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Abstract
We are interested, in this work, in determining the Stark sub-level of Er3+
ions doping a KY3F10 single crystal with a molar concentration of 1%. We
have used a new method of measurement of energies of the ground level and
emitting levels from excitation and anti-Stokes emission spectra recorded at
liquid nitrogen temperature. This technique is based on a spectral analysis of the
anti-Stokes emissions recorded after selective excitation with a red dye tunable
laser. Thus, we could determine the Stark sub-levels of the ground and the
principal emitting levels in the infrared, visible and near-UV ranges with a very
good precision.

1. Introduction

Research in the field of solid state lasers has not ceased increasing from one year to the
next. Solid state laser materials doped with trivalent rare earth ions increasingly attract the
researchers’ attention. In order to produce high power lasers, these material hosts, used as
single crystals or glasses, must have interesting mechanical properties, a rather broad range of
transparency and rather high threshold optical damage. Fluoride materials containing trivalent
ions, mainly Y3+ cations, are very advantageous because they can be substituted easily by rare
earth ions of the same valence. Moreover, the fluoride materials compared with oxides have
low phonon energies that makes it possible to reduce the nonradiative deexcitation phenomena
by multiphonon emissions, thus ensuring good fluorescence quantum yields for the principal
emitting levels. They also have a reasonably high thermal conductivity compared to chlorides
and bromides known as having very low phonon energies, which supposes that they have good
thermomechanical properties and a high chemical stability.

For all these reasons, the compound KY3F10 of the KF–YF3 pseudo-binary system has
been the subject of many studies especially in the spectroscopic and magnetic fields during
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these few last years [1–11]. It presents a good number of advantages for the study of the optical
processes brought into play to reach the spectral range 1.5–3 µm which is very interesting for
many applications [12–15]. Indeed, it is a congruent compound with a not very high melting
point (1030 ◦C) [16], and thus is relatively easy to synthesize as a single crystal. It crystallizes
in the fluorite type of cubic structure, belonging to the space group Fm3m [17]. The lattice is
made up of two ionic groups (KY3F8)

2+ and (KY3F12)
2− which are alternated along orthogonal

crystallographic directions [18, 19]. In the first group, the F− ions occupy the tops of an empty
cube inside the first sub-lattice. In the second, they form an empty cubooctahedron. The
Y3+ ions, for which are partially substituted the Er3+ ions, occupy a tetragonal symmetry site
(C4v). Compared to other well-known fluoride laser crystals like LiYF4 or BaY2F8, its crystal
structure tolerates a large lanthanide concentration. It has a rather broad range of transparency
(0.2–8 µm). Moreover, it has a rather strong crystal field leading to a high splitting of the
energy levels for the rare earth and in particular for the ground level as in the case of thulium
doping [4].

In this work, we are interested in exploring the results of a spectral analysis of the anti-
Stokes emissions for Er3+ ions incorporated in a KY3F10 crystal by using a selective excitation
technique around 650 nm provided by a tunable laser. This study permits us to determine the
Stark sub-levels of the various 2S+1LJ excited multiplets and the ground multiplet of Er3+ ion
with a very good precision [20].

2. Experiment

Er3+ (1%) doped KY3F10 single crystals were synthesized by the Czochralski pulling technique
under highly purified argon atmosphere using a carbon–vitreous crucible. The starting
compounds containing yttrium or rare-earth fluoride YF3 and ErF3 were purified by a
fluoridation reaction such as that presented by Gesland [21]. The single crystals obtained were
of good optical quality, not diffusing He–Ne laser light.

The emission spectra were recorded at liquid nitrogen temperature under continuous
excitation (into the 4F9/2 multiplet) provided by a dye laser (Kiton-Red) tunable from 620 to
660 nm and pumped by a CW multiline mode argon laser (Spectra Physics).

The pump laser beam, having a 500 mW output power, is focused with a lens of 30 cm
focal distance on the unoriented sample placed on the cold finger of a liquid nitrogen cryostat.
The fluorescence induced in the range from 11 500 to 22 500 cm−1 is analysed by a Coderg
T800 three-grating monochromator and then detected by a water-cooled photomultiplier (EMI
9558QB). The excitation spectra are also recorded by continuous variation of the wavelength
of the dye laser from 620 to 660 nm through absorption corresponding to the 4I15/2 → 4F9/2

erbium transition. The emission and excitation spectrum lines are positioned with a precision
of ±1 cm−1.

For decay measurements, the laser beam is switched off by an electro-optic modulator,
and an oscillograph (Tektronix TDS 210) interfaced with a microcomputer is used to record the
decay of luminescence.

3. Results

The emission spectrum of the Er3+ ions incorporated in KY3F10 crystal was recorded at liquid
nitrogen temperature in the spectral range from 11 500 to 22 500 cm−1 under continuous
excitation in the 4F9/2 multiplet at 15 366 or 15 457 cm−1. The total spectrum is composed
of several groups of lines. Referring to the literature related to the Er3+ ions [22], we have
identified many transitions including, in particular, the following ones (figure 1):
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Figure 1. Excitation mechanisms and Er3+ anti-Stokes transitions studied to determine the Stark
sub-levels.

• four anti-Stokes transitions coming from the 2P3/2 multiplet (2P3/2 → 4S3/2, 4F9/2, 4I11/2

and 2P3/2 → 4I13/2 in the second order);

• two anti-Stokes transitions coming from the 4S3/2 multiplet (4S3/2 → 4I13/2, 4I15/2);

• one anti-Stokes transition coming from the 2G9/2 multiplet (2G9/2 → 4I11/2);

• one Stokes transition (4F9/2 → 4I15/2).

In the course of this study, three two-step emission processes (figure 1) have been specially
exploited to determine the Stark sub-level diagram of Er3+.

The absorption mechanism in the metastable states as well as the nonradiative energy
transfers between the excited Er3+ ions contribute to populate the higher levels and give
place to the transitions observed (figure 1), the energy transfer being predominant when the
concentration in Er3+ ions is equal to or higher than 1% [23]. The slow component which
we observed in the green (4S3/2 → 4I15/2) emission decay suggests that the 4S3/2 level is
populated through an energy transfer upconversion (ETU) process involving two nearby Er3+
ions in the 4I11/2 state (figure 1). The blue (2P3/2 → 4I11/2) emission decay was fitted by a
single exponential with a time constant of 0.31 ms. This emission is tentatively attributed to
Er3+ ions excited in the 2P3/2 state through an excited-state absorption (ESA) starting from
4S3/2 (figure 1).
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Figure 2. Excitation spectrum of the green emission of Er3+ (1%) in KY3F10 at 77 K corresponding
to the 4I15/2 → 4F9/2 transition.

The excitation spectrum of the red emission (14 983 cm−1) or of the green emission
(18 357 cm−1) recorded between 15 200 and 15 500 cm−1 presents a dozen lines which we
attribute to the 4I15/2 → 4F9/2 transition (figure 2). We attribute the line of this spectrum
having the highest energy (15 457 cm−1) to the transition between the basic sub-level of the
ground state 4I15/2 and the fifth sub-level of the 4F9/2 multiplet (4I15/2(1) → 4F9/2(5)). We
can then position the last Stark sub-level of 4F9/2 at 15 457 cm−1, 4I15/2(1) being taken as the
energy reference mark.

The emission spectrum recorded in the spectral range 16 000–16 400 cm−1 is attributed to
the transition between excited states 2P3/2 → 4F9/2 (figure 3(a)). The line of this spectrum
having the lowest energy (16 098 cm−1) corresponds to the 2P3/2(1) → 4F9/2(5) transition that
allows us to position the first Stark sub-level of 2P3/2(1) to 15 457 + 16 098 = 31 555 cm−1.

In addition, the blue emission spectrum recorded between 21 200 and 21 500 cm−1 contains
11 lines among 12 lines expected for the 2P3/2 → 4I11/2 transition (figure 3(b)). After
having positioned all the lines observed, we located an energy difference equal, on average,
to 98 cm−1 for six couples of lines. This split corresponds to the difference in energy between
the only two 2P3/2 sub-levels. This allows us to locate the second Stark sub-level of 2P3/2 at
31 555 + 98 = 31 653 cm−1. On this same blue emission spectrum, the line having the highest
energy (21 460 cm−1) corresponds to the 2P3/2(2) → 4I11/2(1) transition and the associated line
to the 2P3/2(1) → 4I11/2(1) transition. The position of the first 4I11/2 sub-level is then equal to
31 653-21 460 = 10 193 cm−1.

We proceed in the same manner with the remaining line couples to determine the other
Stark sub-levels of 4I11/2, which makes it possible to affirm that until this stage, 2P3/2 and 4I11/2

Stark sub-levels are determined in addition to the last sub-level 4F9/2 multiplet.
On the infrared emission spectrum recorded between 13 000 and 13 350 cm−1 and

corresponding to the transition 2P3/2 → 4S3/2 (figure 3(c)), we have located the line couples
having the difference of 98 cm−1 to place the two 4S3/2 sub-levels at 18 413 and 18 490 cm−1

according to the same protocol previously described for 4I11/2. It is obvious that the knowledge
of the 2P3/2 sub-level positions, from which we have located four transitions in the first order,
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Figure 3. Anti-Stokes emission of Er3+ (1%) in KY3F10 at 77 K corresponding to the transitions:
(a) 2P3/2 → 4F9/2; (b) 2P3/2 → 4I11/2; (c) 2P3/2 → 4S3/2; the unidentified peaks are attributed
to 4G11/2 → 4I15/2 (order 2). Stokes emission of Er3+ in KY3F10 at 77 K corresponding to the
transition: (d) 4F9/2 → 4I15/2. The intensity scales are independent.

facilitates the determination of the sub-level energies of the final levels. Following the same
calculation method used up to now, we determined the four remaining 4F9/2 sub-levels from the
emission spectrum due to 2P3/2 → 4F9/2 transition. These positions are easily checked using
the excitation spectrum of the red or green emission (figure 2).

We used the two red and green emission spectra corresponding respectively to the
transitions 4F9/2 → 4I15/2 and 4S3/2 → 4I15/2 (figures 3(d) and 4(a)) to explore the 4I15/2

ground Stark level structure of the Er3+ ions. The combination of the results obtained with
these two spectra enabled us to determine the eight sub-levels of the 4I15/2 multiplet at energies
0, 57, 61, 106, 203, 230, 293 and 338 cm−1.

Until now, we have located the sub-levels of the 4I15/2, 4I11/2, 4F9/2, 4S3/2 and 2P3/2

multiplets. The analysis of the spectrum corresponding to a transition for which one of two
multiplets brought into play has its Stark structure given led us to the determination of the
Stark structure of the other especially when there is not an overlapping of fluorescence. Thus,
the 4S3/2 → 4I13/2 and 2G9/2 → 4I11/2 transitions (figures 4(b) and (c)) allowed us to locate
the Stark sub-levels of 4I13/2 and 2G9/2 multiplets. The infrared emission spectrum recorded
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Figure 4. Anti-Stokes emission of Er3+ (1%) in KY3F10 at 77 K corresponding to the transitions:
(a) 4S3/2 → 4I15/2 (the unidentified peaks located below 18 050 cm−1 are attributed to 2G9/2 →
4I13/2); (b) 4S3/2 → 4I13/2 (the unidentified peaks located below 11 700 cm−1 are attributed to
4D5/2 → 4F9/2, second order); (c) 2G9/2 → 4I11/2; (d) 2P3/2 → 4I13/2. The intensity scales are
independent.

Table 1. Stark sub-level energies of the Er3+ ions in KY3F10.

Sub-levels energy (in cm−1)

Multiplet 1 2 3 4 5 6 7 8

4I15/2 0 57 61 106 203 230 293 338
4I13/2 6 498 6 592 6 606 6 628 6 697 6 721 6 727
4I11/2 10 193 10 256 10 267 10 279 10 291 10 305
4F9/2 15 274 15 300 15 366 15 374 15 457
4S3/2 18 413 18 490
2G9/2 24 578 24 625 24 646 24 649 24 702
2P3/2 31 555 31 653

between 12 400 and 12 600 cm−1 corresponding to the 2P3/2 → 4I13/2 transition in the second
order (figure 4(d)) enabled us to check the positions of the 4I13/2 sub-levels. The determined
Stark sub-level energies are summarized in table 1.
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The use of this selective excitation technique gives energies with a precision of ±1 cm−1.
The results obtained agree with those given by the literature [24–27] by using the usual method
of combined analysis of the emission and absorption spectra.

4. Conclusion

We obtained, on a KY3F10 single crystal doped by Er3+ ions with a molar concentration of
1%, emission spectra at liquid nitrogen temperature using the selective excitation technique.
The analysis of these spectra, combined with those of the excitation, recorded at the same
temperature, has enabled us to experimentally determine the Stark sub-level energy diagram of
the Er3+ ion for seven multiplets.
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