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Rare-earth doped nanocrystals possess optical transitions with significant either electric or mag-
netic dipole characters. They are of strong interest for understanding and engineering light-matter
interactions at the nanoscale with numerous applications in nanophotonics. Here, we study the
5D0 →

7F1 transition dipole vector in individual NaYF4:Eu
3+ nanorod crystals by Fourier and

confocal microscopies. Single crystalline host matrix leads to narrow emission lines at room temper-
ature that permit to separate Stark sublevels resulting from the crystal field splitting. We observe
a fully magnetic transition and low variability of the transition dipole orientation over several sin-
gle nanorods. We estimate the proportion of the dipole transitions for the Stark sublevels. We
also determine an effective altitude of the rod with respect to the substrate. The narrow emission
lines characteristic of NaYF4:Eu

3+ ensure well-defined electric or magnetic transitions, and are thus
instrumental for probing locally their electromagnetic environment by standard confocal microscopy.

I. INTRODUCTION

Light-matter interaction in the optical regime is prin-
cipally of electric nature because the magnetic contri-
bution is orders of magnitude weaker. Therefore, engi-
neering optical magnetic dipole (MD) opens novel design
rules for developing metamaterials [1] and optical anten-
nas [2]. Examples are artificial MDs created by specific
ring-like geometries [3–6]. Of particular interest in this
context are rare-earth ions because they naturally have
MD optical transitions [7] that can be manipulated by
the crystalline or molecular hosting environment.
Rare-earth doped crystals have original spectroscopic

properties and extensive theoretical and experimental ef-
forts have been devoted to investigate their distinctive lu-
minescence features. They are widely produced for solid
state lasers or as phosphors for lightening [8], but several
other promising applications are also envisioned. Since
some emission lines are very sensitive to the local temper-
ature, rare-earth doped nanocrystals have been used to
measure the internal temperature of tumor cells during
thermally induced apoptosis [9] or used as temperature
sensor scanned above an electronic circuit [10]. Lumines-
cent nanocrystals are also considered as active probes for
scanning near-field optical microscopy delivering a sig-
nal proportional to the local electric field [11]. More-
over, some transitions present a magnetic dipole activity
used for probing the magnetic near-field [12, 13]. Finally
lifetime measurements of the electric dipole (ED) and
MD allowed transitions in rare-earth doped nanocrystal
were implemented to experimentally measure the local
density of electromagnetic states (LDOS) [14–17]. As a
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consequence, these luminescent nanoparticles constitute
a family of nanoprobes extremely versatile and a com-
plete understanding and characterization of these emis-
sion lines are a prerequisite to unlock the full potential
of applications.

In this work, we are studying a specific transition of
NaYF4:Eu

3+ nanocrystals. The spectrum of trivalent eu-
ropium ions strongly depends on the site symmetry and
are thus sensitive to the electronic structure. For in-
stance, the 5D0 →7F0 transition is related to the coor-
dination number of the Eu3+ and the intensity of the
robustness of the 5D0 →7F1 transition may be used
as a reference for spectroscopic calibration [18]. This
5D0 →7F1 transition has a mainly MD character [18].
In 1941, Freed and Weissman analyzed wide angle emis-
sion and concluded to the multipole nature of this line
for randomly oriented emitters in solution [19]. In 1980,
Kunz and Lukosz measured the lifetime in thin films of
Eu3+ doped benzoyltrifluoroacetone chelate and quan-
tified the magnetic/electric ratio of the transition and
found a proportion of 80% MD and 20% ED in the spec-
tral range λ = 592± 5 nm [20]. Last, in 2012 Taminiau
et al. adapted the method of Freed and Weissman by us-
ing Fourier microscopy and obtained that the transition
is 91 ± 2% MD for Y2O3:Eu

3+ doped thin film [7]. All
these samples involve randomly oriented emitters but in
rare-earth doped nanocrystals, the single crystalline host
matrix leads to ED or MD optical transitions that ex-
hibit strong polarization properties directly linked to the
crystal orientation [21, 22]. The dipole transition has a
fixed orientation with respect to the rod axis and consti-
tutes a vectorial nanoprobe. Also of strong interest here,
we use a single crystalline NaYF4 host matrix for the
Eu3+ ions, limiting multiphonon relaxation channels and
ensuring well separated transition lines [16]. Indeed, the
5D1 →7F3 is an ED transition with an emission wave-
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length (λ = 585 nm) close to the 5D0 →7F1 MD tran-
sition (λ = 592 nm). Narrow lines are thus needed to
carefully characterize the multipole nature of the tran-
sitions. The recorded data are correctly interpreted by
considering a fully MD transition. We measure the MD
orientation and quantify the contribution of MD tran-
sitions towards the Stark sublevels resulting from the
crystal field splitting of the otherwise degenerated 7F1

level. The work is organized as follows. In Sec. II,
we show the experimental measurements and modeling
of the spectroscopic properties of individual europium
doped single crystalline NaYF4 nanorods. We record
spectrally-resolved polarized emission diagram and de-
duce the nature of the 5D0 →7F1 transition as well as its
dipole moment orientation. In Sec. III, we measure the
rod emission by Fourier plane microscopy and discuss the
contribution of the MDs within the spectral range.

II. OPTICAL TRANSITION DIPOLE VECTOR

A. Electric and magnetic dipole optical transitions

Europium doped single crystalline NaYF4:Eu
3+

nanorods with an average diameter of 90 nm and a length
of 1500 nm are synthesized as described in Ref. [23, 24]
and are randomly dispersed on a quartz substrate (see
appendix A). The emission of single nanorod is acquired
with a home made epi-confocal microscope, depicted in
Fig. 1. Depending on the measurement, we use either
a low numerical objective (NA = 0.6) or a high NA lens
(NA =1.49). A power of 236µW at the focal point is
necessary to generate a detectable luminescence signal.
To be sure that emission spectra are originating from
nanorods, a confocal image of the luminescence is first ac-
quired by scanning the sample with a piezoelectric stage
and collecting the light with a fiber coupled APD, see
Fig. 2(b). The center of the nanorod is then positioned
to the focal area and an emission spectrum is recorded,
see Fig. 3(a). Scanning electron micrographs (SEM) of
the measured rods are acquired a posteriori and only sin-
gle rod measurements are kept in the analysis, see Fig.
2.
The photoluminescence spectra of a single rod is char-

acterized by distinct emission lines, see Figure 3(a) corre-
sponding to transitions from level 5D0 or

5D1 to
7FJ with

J =0. . . 6. Each transition has a degeneracy of 2J + 1,
that can be lifted due to the crystal field perturbation
splitting of the 7FJ levels into different Stark sublevels
[Figure 3(b)] [18]. According to the Judd-Ofelt model
[25], all these transitions correspond to ED except for the
5D0 →7 F1 transition (peak at 592 nm), which behaves as
a MD. Nanorods exhibit the hexagonal β-NaYF4 struc-
ture with the c-axis corresponding to the main axis of the
rods. The symmetry group of the Y site is C3h. We thus
expect two emission lines for the 5D0 →7F1 transition
and one emission line for the 5D0 →7F2 transition [18].
However, because of the larger ionic radius of Eu3+ com-

.eps

FIG. 1. Schematic representation of the confocal optical mi-
croscope. The Europium ions are excited by a continuous-
wave laser emitting at a wavelength of 392 nm and focused
by a microscope objective (40×, NA=0.6 or 60× NA=1.49,
Nikon). The luminescence is collected by the same objective
and is separated from the excitation laser by a dichroic mirror
and routed either to an avalanche photodiode (APD) for con-
focal imaging or to a spectrometer. The polarisation of the
emitted light is analyzed placing a polarizer after the sample
(”analyzer”).

(a) (b)

FIG. 2. (a) SEM image of a NaYF4:Eu
3+ single nanorod with

a diameter of 90 nm and a length of 1500 nm. (b) Confocal
image of the luminescence emitted by the same rod.

pare to Y3+, a symmetry breaking down to a lower Cs

symmetry occurs in presence of doping Eu3+ at Y sites
[26]. Therefore, crystal-field splitting lifts the degener-
acy of the Stark sublevels and we observe three emission
lines for the 5D0 →7F1 MD transition but resolve three
of the five emission lines for the 5D0 →7F2 ED tran-
sition. In the following, we use confocal microscopy to
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study the 5D0 →7F1 MDs orientation within individual
rods. We measure the orientation of the dipole transition
that presents a fixed angle with respect to the c-axis.
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FIG. 3. (a) Spectrum of a single NaYF4:Eu
3+ nanorod (ob-

tained without the analyzer, and with an objective NA=0.6).
(b) Energy diagram of trivalent Europium. The ion has a 4f6

configuration with optical transitions occurring between the
levels 5D1 or 5D0 and 7FJ . Each level has a degeneracy of
2J + 1 split by the crystalline field into different Stark levels.

B. Polarized emission diagram

1. Model of the luminescence emitted by rare-earth doped
nanorods

a. Nanocrystal emission We consider a single rod
with its c-axis aligned with the substrate/air interface

(the general case is derived in the appendix B). The ED
or MD moments associated to a transition line have a
fixed angle α with respect to the c-axis as illustrated in
Fig. 4. We assume a MD in the following, but simi-
lar expressions hold for the electric field emitted by an
ED (see appendix C). Due to random distribution of
emitters among the Y host sites of the matrix, the rod
emission is modeled by the incoherent emission of dipo-
lar emitters presenting a fixed orientation with respect
to the c-axis (angle α), leaving free the angle ψ in the
plane perpendicular to the c-axis. The dipole vector
is p = p0(cosα, sinα sinψ, sinα cosψ) with ψ ∈ [0; 2π[.
The magnetic field scattered at r by a dipole located at r0
can be expressed thanks to the magnetic Green’s tensor
Q

H(r) = µ0ω
2
0Q(r, r0, ω0) · p (1)

where ω0 refers to the angular frequency of the oscillating
dipole, corresponding to the emission line. The detected

α
C-Axis

FIG. 4. Orientation of the dipole transition moment for a rod
on the substrate. The emission is modeled by dipolar emitters
oriented at a fixed angle with respect to the c-axis (cone of
semi-angle α).

intensity in the medium of optical index n3 follows I(r) =

|H(r)|2 /n3. Finally, for a random orientation ψ in the
plane perpendicular to the c-axis, the detected intensity
is the incoherent emission of all the emitting dipoles so
that it can be expressed as (symbol∝means proportional
to)

I(r) =
1

2πn3

∫ 2π

0

|H(r)|2 dψ ∝
(

|Qxx|2 + |Qyx|2 + |Qzx|2
)

cos2 α (2)

+
(

|Qxy|2 + |Qyy|2 + |Qzy|2
) 1

2
sin2 α+

(

|Qxz|2 + |Qyz|2 + |Qzz|2
) 1

2
sin2 α

that is equivalent to the incoherent emission of three or-
thogonal dipoles

p1 =





cosα
0
0



 ,p2 =
1√
2





0
sinα
0



 ,p3 =
1√
2





0
0

sinα



 .

b. Paraxial approximation For a detector located on
the confocal optical axis, just after an analyzer, the

asymptotic expansion of the Green’s tensor leads to the
polarized emission (see appendix C for details):

I(ΦA) = A sin2 ΦA +B cos2 ΦA (3)

where ΦA refers to the angle of the analyzer with re-
spect to the rod c-axis. A = (sin2 α)/2, B = cos2 α for
an electric dipole, and A = cos2 α,B = (sin2 α)/2 for a
magnetic dipole. So, the emitter angle with respect to
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the c-axis can be estimated from the fitting parameters
A,B of the measured polarized diagrams discussed later
in §II B 2. Numerical simulations (not shown) reveal that
this expression also correctly reproduces the polarized
diagram detected with a low NA objective. Note that
an isotropic emission occurs for the magic angle αiso =
atan(

√
2) = 54.7◦ corresponding to A = B.

2. Analysis of the polarized emission

The emission of single nanorod are acquired with the
home made epi-confocal microscope described in section
IIA and equipped with the low NA objective to stay
within the paraxial approximation discussed above. The
emission spectra are recorded by varying the analyzer
angle between 0◦ and 360◦ with a step of 10◦ and are
shown in Fig. 5(a).
Let us focus on the 5D0 →7F1 magnetic transitions

occurring between 588 nm and 598 nm (gray region). In
this wavelength range, three main peaks are clearly visi-
ble. They are reproduced in Fig. 5(b). For unmixing the
proportion of each transition, the spectra are fitted with
a sum of three Gaussian functions, represented in red,
green and blue. We observe relatively narrow lines (∼ 1
nm) thanks to the single crystalline NaYF4 host matrix,
so that the three MD transitions can be well separated
at room temperature and a full understanding of the po-
larization diagram can be proposed. Based on the fitting
amplitudes obtained for every analyzer angle, which are
proportional to the total integral for a Gaussian, the nor-
malized polarization diagrams of each of the transitions
can be plotted. They are indicated with open circles in
Fig. 5(c). Note that the luminescence emitted by mag-
netic transitions 1 and 2 (noted MD1 and MD2) have
a preferred polarization aligned with the c-axis, whereas
the luminescence from magnetic transition 3 (MD3) is
emitted perpendicularly to this axis. As already shown
by Kim et al. [22], the orientation angle of the nanorod
can now be determined and the angle of each magnetic
dipole (from the c-axis) can be extracted by using the
paraxial approximation (see Eq. 3).
We determine all these parameters (dipole angle and

nanorod angle) by fitting the experimental points with
the full theoretical model detailed in appendix C, see Eq.
C18. For rod #4, whose recorded spectra are displayed
in Fig. 5(a), the angles between each dipoles and the c-
axis obtained in the paraxial approximation are equal to
65.3±0.2◦ for MD1 (in red), 67.7±0.2◦ for MD2 (in green)
and 38.4±0.9◦ for MD3 (in blue). With the full model
these angles become: 67.4±0.4◦ for dipole 1, 70.9±0.3◦

for MD2 and 36.9±0.9◦ for dipole MD3. The difference
between the angles deduced from the paraxial approxi-
mation and the full model remains small (less than 3◦).
This procedure has been applied to several individ-

ual nanorods. The results are summarized in Table I.
For all nanorods, the small deviation between the values
extracted from the paraxial approximation and the full

model confirms that the paraxial theory is valid for a nu-
merical aperture lower than 0.7 [27]. The small standard
deviation (less than 1.5◦) indicates a minor dispersion
of the angles. We conclude that the deduced dipole an-
gles do not dependent on the chosen nanorod because
these angles reflect the dipolar geometry resulting from
the crystal field splitting of sublevels.

III. FOURIER PLANE LEAKAGE RADIATION

MICROSCOPY

The characterization of a single nanorod dipolar emis-
sion may also be performed with an other method called
Fourier plane microscopy [7, 28, 29]. Unlike spectroscopic
measurement based on a low NA detection, this method
uses a high numerical aperture oil immersion objective
(NA 1.49, Nikon) and a camera adequately positioned in
a conjugate Fourier plane of the microscope. The same
continuous laser of wavelength 392 nm was used and a
power of 287.5µW (at the focal point) is used to excite
Europium ions. The luminescence is separated from the
excitation laser with the same dichroic mirror, passed
through a rotating analyzer and is detected with a scien-
tific CMOS camera (Andor Zyla) placed in the Fourier
plane. To achieve a good signal to noise ratio, we use a
binning of 4×4 and an integration times of 15 s. Two dis-
tinct band pass filters are used: from 586.8 to 593.6 nm
(noted BP1) selecting equivalently MD1 and MD2 (pro-
portions p1 ≈ p2 ≈ 50%), and from 591 nm to 598.6 nm
(noted BP2) selecting predominantly MD3 (p3 ≈ 88%)
compared to MD2 (p2 ≈ 12%).
Typical emission patterns from a single nanorod with

BP1 are shown in Fig. 6-(a1), (a2) and (a3) for three
orientations of the analyzer. We observe two distinct
lobes of higher intensity at an angle near the critical angle
θc, with θc = 43.3◦ for an air-quartz interface. These two
lobes slightly rotate with the analyzer angle (see video
1) and they are almost in the same direction as the rod
axis, which is in agreement with the polarization emission
plots discussed in Fig. 5-(c1) and (c2). A normalization
of the intensity is performed on the maximal emission
measured for all analyzer angles.
These experimental Fourier images can be fitted with

the full theoretical model detailed in appendix C (see Eq.
C17). The calculated Fourier plane image are shown in
6-(b1), (b2) and (b3), respectively. The agreement be-
tween the experimental and simulated Fourier images is
very good both on the overall distribution of the inten-
sity and the angular position of the lobes as confirmed by
the intensity profiles in Fig. 6-(c1), (c2) and (c3). From
the simulated Fourier planes; we are in position to de-
termine the angles between the magnetic dipoles MD1,
MD2 and the c-axis as well as the proportion p1. For
rod #4 for instance, we find angles of 67.4◦ and 70.8◦

for MD1 and MD2 respectively and a proportion of 50%.
These angles are almost identical to those obtained with
the spectroscopic analysis (see previous section).
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TABLE I. Angles α with respect to the c-axis of magnetic dipoles deduced from spectral analysis of single NaYF4:Eu
3+

nanorods. Two models are considered: the paraxial approximation (parax., Eq. 3) and the full model (full, Eq. C18) with
NA=0.6. The uncertainties with a 95% confidence interval are estimated from the fits. The mean and the standard deviation
are also indicated in the last rows.

MD1 angle MD2 angle MD3 angle
Rod parax. full parax. full parax. full

1 65.7±0.1◦ 67.6±0.3◦ 70.0±0.2◦ 73.3±0.3◦ 37.3±0.3◦ 35.9±0.4◦

2 66.0±0.1◦ 68.1±0.3◦ 69.0±0.3◦ 73.3±0.5◦ 37.2±0.3◦ 35.7±0.3◦

3 66.6±0.1◦ 69.4±0.7◦ 69.7±0.2◦ 73.5±0.2◦ 38.0±0.2◦ 36.3±0.6◦

4 65.3±0.2◦ 67.4±0.4◦ 67.7±0.2◦ 70.9±0.3◦ 38.4±0.9◦ 36.9±0.9◦

5 65.0±0.1◦ 66.8±0.2◦ 68.3±0.1◦ 71.3±0.1◦ 38.3±0.2◦ 36.7±0.3◦

mean 65.7◦ 67.9◦ 68.9◦ 72.5◦ 37.8◦ 36.3◦

std 0.6◦ 1.0◦ 1.0◦ 1.3◦ 0.6◦ 0.5◦
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FIG. 5. (a) Luminescence specra of single NaYF4:Eu
3+ nanorod for different analyzer angles. The 5D0 →

7F1 magnetic
transitions are highlighted in gray and zoomed in (b) for an analyzer angle of 0◦. Spectral unmixing is performed by the
fitting experimental data with a sum of three Gaussians. Three magnetic dipoles can be isolated, they are noted MD1 (in red,
gaussian width 1.2 nm), MD2 (in green, gaussian width 0.8 nm) and MD3 (in blue, gaussian width 1.5 nm). The normalized
polarization diagrams of MD1, MD2 and MD3 are shown with dots in the polar plots (c1), (c2) and (c3), respectively. For each
dipole, a normalization is performed on the maximum emission of single nanorod. The lines correspond to fits using the full
model.

We have applied the same procedure for analyzing the
Fourier images acquired with the second band pass filter
(BP2) shown in Fig. 8-(a1), (a2) and (a3). The two
lobes rotate with the analyzer angle (see video 2) and are
now perpendicular to the c-axis, as expected from Fig.
5(c3). By fitting these experimental images with the full

theoretical model, we find angles of 69.9◦ and 35.3◦ for
MD2 and MD3 respectively and a MD3 proportion of
90%. Again, these angles are close to those obtained in
the previous section.

The results obtained for several individual nanorods
are summarized in Table II. The angles are very simi-
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FIG. 6. Fourier imaging of single NaYF4:Eu
3+ nanorod for 586.8-593.6 nm wavelength range. Experimental Fourier images

acquired with analyzer angle of 0◦, 60◦ and 120◦ are shown respectively in a1, a2 and a3. The white circle with larger diameter
indicates the maximum collection angle corresponding to the numerical aperture of the objective (NA=1.49). We also represent
the circle indicating the critical angle for an air-quartz interface (corresponding to NA=1.0). These experimental images are
compared to the theoretical ones shown in b1, b2 and b3 for an analyzer angle of respectively 0◦, 60◦ and 120◦. For each
analyzer angle, we have represented in c1, c2 and c3, the experimental (in solid blue line) and theoretical (in dashed red line)
intensity profiles corresponding to the white dashed lines in a) and b).

lar to those obtained with full model used in conjunction
of the spectral analysis, confirming that this method is
robust for determining dipolar emission angles. The vari-
ability of the angle measurements is small and within the
experimental error, estimated to 2◦ [30], confirming that
it does not depend on the chosen rod but reveals the local
site symmetry of Europiums ions.

We emphasize that we fully explain the recorded
Fourier images considering a fully magnetic transition
but taking into account the contribution of the two MD
transitions within the detected spectral range. Differ-
ently, several works considered randomly oriented emit-
ters in solution or thin films and observe that the
MD transition could present an electric dipole charac-
ter [7, 19, 20], as discussed in the introduction. The ED

contribution could originate from e.g the perturbation
of the selection rules depending on the host matrix or
from the contribution of the neighbor 5D1 →7F3 ED line
[31]. Further investigations are necessary to conclude.
For instance, low temperature measurement would help
separating the emission lines.

Furthermore, Fourier imaging performed with a high
NA objective collects light emitted towards angles larger
than the critical angle. Under this condition, the dis-
tance between the nanorod and the substrate (noted z0)
is critical and should be considered as an additional fit-
ting parameter in the model. As indicated in Table II,
we find an effective height of 59.6 nm which is in agree-
ment with the dimension of the nanorod. This effective
height is due to the finite diameter of the rod and con-
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TABLE II. Angles of magnetic dipoles deduced from Fourier
images of single NaYF4:Eu

3+ nanorods. Two band pass filters
are considered: BP1 (586.8-593.6 nm) and BP2 (591.0-598.6
nm). Due to their large spectral widths, the emission of two
dipoles are simultaneously collected. The proportion of MD1
(noted p1), the proportion of MD3 (noted p3) and the distance
z0 to the substrate are also estimated. The mean and the
standard deviation are indicated in the last rows.

BP1 BP2
Rod MD1 MD2 p1 MD2 MD3 p3 z0 (nm)

1 68.2◦ 73.6◦ 0.49 73.6◦ 36.2◦ 0.87 65.6
2 67.9◦ 70.6◦ 0.50 72.9◦ 35.1◦ 0.89 50.1
3 69.6◦ 73.6◦ 0.50 73.4◦ 36.6◦ 0.88 61.4
4 67.4◦ 70.8◦ 0.50 69.9◦ 35.3◦ 0.90 57.8
5 66.5◦ 71.2◦ 0.50 71.2◦ 36.9◦ 0.88 63.2
mean 67.9◦ 72.0◦ 0.50 72.2◦ 36.0◦ 0.88 59.6
std 1.1◦ 1.5◦ 0.01 1.6◦ 0.8◦ 0.01 6.0

FIG. 7. Video1. Fourier imaging of single NaYF4:Eu
3+

nanorod for 586.8-593.6 nm wavelength range. Left) Experi-
mental and right) calculated Fourier plane images as a func-
tion of analyzer angle from 0◦ to 180◦ by step of 30◦.

sequently an integrated signal pickup over a finite rod
volume. More precisely, the dipolar emission above the
critical angle originates from the evanescent coupling into

the substrate e−κ1z0 , κ1 =
√

ǫ3 sin
2 θ − ǫ1 for θ > θc (see

Eq. C12). Therefore, high NA Fourier microscopy gives
access to the effective height of the rod onto the sub-
strate. It represents the ponderation by the evanescent
coupling over the rod height and can be used to extract
information on the distance between the rod and the sub-
strate.

IV. CONCLUSION

In summary, we fully characterized the magnetic dipole
moment associated to the 5D0 →7F1 transition in in-

dividual NaYF4:Eu
3+ nanocrystals by two different ap-

proaches. We determine the orientation of the three mag-
netic dipoles for the Stark sublevels originating from the
crystal field degeneracy breaking. The orientation of the
dipole moment is an intrinsic property of the synthesized
nanorods and can be used for measuring their absolute
orientation [32, 33]. In addition, since the optical tran-
sition properties are fully characterized and presents low
variability from one rod to another, such nanocrystals
could be used for mapping of the magnetic field and
LDOS near nanophotonics structures, notably metama-
terials and nano-antennas. In particular, fluorescence
lifetime of rare-earth doped nanoparticles probes the elec-
tric or magnetic LDOS in complex environnement [14–
17]. Random orientation of the dipolar emitters is gen-
erally considered so that lifetime measures LDOS with-
out information on the mode polarization. We expect
additional information on the mode polarization con-
sidering the fixed dipole moment we characterized in
NaYF4:Eu

3+ single crystalline nanorods. This will be
investigated in a future work. Using a high NA objec-
tive to pick up frustrated evanescent wave contribution
of the dipolar emission into the substrate, we also deter-
mine an effective height of the rod dipole moment. The
sensitivity of the Fourier imaging with respect to the al-
titude of the rod is also of interest to calibrate near-field
optical measurement. It is worth mentioning that using
a single crystalline NaYF4 host matrix is a key param-
eter in this work since it leads to very narrow and well
separated emission lines at room temperature clarifying
the role of the Stark sublevels in the luminescence signal.
Another significant advantage is the ability to synthe-
size this compound as nanorods with very good control
of size and shape, thus allowing to easily characterize
and control the spatial orientation of the crystal and the
crystalline axis, for full engineering of their spectroscopic
properties at the nanoscale level.
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Appendix A: Synthesis of single crystalline

NaYF4:Eu3+nanorods

45 mmol (1.8 g) of NaOH in 6 mL of water were mixed
with 15 mL of ethanol (EtOH) and 30 mL of oleic acid
(OA) under stirring. To the resulting mixture were selec-
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tively added 0.95 mmol (288 mg) of Y(Cl)3,6H2O, 0.05
mmol (18 mg) of Eu(Cl)3,6H2O and 10.2 mmol (377mg)
of NH4F dissolved in 4 mL of water. The solution was
then transferred into a 75 mL autoclave and heated at
200 ◦C for 24 h under stirring. After cooling down to am-
bient temperature, the resulting nanoparticles were pre-
cipitated by addition of 50 mL of ethanol, collected by
centrifugation, and washed three times with water and
ethanol. They were finally dried under vaccum and re-
covered as a white powder. For the optical experiments,
a functionalization by ligand exchange is needed to en-
sure the good dispersion of the particles in water. About
20 mg of the NaYF4@oleic acid NPs are dispersed in 2 ml
of an aqueous 0.2 M sodium citrate solution. After soni-
cation and centrifugation, the process of ligand exchange
is repeated two more times. Finally, particles are washed
three times with water and ethanol, and dispersed with
sonication in pure water. Sample for optical character-
izations are then prepared by spin-coating a droplet of
this rod solution (concentration 0.014% vol.) on a quartz

substrate at 2000 rpm during 60s.

Appendix B: Arbitrary rod orientation

For arbitrary orientation of the rod on the substrate,
we define the angle β with respect to the normal to the
substrate (β = π/2 for a rod c-axis along the substrate).
The dipole moment associated to a transition line
presents a fixed angle α with respect to the c-axis, and
is expressed p = p0Ry(β)(sinα cosψ, sinα sinψ, cosα),
where Ry refers to the rotation around the y-axis. The
magnetic field scattered at r by a dipole located at r0
can be expressed thanks to the magnetic Green’s tensor
Q

H(r) = µ0ω
2
0Q(r, r0, ω0) · p (B1)

and the incoherent emission of all the emitting dipole (for
ψ ∈ [0; 2π[) can be expressed

I(r) =
1

2πn3

∫ 2π

0

|H(r)|2 dψ ∝
(

|Qxx|2 + |Qyx|2 + |Qzx|2
)

(

1

2
cos2 β sin2 α+ sin2 β cos2 α

)

(B2)

+
(

|Qxy|2 + |Qyy|2 + |Qzy|2
) 1

2
sin2 α+

(

|Qxz|2 + |Qyz|2 + |Qzz|2
)

(

1

2
sin2 β sin2 αs+ cos2 β cos2 α

)

+2Re (QxxGxy +QyxGxz +QzxQzz)×
(

−1

2
cosβ sinβ sin2 α+ sinβ cosβ cos2 α

)

that is equivalent to the incoherent emission of three orthogonal dipoles

p1 =





sinβ cosα
0

cosβ cosα



 ,p2 =
1√
2





0
sinα
0



 ,p3 =
1√
2





− cosβ sinα
0

sinβ sinα



 .

Analogous expressions hold for the electric field emitted
by an ED.

Appendix C: Far-field ED and MD scattering

1. Electric dipole

a. Electric field Green’s tensor

The electric field scattered at the position r from an
ED located at r0 is

E(r) =
k20
ǫ0

G(r, r0, ω0) · p (C1)

where G is the electric field Green’s tensor. For k0r ≫ 1,
far-field appromixation holds and [34]

G(r, r0) ∼
r→∞

n3

n1

eik3r

r cos θeiw1z0g

with k1 = n1k0 , k3 = n3k0 , w1 = (k21 −
k23 sin

2 θ)1/2 , [Im(w1) ≥ 0] and

gxx = tp cos θ cos
2 ϕ− k1

w1

ts sin
2 ϕ

gxy = tp cos θ cosϕ sinϕ+
k1
w1

ts cosϕ sinϕ

gxz =
k3
w1

tp cos θ sin θ cosϕ

gyx = gxy

gyy = tp cos θ sin
2 ϕ− k1

w1

ts cos
2 ϕ

gyz =
k3
w1

tp cos θ sin θ sinϕ

gxz = −tp sin θ cosϕ
gyz = −tp sin θ sinϕ

gyz = − k3
w1

tp sin
2 θ
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ts (tp) refer to the fresnel air/glass transmission coeffi-
cient for TE (TM) polarized light.

b. Polarized emission

The emission polarization is analysed by confocal mi-
croscopy. For numerical simulations, we first decompose
the electric field in TE and TM polarization.

E = ETMup + ETEus (C2)

where we define the unitary vectors (k2p = k2x + k2y)

up =
1

k3kp





kxw3

kyw3

−k2p



 ;us =
1

kp





ky
−kx
0



 (C3)

After refraction on the reference sphere (see Fig. 10), the
components of the electric field are

Efx = −ETM cosϕ+ ETE sinϕ (C4)

Efy = −ETM sinϕ− ETM cosϕ (C5)

Finally, if we note ΦA the angle of the analyzer with re-
spect to the x-axis, the polarized intensity in the Fourier
plane is expressed as

I(θ, ϕ) =
n3

|cosθ| |cos(ΦA)Efx + sin(ΦA)Efy|2 (C6)

where the apodization factor 1/| cos θ| ensures the energy
conservation. In addition, the polarization diagram is
obtained after integration over all the numerical aperture
(θNA = asin(NA/n3)).

Ipol(ΦA) =

∫ π+θNA

π

dθ

∫ 2π

0

dϕI(θ, ϕ)| cos θ sin θ|(C7)

For detector located on the confocal optical axis (θ =
π, ϕ = 0), tp = ts and the incoherent emission of the
three orthogonal dipoles

p1 =





cosα
0
0



 ,p2 =
1√
2





0
sinα
0



 ,p3 =
1√
2





0
0

sinα



 .

simplifies to

Ipol(ΦA) ∝ A sin2 ΦA +B cos2 ΦA ,with (C8)

A =
sin2 α

2
(C9)

B = cos2 α (C10)

2. Magnetic dipole

For a magnetic dipole, we have the analogous expres-
sions

H(r) = µ0ω
2Q(r, r0, ω0) · p (C11)

with the magnetic Green tensor

Q(r, r0) ∼
r→∞

ǫ3
eik3r

r
cos θeiw1z0q (C12)

qxx = ts cos θ cos
2 ϕ− k1

w1

tp sin
2 ϕ

qxy = ts cos θ cosϕ sinϕ+
k1
w1

tp cosϕ sinϕ

qxz =
k3
w1

ts cos θ sin θ cosϕ

qyx = qxy

qyy = ts cos θ sin
2 ϕ− k1

w1

tp cos
2 ϕ

qyz =
k3
w1

ts cos θ sin θ sinϕ

qxz = −ts sin θ cosϕ
qyz = −ts sin θ sinϕ

qyz = − k3
w1

ts sin
2 θ

The TE/TM decomposition follows

H = HTMvp +HTEvs (C13)

with the unitary vectors

vs =
1

k3kp





kxw3

kyw3

−k2p



 ;vp =
1

kp





−ky
kx
0



 . (C14)

After refraction on the reference sphere (see Fig. 10), the
components of the magnetic field are

Hfx = −HTE cosϕ−HTM sinϕ (C15)

Hfy = −HTE sinϕ+HTE cosϕ (C16)

Finally, the polarized intensity in the Fourier plane is
expressed as

I(θ, ϕ) =
1

n3| cos θ|
|− sin(ΦA)Hfx + cos(ΦA)Hfy|2(C17)

The polarized emission recorded in the confocal micro-
scope of numerical aperture NA is

Ipol(ΦA) =

∫ π+θNA

π

dθ

∫ 2π

0

dϕI(θ, ϕ)| cos θ sin θ| (C18)

In the paraxial approximation, the incoherent emission
of the three orthogonal dipole defined above simplifies to

Ipol(ΦA) = A sin2 ΦA +B cos2 ΦA ,with (C19)

A = cos2 α (C20)

B =
sin2 α

2
(C21)
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FIG. 8. Fourier imaging of single NaYF4:Eu
3+ nanorod for 591.0-598.6 nm wavelength range. Experimental Fourier images

acquired with analyzer angle of 0◦, 60◦ and 120◦ are shown respectively in a1, a2 and a3. The white circle with larger diameter
indicates the maximum collection angle corresponding to the numerical aperture of the objective (NA=1.49). We also represent
the circle indicating the critical angle for an air-quartz interface (corresponding to NA=1.0). These experimental images are
compared to the theoretical ones shown in b1, b2 and b3 for an analyzer angle of respectively 0◦, 60◦ and 120◦. For each
analyzer angle, we have represented in c1, c2 and c3, the experimental (in solid blue line) and theoretical (in dashed red line)
intensity profiles corresponding to the white dashed lines in a) and b.
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FIG. 9. Video 2. Fourier imaging of single NaYF4:Eu
3+

nanorod for 591.0-598.6 nm wavelength range. Left) Experi-
mental and right) calculated Fourier plane images as a func-
tion of analyzer angle from 0◦ to 180◦ by step of 30◦.

FIG. 10. Notation for the scattered dipolar field.


