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Abstract The luminescence from lanthanide ions has

potential applications in light emitting diodes, biomedical,

solar cells, sensors, display, etc. However, the lumines-

cence is suffered from the various problems, such as low

luminescence efficiency and inharmonious wavelength for

energy transfer. Magnetic field is an efficient method to

modulate the wavelength and intensity of luminescence

from lanthanide ions. Magnetic field redistributes the

populated electrons in the excited states to tune the

wavelength of lanthanide ions by Zeeman effect, mixing

effect, and quantum confinement effect. Magnetic field

enhances or suppresses the luminescence intensity by the

administration of cross-relaxation, energy transfer, and

Boltzmann population. In this review, we first introduce the

various phenomena and mechanisms of magnetic field

modulated downshift luminescence from lanthanide ions,

including Zeeman effect, cross-relaxation, crystal structure,

absorption, quantum confinement effect, and magnetic–

optical hysteresis. Then, we explain the regulation of

upconversion luminescence by magnetic field, containing

energy transfer and mixing effect. Finally, different options

regarding how to understand the mechanism of magnetic

field-modulated luminescence from lanthanide ions in the

future are outlined.

Keywords Magnetic field; Lanthanide ions;

Luminescence; Microscopic mechanism

1 Introduction

The luminescence from lanthanide ions has been widely

applied from science to engineering for the perfect prop-

erties of narrow band emission, low toxicity, excellent

stability, etc. [1–9]. The microscopic mechanism of lumi-

nescence from lanthanide ions is generally divided into

downshift, downconversion, and upconversion [10, 11].

The downshift is converting the photon with high energy to

a photon with low energy, widely used in white light

emitting diodes (LED) and improving the sensitivity of the

solar cells by shifting the sunlight in high energy to low

energy [12, 13]. The downconversion from lanthanide ions

is cutting one photon with high energy into two or more

photons with low energy, which has been calculated to

improve the efficiency of silicon-based solar cell from 31%

to 38.6% [14], while the upconversion is converting the

two or more photons with low energy to one photon with

high energy, which is calculated to improve the efficiency

of silicon-based solar cell from 31% to 37% [15]. For the

abundant energy levels of 4f electron configurations from

lanthanide ions, upconversion can be adjusted with the

excitation and emission in the first biological window

[16–19]. Thus, the deep tissue bioimaging, multiplexing

sensing, security encoding and volumetric display have

been explored [20–24]. In general, the microscopic mech-

anism for lanthanides’ luminescence is tuned with the

energy and intensity of the luminescence, where various

fields have been exploited, such as the crystal field, light

field, temperature field and magnetic field [25–48]. Among
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those external fields, magnetic field is an efficient method

to modulate the luminescence from lanthanide ions for the

remarkable effects and convenient coupling with other

fields [49, 50].

With the application of magnetic field, the emission

position and luminescence intensity from lanthanide ions

could be modulated obviously for the narrow band emis-

sion and abundant energy levels [51]. The emission peak

can be shifted to low or high energy, and the luminescence

intensity could be enhanced or suppressed with the mag-

netic field increasing for various mechanisms. The changed

emission intensity and position improve the possibility to

coupling with other fields, which also can be used as the

self-correction sensor for magnetic field [52].

In this review, we will introduce the different mecha-

nism and luminescence phenomena of lanthanide ions with

the application of magnetic field. For the complexity and

low exploitation of quantum cutting, the modulated

downconversion luminescence from lanthanide ions with

magnetic field has rarely been reported. We will explain

the different effects and phenomena of downshift and

upconversion with magnetic field. In the section of part 2,

the various mechanism of downshift causing by magnetic

field is introduced. In the section of part 3, the mechanism

of upconversion with magnetic field is presented. Then, the

conclusion and prospect for the modulated mechanism are

recommended.

2 Mechanism of magnetic field-modulated downshift

luminescence

Compared to the complexity and low efficiency of

upconversion, the downshift from lanthanide ions was first

modulated with the application of magnetic field for the

high luminescence efficiency and approachable detector in

the visible region. The Zeeman effect was first confirmed

in Eu3?-doped nanoparticles. Then, magnetic field that

enhanced or suppressed the luminescence intensity is dis-

covered accompanying with the magnetic–optical hys-

teresis. According to the magnetic field-modulated factors,

we divided the microscopic mechanism into Zeeman effect

[52–56], cross-relaxation [57], Boltzmann population and

site symmetry of the crystal structure [58–64], absorption

[65–67], quantum confinement effect [68], and magnetic–

optical hysteresis [69].

2.1 Zeeman effect

Zeeman effect is the energy splitting induced by magnetic

field, causing the increase and shift of luminescence peaks.

Chen et al. [52] observed the number of luminescence

peaks from 5D0 ?
7F1 and

5D1 ?
7F3 transitions of Eu

3?

increases from one to three and from three to seven,

respectively, with the magnetic field from increasing 0 to

35 T (Fig. 1). The shift of luminescence peaks is illumi-

nated by the redshift at the region of low energy, while

blueshift at the region of high energy, accompanying with

the broadening luminescence bands.

The reason for the broadening luminescence bands is the

Zeeman effect induced by magnetic field. When the

external magnetic field (B) is applied, the additional

moment (L) is generated, which induced the additional

energy (DE):

L ¼ lJ � B ð1Þ
DE ¼ �lJB cos b ð2Þ

DE ¼ g
e

2m
PJB cos b ð3Þ

PJ cos b ¼ Mh ð4Þ

DE ¼ Mg
eh

2m
B ð5Þ

where lJ is the component of total magnetic momentum in

total angular momentum, b is the angle between lJ and B,

g is the Lande factor, e is the electric charge of an electron,

m is the mass of an electron, PJ is the total angular

momentum, M is the magnetic quantum number, and h is

the Planck constant.

The range for M value is �J;�J þ 1; . . .; J � 1; Jf g,
where J is the total angular momentum quantum number.

The number for M values is 2J þ 1. Thus, the increasing

number of luminescence peaks is originated from the

separation of different magnetic quantum numbers.

The shift of luminescence peak is connected with the

changed energy of the lanthanide ions with the application

of external magnetic field. For the transition of the lan-

thanide ion, the energy before and after the radiation is

defined as E1 and E2. The frequency of radiation transition

is v. When an external magnetic field is applied, the energy

change of lanthanide ion before and after the radiation is

DE1 and DE2, respectively. And the frequency of radiation

transition with the magnetic field is v0:

v ¼ E1 � E2

h
ð6Þ

v0 ¼ E2 � E1

h
� DE2 � DE1

h
ð7Þ

Dv ¼ v0 � v ¼ DE2 � DE1

h
¼ M2g2 �M1g1ð Þ e

2pm
B ð8Þ

Dd ¼ DE2 � DE1

h
¼ M2g2 �M1g1ð Þ e

2pmc
B ð9Þ
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where Dv is the changed frequency of the transition with

the application of magnetic field and Dd is the represen-

tation of the changed frequency in wave number (cm-1).

Hence, the shift of luminescence peak is originated from

the changed additional energy before and after transition.

And the nonlinear shift of luminescence peak is connected

with the changed g factor with the magnetic field increas-

ing (Fig. 1f-g).

2.2 Cross-relaxation

With the application of magnetic field, the energy level

splitting of lanthanide ions accompanying with the broad-

ening luminescence bands reduces the energy gap between

different energy levels. The reduced energy gap might

decrease the energy difference of the levels where the

phonon-assisted cross-relaxation occurs and enhances the

resonance energy transfer, compared with that without

external magnetic field. Chen et al. [52] observed the

various suppressed luminescence intensities from 5D1 and
5D0 of Eu3?. The luminescence intensities from
5D1 ?

7F0,
5D1 ?

7F1,
5D1 ?

7F2 and 5D1 ?
7F3 tran-

sitions of Eu3? decreased by 19%, 18%, 19% and 34%,

respectively, when the magnetic field intensity increased to

35 T, while the luminescence intensities from 5D0 ?
7F2

and 5D0 ?
7F4 transitions of Eu3? decreased slightly by

6% and 8% of those without magnetic field. The more

suppressed luminescence intensities from 5D1 state, com-

pared with those from 5D0 state, indicate the enhanced

energy transfer from 5D1 to
5D0, which are related with the

cross-relaxation between 5D1 ?
5D0 and 7Fi ?

7Fj

Fig. 1 a Luminescence spectra of 5D1 ?
7F0 transition from NaYF4: 5%Eu NPs with application of magnetic field at 80 K, excited by 396 nm;

b Gaussian fitting curves of luminescence spectrum of 5D1 ?
7F0 transition at 35 T; luminescence spectra of c 5D1 ?

7F1 transition and

d 5D1 ?
7F3 transition from NaYF4: 5%Eu NPs with application of magnetic field at 80 K, excited by 396 nm; e energy level diagram of Eu3?

and possible energy transfer paths; dependence of energy change on magnetic field with luminescence peaks around f 535.8 nm, g 688.4 nm, and

h 699.7 nm (reproduced from Ref. [52] with permission from The Royal Society of Chemistry)
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(Fig. 2a). The energy gap between 5D1 and 5D0 is a fixed

value in the crystal field without magnetic field, while the

energy gap becomes an energy interval for the splitting of
5D1 level into three sub-levels (J ¼ 0;�1). Thus, the

energy difference between 5D1 ?
5D0 and 7Fi ?

7Fj is

reduced, resulting in the enhancement of cross-relaxation

and more electrons being pumped to the lower 5D0 state.

Therefore, the luminescence intensities from 5D1 state

decreased significantly than those from 5D0 state.

2.3 Crystal structure

4f–4f transitions of lanthanide ions are symmetry-forbidden

transitions, and the photoluminescence is originated from

the disturbance of crystal field to achieve the asymmetric

crystal field around lanthanide ions [70–72]. Because of the

anisotropy of crystal structure, the distance between lan-

thanide ions along different crystal orientations is various,

resulting in the inconsonant interaction along various

crystal orientations with the application of magnetic field

and modulating the crystal field and luminescence of lan-

thanide ions. The changed Boltzmann populations and site

symmetry around lanthanide ions are considered as the

main mechanism for modulated crystal field by magnetic

field [58–64].

2.3.1 Boltzmann population

The Boltzmann population of electrons in the excited

lanthanide ions is connected with the luminescence inten-

sity and positions. Magnetic field could modulate the

Boltzmann population of electrons in the Kramers doublets

and luminescence of lanthanides. Moshchalkov et al. syn-

thesized the Er3?-doped PbF2 nano-glass–ceramics, where

Pb2? is displaced by Er3? [58]. The displacement of Er3?

triggers the off-center displacement in one of the Kramers

doublets, resulting in the quadruple energy becoming

negative for the �3=2[ Kramers doublet, while remain-

ing positive for the �1=2[ Kramers doublet (Fig. 3).

When the magnetic field was applied, the energy level

splitting of �3=2[ Kramers doublet is much forceful than

that from �1=2[ Kramers doublet, resulting in the

electrons tending to be populated in the �3=2[ Kramers

doublet. However, the possibility of radiation transition

from �3=2[ Kramers doublet is much lower than those

from other Kramers doublets, leading to the reduced

Fig. 2 a Energy level diagram of Eu3? with enhanced cross-relaxation induced by magnetic field (reproduced from Ref. [57] with permission

from The Royal Society of Chemistry); dependence of integral luminescence intensities from b 5D1 ?
7F0, c

5D0 ?
7F2, and d 5D0 ?

7F4
transitions of Eu3? on magnetic field (reproduced from Ref. [52] with permission from The Royal Society of Chemistry)
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luminescence intensity of 4S3/2 ?
4I15/2 radiation transi-

tion with the magnetic field intensity increasing. Besides,

the reduced radiation transition from 4S3/2 ?
4I15/2 might

enhance the population of 4F9/2 state of Er3? and the

radiation transition from 4F9/2 ?
4I15/2.

2.3.2 Site symmetry

For the inconsonant interaction in crystal orientations with

the application of magnetic field, the site symmetry around

lanthanide ions and luminescence would be modulated.

Eu3? was chosen as the probe to suggest the changed site

symmetry with magnetic field for the hypersensitive elec-

tric dipole transition 5D0 ?
7F2. Han et al. [61] exploited

the changed crystal symmetry from the similar tetragonal

structures of YVO4: Eu3? single crystal, GdVO4: Eu3?

single crystal, YPO4: Eu
3? nanocrystals and YPO4: Eu

3?

nanocrystals with magnetic field.

The crystal field Hamiltonian (ĤJ�J) can be simplified

as follows when only considering the two most dominant

terms provided by the axial and rhombic parameters:

ĤJ�J ¼ h�2½D Ĵ2z �
1

3
Ĵ2

� �
þ E Ĵ2x � Ĵ2y

� �
� ð10Þ

where Jx, Jy, Jz are the three component of the total

angular momentum in x, y, z axes, J is the total angular

momentum, h is Planck’s constant, and D and E could

reflect the axial and rhombic site symmetry, respectively.

The parameters D and E can be extracted from the relative

peak positions in photoluminescence spectra.

With the magnetic field increasing to 46 T, the
5D0 ?

7F2 transition from YVO4: Eu
3? and GdVO4: Eu

3?

single crystal shows three and four peaks, respectively,

indicating the crystal structure of D[ 0 and E ¼ 0,

although a new peak appeared in GdVO4: Eu3? single

crystal when the magnetic field intensity is higher than

20 T (Fig. 4). The new peak is originated from the change

of local Gd3? (Eu3?) site symmetry from the interaction

between the Zeeman splitting and the exchange correlation,

causing the further splitting in the electric dipole transi-

tions. At the same time, the 5D0 ?
7F2 transition from

YVO4: Eu3? and YPO4: Eu3? nanocrystals gives five

peaks, suggesting the axial local site symmetry of D\0

and E ¼ 0. Therefore, the values of D and E can be used to

reflect changes in local site symmetry under the magnetic

field.

2.4 Absorption

The energy level splitting is enhanced with increasing the

magnetic field, which might influence the absorption effi-

ciency at excitation wavelength because the excited

wavelength is fixed. The luminescence intensity would be

largely changed once the absorption efficiency is modu-

lated by magnetic field. Han et al. developed a resonance

excitation method for accurate calibration of pulsed mag-

netic field and observed the similar behaviors for absorp-

tion and normalized integral luminescence intensity with

the application of magnetic field [65–67].

The luminescence intensities from 4S3/2 ?
4I15/2 and

4I13/2 ?
4I15/2 transitions gave the similar curves with the

magnetic field intensity increasing, where the multiple

maximum values were focused at 3.2, 4.4 and 7.7 T

(Fig. 5). The dependence of transmission intensity of

excitation wavelength 488 nm on the magnetic field

intensity shows the opposite curve with the multiple min-

imum values at 3.2, 4.4 and 7.7 T. The absorption is

inversely proportional to the reflection and transmission.

Thus, the reduced transmission can be considered as the

increased absorption to some extent. When the

Fig. 3 a Displacement potential diagram of Er3? in center of lattice and Kramers doublet of 4I15/2 ground state and two Kramers doublet of 4S3/2
of Er3?; b displacement potential diagram of Er3? with off-center displacement, which has an additional contribution to displacement potential;

c energy level diagram of Er3? in PbF2 nanocrystals with application of magnetic field; d luminescence spectra of 4S3/2 ?
4I15/2 radiation

transition from Er3?-doped PbF2 nano-glass–ceramics at 4.2 K with different magnetic field intensities (reproduced from Ref. [58] with

permission from AIP publishing)
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transmission intensity has the minimum values at 3.2, 4.4

and 7.7 T, the absorption intensity at excitation wavelength

has the maximum values, leading to the multiple maximum

luminescence intensity at 3.2, 4.4 and 7.7 T. The changed

absorption intensity with the magnetic field increasing is

originated from the energy level splitting of 4F7/2. The
4F7/2

excited state splits into four sub-levels with the energy at

20,521, 20,479, 20,473 and 20,387 cm-1, respectively. The

splitting of 20,479 cm-1 sub-level influences the absorp-

tion from 4I15/2 ground state to 4F7/2 excited state and the

luminescence intensity with increasing the magnetic field

intensity.

2.5 Quantum confinement effect

The blueshift of 0–0 transition between the lowest Stark

levels of 4I13/2 and 4I15/2 of Er3? should be linear depen-

dence on magnetic field intensity, which is a typical feature

of magnetic constraints of electron wave functions in var-

ious materials. However, Saurel et al. [68] observed the

parabolic dependence when the magnetic field intensity is

lower than 10.6 T (Fig. 6). The parabolic dependence was

considered as the quantum confinement effect, where a

spatial confinement of electrons overcomes the magnetic

confinement.

The optical gap of Er3?-doped PbF2 nanocrystals is

smaller than that of the components of the glass network,

which might cause the quantum confinement of the upper

lying g, s, or d states of Er3?. Then, the quantum con-

finement of g, s, or d states of Er3? can be transferred onto

f states of Er3? for the essential admixture of g, s, d, and

f states. When the linear dependence changed to parabolic

dependence with various magnetic field intensities, the

crossover at 10.6 T was appeared. The crossover corre-

sponds that the compression of the electron wave functions

to the size of the magnetic length is comparable to the

Fig. 4 a Photoluminescence spectra of YVO4: Eu
3? single crystal, GdVO4: Eu

3? single crystal, YVO4: Eu
3? nanocrystals, and YPO4: Eu

3?

nanocrystals excited by 396 nm at 295 and 77 K without magnetic field; photoluminescence spectra of 5D0 ?
7F2 transition from b YVO4: Eu

3?

single crystal, c GdVO4: Eu
3? single crystal, d YVO4: Eu

3? nanocrystals, and e YPO4: Eu
3? nanocrystals with magnetic field intensity from 0 T

(top) to 46 T (down) at step of 2 T, where solid lines crossing curves illuminate trace of peaks (reproduced from Ref. [61] with permission from

AIP publishing)

Fig. 5 a Energy level diagram of Er3? with energy level splitting induced by crystal field and magnetic field; b photoluminescence spectra of

YVO4: Er
3? single crystal excited by 488 nm at 80 K with different magnetic field intensities; c dependence of normalized transmission

intensities at laser wavelength of 488 nm and integral intensities from 4S3/2 ?
4I15/2 and 4I11/2 ?

4I15/2 transitions on magnetic field

intensities (reproduced from Ref. [67] with permission from AIP publishing)
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diameter of the nanocrystals. When the magnetic field

intensity is higher than 10.6 T, the magnetic confinement is

dominant, giving the linear dependence, while smaller than

10.6 T, the spatial confinement becomes the main factor,

showing the parabolic dependence.

2.6 Magneto-optical hysteresis

With the application of a pulse magnetic field, the lumi-

nescence intensity of lanthanide ions is different at the

same magnetic intensity in the process with magnetic field

intensity increasing from 0 T to maximum and then

reducing from the maximum to 0 T, leading to the mag-

netic–optical hysteresis. Qiu et al. observed the magnetic–

optical hysteresis in Eu3?-doped NaGdF4 and NaYF4
nanoparticles and ascribed the phenomenon to the response

of Eu3? to the magnetic field [57] (Fig. 7). Besides, the

reduced luminescence intensity from 5D0 ?
7F2 transition

in NaGdF4: 5%Eu nanoparticles has been discovered,

which did not show in NaYF4: 5%Eu nanoparticles.

The uncovered luminescence intensity is connected with

the changed crystal structure when increasing the magnetic

field intensity. The R value has been used to evaluate the

site symmetry around Eu3?, which is defined as the ratio of

integral intensity of 5D0 ?
7F2 transition to 5D0 ?

7F1
transition. Because the electric dipole transition 5D0 ?

7F2
is hypersensitive to the crystal structure around lanthanide

ions, while the magnetic dipole transition 5D0 ?
7F1 is

insensitive to the site symmetry. The R value was changed

to 89.2% of the initial value in NaGdF4: 5%Eu system

when the magnetic field intensity increased to 40 T, while

only 96% of the one without magnetic field in NaYF4:

5%Eu system. Therefore, the site symmetry around Eu3? is

improved largely and the luminescence intensity is reduced

obviously in the NaGdF4: 5%Eu system. For the intensely

improved site symmetry in NaGdF4: 5%Eu system, the

crystal structure has not recovered to the initial condition

when removed the external magnetic field, resulting in the

uncovered luminescence intensity of 5D0 ?
7F2 transition

in NaGdF4: 5%Eu system.

3 Mechanism of magnetic field-modulated

upconversion luminescence

Upconversion luminescence of lanthanide ions has poten-

tial applications in bioimaging [73–82], cancer cell therapy

[83–89], photodynamic physiotherapy [90, 91], photocon-

ductive switches, information transmission [92] and

improving the efficiency of solar cells [93]; however, it

suffered from the low luminescence efficiency. The

enhanced upconversion luminescence has been realized

with the application of magnetic field. Thus, the magnetic

field can be used as a common method to modulated

upconversion luminescence. Different luminescence phe-

nomena and mechanism have been exploited in upcon-

version system of lanthanide ions, such as Zeeman effect,

magnetic–optical hysteresis and changed site symmetry

[94–96]. Because the Zeeman effect, magnetic–optical

hysteresis and changed site symmetry have been described

before in this review, we only explain the modulated

energy transfer and ‘‘mixing’’ effects in this section.

3.1 Energy transfer

The ion distance and absorption cross section are the two

major parameters for the upconversion luminescence from

lanthanide ions [97, 98]. The concentration of activator

ions should be kept low to avoid the quenching effect

because the serious cross-relaxation would be happened

when introducing the high-doped concentration of the

activator ions. The low and singly doped activators in the

Fig. 6 a Energy level diagram of Er3?; b dependence of 0–0 zero-phonon line on magnetic field intensities (reproduced from Ref. [68] with

permission from AIP publishing).

123Rare Met.

Mechanism of magnetic field modulated luminescence



nanoparticles usually give the weak upconversion lumi-

nescence for the small absorption section. Thus, a sensi-

tizer with a large absorption cross section is usually co-

doped with the activator to enhance the upconversion

luminescence. Obviously, the efficient energy transfer must

be occurred between sensitizer and activator. With the

application of magnetic field, the energy transfer can be

modulated for modified energy gap with Zeeman effect,

where the enhanced or suppressed upconversion lumines-

cence has been discovered.

3.1.1 Enhanced upconversion luminescence

The energy transfer from the sensitizer to the activator can

be boosted with the application of magnetic field, leading

to the enhancement of upconversion luminescence from the

activator. Chen et al. [99] first observed the magnetic field-

enhanced upconversion luminescence from NaYF4:

18%Yb, 2%Er nanoparticles and compared the lumines-

cence intensity from NaYF4: 18%Yb, 2%Er and NaYF4:

2%Er nanoparticles (Fig. 8). The green and red upcon-

version luminescence intensities from NaYF4: 18%Yb,

2%Er increase monotonously with the magnetic field

increasing, while those from NaYF4: 2%Er nanoparticles

drop first and then increase. The opposite behavior of

luminescence intensities from NaYF4: 18%Yb, 2%Er and

NaYF4: 2%Er nanoparticles indicates the enhanced energy

transfer from Yb3? to Er3?. At the same time, they also

found that the enhanced rate for green and red upconver-

sion luminescence from NaYF4: 18%Yb, 2%Er nanopar-

ticles was different from each other, where the red

upconversion luminescence showed a much fast rate than

green luminescence. The different rate might be connected

with the enhanced non-radiation transitions from 4S3/2 to
4F9/2 and from 4I11/2 to 4I13/2 for reduced energy gap,

originated from the energy level splitting with increas-

ing the magnetic field intensity. Those enhanced non-ra-

diation transitions lead to the increase in the population of

the 4F9/2 excited state of Er3? and much fast rate for

enhanced red upconversion luminescence.

3.1.2 Suppressed upconversion luminescence

The suppressed upconversion luminescence was detected

by Hao’s group [100]. The green luminescence from

NaYF4: Yb, Er and NaYF4: Yb, Er, Mn nanoparticles

reduced to 25% and 38% of those without magnetic field,

respectively, when magnetic field increased to 40 T

(Fig. 9). The author ascribed the reduced upconversion

luminescence to the decrease in radiation transition prob-

ability. And the reduced suppression of upconversion

luminescence from NaYF4: Yb, Er, Mn compared to that

Fig.7 Magneto-optical hysteresis of 5D0 ?
7F2 transition from a NaGdF4: 5%Eu and b NaYF4: 5%Eu nanoparticles excited by 396 nm at 80 K;

magneto-optical hysteresis of 5D0 ?
7F4 transition from c NaGdF4: 5%Eu and d NaYF4: 5%Eu nanoparticles under excitation at 396 nm,

recorded at 80 K; e dependence of R values from NaGdF4: 5%Eu and NaYF4: 5%Eu nanoparticles on magnetic field intensities with magnetic

field changing from 0 to 40 T (reprinted with permission from Ref. [69]. Copyright 2019 American Chemical Society)
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Fig. 8 Upconversion luminescence spectra of NaYF4: 18% Yb, 2%Er nanoparticles with a 4S3/2 ?
4I15/2 and b

4F9/2 ?
4I15/2 transitions excited

by 985 nm with application of magnetic field; upconversion luminescence spectra of NaYF4: 2%Er nanoparticles with c4S3/2 ?
4I15/2 and

d 4F9/2 ?
4I15/2 transitions excited by 985 nm with application of magnetic field; dependence of upconversion luminescence integral intensity of

e 4S3/2 ?
4I15/2 and f 4F9/2 ?

4I15/2 transitions from NaYF4: 2%Er nanoparticles on magnetic field intensity (reproduced from Ref. [99] with

permission from The Royal Society of Chemistry)

Fig. 9 a Energy level diagram illuminating energy transfer among Yb3?, Er3?, and Mn2? from NaYF4: Yb, Er, Mn nanoparticles; upconversion

luminescence spectra from b NaYF4: Yb, Er
3? and c NaYF4: Yb, Er, Mn nanoparticles under different magnetic field intensities; d dependence

of green and red upconversion luminescence intensity from NaYF4: Yb, Er
3? and NaYF4: Yb, Er, Mn nanoparticles; e dependence of I660/I540

ratio from NaYF4: Yb, Er
3? and NaYF4: Yb, Er, Mn nanoparticles on magnetic field intensity (reproduced from Ref. [100] with permission from

AIP publishing)

123Rare Met.
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from NaYF4: Yb, Er nanoparticles is responded to the

dopant of Mn2?. The red–green ratio (I660/I540) from

NaYF4: Yb, Er nanoparticles shows an obviously increas-

ing trend with the magnetic field increasing, while that

from NaYF4: Yb, Er, Mn nanoparticles increases slightly.

The different increased trends were ascribed to the modu-

lation effect of Mn2? 4T1 states, which changes the non-

radiation transition process. Therefore, the doping of Mn2?

weakens the energy transfer between lanthanide ions, the

suppression of upconversion luminescence by magnetic

field, and the increasing trend of red–green ratio with

increasing the magnetic field.

3.2 Mixing effect

With the application of magnetic field, the multiple inter-

actions are coexisted, such as spin–orbit coupling, spin/

orbit and magnetic coupling. Qiu et al. observed the

redistribution of Stark sub-levels population with the

magnetic field intensity increasing [101]. The ratio (R) of

integral intensity 553 to 542 nm increases first and then

decreases with the magnetic field intensity increasing. The

similar behavior is also detected for the ratio of

671 to 658 nm (Fig. 10). When the weak magnetic field is

applied, the spin–orbit coupling interaction plays a domi-

nant role compared with the interactions between spin/orbit

and magnetic field. The spin–orbit coupling interaction

enlarges the energy gap between the non-degenerated

levels and enhances the transition from the lower non-de-

generated level, resulting in the increase in R value

with increasing the magnetic field intensity. When the

strong magnetic field is applied, the interaction of spin/

orbit and magnetic field plays a more important role than

the spin–orbit coupling, leading to the decrease in R value

with increasing the magnetic field intensity. Therefore, the

‘‘mixing’’ effect of the spin–orbit coupling and spin/orbit–

magnetic field causes the redistribution of Stark sub-levels

population, with increasing magnetic field intensity.

Fig. 10 a Upconversion luminescence spectrum and fitting curves from NaNbO3:Er
3?, Yb3? nanoparticles with 4S3/2 ?

4I15/2 transition of Er
3?

without magnetic field; b dependence of the ratio of luminescence intensity Peak 3-to-Peak 1 on magnetic field intensity at 77 K; c upconversion
luminescence spectrum and fitting curves from NaNbO3:Er

3?, Yb3? nanoparticles with 4F9/2 ?
4I15/2 transition of Er3? without magnetic field;

d dependence of luminescence intensity Peak 5-to-Peak 4 ratio on magnetic field intensity at 77 K (reproduced with permission from Ref. [101].

Copyright 2019, Springer Nature)
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4 Conclusion

Magnetic field has become an efficient method to modulate

the luminescence from lanthanide ions. Magnetic field

enhances or suppresses the luminescence intensity by

redistributing electrons in excited states with cross-relax-

ation, energy transfer, and mixing effect. The luminescence

wavelength from lanthanide ions can be controlled by

Zeeman effect and quantum confinement effect. The

response of lanthanide ions to magnetic field gives the

magnetic–optical hysteresis. However, the microscopic

mechanism for magnetic field-modulated luminescence is

still insufficient and more attention should be focused in

the future.

The enhanced or suppressed luminescence intensity has

been observed in the same host material with the same

lanthanide ions, such as hexagonal NaYF4: Yb, Er. The

mechanism for both enhanced and suppressed lumines-

cence is unsubstantial, and the detail microscopic analysis

should be paid. The most mechanism is deduced from the

observed luminescence phenomena, for example the

enhanced energy transfer and non-radiation transitions. The

direct evidence for those inferences should be given by the

measurement of lifetime and time-resolved fluorescence

spectra with the static magnetic field. Other factors should

be also considered for the modulated luminescence by

magnetic field, for instance, the ions distance, the quality of

single crystal or nanoparticles, the defects and various

states on the surface, etc.

In conclusion, magnetic field is an efficient method to

modulate the luminescence from lanthanide ions and con-

venient coupling with external fields. But the mechanism

exploration and practical applications are still at the initial

stage.
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