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Abstract

Laser crystals of LiYF4 (YLF) doped with 5–64 at.% of trivalent ytterbium ions (Yb3+) were grown by a vertical Bridgman method. As
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rystal growth materials of YbF3 and YF3 including YOF impurities caused opaque crystal, the YOF reduction procedure using Pb2 was
ssential before starting the crystal growth. We derived seven energy levels from the2F7/2 and2F5/2 manifolds of Yb3+:YLF by the crystal-field
nalysis from which we explain the observed polarized absorption and emission spectra. The intrinsic broad and complicated
b3+:YLF are attributed to the strong coupling of the 4f electrons with lattice vibration of the crystal.
2005 Published by Elsevier B.V.
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. Introduction

Laser crystals doped with Yb3+ ions including Yb3+ doped
iYF4 (YLF) [1,2] are of interest for the development of
dvanced high-peak power lasers[3,4]. As Yb3+ ions with

hirteen 4f-electrons have two simple manifolds of the2F5/2
xcitation state and the2F7/2 ground state, the Yb3+ lasers
ossess several advantages, for examples, no energy loss
aused by excited state absorption (ESA), high quantum
fficiency, and large accumulation power of optical energy
erived from long (ms order) decay of the upper states. How-
ver, the 4f-electron which is shielded by s2p6 closed shell in
are earth elements usually does not have a strong interaction
ith the surrounded crystal field, which results in narrower

ine width of absorption and emission spectra in comparison
f laser crystals doped with transition metal ions of Cr3+ and
i3+ which are used in ultra short pulse lasers. Furthermore,
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hard optical pumping for the laser oscillation increases p
lation densities at the upper Stark sub-manifolds in the2F7/2
ground state, which tends to drop the laser output powe
overcome these disadvantages, Yb3+:YLF cooled by liquid
N2 has been investigated for the development of the ch
pulse amplification (CPA) laser that can generate sub
second laser pulses[5].

As Yb3+:YLF crystal has broad emission spectrum
negative refractive index change with increasing temp
ture, the crystal is one of the promising candidates fo
CPA laser. In usual case, YLF laser crystals doped with
earth ions have been grown by the Czochralski method
requires continuous supply of hazardous HF or CF4 gas
Compared with this method, the simple Bridgman me
might have economical benefit in case of the crystal enla
ment. In addition, in spite of distinct information of the St
sub-manifolds energy levels is essential for the laser
tal evaluation, various data of Yb3+:YLF have been reporte
[1,2,6,7]. From these viewpoints, we have tried to gr
Yb3+:YLF by the Bridgman method and have studied its s
troscopic properties.
925-8388/$ – see front matter © 2005 Published by Elsevier B.V.
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Fig. 1. YOF Reduction by the material treatment with PbF2 scavenger. Once
and twice mean the number of reduction process. The inset shows the YOF
peak measured in XRD analysis after the treatment.

2. Experimental procedure

Yb3+:YLF crystals were grown by our original built of
two-zone resistance heating furnace using the Bridgman–
Stockbarger technique. From previous works, we improved
the temperature gradient by adjusting heater currents and
modified insulator configuration surrounding the crucible to
realize the suitable temperature condition of 30–40 K/cm.
The reduction process of YOF impurity was essential for
the starting materials of YF3 and YbF3 powder prior to the
YLF crystal growth. PbF2 powders were mixed to remove
the unintentionally contained YOF impurity by the chemical
reaction of YOF + PbF2 → YF3 + PbO, where the produced
PbO evaporates during the heat treatment at 1430 K in a
vacuum furnace for 5 h. From evaluations of powder X-ray
diffraction (XRD) analysis, we recognized that twice of the
process can reduce YOF impurity down to negligible small,
as shown inFig. 1.

The incongruent melt of YLF crystal has the peritectic
point at 1092 K in 49 mol.% of YF3, and LiF is easy to
evaporate above the melting point. Several Li-rich melt com-
position of LiF:(YF3 + YbF3) = 51:49–60:40 in mol.% were
tested in the crystal growth. The higher Li-rich composition
showed enhancement of transparent area inside the crysta
boules. From the result, we fixed the composition of 60:40,
and tried YLF crystals growth doped with Yb3+ of 5, 10, 20,
4 phite

crucible with a diameter of 34 mm. Then, it was evacuated in
the furnace down to 10−4 Pa so as to be free of oxygen. The
crystals were lowered at a rate of 1 mm/h. After translating
of 12 cm, the crystals were cooled over a period of 24 h. The
as-grown crystal boules were 11 cm total length, and about a
half length had transparent crystal. We extracted specimens
from each boule and measured the lattice constants by the
XRD analyzer, the amount of Yb ions by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES), and
other properties. These data are summarized inTable 1.

The optical absorption spectra and emission spectra were
measured by a spectrometer in the temperature range of
15–300 K. Before the measurements, Yb3+:YLF samples
were polished to a thickness less than 1 mm and mounted
in a copper block installed in a cryogenic refrigerator. In the
emission measurements, the excitation beam from a polarized
laser diode was focused into the sample. In the absorption
measurements, the probe beam emitted from a xenon lamp
was filtered by a monochromator. To discriminate against
the pump or probe light, an optical chopper was inserted for
each beam and the detected signal was captured on a lock-in
amplifier triggered by the chopper. In the optical measure-
ments, the spectral resolution was less than about 10 cm−1 in
wave number.
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able 1
easured properties of grown Yb3+:YLF crystals

pecimens Yb constant (at.%) Density

iYb0.05Y0.95F4 4.45 4.08
iYb0.1Y0.9F4 9.23 4.18
iYb0.2Y0.8F4 20.67 4.32
iYb0.4Y0.6F4 41.02 4.61
iYb0.6Y0.4F4 63.88 5.14
l

. Experimental results and discussion

Fig. 2shows the polarized absorption and emission s
ra measured in our spectrometer. At 300 K, the spectr
xtremely broad and the intensities are small. Some sp
tructure can be seen as the temperature decreases, ho
e cannot find the distinctive structure corresponding to

ransition between two manifold levels even at the low
emperature of 15 K. On the other hand, it was reported
aWO4 host crystal with the same scheelite as YLF sh

hree well separated groups including clear zero phonon
n the absorption spectrum[8]. Yb ions would have stron
nteraction with the surrounding YLF crystal lattice.

Fig. 3shows the absorption spectra in two different po
zations. The zero phonon level corresponding to the tr
ion of E1–E5 is found in the 10,288 cm−1. As the site o
b3+ in YLF is S4 symmetry, degenerated Kramer’s d
lets written in the irreducible representations are assi

o each Stark splitting level[8]. According to the selectio
ules for the transition of E1–E7,�-polarized transition i

Yb ions (cm−3) Lattice constant (̊A)

a c

6.21× 1020 5.1691 10.7300
1.29× 1020 5.1670 10.7226
2.90× 1021 5.1623 10.7028
5.78× 1021 5.1560 10.6718
9.06× 1021 5.1495 10.6419
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Fig. 2. Polarized spectra of 64 at.% Yb3+ doped YLF at various tempera-
ture between 15 K and 300 K. Black and gray lines show the emission and
absorption spectra, respectively. ZPL means the zero phonon line.

allowed by electric and magnetic dipoles, on the other hand,
�-polarized transition is only allowed by magnetic-dipole.
Since the electric-dipole transition probability is quite larger
than the magnetic-dipole transition probability, it is con-
cluded that the large signal measured in�-polarization of
around 10,600 cm−1 corresponds to the transition of E1–E7.

We consider crystal-field energy levels of Yb3+:YLF. The
Hamiltonian for S4 symmetry is given by:

HCF=B2
0C
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where all symbols are defined in Ref.[10]. To obtain the
crystal-field splitting of2F7/2 and2F5/2 states, we used the
results of reduced matrix elements[11] and 3-j and 6-j sym-
bols [12]. For the derivation, we referred to Ref.[13]. Each
level is written by the matrix elements as follows. In the2F7/2
state:

E1, E3 = b11 + b22 ±
√
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ig. 3. The polarized absorption spectra measured at 15 K. ZPL mean
honon level. The inset shows available transitions derived from the sel
ules in each polarization[9]; broken line means electric-dipole transiti
ne point broken line means magnetic-dipole transition and solid line m
oth dipole transitions, respectively.
E5, E7 = b33 + b44 ∓ (b33 − b44)2 + 4b34
2

2
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Table 2presents the calculated crystal-field paramete
he point charge model, together with the results by Br
16]. One large discrepancy is found in theB

′6
4 imaginary

arameter. We cannot explain the reason of difference
urther improvement of the model would be required.Table 2
lso summarizes the energy levels calculated with our
ized parameters and energy levels assigned by variou
ntists.

The experimental data well support to the results repo
y Refs.[1,2]. In the comparison of our results and Re

6,7], the discrepancy is found in the E7 level.Fig. 4shows
omputer deconvolution of the assigned transition levels
ibronic transitions based on Raman active spectra mea
n YLF crystal [14,15]. Since the phonons couple with d
erent electronic levels, the corresponding vibronic spe
ppear in the absorption spectrum, giving rise to the com
ated and broad spectra. The 10,730 cm−1 line in Ref.[7] is
uggested to arise from coupling with the vibration mod
rystal lattice (seeFig. 4).
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Table 2
The fitted crystal-field parameters and the comparison of assigned energy
levels of the2LJ manifold. Concerning the energy difference between E1 and
E5, we assigned 10,288 cm−1 which was measured in Fig. 3. The calculated
and measured energy levels were assigned with the accuracy of±10 cm−1

Crystal-field parameters (cm−1) References

B2
0 B4

0 B6
0 B4

4 B6
4 B′6

4

285 −560 −10 530 350 960 This work
284 −432 −11 585 283 35 [16]

2F7/2 (cm−1) 2F5/2 (cm−1) References

E1 E2 E3 E4 E5 E6 E7

0 236 398 449 10288 10409 10566 Calculated
0 237 375 477 10288 10420 10570 Experimental

0 216 371 479 10288 10409 10547 [1]
0 212 364 455 10259 10399 10533 [2]
0 235 366 456 10259 10404 10628 [6]
0 224 359 438 10270 10400 10730 [7]

Fig. 4. Fitting model of the absorption spectra, including coupling with
vibration components of the crystal lattice. The transitions from the ground
state of E1–E5, E6 and E7 are indicated by arrows. The broken and one point
broken lines mean the vibronic replicas of E5 and E7 transitions, respectively.

4. Conclusions

We have succeeded in the YLF crystal growth doped
with Yb3+ ions of 5–64 at.% by the simplified Bridgman
method. Purification of YF3 and YbF3 was essential to grow
transparent fluoride YLF crystals. Optical absorption and
emission spectra were measured at 15–300 K. We performed
the crystal-field analysis based on the S4 symmetry of Yb3+

in YLF to explain the observed emission and absorption
spectra, and we derived seven Stark splitting energy levels.
Our results were consistent with the result by Brown et al. We
have also explained the complicated and broad absorption
spectrum of Yb3+:YLF by means of the deconvolution of
the electric transition and vibronic mode.
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