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Abstract. Ultraviolet and violet upconversion signals at 271 nm, 317 nm, 381 nm and 407 nm were observed
when an erbium-doped YAG crystal was pumped by an Ar+ laser (488 nm). The dependence of intensity
of luminescence emitting from the 4S3/2 state and the 2P3/2 state on pump power (I) was experimentally
investigated. Changes from I1 down to I1/2 for the 4S3/2 state and from I2 down to I1 for the 2P3/2 state
were observed. The upconversion mechanism was discussed by means of the rate equations. It appears
that energy-transfer upconversion (ETU) is a dominant process for the Er3+:YAG crystal used in our
experiment.

PACS. 42.65.Ky Harmonic generation, frequency conversion

1 Introduction

Recently, there has been an intense interest in the study
of the energy upconversion phenomena of trivalent Er-
bium ion-doped crystals and fibers [1–3]. Several upcon-
version materials, such as, Er3+:BaF2, Er3+:YAlO3 and
Er3+:Ba2YCl7, have been identified, and the upconversion
mechanisms have been discussed as well [4,5]. However,
Er3+-doped yttrium aluminum garnet, to our knowledge,
has not been reported in detail concerning the ultravio-
let upconversion phenomena. The crystal host (Y3Al5O12)
commonly referred to as YAG, has a cubic space-group
symmetry O10

h and is superior in terms of hardness and
thermal conductivity. The Er3+ ions substitute Y3+ ions
on the dodecahedral sites having D2 symmetry [6]. Previ-
ous studies in Er3+:YAG were concentrated on lumines-
cence properties in the visible and infrared regions [7–9].
The purpose of this paper is to investigate luminescent
characteristics of ultraviolet upconversion in this crystal.
The two most common excitation processes that lead to
emission from energy states higher than the terminating
state of the first pump-absorption step are pump excited-
state absorption (ESA) and energy-transfer upconversion
(ETU) [5,10].

Here we report on the generation of ultraviolet and
violet upconversion signals under 488-nm Ar+ laser ex-
citation. For the interpretation of short-wavelength lumi-
nescence, we measured the dependence of intensity of lu-
minescence emitting from the 4S3/2 state and the 2P3/2

state on pump power. The rate equations for the ESA
and ETU processes were used to provide a framework for
discussing the upconversion mechanism.

a e-mail: jzk@mail.jlu.edu.cn

2 Experiment and results

The Er3+:YAG (30 mol%) sample grown by a conventional
Czochralski technique in Changchun Institute of Applied
Chemistry of China, has a size of 1.0 × 0.5 × 0.4 cm3.
All experiments were performed at room temperature.
The absorption spectrum of the crystal (see Fig. 1) was
measured by a Perkin-Elmer Lambda-9 UV-visible-near-
infrared spectrophotometer with a resolution of 0.2 nm.
According to the wavelengths of absorption peaks and
the energy level data given in reference [11], we made the
energy-level diagram of Er3+ ion in the crystal (see Fig. 2).

For the upconversion investigation, the sample was
pumped by an argon-ion laser (Spectra Physics 171) in
a single-line mode (488 nm) with the beam chopped by a
light chopper (EG&G 9479). A 488 nm narrow band fil-
ter was used to avoid the light from the Ar+ laser plasma
lines. The fluorescence was collected in a direction per-
pendicular to the incident beam by a 4-cm-diameter, 10-
cm-focal-length quartz lens placed at the entrance slit
of a 1-m double grating monochromator (Jobin-Yvon U-
1000), which had been calibrated by a Hg lamp. The
exit slit of the monochromator was equipped with a pho-
tomultiplier tube (Hamamatsu R955). The signals from
photomultiplier tube were sensed by a boxcar integrator
(EG&G Princeton Applied Research Model 4400 Signal
detection and analysis system) and recorded by a com-
puter. A standard lamp was used to calibrate the spectra-
response curve of this system.

When the sample was pumped by a 488-nm Ar+ laser
which is resonant with 4F7/2 state, we observed the up-
conversion signals at 271 nm, 317 nm, 381 nm, 407 nm
as shown in Figure 3. In addition, the long-wavelength
luminescence signals (Fig. 4) at 543 nm and 656 nm
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Fig. 1. Absorption spectrum of the Er3+:YAG crystal containing 30 at% Er3+ ion.
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Fig. 2. Energy level diagram of Er3+:YAG showing related
transitions. G: ground-state absorption; T: energy transfer; E:
excited state absorption; wavy arrows: multiphonon relaxation;
the other straight arrows: fluorescence emission.

were also observed. According to the energy-level data
given in reference [11], we made the assignment of lumi-
nescence transitions: 271 nm (2H9/2 → 4I15/2), 317 nm
(2P3/2 → 4I15/2), 381 nm (4G11/2 → 4I15/2), 407 nm
(2G9/2 → 4I15/2), 543 nm (4S3/2 → 4I15/2) and 656 nm
(4F9/2 → 4I15/2). For the signal at 381 nm, it is also pos-
sible from the transition (2H9/2 → 4I11/2), but the in-
tensity of the luminescence emitting from the 2H9/2 state
to the 4I11/2 state is weaker as that of the luminescence
(271 nm) emitting from 2H9/2 to the ground state, be-
cause their transition probabilities (not shown) are found

Fig. 3. Upconversion fluorescence spectrum of Er3+:YAG un-
der 488 nm excitation. The numbers below the spectrum are
the intensity amplification multiples of the corresponding spec-
trum.
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Fig. 4. Downconversion fluorescence spectrum of Er3+:YAG.
The numbers below the spectrum are the intensity amplifica-
tion multiples of the corresponding spectrum.
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Fig. 5. Measured emission intensities from the 2P3/2 and 4S3/2

levels at 317 nm and 543 nm, respectively, in YAG:30%Er3+

vs. pump power. The numbers denote the slopes in double-
logarithmic representation at low and high pump power, re-
spectively.

to be comparable. Therefore, the luminescence at 381 nm
emitting from the 2P3/2 state to the ground state is dom-
inant. For the signal at 407 nm, the transitions from the
2H9/2 state to the 4I9/2 state and from the 2P3/2 state to
the 4I13/2 state are also possible. According to the calcu-
lations of transition probabilities and the similar analysis
as 381 nm, the luminescence at 407 nm dominantly come
from the transition from the 2G9/2 state to the ground
state. In addition, luminescence from other excited states
is too small to be observed due to their small energy gap
to the next lower-lying levels and the large phonon en-
ergy (850 cm−1) in this crystal [12]. The corresponding
transitions of the observed luminescence are indicated in
Figure 2.

The luminescence observed at wavelengths longer than
488 nm (see Fig. 4) is due to the emissions from the 4S3/2

and 4F9/2 states, which were populated by multiphonon
relaxation from the 4F7/2 state.

The dependence of intensity of luminescence from the
4S3/2 and 2P3/2 states on pump power was measured
by inserting different neutral density filters in the pump
beam. The results are shown in Figure 5 in double loga-
rithmic scale.

3 Discussion

To understand the physical mechanism responsible for
the observations described above, we introduced the rate
equations to analyze the ESA and ETU processes. When
the Er3+ ions in the crystal are excited by ground-state

absorption (GSA) at 488 nm into the 4F7/2 level, subse-
quent rapid multiphonon relaxation leads to the popula-
tion of the 4S3/2 state, where an upconversion process due
to ESA and/or ETU may occur as depicted in Figure 2.

At first, we demonstrate the relevant effect of the ESA
process on luminescence intensity versus pump power. The
ESA process takes place when some of Er3+ ions in exited
state 4S3/2 absorb 488 nm photons to populate 4D7/2.
Subsequent nonradiative relaxation from the 4D7/2 state
populates the 2H9/2, 2P3/2, 4G11/2 and 2G9/2 states re-
sulting in the upconversion luminescence. The rate equa-
tions for the ESA process are given by

dN2

dt
= µN1

Iσ1l

hν
−N2

Iσ2m

hν
−R2N2 (1)

dN3

dt
= µ′N2

Iσ2m

hν
−R3N3 (2)

where subscripts 1, 2, 3 refer to the 4I15/2, 4S3/2 and 2P3/2

states, respectively; Ni, Ri are the population density and
decay rate of state i, respectively; hν is the pump photon
energy and I is the pump laser intensity; σ1l is the absorp-
tion cross-section from 4I15/2 to 4F7/2 and σ2m from 4S3/2

to 4D7/2; µ, µ′ are the nonradiative relaxing percentage
from upper states to the 4S3/2 state and the 2P3/2 state,
respectively. Under the steady-state case, i.e., dN/dt = 0,
equations (1, 2) become

µN1
Iσ1l

hν
= N2

Iσ2m

hν
+R2N2 (3)

µ′N2
Iσ2m

hν
= R3N3. (4)

From equations (3, 4), the relation between the population
of the 4S3/2, 2P3/2 states and the incident laser power can
be obtained by

N2 =
µN1Iσ1l

Iσ2m +R2hν
= C1

I

Iσ2m +R2hν
(5)

N3 =
µµ′N1σ1lσ2mI

2

hνR3(Iσ2m +R2hν)
= C2

I2

Iσ2m +R2hν
(6)

where C1, C2 are constants. From equations (5, 6), we can
see that, if Iσ2m � R2hν, then N2 ∝ I0 and N3 ∝ I, if
Iσ2m � Rhν, then N3 ∝ I2 and N2 ∝ I. The absorption
cross-section σ2m can be deduced by

σ2m =
hνB2m

c
g(ν − ν0) (7)

where ν is the transition frequency of the 4S3/2 state to
the 2P3/2 state; g(ν − ν0) is the Voigt profile, which is
a convolution of Lorentzian and Gaussian profiles; B2m is
the Einstein absorption coefficient, which has the form [13]

B2m =
πχ(n)
3ε0~2

|M2m|2 (8)

where χ(n) is the factor of refractive index under Lorentz-
local-field correction for crystal, |M2m|2 is the elec-
tric dipole matrix element. The oscillator strength be-
tween two multiples can be calculated by Judd-Ofelt
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theory [14,15]. In principle, the oscillator strength be-
tween individual Stark levels can also be approximately
evaluated with complicated calculation by utilizing group-
symmetry characteristics of Stark levels [16]. However,
from our previous paper [16], we found that the dipole
matrix elements related to every Stark level of a multiple
state have the same orders of magnitude. Thus, |M2m|2
can be approximately calculated by taking the average of
all the Stark levels of the 4D7/2 state, i.e.

|M2m|2 =
2

2J + 1
2

2J ′ + 1
e2

×
∑

t=2,4,6

Ωλ
∣∣ 〈4fN(αSL)J‖Uλ‖4fN(α′S′L′)J ′

〉 ∣∣2 (9)

where J, J ′ are the quantum numbers of angular momen-
tum of the 4S3/2 state and 4D7/2 state, respectively. The
factors 2 in equation (9) arose from the Kramers de-
generate of the Stark levels of Er3+. The reduced ma-
trix element Uλ and the phenomenological intensity pa-
rameter Ωλ used in equation (9) were obtained from
references [17,18]. Inserting all data into equation (7), we
obtained the cross-section σ2m = 3.583×10−21 cm2. From
the experimental lifetime value of the 4S3/2 level [19], the
decay rate R2 was obtained as R2 = 2 × 106 s−1. Un-
der our regions of laser power used here (see Fig. 5), it
is found that Iσ2m (about 10−16 J s−1) � hνR2 (about
10−13 J s−1). If the ESA process is dominant, the lumi-
nescence intensity of 4S3/2 state should be proportional
to N2 and therefore to the intensity I. Similarly, for the
2P3/2 state, the luminescence intensity should be propor-
tional to N3 and to I2. Since the experimental results do
not show this kind of dependences, we conclude that ESA
is not the dominant process.

Therefore, we have considered the ETU upconversion
process. ETU takes place between two ions in the 4S3/2

state to produce an ion in the 2H9/2 state and another one
in the ground state. Accordingly, the rate equations have
the forms

dN2

dt
= µN1

Iσ1l

hν
− 2WN2

2 −R2N2 (10)

dN3

dt
= µ′WN2

2 −R3N3 (11)

where W is cross relaxation rate. All other symbols have
the same meanings as for ESA. Under steady-state exci-
tation, this relations lead to

µN1
Iσ1l

hν
= 2WN2

2 +R2N2 (12)

µ′WN2
2 = R3N3. (13)

If linear decay (term R2N2) is the dominant depletion
mechanism of 4S3/2 level, the upconversion term 2WN2

2

can be neglected in equation (12). It follows from equa-
tions (12, 13) that N3 ∝ N2

2 ∝ I2. In contrast, if the up-
conversion term is dominant, then N3 ∝ N2

2 ∝ I. As a re-
sult, with increasing pump power, the upconversion term

2WN2
2 gets more important and the slope of the upconver-

sion luminescence curve changes from 2 to 1, whereas that
of the downconversion luminescence changes from 1 to 0.5.
From the experimental results (Fig. 5), it can be seen that
the slope of curve for the 2P3/2 state changes from 1.9 to
1.0, while that of 4S3/2 changes from 1.1 to 0.51. Therefore
the theoretical analysis based on the ETU upconversion
mechanism is in good agreement with the experimental
results. This is contrary to what was observed in several
Er3+-doped compounds, such as, Er3+:BaF2 (2 mol%) and
Er3+:ZBLAN fiber [1,2]. Upon 488 nm excitation, in fiber
sample the luminescence at 320 nm and 402 nm exhibited
quadratic dependence on the incident laser power [2] and
in BaF2 sample the lifetime curve of the upconversion lu-
minescence suggests the absence of the energy transfer [1].
Consequently the ESA process is the dominant mechanism
in upconverting the signals in these two compounds.

As well-known, ETU is an interionic process whose
probability depends on the distance between the partici-
pating ions and temperature [7,9,20]. Under our experi-
mental condition (300 K and 30 at%), it is reasonable that
ETU is a dominant upconversion process.

4 Summary

The ultraviolet and violet upconversion luminescence in
Er3+:YAG under 488-nm Ar+ laser excitation has been
observed. In order to understand the mechanism of the
luminescence generation, the dependence of luminescence
intensities versus pump power were measured. Two pos-
sible upconversion processes were analyzed based on the
use of rate equations. It is demonstrated that ETU is a
dominant process for the sample used.

The YAG crystal is an excellent host material for up-
conversion luminescence compared with other compounds,
such as RbGd2X7 (X = Cl,Br), K2LaX5 (X = Cl,Br),
and Cs3Lu2X9 (X = Cl,Br, I), which are all very sensi-
tive to moisture. It is also interesting to investigate the
ultraviolet upconversion luminescence for many applica-
tions. In the present paper, we have reported a preliminary
study of ultraviolet upconversion in Er3+:YAG. It is neces-
sary to carry out experimental measurements with differ-
ent Er3+ ion concentration and temperature and to com-
pare the efficiency of upconversion with other Er3+ doped
compounds in the future.

The authors are grateful to the financial support from the Na-
tional Natural Science Foundation of China (No. 10074020)
and the Young Teacher Foundation of Jilin University
(No. 2000A05).
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