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Comparative optical study of thulium-doped YVO,, GdVO,, and LuVQ, single crystals
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YVO,:Tm?* crystals grown by the Czochralski technique and GdVO,:Tm3* and LuVO,:Tm3* crystals
grown by the floating-zone technique were investigated using methods of optical spectroscopy. Polarized
absorption and emission spectra were recorded at room temperature and at 6 K. The crystal-field analysis was
performed assuming the D,y site symmetry for Tm>* ions. In this way the missing crystal-field components of
the 3H6 ground multiplet were located. Room temperature absorption spectra were analyzed in the framework
of the Judd-Ofelt theory. Evaluated radiative lifetimes of luminescent levels of Tm3* follow a general trend
diminishing in agreement with the sequence: YVO,: Tm** —GdVO,:Tm>** —LuVO,: Tm**. Luminescence
lifetimes measured for the systems under study are similar except for the 3F , lifetime, which appears to be
surprisingly short for LuVO,: Tm3*. Anisotropy of optical spectra is particularly pronounced in LuVO,: Tm3*.
Peak absorption cross section for the band relevant for optical pumping at about 805 nm is roughly three times
higher for 7 polarization. Stimulated emission cross sections for the ’F 4—3H6 transition near 1800 nm were
evaluated using the reciprocity method. The diode-pumped continuous wave laser operation in GdVO,: Tm**
with a slope efficiency of up to 40% is demonstrated. In LuVO,: Tm>* the diode-pumped laser oscillation in a

pulsed mode was observed.
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I. INTRODUCTION

Single crystals of YVO, doped with neodymium were
grown for the first time 40 years ago and their laser proper-
ties were then assessed.! It appeared that this crystal pos-
sesses an advantageous combination of desired features and
may compete with commonly used YAG:Nd (yttrium alumi-
num garnet) crystals. In spite of this, the importance of
YVO,:Nd lasers was marginal for decades because of seri-
ous problems encountered during the growth of YVO, crys-
tals by the Czochralski method. An investigation of rare
earth-doped YVO, crystals was, therefore, restricted to the
area of basic research where the high crystal quality is not
crucial. Numerous published papers reported on intensities
of absorption and emission spectra and relaxation processes
of excited states of rare earth ions in YVO, matrix.>™

A breakthrough in the technology of YVO, crystal pro-
duction, which occurred during the past decade, has been
stimulated by the progress in the field of laser diodes. Emis-
sion of Al,Ga;_,As laser diodes around 808 nm with powers
sufficient to pump neodymium lasers made it possible to take
advantage of outstanding features of the YVO,:Nd system
consisting of a broad and intense pump band and unusually
high emission cross sections. Technological efforts were suc-
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cessful and laser quality crystals grown by the Czochralski
method became available.

Following this achievement attention was directed to-
wards thulium-doped YVO,, because of its laser potential
associated with the *F,->H, transition of Tm>" ions near
1800 nm. The cw room temperature operation of the longi-
tudinally pumped YVO,:Tm laser was reported.”$ Later, the
thulium-doped GdVO, crystals were grown by the Czochral-
ski method and their laser performance was examined.’~!! In
these early studies the optical pumping was provided by a
Ti:sapphire laser, but quite recently the performance of a
diode-pumped cw Tm:GdV O, laser with a slope efficiency
of 28% and a maximum output power of 420 mW was
reported.'?

Tm:LuVO,, to our knowledge, is the newest system. Its
successful growth by a floating-zone technique was reported
only recently.'’> Thus, thulium-doped vanadate crystals
emerge as the most promising active media for diode-
pumped all solid state lasers operating near 1.9 um. The
laser performance of these materials depend on parameters
characterizing the source of optical pumping used, i.e., the
Ti:sapphire laser or a laser diode, geometry of optical pump-
ing and laser resonator. Properties of a laser active material
are of paramount importance, however.
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Knowledge on the spectral position and intensity of pump
and emission bands, stimulated emission cross sections and
relaxation dynamics of excited states makes it possible to
predict the laser performance. It helps also to optimize the
laser design.

Spectroscopic properties of Tm:YVO, crystals are well
documented in published works.'*!> Information on
Tm:GdVOy is considerably poorer. In several published pa-
pers the attention was directed mainly to the laser perfor-
mance of this system.!”> To our knowledge one published
paper only deals with Tm:LuVOy,, reporting on the crystal
growth process and preliminary spectroscopic data.!3 Inten-
tions of the present work are as follows: (i) enrich the knowl-
edge on fundamental spectroscopic properties of thulium-
doped vanadate crystals; (ii) evaluate the effect of cation
substitution Y —Gd—Lu in the vanadate crystal structure
on spectroscopic features; (iii) provide fundamental spectro-
scopic parameters relevant to the laser operation of these
systems.

II. EXPERIMENTAL DETAILS

Tm:YVO, crystals were grown by the Czochralski
method at the Institute of Electronic Materials Technology in
Warsaw. Details of the growth process are given elsewhere. !¢
Samples with nominal Tm?®* concentrations of 0.5 and
6 at. % were prepared. The actual Tm>* concentration was
slightly lower amounting to 0.46 and 5.6 at. % respectively,
and is in agreement with the segregation coefficient for
heavy rare earth ions in YVO,!'® Tm:GdVO, and
Tm:LuVO, crystals were grown at the Hokkaido University
in Sapporo by the floating-zone method employing the pro-
cedure described in Refs. 13 and 17. Samples of GdVO,
with Tm3* concentrations of 2, 4, and 6 at. % and samples of
LuVO, with Tm** concentrations of 3 and 5 at. % were pre-
pared for spectroscopic investigation. Uniform distribution
of thulium ions in the crystal hosts was found indicating a
segregation coefficient close to unity.'3

Polarized absorption spectra were measured at 6 K and
room temperature with a Varian model 5 UV-VIS-NIR spec-
trophotometer. The resolution was 0.5 nm in the visible
range and 1 nm in the near infrared. Luminescence spectra
were excited by an argon ion laser, dispersed by a 1-m
double grating monochromator with a spectral bandwidth of
2 cm™! and detected by a photomultiplier. The resulting sig-
nal was analyzed using a Stanford model SRS 250 Boxcar
integrator and stored on a PC computer. Luminescence decay
curves were recorded using a Tektronix model TDS 3052
digital oscilloscope. Short pulse excitation was provided by a
continuum Surelite I optical parametric oscillator pumped by
a third harmonic of a Nd:YAG laser. Samples were mounted
in an Oxford model CF 1204 continuous flow liquid helium
cryostat equipped with a temperature controller for a low
temperature measurement of absorption and emission spec-
tra.

III. RESULTS AND DISCUSSION

A. Crystal-field analysis

As far as we know the results of crystal-field analysis for
Tm:GdVO, and Tm:LuVO, were not reported before.
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Those for Tm:YVO, appeared in several published works.
The first analysis reported by Knoll'* was made by using an
operator equivalent technique. It did not describe the free ion
adequately and in consequence different sets of parameters
were consistent with different parts of spectrum. Wortman et
al.'® recalculated energy levels by using experimental data of
Knoll and proposed a new interpretation of the *F 4 and 3H5
multiplets. More recently Chen Xueyuan and Luo Zundu car-
ried out the crystal-field level fitting based on the analysis of
the group-chain scheme for Tm:YVO,."

To perform the analysis for Tm:GdVO, and Tm:LuVO,
the experimental energy levels were derived from polarized
absorption spectra and from luminescence spectra associated
with the 'G,-*H, and *H,-Hj transitions, both recorded at
5 K. Additionally, we performed the analysis for Tm:YVO,
using experimental data reported by Knoll in order to refer
our approach to previous calculations.

In the D,q crystal field the (2J+1) degeneracy is partly
lifted so, the J=0, 1, 2, 3, 4, 5, 6 levels split into 1, 2, 4, 5,
7, 8, 10 irreducible representations, respectively. The first
crystal-field level of the 3H6 ground state was assigned as I's.
Since the transitions observed at liquid helium temperature
originate only from this level they must terminate on the I's
for ar polarization and I'y, I'y, I'5, I'y, for o polarization.

Crystal-field calculations were performed by applying the
f-shell empirical program of Reid (University of Canterbury,
New Zealand) and running on PC under the Linux Lycoris
Desktop LX operating system. The eigenvectors and eigen-
values of crystal-field levels were obtained by the diagonal-
ization of the combined free-ion and crystal-field energy ma-
trices. The complete Hamiltonian includes the following
terms:

ﬁ = ﬁA + IA{CF. (1)
The H ', contains the atomic parts of H and is defined as

Hy=E ,+ > Ff + aL(L + 1) + BG(Gy) + yG(R,)
k

+ Lsohso + 2 PXp+ 2 Mbii, (2)
k k

where E,,. is the spherically symmetric one-electron part in
the Hamiltonian, F*(nf,nf) and g, represent the radial parts
of the electrostatic and spin-orbit interaction, respectively,

while fk and Aso are the angular parts of these interactions.
The «, B, and vy parameters are associated with the two-body
correction terms. G(G,) and G(R;) are Casimir operators for
the G, and R, groups and L is the total orbital angular mo-
mentum. The M* parameters arise from the spin-spin and
spin-orbit interaction, while the P* parameters represent the
electrostatic spin-orbit interactions with higher configura-

tions. The I:ICF term of the Hamiltonian represents the one-
electron crystal field and is defined as

035103-2



COMPARATIVE OPTICAL STUDY OF THULIUM-DOPED...

Hep= 2 B\CR (), (3)
k.q,i

where Cf]k)(i) is a spherical tensor of a k rank and B’; are
crystal-field parameters. The crystal field Hamiltonian for the
D,4 site symmetry can be written as

Hep= 2 ByCy + > Bi(Cy+CLy). 4)
k=2,4,6 k=4,6

One site only was observed for Tm?**-doped MVO, (M
=Y,Gd,Lu) in absorption and emission spectra and 48, 47,
44 levels for YVO,, GdVO,, LuVO, adequately. These ex-
perimental levels were fitted to the parameters of the phe-
nomenological Hamiltonian. Free-ion and crystal-field pa-
rameters determined for Tm3* in YVO, single crystals"
were taken as initial values in our calculations. In the final
fitting procedure six atomic free-ion parameters and five one-
electron crystal-field parameters freely varied. Because of the
limited data obtained for Tm**-doped orthovanadates, the 3,
¥, M¥, and P* parameters were not varied, but held fixed at
the values obtained for Tm**-doped LaF5. The corresponding
experimental and calculated energy values of the crystal-field
levels are given in Table I. The complete parameters for both
fits are presented in Table II. The o standard deviations ob-
tained for Tm** in LuvVO,, YVO,, and GdVO, are close to
the value of 13, 11, and 12 cm™!, respectively.

The inclusion of the CCF parameters made it possible to
decrease these A values as well as the rms deviation for the
overall fitting (Table II). The crystal-field parameters ob-
tained are consistent with the whole spectrum. Our rms de-
viation values are close to the 10.6 cm™' value reported by
Wortman et al.'® but higher than 7 cm™! to those reported for
Tm:YVO, by Chen Xueyuan and Luo Zundu."” It should be
noted, however, that in the latter calculation several data
points were excluded from the fitting procedure.

A measure of the magnitude of the total crystal-field
strength is given by the scalar parameter N,, defined as

. ]1/2

(2k+1) )

N,= |:(B /;)2
A reliability of the crystal-field calculation performed can be
further assessed upon inspection of Table III, which com-
pares our B’; parameters for Tm:YVO, with those reported
in aforementioned papers.!*!>18 It can be seen that the val-
ues of the crystal-field parameters B, B}, and BS obtained in
the four approaches are much the same. Differences between
values of the B% and Bg parameters are slightly higher but
still the agreement seems to be satisfactory. Accordingly, the
physical significance of Bf, parameters and their correlation
with the structures of Tm:YVO,, Tm:GdVO,, and
Tm:LuVO, can be discussed. In these crystal structures
eight oxygen atoms coordinated by Tm** ions form dodeca-
hedra with D,y symmetry. The coordination number 8 is of-
ten observed in rare earth-doped crystals and literature deal-
ing with this geometry is rich.'*? To derive a dodecahedron
from a cube it is convenient to consider a cube as composed
of two interpenetrating tetrahedra. Upon compression of one
tetrahedron along the S, axis and an elongation of the other a
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dodecahedron will be formed. Within an approximation of
the hard sphere model the shape of an ideal dodecahedron is
characterized by angular coordinates of ligands 6,=36.9°,
05 =69.5°, and the ratio of radial distances from ligands to a
central metal ion R,/Rp=1." The algebraic sign of the Blgf
parameters is determined by their angular part, therefore, for
an ideal dodecahedron, all Biﬁ parameters, except for the Bé,
would be negative. However, in real crystalline structures
RA/Ry may be as high as 1.08 and 6, as low as 30°.2° In our
case the Bé parameter is negative for the three systems stud-
ied. It indicates that one tetrahedron is compressed to a
smaller extent than the other tetrahedron is elongated. This
conclusion is consistent with results obtained during investi-
gation of Eu** in vanadates. In particular, for Eu: YVO, 6,
=32.83°, 63=78.10°, and R,/R=1.06 has been reported.””
The mean value of angles %(0A+ 0s)=55.47° is higher than
Ocubic=54.74° and the B% parameter was found to be nega-
tive. It may be interesting to mention that in isostructural
Eu:YPO, 6,=30.22°, 63=76.33°, and R,/Rp=1.03. The
mean value of angles amounting to 53.28° is smaller than
Ocuvic and the By parameter was found to be positive.” A
prediction of signs of remaining crystal-field parameters is
not straightforward, especially when R,/Rp differs from
unity. Nevertheless, taking into account the similarity of Blg‘
parameter values and their algebraic signs, a general conclu-
sion can be drawn that shape characteristics of dodecahedra
around Tm3* ions in YVO,, GdVO,, and LuvVO, do not
differ significantly.

B. Optical absorption spectra and the Judd-Ofelt treatment

Survey absorption spectra of thulium-doped YVO,,
GdVO,, and LuVO, recorded at room temperature with light
polarized perpendicular (7 spectrum) and parallel (o spec-
trum) to the optical axis of the crystal are compared in Fig. 1.
In the three systems the matrix absorption rises steeply in the
violet region of the spectrum but in YVOy, it begins at much
longer wavelengths. In addition, the steep absorption rise
that forms a kind of edge is preceded in this crystal by a
weaker absorption which increases monotonously with de-
creasing wavelength throughout the entire visible range.
These findings indicate clearly that the YVO, host contains
an appreciable density of point defects. The Tm:YVO, crys-
tal was grown by the Czochralski method whereas two re-
maining systems were obtained by a floating-zone technique.
Although the Czochralski method is expected to provide ex-
cellent quality crystals, the growth of vanadates is hampered
by a loss of oxygen due to an instability of the oxidation
state of vanadium in the melt. It appears that the floating-
zone technique is more advantageous since it does not em-
ploy crucibles and crystals may be grown in an atmosphere
of pure oxygen. However, the Tm:GdVO, and Tm:LuVO,
crystals studied can, by no means, be considered as defect-
free systems. It was pointed out in Ref. 13 that high oxygen
partial pressure in a pure oxygen flow is effective in sup-
pressing the evaporation of vanadium oxide, but not com-
pletely. After the growth of vanadate crystals, pale yellow
precipitates (vanadium oxides) appeared on the inner wall of
quartz tube, which protected the growth atmosphere from the
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TABLE I. Electronic states, symmetry labels, experimental, and calculated energy levels (cm™') of Tm3*-doped YVO,, GdVO,, and
LuVOy single crystals.

Multiplet  Irrep. YVO, GdVO, LuVO,
Eqyp- Eqyp- Eqyp
E.p" Ecqle E e E,p Ecqle E i E,, E e E e
*H Ts 0 -4 4 0 -4 4 0 -10 -10
r, 54 30 24 57 27 30 52 36 16
r, 119 117 2 116 136
I 138 148 -10 134 136 -2 137
r, 158 150 8 143 141 149 -8
I's 192 186 6 192 191 1 207
r, 208 223 -15 214 216 -2 239 234 5
I 313 303 295 8 301
Is 332 348 -16 340 334 6 328 342 -14
I's 375 361 366 372 -6
3F4 r, 5550 5558 -8 5548 5556 -8 5556 5565 -9
Is 5655 5656 -1 5648 5653 -5 5669 5669 0
I 5723 5721 2 5704 5709 -5 5748 5742 6
r, 5775 5779 -4 5744 5744 -24 5782 5795 -13
s 5825 5798 27 5764 5776 -14 5801 5781 20
Is 5860 5865 -5 5860 5850 10 5863 5862 1
r, 5879 5893 -14 5899 5886 13 5905 5913 -8
3H5 r, 8204 8201 3 8199 8205
ry 8232 8253 -21 8228 8248 =20 8242 8246 -4
Is 8268 8264 4 8265 8261 4 8276 8278 -2
s 8296 8297 -1 8284 8288 -4 8304 8309 -5
I 8338 8327 11 8314 8325 -11 8353 8340 13
r, 8440 8439 1 8408 8422 -14 8437 8441 -4
I 8466 8448 8452 -4 8467
r, 8491 8481 10 8465 8469 -4 8478 8482 -4
3H4 I 12523 12517 6 12527 12510 17 12537 12518 19
r, 12563 12567 6 12560 12569 -9 12577 12591 -14
r, 12633 12640 =7 12631 12636 -5 12646 12659 -13
r, 12662 12663 -1 12654 12653 1 12671 12677 -6
r, 12705 12705 0 1268 12686 -5 12713 12709 4
I 12704 12710 -6 12714 12698 16 12733 12717 16
s 12774 12784 -10 12774 12780 -6 12793 12797 -4
3F3 I 14411 14415 -4 14409 14403 6 14428 14434 -6
s 14453 14439 14 14441 14433 8 14478 14465 13
Is 14453 14452 1 14445 14443 2 14478
ry 14459 14458 1 14453 14446 7 14484 14478 6
r, 14475 14480 -5 14465 14473 -8 14494 14506 -12
3F2 s 15007 15009 -2 14989 14997 -8 15027 15038 -14
ry 15018 15016 2 15020 15007 13 15040 15033 7
Is 15069 15071 -2 15062 15060 2 15088 15100 -12
r, 15147 15144 3 15123 15126 -3 15184 15164 20
G 4 r, 20938 20954 -16 20944 20956 -12 20946 20959 -13
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TABLE 1. (Continued.)
Multiplet  Irrep. YVO, GdVO, LuVOy,
Eexp_ E exp™ E exp™
Eexpa Ecalc Emlr Eexp Ecalc Ecalc Eexp Ecalc Ecalc
I 21102 21099 3 21099 21098 21122 21111 11
r, 21167 21164 3 21160 21155 5 21190 21189 1
I, 21234 21237 -3 21242 21231 11 21248 21254 -6
I's 21306 21307 -1 21296 21283 13 21266 21278 -12
I's 21402 21376 21386 -10 21382 21394 -12
I, 21459 21439 20 21441 21434 7 21495 21462 33
1D2 I, 27736 27730 6 27734 27729 5 27746
Is 27736 27731 4 - 27726 27739 27753 -14
ry 27753 27749 4 27754 27741 13 27782 27769 13
s 27789 27803 -14 27773 27793 =20 27820 27820 0
lI6 s 34463 34488 34404
ry 34491 34517 34422
Is 34547 34561 34514
ry 34554 34570 34525
s 34601 34609 34550
Is 34727 34742 34696
r, 34755 24766 34730
r, 34931 34925 34864
I 34948 34943 34884
r, 34959 34954 34899
°P, T, 35138 35145 35128
°p, Ts 36116 36127 36108
r, 36175 36178 36166
°P, I, 37862 37860 37883
r, 37881 37884 37888
I 37975 37976 38004
r, 38154 37140 38159

4Taken from. Ref. 14.

ambient. The amount of precipitates after the growth of
Tm:LuVO, crystals was much greater than after the growth
of Tm:GdVO, crystals. The reason why a stronger evapora-
tion of vanadium oxide occurs in Tm:LuVO, is not clear
yet. This phenomenon seems to be related to observed col-
oration of the grown crystals.

Absorption spectra shown in Fig. 1 are related to transi-
tions within the 4f'? configuration of Tm>* ions. Absorption
lines are sharp and depend weakly on the host since the 4f
electrons are effectively shielded by the filled 5s and 5p
orbitals. In principle, three different transition mechanisms
may be involved: magnetic dipole transitions, induced elec-
tric dipole transitions, and quadrupole transitions. To our
knowledge the contribution of the latter mechanism to rare
earth spectra has not been evidenced, however. A magnetic
dipole operator has even parity. Accordingly, magnetic di-
pole transitions between states of the same parity (intracon-
figurational transitions) are allowed in agreement with

Laporte rule. The magnetic dipole matrix elements are small
and in addition the selection rule AJ=0, =1, (0+0) is valid.
Therefore the magnetic dipole mechanism contributes solely
to the *H,->Hj transition of Tm>* at about 1200 nm. The
electric dipole operator is of odd parity. Accordingly, intra-
configurational electric dipole transitions are forbidden by
the Laporte rule. When a rare earth ion resides in a noncen-
trosymmetric site, the crystal-field Hamiltonian induces an
admixture of opposite parity states (presumably those of the
5d configuration) to the 4f states. As a consequence, induced
electric dipole transitions between the zs+1LJ multiplets be-
longing to the 4f" configuration occur. It should be noted
here that states of the 4" configuration are combinations of
Russell-Saunders states, calculated in the intermediate cou-
pling scheme. Accordingly, S and L are no longer “good”
quantum numbers, but they are still used to identify states. In
addition, the selection rule AS=0 is relaxed. The crystal field
splits the 2S+1LJ multiplets giving rise to crystal-field states.
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TABLE II. Hamiltonian parameters (in cm™') obtained from crystal-field (CF) analyses of Tm3**-doped
GdVO,, YVO,, and LuVO, single crystals. The M* and P* parameters were constrained by Hartree-Fock
determined fixed ratios.

Parameter® Tm3*:YVO, Tm3**:GdVO, Tm**:LuVO,
Eqyg 17857 (7) 17852 (9) 17858 (9)
F? 101228 (26) 101275 (30) 101135 (34)
F* 71386 (32) 71420 (35) 71154 (39)
Fo 51369 (51) 51304 (56) 51453 (63)

a 16 (3) 16 (3) 14 (3)

B [-665] [-665] [-665]

y [1936] [1936] [1936]

¢ 2630 (3) 2630 (3) 2632 (4)
MO [4.930] [4.930] [4.930]
P [893] [893] [893]
B; -194(14) -168(15) -193(17)
By 360 (18) 362 (21) 487 (23)
B 850 (14) 812 (15) 783 (17)
BS -622(19) -639(20) -679(23)
B -51(14) -8(16) -21(18)
a® 11 12 13

n 48 47 44

N, 1816 1803 1626

#The parameters are defined in IIl. Values in parentheses indicate parameter errors. Parameters in square
brackets were kept constant during the fitting procedure.

bStandard deviation: o=3,[(A;)?/(n—p)]"? where A, is the difference between the observed and calculated
energies, n is the number of levels fitted, and p is the number of parameters freely varied.

In the D,q site symmetry, the 2J+ 1 degeneracy of multiplets
of Tm3* ions, which have an even number of 4 f electrons, is
not lifted completely as can be seen in Table I. The site
symmetry determines also selection rules for induced electric
dipole transitions and magnetic transitions between indi-
vidual crystal-field levels. Those for D,4 symmetry are given
in Table IV.

Overlapping transitions from thermally populated crystal-
field levels of the ground 3H6 multiplet to crystal-field levels
of excited multiplets of Tm’* form bands appearing in ab-
sorption spectra shown in Fig. 1. The transitions are purely
electronic, there is not a Stokes shift between absorption and
emission bands. Therefore, interpretation of emission spectra
can be performed taking into account energies of the crystal-
field levels, thermal population, and selection rules.

Absorption intensity is expressed in absorption cross-
section units to facilitate the comparison of data. It follows
from the spectra shown that generally 7-polarized absorption

bands are much narrower than o-polarized bands and they
attain significantly greater peak values. This feature is par-
ticularly apparent in the case of the 3H6-3H4 band at about
800 nm in the Tm:LuVO, spectrum.

Transition intensities of Tm>* in vanadates were analyzed
in the framework of a theory developed independently by
Judd® and Ofelt.>* The theory is useful not merely in the
interpretation of absorption spectra of rare earth ions but it
became a powerful tool in predicting relaxation rates of ex-
cited levels. At present it is widely used to assess the laser
potential of rare earth-doped materials. According to the
theory, spectroscopic properties of rare earth-doped materials
may be characterized by using three phenomenological pa-
rameters ), (1=2,4,6) which are obtained by a least-square
fit between the theoretical and experimental oscillator
strengths derived from absorption spectrum. Adopting this
procedure, we determined experimental oscillator strengths
for transitions from the ground *H, multiplet to six excited

TABLE III. CF parameters B! for Tm**:YVO, (cm™).

B% Bé Bi Bg BS References
-132 377 898 =521 -52 14
-175 337 832 -621 =50 18
-173 341 830 -604 =55 15
-194 360 850 -622 =51 This work
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FIG. 1. (Color online) Polarized absorption cross section of
Tm?** in YVO,, GdVO,, and LuVO,. T=300 K.

multiplets of Tm** by numerical integration of absorption
bands presented in Fig. 1. Crystals investigated are aniso-
tropic therefore, mean oscillator strengths P, were evaluated
according to a commonly used formula P,=(2P,+P,)/3
where P, and P are the oscillator strengths derived from the
o and 7 spectrum, respectively. For each transition the ex-
pression for theoretical oscillator strength was constructed
and equated to experimental oscillator strength P, to obtain
six equations of the form

- 8mme  (n>+2)?
P32 +1)  9n

> QAL S UY|

1=2,4,6

XL ,S" 1T, (6)

where \ is the mean wavelength of the transition, n is refrac-
tive index of the host, m denotes the mass of electron, ¢
denotes the light velocity, and 4 is the Planck constant. U" are
matrix elements of unit tensor operators calculated in the
intermediate coupling. The matrix elements do not depend

TABLE 1V. Electric (ED) and magnetic (MD)—dipole selection
rules for D,y symmetry.

ED
Doy r, Iy Is ry I's
r, T o
r, T o
I'; T o
r, T o
I's o o o o ™

MD
I T T
r, o T
I o T
Iy o ™
I's T T T T o
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on the host, therefore their values given in Ref. 25 were used
for the calculation. The (), parameters have been adjusted to
give the best least-square fit to the experimental oscillator
strengths. In relation (6) forced electric dipole transitions are
considered only. Accordingly, the contribution of the mag-
netic dipole transition was calculated for the *Hy-"H; transi-
tion using standard relation and subtracted calculated value
from the experimental oscillator strength. Results of the fit-
ting procedure are presented in Table V and the (), param-
eters obtained for the three systems studied are compared in
Table VI. The quality of the fit is usually expressed in terms
of rms deviation defined in the preceding section. Our rms
values of 6.48x 1077, 7.77x 1077, and 8.03X 1077 for
Tm:YVO,, Tm:GdVO,, and Tm:LuVO,, respectively, are
comparable to those obtained in the analysis of other Tm-
doped crystals.

A significantly different set of (), parameters for
Tm:YVO,, namely ,=13.0X102°cm? Q,=4.74
X 1072° cm?, and Q=0.07X1072° cm? was reported by
Chen Xueyuan and Luo Zundu.'> However, during their
least-square fit process the {)g parameter was first negative.
Next, a positive value of this parameter was put as a con-
straint condition in a subsequent fitting procedure which fi-
nally gave the set of (), parameters mentioned above. It
should be noted here that the incertitude of the Judd-Ofelt
treatment of thulium-doped crystals is expected to be higher
than that encountered in the study of neodymium or erbium-
doped crystals because the Tm>* absorption spectrum pro-
vides six data points only.

C. Relaxation dynamics of excited states

Having determined (), parameters we calculated the rates
W, of radiative transitions from each excited multiplet to
lower energy multiplets of Tm>* according to the relation

64me?  n(n*+2)?
W = Q L/ ,S, J! U([)
XFIL.SIP. (7)

Luminescence branching ratios 8 were next evaluated using
the relation

W

>w,
J

B= (8)

The inverse of the rate sum of radiative transition from the
given excited multiplet to an all terminal multiplet is com-
monly denoted as radiative lifetime 7, of this multiplet

1
= 9
T, Sw, )
j

Results of calculations performed for the three systems under
study are gathered in Tables VII and VIIL. It can be seen in
Table VIII that radiative lifetimes for all excited multiplets
(except for the 1D2 state) of Tm>* follow a general trend, i.e.,
they decrease from the highest values for Tm:YVO, to the
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TABLE V. Measured and calculated oscillator strengths for Tm** in YVO,, GdVO,, and LuVO,.

Oscillator Residual
Transition Energy AP X 10° AP X 10°
from 3H6 (em™) P, P, P, Pac
YVO,
°F, 5731 6.01 5.50 5.67 5.67 0.00
*H 8336 4.12 3.41 3.21 (ed) 2.84 0.37
0.44 (md)
°H, 12590 6.41 6.05 6.17 6.25 0.08
*F,+°F, 14578 5.14 3.94 4.34 4.34 0.00
'G, 21195 2.89 2.62 2.71 1.79 0.92
'D, 27573 5.73 3,51 4.25 3.73 0.52
GdvVO,
°F, 5671 6.76 6.29 6.45 6.45 0.00
*H 8308 4.10 4.06 3.64 (ed) 3.39 0.25
0.44 (md)
°H, 12589 7.43 6.98 7.13 7.13 0.00
*F,+°F, 14635 6.80 4.99 5.60 5.60 0.00
'G, 21203 3.46 3.35 3.39 2.07 1.32
'D, 27651 7.18 409 5.12 4.72 2.00
LuVOy,
°F, 5679 8.10 6.55 7.06 7.06 0.00
*H 8356 5.62 4.17 4.21 (ed) 4.06 0.15
0.44 (md)
°H, 12604 7.56 7.38 7.44 8.05 0.61
*F,+°F, 14542 8.55 6.58 7.24 7.24 0.00
'G, 21217 3.95 3.28 3.50 2.26 0.45
'D, 27591 5.38 3.23 3.95 3.95 0.00

lowest values for Tm:LuVO,. It may be interesting to note
here that Chen Xueyuan and Luo Zundu'> obtained very
similar radiative lifetimes 7,,; amounting to 1165 and 262 us
for the °F , and 3H4 multiplets of Tm** in YVO, using sig-
nificantly different set of (), parameters mentioned above.
Luminescence lifetimes of the 'G,, *H,, and *F, of Tm**
in YVO,, GdVO,, and LuVO, were derived from lumines-
cence decay curves recorded at room temperature. In this
measurement the 'G, and *H, multiplets were excited di-
rectly, whereas the excitation of the *F , multiplet was made
through the *H, or *Hy levels. Results of the measurement
are gathered in Table IX. The consistence of the Judd-Ofelt
treatment can be checked with lifetime data recorded for
samples with low Tm?* concentration since in heavy-doped
samples the self-quenching of luminescence occurs. Diluted

TABLE VI. The Judd-Ofelt parameters for Tm3* in YVOy,,
GdVOy, and LuVO,.

O, (10020 cm?)  Q, (10020 cm?) Qg (1072 cm?)

YVO, 7.81 1.03 1.14
GdVO, 8.13 1.45 1.35
LuvVO, 8.44 1.82 1.78

Tm:GdVO, and Tm:LuVO, samples are not available, ac-
cordingly the experimental lifetimes recorded for YVO, con-
taining 0.5% of Tm>* can be used for this purpose. It can be
seen that experimental and calculated radiative lifetimes of
the 'G, and ’H, multiplets are in reasonable agreement.
When the Tm** concentration is higher the self-quenching
phenomenon involving the cross-relaxation process shortens
these lifetimes in the three systems with comparable efficien-
cies. The cross-relaxation process *H,+ Hg—>F,+°F, is
particularly important since it transfers the excitation from
the 3H4 pump level to the *F 4+ upper laser level thus provid-
ing a so-called “two-for-one pumping.”

There is however, significant disagreement between cal-
culated radiative lifetimes and corresponding experimental
lifetimes for the °F 4 level, at least in the case of the
Tm:YVO, and Tm:GdVO,. The luminescence lifetimes
measured are two times higher roughly than calculated radia-
tive lifetimes. It is well known that the measurement of lu-
minescence lifetimes should be performed carefully taking
into account the phenomenon of self-absorption, particularly
in the case of first excited states that decay exclusively by
direct transitions to the ground state. Self-absorption, if
present, tends to lengthen the measured lifetime. To avoid
this phenomenon thin samples were used. In addition, sev-
eral samples were ground to obtain fine powder and next

035103-8



COMPARATIVE OPTICAL STUDY OF THULIUM-DOPED...

PHYSICAL REVIEW B 74, 035103 (2006)

TABLE VIL. Calculated values of the radiative transition rates W, for excited states of Tm3* in YVO,,

de04, and LUVO4.

Averange
wave number Wr
(em™) (s
SLJ S'L'Y YVO, GdVO, LuvO, YVO, GdVO, LuvO,
°F, H 5731 5670 5678 828 965 1060
*H °F, 2604 2637 2677 93 113 125
’H 8336 8308 8356 718 892 1079
°H, ’H 4254 4280 4248 188 229 251
°F, 6858 6918 6925 163 246 303
*H 12589 12589 12604 4402 5259 5950
’Fy, ’H, 1989 2046 1937 22 28 26
*H 6243 6327 6185 919 1290 1324
°F, 8847 8964 8863 819 1542 1599
*H 14578 14635 14541 4009 4564 5826
'G, ’F5, 6616 6567 6675 225 234 306
’H, 8605 8614 8612 548 1115 1248
3H 12859 12895 12860 1306 2756 3255
’F, 15463 15532 15538 378 468 596
’H, 21195 21203 21216 3857 4329 4735
'D, 'G, 6387 6448 6374 784 797 823
’F3, 13005 13016 13049 8721 8651 9484
°H, 15011 15062 14987 26814 26790 27610
’H 19298 19343 19235 353 318 410
°F, 21953 21980 21912 24654 23354 25561
’H 27612 27651 27590 20114 19964 25165

measured. In powdered samples a thin surface layer was ex-
cited. In our opinion a disagreement between calculated ra-
diative lifetimes and experimental luminescence lifetimes of
the °F 4+ level cannot be explained by a lengthening effect due
to self-absorption. Our conclusion is corroborated by follow-
ing observations: (i) lifetimes recorded for samples with
higher Tm’* concentrations are shorter, whereas self-
absorption phenomenon implies contrary dependence; (ii)
the *F , lifetimes measured for Tm:LuVO, samples in iden-
tical conditions and sample geometry are significantly
shorter. Figure 2 compares luminescence decay curves for
the three systems containing a similar concentration of Tm>*.
Our experimental *F 4 lifetimes for the Tm:GdVO, samples
are consistent with corresponding experimental data reported
by Higuchi et al.,'” but lifetimes for the Tm:LuVO, crystal
are not yet reported, as far as we know. To account for these
findings the *F, radiative lifetimes were recalculated using a
relation

_8we’n® (27+1)

= P, 10
T omeN? 20 +1) P (10)

where P, is experimental oscillator strength, m denotes
mass of electron, ¢ denotes the light velocity, e is electron
charge, \ is the mean wavelength of the transition, and # is
the Planck constant. Inserting values of experimental oscil-

lator strengths for the 3H6-3F 4 transition from Table III the
3’F , radiative lifetimes amounting to 2.58, 2.25, and 2.06 ms
were obtained for the Tm:YVO,, Tm:GdVO,, and
Tm:LuVO,, respectively. Thus, it appears that the °F 4 Tadia-
tive transition rates evaluated by the Judd-Ofelt treatment are
significantly overestimated. If so, the question arises as to
why the experimental *F , lifetimes for the Tm:LuVO, are
shorter. One possible explanation is the migration acceler-
ated energy transfer to unintentional sinks. Measurements of
the °F 4 lifetime for LuVO, crystals containing low Tm*
concentration may be informative but such samples are not
available. Accordingly, this problem remains open and waits
for explanation.

D. Analysis of spectra relevant to laser performance

Knowledge on shape, anisotropy, and spectral positions of
pump bands as well as on the dependence of emission cross
section on wavelength and light polarization is essential for
an assessment of laser performance of an active material.
Based upon these data the geometry of laser active element
as well as the configuration of optical pumping and resonator
can be optimized. Relevant features of the pump bands, as-
sociated with the *H-’H, transition of Tm** in the three
systems under study are shown in Fig. 3. The bands are
rather structureless and broad as a consequence of important
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TABLE VIII. Calculated values of branching ratios 8 and total radiative lifetimes 7,4 for excited states of

Tm3* in YVO,, GdVO,, and LuVO,.

B Trad (K5)
SLJ S'L'J YVO, GdvO, Luvo, YVO, GdvO, Luvo,
°F, *H 1 1 1 1208 1036 943
*H, ’F, 0.12 0.11 0.10 1237 996 831
*H, 0.88 0.89 0.90
*H, 3H, 0.04 0.04 0.04 224 174 154
°F, 0.03 0.04 0.05
H 0.93 0.92 0.91
°Fy, °H, 0.00 0.00 0.00 175 135 114
’H 0.16 0.17 0.15
°F, 0.14 0.21 0.18
H 0.70 0.61 0.66
'G, °Fy, 0.04 0.03 0.03 137 112 99
°H, 0.09 0.13 0.12
’H 0.21 0.31 0.32
°F, 0.06 0.05 0.05
’H 0.61 0.49 0.47
'D, 'G, 0.00 0.00 0.00 12 13 11
°Fy, 0.12 0.11 0.11
°H, 0.29 0.34 0.31
’H 0.02 0.01 0.01
’F, 0.28 0.29 0.29
‘Hy 0.29 0.25 0.28

electron-phonon coupling. This is highly advantageous for
optical pumping with laser diodes because the stringent con-
trol of a laser diode temperature is not needed.

One of the most important parameters influencing the la-
ser performance of the material is the stimulated emission
cross section. In the simplest approach it can be determined
by a so-called reciprocity method, which is based on the
relation between the absorption cross section g, and emis-
sion cross section oy,

Zlow

Tom(N) =

EZL—Em) (1)

o-a()\)exp< T
B

up
where A is the wavelength, T is temperature, and E; denotes
the energy difference between the lowest crystal-field com-

TABLE IX. Measured lifetimes of °F, 4 3H4, and IG4 excited
states of Tm** in YVO,, GdVO,, LuVO,.

Crystal 3F4 (ms) 3H4 (us) 1G4 (us)
Tm (0.5 at. %) YVOyu 1.9 176 101
Tm (6 at. %) YVO, 1.4 7 8
Tm (2 at. %) GdVO, 1.9 52 57
Tm (4 at. %) GdVO, 1.8 18 15
Tm (6 at. %) GdVO, 1.2 8 4
Tm (3 at. %) LuVOy, 0.57 12 23
Tm (5 at. %) LuVOy, 0.32 6 8

ponent of the ground multiplet and the lowest crystal-field
component of the excited multiplet. Z,,, and Z,, are partition
functions for lower and upper multiplets, respectively, evalu-

ated according to the formula

g -E, : —[E;,-EW)]
Zlow=2giexp(k T>’ Zup=zgj exp( kT .
i=1 B j=1 B

(12)

To make use of this approach, the room temperature absorp-
tion spectrum and energies of the crystal-field components of

Coefy  GavO6at%Tm t=t.2ms
o z

S,

LuvO 5 at% Tm 1=0.32ms oo

Luminescence intensity [a.u.]

T T T
¢l 500 1000 1500
Time [us]

FIG. 2. Decay curves of the 3F , luminescence collected from
YVO,:Tm (6 at. %), GdVO,4:Tm (6 at. %), and LuVO,:Tm
(5 at. %) single crystals at room temperature.
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FIG. 3. (Color online) Polarized absorption cross section corre-
sponding to the 3H6-3H4 transition of Tm3* ions in the YVO,,
GdVO,, and LuVOy crystals.

multiplets involved are needed. The stimulated emission
cross section as a function of wavelengths has been calcu-
lated for materials under study using the 3H6-3F 4 absorption
bands shown in Fig. 1 and experimental energies of the
crystal-field levels of the 3H6 and °F , multiplets given in
Table I. Missing experimental data points for the ground 3H6
multiplet were substituted by those calculated. In Fig. 4 the
stimulated emission cross sections o,,(\) for 7 and o polar-
ization are compared. Anisotropy of the 3F4—3H6 emission
band for Tm:LuVO, is particularly strong and the peak
value of emission cross section for 7 polarization is the high-
est as compared to two remaining systems. However, effec-
tive emission cross sections will be smaller due to the reab-
sorption. Reabsorption losses are expected to be significant
because of a relatively small splitting of the ground state of
Tm** in vanadate crystals. To account for this factor the ef-
fective emission cross sections o(\) were calculated ac-
cording to the relation

oof(N) =[P, (N) = (1 = P)a,(N)], (13)

where P is a population inversion parameter defined as the
ratio of the number of ions in the upper laser level to the total
number of active ions. Results of the calculation for several

PHYSICAL REVIEW B 74, 035103 (2006)

o, [1 0% cm?
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FIG. 4. (Color online) Calculated polarized emission cross sec-
tion corresponding to the 3F 4-3H6 transition of Tm3* in the YVOy,,
GdVOy, and LuVO, systems.

reasonable values of P are shown in Figs. 5 and 6. It can be
seen that in spite of relatively small ground state splitting,
positive values of effective emission cross sections are ob-
tained. Based upon these results the wavelength tunability
range of the laser emission between about 1825 and 1950 nm
can be predicted. Reported generation wavelengths of the
Tm:YVO, laser, namely 1870 nm (Ref. 8) and 1940 nm
(Ref. 7) as well as the generation wavelength of 1940 nm
reported for the Tm:GdVO, laser are in good agreement
with the calculated data. It should be remembered however,
that the effective emission cross section was derived from
the wing of the absorption spectrum where the signal-to-
noise ratio is small. Accordingly, the results shown may be
considered as rough estimates.

E. Laser performance of Tm:GdVO4 and Tm:LuVOy,

To underpin the importance of a thorough spectroscopic
study of thulium-doped vanadate materials, laser perfor-
mance of different floating-zone-grown crystals Tm:GdVO,
and Tm:LuVO, was examined. Several Tm:GdVO, and
Tm:LuVO, crystal samples of variable Tm** concentrations
spanning from 2 to 6 at. % were examined under diode
pumping. A fiber-coupled pumping diode (HLU20F400—
LIMO Laser Systems) with fiber output power of up to 17 W
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FIG. 5. Calculated effective cross section for 7 polarization cor-
responding to the *F,-*H, transition Tm** in the YVO,, GdVO,,
and LuVOy crystals for several P parameters.

at 808 nm was used. A linear two-mirror resonator was con-
structed using a flat mirror highly reflective at =2 um and a
curved output coupler with the radius of curvature of
~150 mm. The resonator length was 35 mm and the pump-
ing beam focus was =360 um. The antireflection-coated
Tm:GdVO, sample was clamped in a water-cooled copper
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FIG. 6. Calculated effective cross section for o polarization cor-
responding to the F 4-3H6 transition Tm** in the YVO,, GdVO,,
and LuVOy crystals for several P parameters.

block and was placed centrally between the mirrors. The free
running operation of the Tm:GdVO, laser was centered at
1910 nm. Figure 7 shows output power recorded as a func-
tion of absorbed pump power for the Tm:GdVO, (Tm3*
concentration 4 at. %) laser operating in the cw mode. A
laser operated with a slope efficiency of 39.5% with respect
to the absorbed power and a maximum output of 2.6 W was

Tm:GdVOy (L = 3 mm, conc. = 4 at.%)
Apump = 808 nm

Mase = 1910 nm

c=39.5%

N
1

Laser output power [W]

-
1

FIG. 7. (Color online) Output power recorded
as a function of absorbed pump power for the
Tm:GdVO, 3F 4-3H6 laser operating in the cw
mode.

6 8
Absorbed pump power [W]
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obtained, only limited by the available pump power. Our sequence:  YVO,:Tm** —GdVO,: Tm** —LuVO,: Tm?*.

study confirms that thulium-doped gadolinium vanadate is a
highly efficient laser material especially when the improved
sample quality is obtained utilizing floating-zone growth.

In the same conditions the cw laser operation of
Tm:LuVO, was not achieved, however. In a pulsed mode a
maximum average output power of 210 mW was obtained
with a Tm** concentration of 2 at. %. Pump pulses were
4 ms at 25% duty cycle. The Tm:LuVO, laser was emitted
at 1950 nm. The corresponding input-output characteristic is
shown in Fig. 8. The slope efficiency of about 19.5% was
estimated, a value significantly inferior to that recorded for
the Tm:GdV O, laser. We believe that with the improvement
of material quality and optimization of laser a conditions, a
continuous wave operation of Tm:LuVO, can be achieved.
Our preliminary results suggest that thermally related
quenching is responsible for a diminished laser performance
of this different material.

IV. CONCLUSIONS

An investigation furnished the information on fundamen-
tal optical properties of thulium-doped YVO,, GdVO,, and
LuVO, single crystals and made it possible to compare the
basic material parameters. Crystal-field analysis provided the
missing energies of the crystal-field levels for the ground 3H6
multiplet of thulium ions. The overall 3H6 splitting evaluated
is relatively small and weakly influenced by the host. The
calculated radiative lifetimes of thulium luminescent levels
follow a general trend diminishing in agreement with the

Luminescence lifetimes measured for the systems under
study are similar except for the *F 4 lifetime, which appears
to be surprisingly short for LuVO,: Tm**. The anisotropy of
absorption  spectra is  particularly pronounced in
LuVO,:Tm?**. The peak absorption cross section for the
band relevant for optical pumping at about 805 nm is
roughly three times higher for = polarization. Also, the
LuVO,:Tm?* has the highest peak value of a stimulated
emission cross section for the *F,->H, transition near
1800 nm. A multiwatt cw laser operation in GdVO,: Tm>*
with a slope efficiency exceeding 39% is demonstrated. In
LuVO,:Tm?* the cw laser operation was not achieved but
the laser oscillation in a quasi-cw mode was observed.

From the inspection of data gathered in this work it can be
concluded that differences between material spectroscopic
parameters relevant for laser operation in the three systems
are rather small. Accordingly, in the choice of the best laser
crystal the physicochemical properties such as thermal con-
ductivity and thermal expansion coefficient would be of
greater importance. The major reason for the inferior laser
performance of LuVO,:Tm?*" is thermal loading resulting
from a low quantum efficiency of the *F 4 upper laser level.
The origin of the luminescence quenching mechanism in-
volved is not clear and waits for explanation.
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