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NaYF4 nanoparticles (NPs) form in two crystal structures, cubic (α-phase) and hexagonal (β-phase), each
one presenting a different crystal electric field (CEF) Stark effect, that affects the upconversion (UC) light
emission of the NPs when doped with rare-earth elements. Therefore, the knowledge of the CEF parameters,
the wave functions, and energy levels of the rare earth (RE) J-multiplet is expected to be of great help
for the understanding and improvement of the UC light emission. In this work, α-phase NaYF4 NPs doped
with Dy3+, Er3+, or Yb3+ were investigated by means of magnetization, electron spin resonance (ESR), and
optical spectroscopy techniques. Fittings of the temperature- and magnetic-field-dependent magnetization were
performed to determine the fourth- and sixth-order cubic CEF parameters, B4 and B6. The ground state of Er3+,
Yb3+, and Dy3+ in these α-NaYF4 NPs was confirmed by low-temperature ESR experiments. The obtained CEF
parameters were used to write down a total Hamiltonian that allows to determine the CEF Stark splitting for
all energy levels of the REs 4 f unfilled shell. We give details of how the Stark effect affects the overall energy
splitting of the various J-multiplets and may explain the fine structure of the UC light emission in these cubic
NaY1−δREδF4 NPs.
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I. INTRODUCTION

At the end of the 20th century, a significant part of the
condensed matter scientific community focused their attention
on the nanoscale properties of materials. Granqvist et al.
in 1976 observed experimentally for the first time the size
dependence of optical properties in Al nanoparticles (NPs)
[1]. Since then, many studies were carried out in this field
unveiling many applications for NPs. Currently, this is still a
young developing and very promising area [2,3]. Over the last
decade, studies on upconversion (UC) phosphors have grown
quickly due to their numerous applications in low-intensity
IR imaging, three-dimensional flat-panel displays, solid-state
lasers bioprobes, and bioimages [4–6] among others [7]. The
UC phenomenon is a nonlinear optical process that involves a
higher-energy photoemission originated by either a single ion
undergoing a successive excitation by lower-energy photons
or a process of energy transference between UC ions [8,9].

Lately, NaYF4 NPs have been largely studied and it has
been shown that among the UC phosphors, hexagonal NaYF4

NPs are the most efficient host material for green and blue UC
light emission when codoped with Yb3+ and Er3+/Tm3+ ions
[10]. NaYF4 NPs form in either hexagonal phase (β-phase) or
cubic phase (α-phase). It is known that the α-phase of this NPs
presents very low UC light emission intensity as compared
with that of the β-phase. Since both phases exhibit different

UC intensities (quantum efficiency) and linewidths, it is ev-
ident that the atomic lattice arrangement plays an important
role in the UC light emission of these NPs [11].

II. THEORETICAL FRAMEWORK

Rare earth (RE) elements diluted in host NPs experience
the effect of the surrounding charges, i.e., the crystal electric
field (CEF) effect. CEF splits the energy levels of the RE ions,
i.e., crystal-field Stark effects [12], therefore, affecting the
magnetic and optical properties of the NPs [13]. In fact, for
half-integer-spin RE ions, CEF always leave a set of degen-
erated doublets or quadruplets (Kramer’s degeneracy), which
can be split by the application of a magnetic field, i.e., the
Zeeman effect, and a microwave transition may be induced in
an electron spin resonance (ESR) experiment. It is now well
known how the magnetic response of diluted REs is affected
by the CEF. At low-T , the magnetic susceptibility deviates
from the expected high-T Curie-Weiss law. Therefore, the
strength of the CEF can be determined by the analysis of the
low-T experimental magnetization data.

For a cubic point site symmetry the CEF Hamilto-
nian can be written in terms of fourth- and sixth-order
Stevens’operators as follows [14]:

HCEF = B4
(
O0

4 + 5O4
4

) + B6
(
O0

6 − 21O4
6

)
, (1)
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where the parameters B4 and B6 determine the strength of the
fourth- and sixth-order CEF terms, respectively, and can be
obtained through magnetization experiments independently
on the emission spectra measurements. The Stevens’ operators
Oβ

α can be written in terms of the total angular momentum
operators J , Jz, and J± [15,16].

It is convenient to write HCEF as

HCEF = W

[
x

(
O4

F (4)

)
+ (1 − |x|)

(
O6

F (6)

)]
, (2)

where O4 = O0
4 + 5O4

4 and O6 = O0
6 − 21O4

6, and using the
following parametrization:

B4 = W x

F (4)
, (3)

B6 = W (1 − |x|)
F (6)

. (4)

Here W gives the overall strength of the CEF and x measures
the relative strength of B4 and B6. Finally, the parameters F (4)
and F (6) depend only on the J-manifold [14].

Understanding the effect of CEF in NPs is very important
for the tuning of their UC light emission properties. However,
so far only a few studies on CEF effects have been realized
on NPs [13,17]. In particular, the role of the size and shape of
the NPs, the surface/volume ratio, the strain distribution, and
charge entrapment remain unknown.

The aim of this work is to determine the CEF param-
eters in α-NaY1−δREδF4 (RE = Dy, Er, Yb) by means
of magnetization and ESR measurements and to relate
them with the UC light emission linewidth. Moreover, a
Hamiltonian for these systems is also proposed to simu-
late the shape and fine structure of the UC light emission
spectrum.

III. EXPERIMENT

Pure α-phase NaY1−δREδF4 NPs (RE = Dy3+, Er3+, and
Yb3+; nominal δ = 0.02) were synthesized by the thermal
decomposition method of trifluoroacetates as described in
Ref. [18]. One mmol of Na(CF3COO) (98 %, Aldrich), 0.98
mmol of Y(CF3COO)3 (99.99 %, Aldrich), and 0.02 mmol
of RE(CF3COO)3 were added to 6.4 mL of 1-octadecene
(ODE, 90 %, Sigma-Aldrich), 3.15 mL of oleic acid (OA,
technical grade, Sigma-Aldrich), and 3.3 mL of oleylamine
(OLA, technical grade, Sigma-Aldrich) in a three-neck round
bottom flask. The mixture was heated up to 100–120◦ C with
vigorous magnetic stirring under a vacuum for 30 minutes
in a temperature-controlled electromantle to eliminate the
water and oxygen content. Then, under Ar gas flux, the so-
lution was heated up to a final temperature of 310◦ C and
maintained at this temperature for 60 minutes until the re-
action was completed. The mantle was then turned off and
the flask was allowed to cool down to room-T . Finally, the
NPs were extracted by multiple steps of washing in an ex-
cessive amount of absolute ethanol at room-T followed by
centrifugation.

Structural characterization was provided by powder x-
ray diffraction (XRD) technique carried out in a D2 Phaser
Bruker diffractometer with Cu Kα radiation (λ = 1.5418 Å).
Size and morphology were evaluated by transmission electron

FIG. 1. Powder XRD patterns for α-phase NaY0.98Dy0.02F4,
NaY0.98Er0.02F4, and NaY0.98Yb0.02F4 nanoparticles. Peaks indexed
according to the cubic structure of α-NaYF4, JCPDS card No. 77-
2042. NaF impurity is indicated by asterisk.

microscopy (TEM; JEM 2100, accelerating voltage of 200 kV
and a Carl Zeiss Libra 120 TEM equipped with a tungsten
thermionic source operating at 80 kV).

The temperature dependence of magnetization was
measured from 2 to 300 K at 2 kOe and 20 kOe and the
magnetic field dependence at 2 K from 0 up to 70 kOe.
dc-magnetization measurements were performed in a
superconducting quantum interference-vibrating sample
magnometer (SQUID-VSM) (Quantum Design MPMS3)
and the diamagnetism of the sample holder and the NaYF4

host lattice contributions were always taken into account.
The continuous wave ESR measurements were accomplished
in a Bruker ELEXSYS 500 spectrometer with the X-band
frequency (ν = 9.48 GHz) at low-T from 4 K to 50 K.
The UC emission spectra of the samples were obtained at
room-T with a QEPro Ocean Optics spectrometer under the
continuous laser excitation of 980 nm.

IV. EXPERIMENTAL RESULTS

The powder XRD patterns of the NaY1−δREδF4 samples
match with the expected peaks for the α-phase (space group:
Fm3m), as presented in Fig. 1. The width of the observed
broad peaks for all three Dy, Er, and Yb doped samples are
proportional to the size of the NPs according to the Scher-
rer’s equation [19]. In addition, Rietveld refinement gave a
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FIG. 2. (a)–(c) TEM images and (d)–(f) the size distribution his-
tograms obtained from TEM images of ∼200 particles of α-phase
NaY0.98Dy0.02F4, NaY0.98Er0.02F4 and NaY0.98Yb0.02F4 nanoparti-
cles, respectively. The mean sizes are indicated with the FWHM of
the Gaussian distribution fitted to the data indicated in parentheses.

similar lattice parameter for them, with values of 5.517(2),
5.518(3), and 5.520(2) for NaY0.98Dy0.02F4, NaY0.98Er0.02F4,
and NaY0.98Yb0.02F4 NPs, respectively.

All prepared NPs presented polyhedral morphology and
narrow size dispersion, see Fig. 2. The average size, around
8 nm for all three systems, was calculated by the Scherrer’s
equation using the XRD peak width of each sample and
confirmed by TEM images. For the TEM images, the size dis-
persions are indicated in parentheses [see Figs. 2(d) to 2(f)],
and were defined as full width at half maximum (FWHM) of
the Gaussian distribution.

Figures 3(a) to 3(f) show the dc-magnetic susceptibility
χ and χT at 2 and 20 kOe as a function of temperature
for NaY0.98Dy0.02F4, NaY0.98Er0.02F4, and NaY0.98Yb0.02F4

samples. The samples exhibit a Curie-Weiss behavior at
temperatures above ∼150 K. By fitting the data above this
temperature leads to a RE concentration (δ) of around 0.014
for Dy3+, 0.012 for Er3+, and 0.010 for Yb3+, which are
close to the nominal concentrations δ = 0.02. The accuracy of
these values may be strongly affected by the low signal/noise
ratio at high temperatures though. Therefore, the samples are
named with their nominal concentrations. Figure 4 presents
the dc-magnetization as a function of the applied magnetic
field up to 70 kOe.

FIG. 3. T -dependence of the dc-magnetic susceptibility (χ ) and
χ.T for α-phase (a,b) NaY0.98Dy0.02F4, (c,d) NaY0.98Er0.02F4, and
(e,f) NaY0.98Yb0.02F4 NPs at 2 and 20 kOe. The solid red lines are
best fits to Eq. (6) for cubic symmetry.

Figure 5 shows the ESR signals at different tem-
peratures for the NaY0.98Dy0.02F4, NaY0.98Er0.02F4, and
NaY0.98Yb0.02F4 NPs. The intensity of the resonance follows
a Curie-like behavior (insets of Fig. 5), indicating transitions
within a Kramers’ doublet ground state. The resonance spectra
for the NaY0.98Er0.02F4 NPs present a g-value of ∼6.80, close
to the g-value of a �7 ground state, and a line shape asym-
metry with a broadening toward higher magnetic fields. This
may indicate the presence of nearby anisotropic �8 excited
Kramers’ states with lower g-values and also, presumably,
admixture via magnetic field and/or strain, suggesting that the
splitting between these levels should not be too large, proba-
bly of the order of ∼28 cm−1. Now, the resonance spectra
for the NaY0.98Yb0.02F4 NPs present a g-value of ∼3.40 close
to the g-value of a �7 ground state and a nearly symmetric
Lorentzian-like line shape, suggesting a rather well-isolated
�7 ground state. In the case of NaY0.98Dy0.02F4, similarly to
NaY0.98Er0.02F4, the broadening toward higher magnetic field
indicates the presence of nearby excited anisotropic �8 (see
Table I).

UC light emission spectrum for Er and Yb codoped NPs
is presented in Fig. 6. The transition peaks are assigned to
optical transitions matching the difference between the energy
levels due to spin-orbit coupling. These results show broad
transition lines with multiple peaks, suggesting that the CEF
splits the 4 f energy levels of the Er3+ ions diluted in the host
NPs. We will show that this is in agreement with the energy
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FIG. 4. H -dependent magnetization at 2 K for α-phase (a)
NaY0.98Dy0.02F4, (b) NaY0.98Er0.02F4, and (c) NaY0.98Yb0.02F4 NPs.
The solid red lines are best fits to Eq. (6) in cubic symmetry.

levels predicted by the magnetization data for the Er3+ J =
15/2 ground state, shown in Table I. This will be discussed
further in the next section considering the energy splitting of
the Er3+ excited states due to the CEF.

V. ANALYSIS AND DISCUSSION

The Hamiltonian considered in our analysis of magnetiza-
tion and susceptibility involves the Stark effect of the CEF
contribution for a single ion on cubic local symmetry and also
the Zeeman interaction due to the magnetic field applied. The
CEF splits the J-multiplets of the RE ions into a set of two-
and fourfold Kramers’ degenerate energy levels. Kramers’
doublets or quadruplets have their degeneracy lifted by the
application of a magnetic field. The Hamiltonian of the system

FIG. 5. X-band ESR spectra for α-phase (a) NaY0.98Dy0.02F4,
(b) NaY0.98Er0.02F4, and (c) NaY0.98Yb0.02F4 NPs at different temper-
atures. The insets show the T -dependence of the low-field resonance
maximum.

in the absence of strains is written as

H = μBgJ �H · �J + HCEF, (5)

TABLE I. Eigenenergies Ei (cm−1), and the corresponding
eigenfunctions φi of the ground state J-multiplet split due to cubic
CEF effect for the Dy3+, Er3+, and Yb3+ ions.

RE Ion Ei φi RE Ion Ei φi RE Ion Ei φi

0 �7 0 �7 0 �7

31 �
(1)
8 48 �

(1)
8

Dy3+ 78 �
(2)
8 Er3+ 58 �6 Yb3+ 144–190 �8

204 �6 222 �
(2)
8

268 �
(3)
8 263 �

(3)
8 211–225 �6
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FIG. 6. UC light emission spectrum for co-doped
α-NaY0.78Yb0.2Er0.02F4 nanoparticles.

where μB is the Bohr magneton, gJ is the Landé factor, �H
is the external magnetic field, �J is the total angular momen-
tum, and HCEF is the CEF contribution to the Hamiltonian
[see Eq. (1)]. Once the energy levels are split by the CEF
and the magnetic field, the resultant magnetization depends
on the thermal population of the energy levels (Boltzmann
distribution). Hence, it is written as

M(H, T ) =
∑2J+1

i=1 mi(H )e−Ei (H )/kBT∑2J+1
i=1 e−Ei (H )/kBT

, (6)

where Ei(H ) and mi(H ) are the energy eigenvalue and mag-
netization of each eigenstate of the Hamiltonian in Eq. (5) as a
function of the applied magnetic field and temperature. Then,
by fitting the experimental dc-magnetization data to Eq. (6) as
a function of H (0 to 70 kOe) and T (2 K to 250 K), we find
the CEF parameters Bm

n for the RE-doped NPs. The results are
displayed in Table II. For Yb3+ the relatively large energy of
the first excited state (approximately above 140 cm−1) makes
it difficult to assign a single value for the fitting parameter
(see energy levels in Table I and Fig. 7). Instead a range for
B6 is found. Figure 8 shows the Lea, Leask, and Wolf energy
diagrams [14] for cubic symmetry with the eigenenergies for
Dy3+, Er3+, and Yb3+ doped NPs corresponding to the B4 and

FIG. 7. Scheme of the ground state J-multiplet for Dy3+, Er3+,
and Yb3+ due to the cubic CEF effect in α-NaYF4.

B6 parameters of Table II obtained from the dc-magnetization
data. It is clear that small x variations lead to large changes for
Er3+ and Dy3+ ions while for Yb3+ it leaves a well-isolated
doublet and does not affect low-temperature properties.

The parameters Am
n in Table II represent the CEF effects on

the RE ion site due to the charges of the neighboring ions in
the host NPs. These parameters are almost independent of RE
[20,21] and can be related to the Bm

n , which are RE-dependent
parameters by

Bm
n = 〈rn〉Am

n θn, (7)

where 〈rn〉 are the average radii over the 4 f shell for each RE.
θn are multiplicative factors (θ4 = βJ and θ6 = γJ ) evaluated
for each RE ion [16]. The Am

n parameters might present a
dependence on the atomic number Z and, as an often used
approximation, we also consider them as RE independent
[13,15].

Using the parameters from Table II, the calculated eigen-
states lead to a �7 doublet ground state for the three REs
(J = 15/2 for Er3+, Dy3+, and J = 7/2 for Yb3+) in these
NPs. Notice that for Er and Dy doped NPs, the first excited
state �

(1)
8 is close to the �7 ground state. This proximity

makes these excited states accessible for thermal excitations
at low-T and may explain the asymmetric broadening toward
higher fields (lower g-values) of the ESR powder-like spectra

TABLE II. CEF parameters Bn, δ (concentration), x [from Eqs. (3) and (4)] and An (see Sec. V) for Dy3+, Er3+, and Yb3+ in α-NaYF4,
obtained from the fittings of the T -dependence of the dc-magnetization data.

RE ion B4 (mK) B6 (mK) δ x W (K)

Dy3+ 8.054 0.0369 0.0150 0.5 1.0
Er3+ −5.206 0.0486 0.0136 −0.3 0.9
Yb3+ 168.858 0.1338–2.0102 0.0187 0.8–1.0 10.1–12.7

A4 (Ka4
o) A6 (Ka6

o) b4 (K) b6 (mK)

Dy3+ −90.4 5.9 −0.626 −43.8
Er3+ −92.3 4.9 −0.534 −29.4
Yb3+ −89.5 0.2–3.5 −0.394 −0.938–−14.1
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FIG. 8. Lea, Leask, and Wolf diagrams for (a) J = 15/2 and
(b) J = 7/2. Green, red, and blue dotted lines indicate the energy
level arrangement for the Er3+, Dy3+, and Yb3+ ions due to the CEF
effect, respectively.

observed at low-T for the Er3+ and Dy3+ doped NPs [see
Fig. 5(a) and 5(b)]. Thus, this asymmetry may come from
transitions within the �

(1)
8 excited state of anisotropic g-values

from ∼2 to ∼6 but with much lower intensities than the
transitions within the �7 ground state. However, for Yb3+

doped NPs the excited state �8 is far from the �7 ground state,
leading to a near Lorentzian-like resonance at all temperatures
[see Figs. 7 and 5(c)].

The conclusions obtained through the magnetization and
susceptibility analysis are also supported by our ESR results.
Figure 9(a) presents the ESR observed at 10 K for the Er3+

doped NPs as a function of the g-value (top scale) and the
magnetic field (bottom scale). The main contribution to this
spectrum comes from the g-value at ∼6.8 corresponding to the
�7 transition. The contributions from lower g-values (higher
fields) are associated to the resonances within the anisotropic
�8 and isotropic �6 excited states. Therefore, it is expected
that for g-values between 2 and 6 there should be an almost
continuum distribution of g-values due to the randomly dis-
persed NPs in toluene. Furthermore, the inset of Fig. 9(a)

FIG. 9. (a) Deconvoluted ESR spectrum at 10 K of
NaY0.98Er0.02F4 and (b) NaY0.98Yb0.02F4 NPs. A1 and A2 represent
areas underneath the curve. Insets show the increase of the A2/A1

ratio with temperature for T � 10 K.

shows an increase of the relative ratio with temperature,
A2/A1, between the areas underneath of the resonance above
T � 20 K. This indicates that the increasing relative weight of
the high field part of the ESR spectrum (lower g-values), may
be attributed to the contribution of ESR resonances within
the next anisotropic �

(1)
8 excited state. Notice that the upturn

of A2/A1 is around 20 to 30 K (14-21 cm−1) where the �
(1)
8

excited state starts to be thermally populated (see Fig. 7). In
the case of Dy3+, as Fig. 5(a) already shows, between 1.5 and
3 kG at low-T the presence of resonance lines that may be
attributed to a nearby �8 first excited state. The Yb3+ doped
NPs, unlike those of Er3+ and Dy3+, show a nearly symmetric
Lorentzian-like ESR signal with a well-defined resonance g-
value ∼3.4 [see Fig. 5(c) and Fig. 9(b)] compatible with an
almost unaffected �7 ground state.
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TABLE III. Calculated and experimental linewidths of the UC
light emission spectrum for Er3+.

Transition Calc Exp
(cm−1) (cm−1)

4F9/2 → 4I15/2 390 507(28)
4S3/2 → 4I15/2 309 452(28)
2H11/2 → 4I15/2 423 417(28)

So far, only the analysis of the J-multiplet ground state,
4I15/2 for Er3+ and Dy3+ and 4F7/2 for the Yb3+ doped NPs,
was considered. However, for the optical transitions, a de-
tailed examination of the J-multiplet excited states is required.
Figure 6 shows the room temperature UC light emission spec-
trum for the Er3+ and Yb3+ codoped cubic NaYF4 NPs. Our
spectrum is in agreement with that reported in the literature
[22]. We also found that the UC light emission linewidth in
the α-phase is broader than that for the β-phase NPs [13]. A
fingerprint of the effect of the CEF on the emission spectra is
seen on the 4S3/2 → 4I15/2 transition. The initial 4S3/2 state
has zero orbital angular moment and so it should show a small
splitting under the influence of its neighborhood [23]. The
width of this transition relates mostly to the ground-state split-
ting. The full width at half maximum for the 4S3/2 → 4I15/2

transition is around 452 cm−1 (Table III), close to the 263
cm−1 span by the ground-state multiplet (Table I). Therefore,
we believe that the broadening and the multiple peaks present
in the UC emission spectrum are, basically, due to crystal-
field Stark splitting of each J-multiplet. The CEF breaks the
degeneracy of these energy levels and then multiple transitions
may occur that broaden the observed UC light emission.

To see the effect of the crystal field previously determined
on the light emission we consider the full Hilbert space for
the 4 f 11 electrons present on Er3+ [13]. The electron Hamil-
tonian includes now the free-ion (FI) and crystal field (CF)
interaction

H = HFI + HCF. (8)

Here, the single electron crystal field is given by

HCF =
∑

i

b0
4

[
O0

4(i) + 5O4
4(i)

] + b0
6

[
O0

6(i) − 21O4
6(i)

]
, (9)

where i varies over all electrons and the Stevens’ operators
are for the orbital magnetic momentum of single electrons.
Similarly, the bn

m parameters refer to single l = 3, 4 f electron
CF parameters. These parameters are related to those obtained
in a given J-multiplet by [16]

Am
n = 1

〈rn〉θl,n
bm

n , (10)

and are presented in Table II. The values of θl,n for l = 2, 4, 6
are given in Ref. [16] as α, β, and γ , respectively. The free-ion
Hamiltonian is

HFI =
∑

k=2,4,6

F k fk + ζ4 f

∑
i

�li · �σi + αL(L + 1)

+ βG(R2) + γ G(R7). (11)

TABLE IV. Free-ion parameters for Er3+ adapted from Ref. [28]
(in K).

F 2 F 4 F 6 ζ4 f α β γ

621.549 97.4042 10.7275 3493.81 26.5557 −879.29 1121.75

The electrostatic interaction is parameterized by F 2, F 4, and
F 6 while ζ4 f accounts for the spin-orbit interaction [24–26].
We also included the configuration interaction terms propor-
tional to α, β, and γ [27] (see Table IV). These parameters
depend on the environment [28–30] and were adjusted to
better fit the energy levels corresponding to the RE in this
cubic compound.

TABLE V. Excited energy levels of Er3+ with CEF parameters
obtained from best fits of low-T magnetization. Experimental values
were estimated from UC light emission. All energies are in units of
cm−1 and the zero energy was assigned to the ground state 4I15/2 .

Energy level E (calc) E (exp)

4I15/2 Doublet 0 0
Quadruplet 56

Doublet 70
Quadruplet 260
Quadruplet 309

4I13/2 Doublet 6727
Quadruplet 6730
Quadruplet 6847

Doublet 6852
Doublet 6855

4I11/2 Quadruplet 10 448
Doublet 10 504

Quadruplet 10 505
Doublet 10 510

4I9/2 Doublet 12 470
Quadruplet 12 614
Quadruplet 12 718

4F9/2 Quadruplet 15 247 ∼15 291
Doublet 15 268

Quadruplet 15 328
4S3/2 Quadruplet 18 409 ∼18 071
2H 4G11/2 Quadruplet 19 303 ∼19 461

Doublet 19 310
Quadruplet 19 384

Doublet 19 418
4F7/2 Doublet 20 317

Doublet 20 331
Quadruplet 20 398

4F5/2 Doublet 22 003
Quadruplet 22 020

4F3/2 Quadruplet 22 424
2H 2G 4F9/2 Doublet 24 735

Quadruplet 24 849
Quadruplet 24 934
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The computed energy levels for Er3+ are shown in Table V
up to the 2H9/2 state. The observed radiative processes in the
range of 500–700 nm (see Table III and Fig. 6) all involve the
lowest-energy multiplet 4I15/2 . As shown previously, the CEF
splits these ground multiplet states in a range of ∼263 cm−1.
So the emission widths should be at least ∼263 cm−1, as
is effectively seen (Table III). Notice that the full atomic
Hamiltonian [Eq. (8)] gives a somewhat larger split for the
ground-state multiplet of 309 cm−1 compared with that shown
in Table I as a consequence of the interaction between the
ground-state multiplet and the excited ones. The CEF also
splits the excited states 4F9/2, 4S3/2, and 2H11/2 resulting in a
larger energy range for the light emission, in good agreement
with the experimental observation.

At zero external magnetic field the whole linewidth is due
to Stark and relaxation effects. The Stark splitting is found
from the CEF fitting of the thermodynamic properties and
varies between 306 cm−1 and 417 cm−1, while the relaxation
contribution is around or less than 139 cm−1. The relaxation
value is estimated from the difference between our computed
linewidths and the experimentally observed value (Table III).
The relaxation mechanism will be always present and prob-
ably temperature dependent. An external magnetic field or
deformation can have a significant influence on the linewidths.
The present model allows us to quantify the effect of an
external magnetic field. We find that the linewidths increase
as 9, 8, and 10 cm−1/T for the transitions from 4F9/2, 4S3/2,
and 2H 4G11/2 to 4I15/2, respectively.

VI. SUMMARY

Dy3+, Er3+, and Yb3+ doped α-phase NaYF4 NPs of 8 nm
mean size were successfully synthesized. The CEF analysis of
the dc-magnetization data determined the CEF Bm

n parameters

that allowed to evaluate the ground-state J-multiplet for each
RE ion. These results were in good agreement with the results
of ESR measurements, where a Kramers’ doublet �7 was
found as the ground state in the NPs doped with Dy3+, Er3+,
and Yb3+ ions. The UC light emission spectrum for Er-doped
NaYF4 was calculated using the same CEF Bm

n parameters
obtained from the magnetization analysis. The linewidths
computed for the Er ion diluted in the cubic host lattice is in
very good agreement with the experimental UC light emission
results.

In summary, we showed that it was possible to obtain
the internal structure of high-energy multiplets of Er and Yb
doped α-NaYF4 NPs by means of dc-magnetization, optical,
and microwave quantum mechanic spectroscopic techniques
involving the Stark and Zeeman effects.
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