weak features in the AG(r). A
core-shell nanoparticle with a small p-NaEuF, core thus exhi-
bits almost the same structure as a nanoparticle doped with
1% Eu, indicating that the structural relaxation is similar for
these two cases. In other words, from the PDF analysis alone it
is impossible to distinguish between the structure of the core-
shell NP and a homogeneously doped NP. In contrast, the
difference of the two PDFs (AG(r)) of the two core-shell
samples is much more pronounced. Almost all peak positions
are affected and the shifts are more pronounced for larger
atom-atom distances r. In order to investigate this result in
more detail we performed simulations of the PDFs based on
pure crystalline, spherical 22 nm p-NaGdF, and p-NaEuF,
nanocrystals. The results are shown in Fig. 2. The distances
are slightly shorter in the f-NaGdF, nanoparticle as expected
from the smaller lattice parameters. We observe a good agree-
ment between the simulated peak positions in the PDF for the
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Fig. 2 Comparison of observed PDFs for 20 nm f-NaEuFs/NaGdF,
core—shell nanoparticles with a 3 nm p-NaEuF, core and ~8.5 nm
B-NaGdF, shell and 22 nm B-NaEuF,/NaGdF, core-shell NPs with an
18 nm p-NaEuF, core and calculated PDFs of 22 nm p-NaGdF, and
B-NaEuF,4 spheres with the corresponding differential PDFs (spectra are
normalized to the first peak).

two pure nanoparticles and the experimentally determined
PDF. The peaks are broader in the experimental PDF, which is
due to a lower resolution of the experiment, but also due to
the fact that in the core-shell nanoparticles we expect some
strain and defects as well as a not perfectly spherical shape.
We don’t expect a significant impact of the particle-size distri-
bution on the PDF since the size distributions are rather
narrow, e.g., the f-NaEuF,/NaGdF, (3 nm core) nanoparticles
exhibit a size distribution of 16.8 nm + 5% (see Table 1),
corresponding to particles ranging from 16 nm to 17.7 nm. If
the structural difference (e.g. distances between first neigh-
bours) between two such nanoparticles is well below the
resolution of 0.138 A, there will be no visible effect on the
experimental PDF. For illustration one can compare the two
simulated PDFs for the 22 nm f-NaGdF, and p-NaEuF,
particles given in Fig. 2, where the difference in the first neigh-

Table 1 Sample label, nominal size and size distribution determined by
transmission electron microscopy (TEM) analysis (Fig. S2 and S4)

Samples Nominal size Size (from TEM)
NaEuF,/NaGdF, (3 nm core) 20 nm 16.8 nm + 5%
NaEuF,/NaGdF, (18 nm core) 22 nm 23 nm + 3.8%
NaGdF,:1% Eu 22 nm 25.4 nm + 4%
NaEuF, (3 nm) 3nm Not evaluable
NaEuF, (18 nm) 18 nm 19.7 nm + 4.2%
NaGdF,/NaEuF, (3 nm core) 20 nm 20.2 nm + 3.9%
NaEuF,:1% Gd 22 nm 24.5 nm * 5.4%
NaGdF, (3 nm) 3 nm Not evaluable
NaGdF, (22 nm) 22 nm 25.6 nm + 5.8%
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bour distances between the pure Gd and the pure Eu sample is
of the order of 0.02 A, which is at the limit of visibility in the
G(r). Structural differences between two identical nano-
particles differing only by 5% in size would therefore not be
detected in the experiment. As a first conclusion we can state
that a p-NaEuF,/NaGdF, core-shell nanoparticle with a 3 nm
f-NaEuF, core exhibits approximately the same structure as a
slightly Eu-doped p-NaGdF, nanoparticle and its main struc-
tural parameters are those of the p-NaGdF, structure.
f-NaEuF,/NaGdF, core-shell nanoparticles with an 18 nm
f-NaEuF, core on the other hand resemble the corresponding
pure B-NaEuF, structure. Due to the limited resolution of the
experiment a more detailed modelling, e.g. to investigate the
core-shell interface, is currently not possible. High-resolution
electron microscopy investigations were carried out for further
characterisation of the nanoparticles.

2.2 TEM-HRTEM

The morphology of the nanoparticles was characterized by
transmission electron microscopy (TEM). It can be seen that
the particles are nearly spherical or slightly elongated and
retain the initial morphology of the precursor core particles
(Fig. 3). Inter-planar spacings were measured using fast
Fourier transform (FFT) analysis of the HRSTEM images. Inter-
planar spacings with distances 0.29 nm, 0.18 nm and 0.16 nm
were measured. These match very closely to the theoretical
values for the (1,1,0), (0,0,2) and (1,1,2) planes respectively.
Because the lattice constants between the core and the shell
are similar, no significant differences are observed. Fig. 4(a)

@®_ "9
&

U nin SU
—_—

Fig. 3 TEM images showing (top) general morphology and (bottom)
high-resolution images of the (a) 18 nm p-NaEuF, NP and (b) 22 nm
B-NaEuF4/NaGdF4 NP with a 2 nm B-NaGdF, shell around the 18 nm
B-NaEuF, core. The insets show the fast Fourier transforms (FFTs) of
HR-TEM images.

This journal is © The Royal Society of Chemistry 2016
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(a)

Fig. 4 High resolution scanning transmission electron microscopy
bright field (HRSTEM-BF) image of (a) 22 nm B-NaEuF,;/NaGdF, core—
shell NPs with an 18 nm p-NaEuF, core and 2 nm $-NaGdF, shell and (b)
the corresponding high-angle annular dark field (HAADF) high resolution
scanning transmission electron microscope (HRSTEM) image. And (c)
scanning transmission electron microscope-electron energy loss
spectroscopy (STEM-EELS) survey image and colour map of Eu (green)
and Gd (red).

shows the high-resolution bright field scanning transmission
electron microscopy (BF STEM) images of the core-shell nano-
particles with an 18 nm f-NaEuF, core and a 2 nm p-NaGdF,
shell and (b) the corresponding high-angle annular dark field
(HAADF) image.

The HAADF HRSTEM image of the 22 nm f-NaEuF,/
NaGdF, core-shell NPs with an 18 nm f-NaEuF, core and
2 nm B-NaGdF, shell in Fig. 4(b) does not show significant
variation within the nanoparticle.

The STEM-EELS mapping of the 22 nm p-NaEuF,/NaGdF,
core-shell NPs with an 18 nm fp-NaEuF, core and 2 nm
B-NaGdF, shell (Fig. 4(c)) shows according to the colour map
(inset) evidence of a core shell structure with Eu (green) in the
center and Gd (red) on the surface.

2.3 Luminescence

The optical properties of the p-NaEuF, core and p-NaEuF,/
NaGdF, core-shell nanocrystals were studied by photo-
luminescence spectroscopy. As expected, excitation at the
"Fo1 — "L transition of Eu®* at ~394 nm results in Eu®" emis-
sion for all nanoparticles containing Eu** ions (Fig. 5). In all
cases the highest emission intensities are recorded at ~591,
614 and 696 nm corresponding to the D, = “Fy, Dy — 'F,
and °D, — F, intra-4f shell transitions of Eu’* respectively.’*
These transitions are characteristic for luminescent materials
containing Eu®** ions and are, for instance, also observed for

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Normalized emission spectra of 3 nm p-NaEuF,, 20 nm
B-NaEuF4/NaGdF4 NPs with a 3 nm core, 22 -NaGdF, NP doped with
1% Eu, 18 nm p-NaEuF; and 22 nm B-NaEuF,;/NaGdF; NPs with an
18 nm p-NaEuF4 core. The spectra were recorded under 394 nm exci-
tation of the Eu®* ions (7Fo,1 — 5LG). All particles consist of hexagonal
phase (p-phase).

the p-NaGdF, nanocrystals doped with 1 mol% of Eu®". Fig. 5
shows, however, that the emission spectrum of such weakly
doped particles displays additional lines between 450 nm and
580 nm, caused by transitions from the higher excited °D;, °D,
and °D, levels of Eu’ to its "F; ground state multiplet. These
emission lines are very weak in materials containing Eu’®" in
high concentrations, since cross-relaxation between adjacent
Eu®" ions is known to quench the luminescence from these
states. The °Ds;, °D, and °D; emission lines are therefore
characteristic for Eu®" ions having no Eu®" neighbors in the
crystal lattice and display negligible intensity, for instance, in
the case of f-NaEuF, core particles (Fig. 5).”>”° Fig. 5 shows,
however, that after the formation of the NaGdF, shell, the °Dj,
°D, and °D; emission lines appear in the spectrum of the
core-shell particles. This indicates that some Eu®" ions are
released from the p-NaEuF, core and incorporate into NaGdF,
during formation of the shell. The figure also shows that the
transitions from the higher D states are much less intense for
core-shell particles with 18 nm cores indicating that the
number of Eu®" ions released decreases with increasing core
size. This observation is in accord with the lower surface-to-
bulk ratio of 18 nm core particles compared to 3 nm core par-
ticles, since the release of Eu** ions should be proportional to
the total surface area of all core particles. To further substanti-
ate this result, we have investigated the core-shell particles
containing Gd** by EPR spectroscopy.

2.4 Electron paramagnetic resonance spectroscopy

In general, the EPR spectrum of Gd** ions (S = 7/2) is charac-
terized by the Zeeman interaction with a g-value ~2 and exhi-
bits significant contributions from zero-field splitting. The
mean distance between two adjacent Gd*" ions in the crystal
lattice is reflected in the broadness of the EPR spectrum that

Nanoscale, 2016, 8, 2832-2843 | 2835
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Fig. 6 Normalized EPR spectra of 20 nm core—shell particles com-
posed of a 3 nm B-NaGdF, core and an ~8.5 nm f-NaEuF, shell (red),
22 nm B-NaEuF4 NPs doped with 1% Gd (blue) and 3 nm p-NaGdF, pre-
cursor particles (green). Due to the large width of the EPR spectrum of
the precursor particles it has a significantly lower intensity compared to
the other spectra and consequently displays more noise when the
spectra are normalized to the same signal height (scaling factors: blue,
X1; red, x10; green, x11). The asterisk denotes an impurity signal of the
microwave cavity present in all spectra at 175 mT.

increases with increasing Gd concentration due to dipolar and
isotropic exchange interactions between the ions, as observed
in Fig. 6 for 3 nm p-NaGdF, particles (green spectrum).”” A
similar broadening due to Gd**-Gd®" interactions has been
observed for NaYF,/NaGdF, core-shell nanocrystals, even if
the shell of NaGdF, is as thin as 1 nm.”® In the study pre-
sented here we investigated core-shell particles with signifi-
cantly thicker shells, consisting of a small 3 nm p-NaEuF, core
and an ~8.5 nm thick p-NaGdF, shell. Since the EPR signal of
such particles would be fully dominated by the broad spec-
trum of the undiluted Gd*" ions in the shell, we used core-
shell nanocrystals with inverted composition in the EPR
measurements, ie., 3 nm (-NaGdF, core particles with an
~8.5 nm p-NaEuF, shell. In Fig. 6, the EPR spectrum of these
core-shell particles (red line) is compared with the EPR spec-
trum of p-NaEuF, nanocrystals doped with 1% Gd** (blue line)
and the EPR spectrum of 3 nm p-NaGdF, core particles (green
line). Note that all spectra are normalized at maximum signal
height as indicated by the scaling factors given in the figure.
The highest scaling factor was used for the NaGdF, core par-
ticles as the strong interaction of the Gd*" ions in these par-
ticles leads to strong broadening of their EPR signal (green
line). The lowest scaling factor was used in the spectrum of the
weakly doped p-NaEuF,:1% Gd particles. This spectrum exhi-
bits a dominating narrow EPR signal (peak-to-peak width,
AB,, ~# 10 mT) in the g = 2 region and additional contributions
at higher g-values (lower magnetic fields), the latter indicating
the presence of Gd*" ions at sites with different symmetries
and/or crystal fields compared to the bulk sites. Since we used
rather large NaEuF,:1% Gd particles with a diameter of 22 nm,
the contribution from surface Gd** sites, however, is almost
negligible in this case. The additional contributions therefore
indicate that the Gd** dopant ions are not homogeneously dis-
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tributed inside the particles as observed before.”® Finally, the
high scaling factor used for the p-NaGdF,/NaEuF, core-shell
nanocrystals shows that their EPR signal is much weaker than
the signal of the doped B-NaEuF4:1% Gd particles, although
both samples contain europium and gadolinium in the same
molar ratio of 99 to 1. The much lower intensity is in accord
with the core shell structure, since the signal of the Gd** ions
in the core is expected to be strongly broadened. Similar to the
doped p-NaEuF,;:1% Gd particles, however, the normalized
EPR spectrum of the core-shell particles also displays a narrow
signal at g ~ 2.0 characteristic for isolated or weakly interacting
Gd*' ions. Since this signal is even narrower (AB,, ~ 3 mT)
and of higher relative intensity compared to the doped
B-NaEuF,:1% Gd particles, it indicates the presence of highly
diluted («1%) Gd*" ions in the f-NaEuF, shell. Komban et al.
concluded from the EPR data for NaYF,:Gd core-shell particles
that the shell structure grows from dissolved precursor par-
ticles and that most likely also Y** ions are released from the
surface of the core-precursors during the reaction.’® The EPR
data for the p-NaGdF,:Eu core-shell particles shown in Fig. 6
indicates that these nanocrystals are formed in a similar way
and therefore support the conclusions drawn above from
luminescence spectroscopy.

2.5 Chemical properties, core level XPS

We employed core level XPS to investigate the chemical states
of the Eu and Gd ions of the nanoparticles and core-shell
systems in question. Fig. 7(a) displays the Gd 3d X-ray photo-
electron spectra of the core-shell and pure p-NaGdF, (3 nm
diameter) nanoparticles. The corresponding spectrum of a
GdF; single crystal®® is also shown for comparison. For all
samples the Gd 3ds,, and 3dj;, core level binding energies are
located at 1187.5 eV and 1219.5 eV, respectively. All the spectra
show no distinct satellite features between the 3ds,, and 3d;/,
main peaks indicating the absence of any metallic Gd
contributions.>

Fig. 7(b)—(d) show the Eu 4d (and Gd 4d (Fig. 7(d))) spectra
of pure f-NaEuF, (3 nm and 18 nm (Fig. 7(b) and (c))) and the
f-NaEuF,/NaGdF, core-shell nanoparticles with an 18 nm
f-NaEuF, core (Fig. 7(d)). The Eu 4d XPS of the 3 nm $-NaEuF,
nanoparticles comprises three distinct features located at
129.9 eV (A), 137.4 eV (B), and 143.4 eV (C). Features B and C
can be attributed to the Eu*" 4ds, and Eu®' 4d;, states,
whereas the lower binding energy peak A represents the Eu**
4ds), states,” whereas the Eu®" 4d;,, states are overlapping
with the Eu®" 4d), states and not visible as distinct features in
the corresponding Eu 4d spectra. We de-convolute these
spectra using Gaussian/Lorentzian line profiles. In the case of
the p-NaEuF,/NaGdF, core-shell nanoparticles (18 nm
B-NaEuF, core) this de-convolution approach is extended to
the Gd*" 4d;,, and Gd*" 4d;), states, assuming a pure trivalent
Gd valence state in accordance with the results presented in
Fig. 7(a). With the fitting approach described we are able to
determine the Eu cation distribution of the nanoparticles
investigated here. One can already see by the naked eye that
the 3 nm p-NaEuF, nanoparticles comprise the highest

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Normalized XPS spectra of: (a) Gd 3d-core level of p-NaEuF,/
NaGdF,4 core—shell nanoparticles with 18 nm and 3 nm p-NaEuF, cores,
3 nm pure p-NaGdF, nanoparticles, and a GdFs single crystal®® as a
reference. (b) Eu 4d-core level of pure 3 nm B-NaEuF, nanoparticles,
de-convoluted into Eu?* and Eu®* fractions. (c) Eu 4d-core level of pure
18 nm p-NaEuF, nanoparticles, de-convoluted into Eu?* and Eu®* frac-
tions. (d) Eu 4d-core level of p-NaEuF4/NaGdF, core—shell nanoparticles
with an 18 nm p-NaEuF, core. Eu and Gd spectra are partly overlapping,
and are de-convoluted into Eu?*, Eu®** and Gd** contributions.

amount of Eu®" ions, we find the Eu valence state in this
sample to be composed out of 30% Eu>" and 70% Eu®" ions.
The Eu®" fraction is significantly reduced for the other two
samples, we find fractions of 20% Eu®" for the 18 nm
B-NaEuF, nanoparticles and 18% Eu®" for the B-NaEuF,/
NaGdF, core-shell nanoparticles, respectively. We assume that
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this result can be likely due to the different surface to bulk
ratios of the samples as the formation of divalent Eu should
predominantly occur at the surface (interface) of the sample,
since a similar effect has been reported by Burian et al. on
different EuF; surfaces and interfaces.>”

2.6 Electronic and magnetic properties

In order to elucidate further the magnetic properties all over
the nanocrystals superconducting quantum interference
device (SQUID) magnetometry measurements were performed.

Fig. 8(a) and (b) show thermomagnetic curves M(T) of the
precursor particles of pure p-NaGdF, and p-NaEuF, respecti-
vely. In the case of f-NaGdF, particles, the M(T) dependences
fulfill the Curie law but with small deviation that is clearly
demonstrated in the M x T(T) curves. For pure Curie law (i.e.
M ~ 1/T), the M x T(T) dependence should be a flat line, while
the observed linear deviation indicates temperature indepen-
dent component of magnetization which, in our case, can be
attributed to some blocked magnetic moments of Gd. In the
case of B-NaEuF, particles, the thermomagnetic curves are
typical as for Eu®" ions, showing the so-called van Vleck para-
magnetism which is relatively weak and temperature indepen-
dent. At low temperatures, below 20 K, traces of classical
paramagnetic behavior are observed, i.e. sharp increase in
magnetization with decreasing temperature. This effect is
caused by an expected contribution of Eu** ions that pose
magnetic moment and follow the Curie law. The possible
origin of the Eu®" presence is a surface valence transition,
typical for nanoparticles containing Eu.

Fig. 8(c) shows hysteresis loops, determined at 2 K, for (i)
pure p-NaEuF, and $-NaGdF, precursor particles, (ii) 22 nm
p-NaGdF, nanocrystals doped with 1% of Eu and (iii)
f-NaEuF,/NaGdF, core-shell particles. Generally, the f-NaEuF,
samples (3 nm and 18 nm) are paramagnetic. However, for the
f-NaEuF, 3 nm nanocrystals some saturated component is
detected which confirms the presence of magnetic Eu®" ions.
This answers the expectation of Eu** formation on the surface,
consequently due to the large bulk to surface ratio in the
18 nm nanocrystals no signal is detectable. The pure p-NaGdF,
precursor particles, p-NaEuF,/NaGdF, core-shell particles with
the 18 nm f-NaEuF, core and 22 nm f$-NaGdF, nanocrystals
doped with 1% Eu are paramagnetic with saturation magneti-
zation as expected from the literature.’® Surprisingly the
f-NaEuF,/NaGdF, core-shell nanocrystals with the 3 nm core
show a butterfly shaped hysteresis loop. A similar behavior was
recently found in rare earth based single molecular magnets.®*
The explanation of the hysteresis loop for the p-NaEuF,/
NaGdF, core-shell particles with the 3 nm p-NaEuF, core can
be some magnetic anisotropy. Accounting the fact that for
22 nm B-NaGdF, and 3 nm p-NaGdF, samples the effect of hys-
teresis broadening was not observed one may propose a model
in which the anisotropy exists at the interface between a mag-
netic shell and a non-magnetic core.

In order to confirm this hypothesis Monte Carlo simu-
lations were performed. The simulations are based on the
Heisenberg model and the so-called simulated annealing, as
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Fig. 9 Spin configurations (central section) for the simulated particles in the fields of 0T, 1T, 2T, 6 T and 10 T (scales in nm) and the simulated hys-
teresis loops (the first quadrant) for the particle.

described by Zi6tkowski and Chrobak.®? The analyzed particle exchange integral parameter J = 0 and radial magnetic
consists of a spherical magnetic shell (7 nm in diameter) and anisotropy coefficient K = kgT. Fig. 9 depicts the spin configur-
a nonmagnetic core (3 nm). In the magnetic net, spin S = 3.5, ations for different applied magnetic fields from 0 T to 10 T.
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The resulting average spin in the direction of magnetic
field (ie. magnetization of the particle) as a function of
increasing and decreasing field is presented in Fig. 9. As
shown, this part of simulated hysteresis loop also reveals the
butterfly shape. It should be underlined that good qualitative
agreement with experimental data could be obtained only with
the assumption of the surface anisotropy. The performed simu-
lations including an influence of dipolar interactions, magnetic
frustrations, weak ferro and antiferro couplings do not bring sat-
isfactory results. Finally, one can conclude that the magnetiza-
tion processes of p-NaGdF, nanoparticles can be affected by
anisotropy that leads to the appearing of butterfly shaped hys-
teresis loops and deviation from the Curie law (see Fig. 8(a)).

In order to tackle the internal magnetic structure of
selected B-NaEuF, and the p-NaEuF,/NaGdF, core-shell nano-
crystals with an 18 nm f-NaEuF, core in detail we performed
X-ray magnetic circular dichroism (XMCD) at the Gd and Eu
M, s-edges. XMCD is a very powerful tool to determine the
magnetic properties of a compound in question valence and
element specific.

Fig. 10 presents the Eu M, s-edge X-ray absorption spectro-
scopy (XAS) and XMCD spectra of the p-NaEuF,/NaGdF, core-
shell nanocrystals with an 18 nm p-NaEuF, core along with the
Gd M;-edge of the 2 nm p-NaGdF, shell. The Gd M;s-edge exhi-
bits a large dichroic signal (~20%) of negative sign and a
typical Gd*" multiplet structure.®®

In contrast the Eu M, s-edge XMCD shows a rather weak
negative dichroism of ~2% at the Ms edge. However, this
measured dichroic signal is significantly stronger than
expected according to the SQUID data of the pure p-NaEuF,
and p-NaGdF, nanoparticles. Here the maximum recorded
magnetization (see Fig. 8(c)) of the B-NaEuF, nanocrystals is
less than 1% compared to the f-NaGdF, nanocrystals of same
size. Since both, Eu and Gd M; exhibit negative signs the net
moments are parallelly aligned to each other. Fig. 10(b) dis-
plays the Eu M, s-edge XA- and XMCD spectra of the core-shell
nanoparticles with those of pure 3 nm p-NaEuF, nanoparticles.
The XPS spectra (see section 2.5) reveal an increased amount
of divalent Eu ions which is also reflected in the X-ray absorp-
tion- and XMCD spectra of this sample. The M5 edge XMCD of
the 3 nm p-NaEuF, nanoparticles is dominated by two distinct
features located at 1128 eV and 1131 eV, which can be attribu-
ted to Eu®" and Eu*" contributions to the XMCD signal.®* In
the case of the core-shell nanocrystals the intensity of the
XMCD at 1128 eV is much less pronounced, which is in
accordance with the XPS results indicating a significantly
lower Eu®* fraction compared to the 3 nm B-NaEuF, nano-
particles. The XMCD peak at 1132 eV can be presumed as
being due to Eu®" ions with a total magnetic quantum number
J # 0, since Eu®" in its magnetic ground state with J = 0 would
produce no dichroic signal at all. On the other hand, Eu*" ions
are in a J = 7/2 ground state, leading to a “spin only” moment
of 7ug per Eu ion. This means that already quite a small frac-
tion of uncompensated moments originating from Eu®" ions
may lead to a significant contribution to the overall Eu
M, s-edge XCMD signal. As we have already pointed out the
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Fig. 10 (a) Gd Ms and Eu M, 5-edge XAS and XMCD of the B-NaEuF,/
NaGdF, core—shell nanocrystals with an 18 nm $-NaEuF4 core. (b) Eu
M, s-edge XAS and XMCD of the p-NaEuF,/NaGdF, core—shell nano-
crystals with an 18 nm p-NaEuF, core and the pure 3 nm B-NaEuF,
nanoparticles. (c) Eu M4 5-edge XMCD spectra in comparison with the
corresponding atomic multiplet calculations of the “F, Eu** and the 8s,
Eu?* final states. The simulated spectra have been extracted from Kach-
kanov et al.>® The experiments have been performed under an external
magnetic field of B = 6 T and with the samples at a temperature of 6 K.
Spectra are offset vertically for clarity.

overall dichroic Eu signal is much higher than expected from
the SQUID magnetometry data. One potential reason is that
the Eu*'-signal stems from ions in the “F, (J = 1) state. This is
likely populated via the excitation of the probing X-ray beam
during the XMCD measurement. Note that 4f intrashell tran-
sitions into the ’F, also dominate the luminescence spectra
presented in Fig. 5. A similar effect has been reported by
Kachkanov et al.>® for Eu** doped GaN layers. It seems that
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f-NaEuF, based nanocrystals and core-shell systems could be
another example of a material in which the magnetic state can
be altered by light excitation. In order to investigate this highly
interesting effect in more detail future experiments by means
of magneto optical SQUID and/or XMCD measurements in
luminescence yield would be desirable.

3 Conclusions

We synthesized p-NaEuF,/NaGdF, core-shell nanoparticles
with narrow size distribution and an overall size of around
22 nm diameter. The particles contained either a small
f-NaEuF, core with a diameter of only ~3 nm or a large
f-NaEuF, core with a diameter of ~18 nm. Structural PDF ana-
lysis of the XRD measurements shows differences in peak posi-
tions between the both core-shell samples, although the
differences in bond distance between the different atoms of
bulk p-NaEuF, and f-NaGdF, are small. Comparison with
simulation based on pure crystalline, spherical p-NaEuF, and
f-NaGdF, nanoparticles point out that the p-NaEuF,/NaGdF,
core-shell nanoparticle with a 3 nm p-NaEuF, core exhibits
structural parameters of p-NaGdF, structure, whereas
f-NaEuF,/NaGdF, core-shell nanoparticles with an 18 nm
p-NaEuF, core resemble the p-NaEuF, structure. HR-TEM
images reveal core-shell formation for the p-NaEuF,/NaGdF,
core-shell nanoparticles with an 18 nm f-NaEuF, core. The
Eu®* photoluminescence and Gd** ESR spectra both indicate
that rare earth ions of the small 3 nm particle cores were
released during shell growth and incorporate into the shell
material. In contrast the system with the large p-NaEuF, core
does not exhibit additional peaks in the Eu®* luminescence
spectra indicating that only a small number of Eu®* ions are
present in the NaGdF, shell. As to the Eu and Gd valance
states, X-ray photoelectron-core level spectroscopy reveals sig-
nificant fractions of Eu®' ions in the p-NaEuF, precursors as
well as the p-NaEuF,/NaGdF, core-shell nanoparticles with an
18 nm p-NaEuF, core. Larger f-NaEuF, nanoparticles and sur-
rounded by the p-NaGdF, shell reduce the Eu”* fraction in
agreement with results reported for EuF; thin film surfaces
and interfaces.’® The presence of Eu** in the f-NaEuF, nano-
particles as well as in the core-shell systems is confirmed by
SQUID magnetometry. M(T) curves of the p-NaEuF, precursors
exhibit a sharp increase in magnetization below 20 K stemm-
ing from Eu®" ions since only the Eu’" ions contribute a
weak van Vleck paramagnetism. In the case of the core-shell
system with 3 nm p-NaEuF, core we find a butterfly-shaped
hysteresis loop which is known for single molecular magnets,
for instance. This result could be reproduced by Heisenberg
model simulations of a magnetic sphere comprising a non-
magnetic core. XMCD at the Eu and M, ;5 edges demonstrates
the parallel alignment of Gd and Eu moments in the core-
shell nanoparticles with a large p-NaEuF, core. The magnetic
properties are dictated by the paramagnetic Gd*" ions in the
surrounding p-NaGdF, shell. However, both the Eu** and Eu’*
ions contribute to the overall magnetic properties of the
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system. In particular the Eu®" contribution is much higher
than expected from the weak van Vleck paramagnetism. This
might be due to the fact that the exciting X-rays populate the
J = 1 state of Eu*" via 4f transitions which can be also seen in
the optical spectra. In future studies the core-shell formation
with small -NaEuF, cores will be further optimized, also to
investigate the interesting butterfly shaped magnetic hysteresis
in more detail. The fact that the magnetic state of Eu®*" might
be altered by external light excitation is another interesting
aspect which may be investigated by SQUID experiments
under optical light excitation or XMCD using luminescence
yield as the detection mode. Finally the multifunctionality of
the p-NaEuF,/NaGdF, core-shell nanoparticles could be
further improved, e.g. by transition metal doping into the
f-NaEuF, core and/or the f-NaGdF, shell. In summary we have
successfully synthesized and carefully characterized multi-
functional p-NaEuF,/NaGdF, core-shell nanoparticles combin-
ing intense red optical emission from the Eu®" ions with the
paramagnetic properties stemming mainly from the Gd** ions.

4 Experimental
4.1 Materials

Sodium oleate (82%, Sigma-Aldrich), sodium fluoride (99%,
Sigma-Aldrich), ammonium fluoride (98%, Sigma-Aldrich),
oleic acid (90%, Alfa Aesar), 1-octadecene (90%, Alfa Aesar)
and hydrated rare-earth chlorides of EuCl; and GdCl; (99.9%,
Treibacher Industrie AG) were used as received.

Rare-earth oleates. The rare-earth oleates were prepared as
given in the literature.®® In a typical synthesis of europium
oleate 60 mmol europium chloride and 180 mmol sodium
oleate were dispersed in 120 ml ethanol, 80 ml water and
210 ml hexane. The resulting turbid solution was heated for
14 h under reflux (at about 60 °C). The resulting transparent
organic phase containing the europium oleate was separated
at room temperature and the hexane was removed with a
rotary evaporator, yielding europium oleate. Gadolinium oleate
was prepared analogously.

Synthesis of cubic phase precursor nanocrystals. The syn-
thesis of the sub-10 nm particles of a-NaREF, (RE = Eu, Gd) is
based on the reaction of rare-earth oleates and NaF in a
mixture of oleic acid and 1-octadecene, similar to the pro-
cedure given by Liu et al.®® In our case, rare-earth oleate and
sodium fluoride were used in a molar ratio of 1 to 8. Oleic acid
and 1-octadecene were added to the 1 to 8 mixture of rare-
earth oleate and NaF (10 ml of each solvent per 1 mmol of
rare-earth oleate) and the mixture was degassed in a vacuum
Schlenk-line 100 Pa) for 1 h at 100 °C under stirring. The setup
was three times subjected to vacuum and then refilled with
nitrogen before the reaction mixture was heated at 200 °C.
After 60 min at 200 °C and slow nitrogen flow the stirred solu-
tion was allowed to cool to room temperature. The excess of
sodium fluoride was removed by centrifugation. The clear
supernatant was mixed with an equal volume of ethanol
leading to precipitation of the nanoparticles, which were
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separated by centrifugation. The particles were purified by
redispersing the precipitate in hexane (3 ml hexane per
1 mmol of rare-earth oleate), followed by precipitation with
ethanol and separation of the particles by centrifugation.

Synthesis of hexagonal phase precursor nanocrystals. Hexa-
gonal phase precursor particles of NaREF, were prepared by
dispersing the corresponding rare-earth oleate and sodium
oleate in a molar ratio of 1:2.5 in oleic acid and 1-octadecene
(10 ml of each solvent per 1 mmol of rare-earth oleate) fol-
lowed by degassing at 100 °C for 1 h under vacuum (100 Pa) in
a Schlenk-line. Subsequently, 4 mmol ammonium fluoride per
1 mmol of rare-earth oleate was added at 100 °C to the clear
yellowish solution under nitrogen flow. The vessel was three
times subjected to vacuum and then refilled with nitrogen
(vacuum applied for 5 seconds only) and the stirred solution
was subsequently heated at 200 °C for 60 min under slow
nitrogen flow. After cooling to room temperature an equal
volume of ethanol was added to the solution, resulting in pre-
cipitation of the precursor particles. The particles were separ-
ated by centrifugation and purified as given above for the
cubic phase precursor nanocrystals.

Growth of the final product particles. We used a method
published earlier by the group of one of the present authors.®”
Product particles with different final sizes were obtained by
varying the molar ratio of hexagonal and cubic phase precur-
sor particles. In a typical synthesis, 3.76 mg f-NaEuF, and
1.28 g a-NaGdF, precursor particles were re-dispersed in a
solvent mixture consisting of 10 ml of oleic acid and 10 ml of
1-octadecene. The mixture was then heated at 100 °C for
60 min under vacuum and stirring. After the vessel was three
times subjected to vacuum and then refilled with nitrogen, the
solution was heated to 320 °C under nitrogen flow. After the
desired reaction time, in this case 40 min, the reaction was
stopped and the solution was cooled down to room tempera-
ture. After adding 60 ml of a 1:2 mixture of hexane and
ethanol, the precipitate was separated from the solution by
centrifugation. The precipitate was purified two times as given
above for the precursor particles. The synthesis procedure for
all NaREF, product particles was the same.

4.2 Experimental methods

The total scattering X-ray measurements were performed on
the high energy scattering beamline P02.1 at PETRA III (DESY,
Hamburg, Germany). The data sets were collected using a high
energy monochromatic beam (59.875 keV, 4 = 0.20707 A) and a
Perkin Elmer flat panel detector placed at 303 mm from the
samples. The wavelength and the sample to detector distance
have been determined by using a LaBs NIST standard. The
used experimental setup allows to collect total scattering data
over a sufficiently high momentum transfer (Q ~ 22.72 A™)
corresponding to a d spacing of 0.138 A. We note here that the
total scattering measurements have been conducted under the
same experimental conditions for all the studied samples. The
collected data were then corrected for experimental effects
(absorption, multiple scattering, polarization, Compton scat-
tering and Laue diffuse scattering) and the scattering signals
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from the air and the experimental set up were measured inde-
pendently under exactly the same conditions as the samples
and subtracted as a background in the data reduction pro-
cedure. For obtaining the experimental atomic pair distri-
bution function G(r) by a direct sine Fourier transformation of
the resulting total scattering structure function S(Q), the data
were truncated at a finite maximum value of Qpax = 18.13 A™?
beyond which the signal-to-noise ratio became unfavourable.
All data processing was done using Fit-2D°® and PDFgetX3®’
software.

A double Cs corrected JEOL ARM 200F transmission elec-
tron microscope operated at 200 kV was used for the analysis
in the study. High angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) was used along with
electron energy loss spectroscopy (EELS) Spectrum Imaging
(SI) using the DualEELS™ mode on the Gatan GIF Quantum
965 ERS™ spectrometer fitted on the microscope as well as
EDS using an Oxford XMax 80 SDD.

Fluorescence spectra of the nanocrystals were recorded with
a Fluorolog 3-22 spectrometer (Jobin Yvon) equipped with
double monochromators for both channels.

The EPR spectra of the sample were recorded with a home
made X-band EPR spectrometer (9 GHz) equipped with a
dielectric resonator (DM5) (Bruker Biospin, Rheinstetten,
Germany). The microwave power was set to 1.0 mW, the B-field
modulation amplitude was 0.3 mT.

The XPS measurements were performed using a PHI 5600CI
multitechnique spectrometer with monochromatic Al Ka =
1486.6 eV radiation of 0.3 eV at full width at half-maximum.
The overall resolution of the spectrometer is 1.5% of the pass
energy of the analyzer, 0.88 eV in the present case. The XPS
measurements were performed at room temperature.

The XAS and XMCD measurements were performed at the
Beamline for Advanced Dichroism (BACH) at the Elettra Syn-
chrotron Facility.”® The samples were mounted into a cryostat
equipped with a 6.5 T superconducting magnet, the sample
stage was connected to a pumped helium cryostat, reaching a
base temperature of around 6.0 K during the experiments pre-
sented here. The measurements at the Gd and Eu M, 5 edges
have been recorded under external magnetic fields of 6 T in
the total electron yield mode.

The FC-ZFC and hysteresis loop measurements were per-
formed at the A. Chetkowski Institute of Physics, University of
Silesia, Katowice, Poland, with the use of SQUID magneto-
meter (MPMS XL7 Quantum Design). All measurements have
been performed in the 2 K-300 K temperature range up to 7 T
magnetic field.
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