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Ho3T : GdVOy is a new laser material suitable for high-power laser systems. In this paper we measure the absorp-

tion spectra of Ho3t in the sample Ho3t: GdVO4. The intensity parameters are calculated by using the Judd-Ofelt

theory. Some predicted spectroscopic parameters, such as the spontaneous radiative transition rate, branching ratio

and integrated emission cross section are dealt with. And we also compare the optical parameters with those of other

materials. From these results, it is found that there are many transitions which have large oscillator strengths and

large integrated emission cross sections. Especially the transitions such as °F4 — ®Ig, S9 — ®Ig, °F5 — %Ig and

5J; — 5Ig are useful in solid-state lasers and other fields. Finally, we discuss the splitting of the energy levels of Ho3+

in the crystal GAVO4 based on the group theory.
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1. Introduction

Holmium ion has abundant luminescence phe-
nomena due to its special energy level distribution,
especially sensitized by Yb3T and Tm3* ions in up-
conversion luminescence.!' =81 And its high efficiency
has attracted many researchers’ attention. Ho3T, as
an activator, not only can emit green and red light
but also can lase in an eye safe range at 2 ym corre-
sponding to 517 — 51 transition.[®10:11) which can be
applied in the field of medicine, laser radar, underwa-
ter exploration etc. In addition, the development of
near infrared laser in chemistry, laser measurement,
non-linear laser spectroscopy, etc makes the materials

doped with Ho®t investigated more widely.['2-17]

GdVOy, crystal as the host of RE3T was first in-
troduced by Zaguniennyi et al in 1992.18] They found
that GdVO, crystal had a higher thermal conduc-
tivity, a larger absorption cross section and a larger
emission cross-section than YVO, crystal which was
considered to be suitable for a laser material. Be-
sides these advantages, many other features such as a

high chemical stability, etc also have attracted a great
many of researchers.!'¥) GAVO, crystal is a tetrago-
nal system similar to YVO,, and belongs to the space
group I141/amd. Some of Gd3T ions are replaced by
Ho?* ions in a Ho?T:GdVOylaser crystal and the sym-
metry of Ho3T belongs to the group Dyy. Lattice pa-
rameters are ¢ = b = 0.7212nm, and ¢ = 0.63483 nm.

In this paper, we firstly measure the absorption
spectra of Ho?t in the sample Ho?t:GdVOy, then
calculate the intensity parameters using Judd-Ofelt
(J-0) theory.[2%21 After that we deal with some pre-
dicted spectroscopic parameters, such as the sponta-
neous radiative transition rate, branching ratio and
integrated emission cross section. Finally, we discuss
the splitting of the energy levels of Ho?* in the crystal
GdVOy4 by using the group theory.

2. Experiments

The Ho* : GAVO, crystal with good optical qual-
ity is grown by using the Czochralski method. The
concentration of Ho3T in the GdVOy crystal discussed
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in this paper is 1 mol%, which is analysed by using the
inductively coupled plasma (ICP) analytical method.
The size of the crystal is 5mmx7mmx10mm. The
c-axis is in the direction of the 5 mm side, and a-axis
is in the direction of the 7mm side. The density of the
sample is 5.37 g/cm?, and its refractive index is 1.972.
We measure the absorption spectra in the c-axis and
the a-axis directions separately by using the UV-365
spectrophotometer at room temperature, which are
shown in Figs.1 and 2. The solid line represents the
absorption spectrum in the c-axis direction, and the
dotted line refers to the absorption spectrum in the a-
axis direction. In Figs.1 and 2, the absorption peaks
from right to left correspond to the transitions from
the ground state 5Ig of Ho?* to the excited states °I,
°lg,°I5,%14,°F5,°Sy,°Fy, °F3,°Fy,°Kg, °Gg, °F1,
5Gs, Gy, 3Ky, 3Gs, and 2Hg respectively. Because
the experiments are performed at room temperature,
some absorption peaks are hardly distinguishable from
each other, such as 555 and °Fy4, 5F5 and 3 K. So we
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Fig.1. Absorption spectra of Ho3t : GdVOy, in the c-axis
and the a-axis directions (720-2150 nm).
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Fig.2. Absorption spectra of Ho3% : GdVOy, in the c-axis
and the a-axis directions (350-680 nm).
will treat them as one peak separately later. In ad-
dition, the absorption of the GAVOy4 host submerges

the absorption of the excited states of Ho?>* ion which
are higher than 3Hg, but the host absorption is small
from 400 nm to infrared and does not vary acutely.

3. Calculation of optical parame-

ters

Because the parities of the 4f" configuration in
free RE®* ions are the same, the electric-dipole tran-
sitions between energy states are forbidden. But
the odd terms of the Hamiltonian of the weak crys-
tal field make the excited configuration 4"~1n’l’ mix
into the 4f" to form the mixture of two configura-
tions, which makes the electric-dipole transitions pos-
sible. So the transitions between energy states in the
4f" configuration of the Ho®** are mostly composed
of the electric-dipole transition, the magnetic-dipole
transition and the electric-quadruple transition. The
electric-quadruple oscillator strength is much smaller
than the total oscillator strength, so we neglect its
contribution. Then the total oscillator strength equals
the sum of the electric-dipole and the magnetic-dipole
oscillator strength, which can be written as

f = fed + fma- (1)

The total oscillator strength of each excited states
can be calculated from the absorption spectra which
are shown in Figs.1 and 2, by using the relationship
between the area under the absorption line and the
In the J-O theory, the electric-
dipole oscillator strength is expressed as a sum of the

oscillator strength.

products of the optical parameters {2; and the square
of the matrix elements of the unit tensor operators
U®. The values of U® have little change with the
ion environment, so we adopt the values reported in
Ref.[22]. The magnetic-dipole oscillator strength fiqg
can be computed from the magnetic dipole, by using
the Winger—Eckart theory and the intermediate cou-
pling wave functions. 23!

Because the spin-orbit coupling interaction of rare
earth ions is strong, we should take it together with
the coulomb interaction into account when calculating
the wave function of ions. The wave function should
include those states which have the same value of J,
but different values of L and S, that is to say, the wave
function of the Ho?t ion in the crystal, which we call
the intermediate coupling function, can be expressed
as the linear combination of some RS states.?4 Al-
though ions in different environments can lead to dif-
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ferent intermediate coupling functions, the physical
quantities are not sensitive to the wave functions.!?4
So we usually use the known intermediate coupling
constants to discuss some questions in different mate-
rials. The values of these constants, adopted in this
paper, can be found in Ref.[25].

According to expression (1), the electric-dipole os-
cillator strength can be calculated by subtracting the
magnetic-dipole oscillator strength from the total os-
cillator strength. Then from the relationship between
the electric-dipole oscillator strength and the inten-
sity parameters we can fit the intensity parameters (2,
by using the least square method. Further, accord-
ing to the J-O theory, we can recalculate the electric-
dipole oscillator strength and give the computational
value of the total oscillator strength f&!, which can be
compared with the experimental value f*P. And the
mean square deviation ;s shown in expression (2) is
used to examine the deviation of the results, where P

is the number of transitions.

Z (fZPXP _ fical)Z

— 53 | - (2)

1/2

5rms =

Finally, by using intensity parameter (2 and
the matrix elements of the unit tensor operator
(= |[U®]| 7>|2 reported in Ref.[22], we can calcu-
late the oscillator strength f;3, between excited states,

spontaneous radiative transition rate, branching ra-
tio and integrated emission cross section which is ex-

)\2
= ——Ajy.
Z grnze’ M
Jy

pressed as

(3)

4. Results and analyses

We first calculate the total oscillator strength ac-
cording to the absorption spectrum and fit the inten-
sity parameters of Ho?*t ion by using the J-O theory.
Because the absorption strength of excited state °G
is so strong that it exceeds the working range of the
spectrophotometer, we do not adopt the data of °G
during the calculation in order to obtain more accu-
rate intensity parameters. But the calculated value
feal of 5G can be achieved with the intensity param-
eters which have been computed and listed in Table 1.
In addition, some absorption peaks such as peaks of
585 and °Fy, 5F9 and *Kg, °G4 and 3K, (3G,%H)s
and 3Hg are too close to be distinguishable from each
other at room temperature, so we deal with them as
one peak separately which are shown in first row of
Table 1. The results in the c-axis direction are listed
in Table 1 including the experimental value f*P and
the computational value £ of the total oscillator
strength, intensity parameters (%, etc.

Table 1. Intensity parameters and oscillator strengths of Ho3t in Ho3% : GdVOy crystal.

Energy states Wavelength/nm  Spectral range/nm  f*P/10=6  fc@1/10=6  Deflection/10~6
51, 1985.9 1814.3-2147 3.101 3.424 -0.323
5T¢ 1171.6 1112.3-1234.3 1.814 2.005 -0.191
575 898.24 856.55-938.55 0.397 0.350 0.046
574 753.63 724.76-779.2 0.094 0.028 0.066
5Fs 649.23 624.42-676.42 6.589 6.315 0.274
56855F, 541.42 525-562.2 8.958 7.346 1.613
5F3 487.71 482.5-501.8 2.933 1.930 1.004
5Fy 3Ky 472.88 465.8-482.5 4.032 3.864 0.168
5G6,°F1 454.8 430.13-463.8 105.535

(°G,3Q); 419.43 408.08-427.68 6.718 7.647 -0.928
5G4,°Ky 386.59 379.84-394.03 1.497 1.477 0.020
(®G,2H)5,2Hg  361.78 356.2-367.8 21.387 21.179 0.208
25/10720 cm? 22.458

24/10729 cm? 4.818

26/10720 cm? 2.182

RMS/10~6 0.772
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The results in the a-axis direction are 2 =
36.09 x 1072%cm?, 2y = 2.930 x 107 cm?, 2 =
1.859 x 1072 cm?, and root mean square (RMS) =
1.077x1076.

According to these results which are calculated
from the data of excited states except for the °Gg,
the most important feature is the big value of
(2. From these intensity parameters fitted above,
we can recalculate the oscillator strengths of °Gg
which are 105.535x107° in the c-axis direction, and
157.86x1076 in the a-axis direction respectively. By
comparing with the results of the other excited states,
we can find that the oscillator strength of °Gg is very
strong, which is coincident with the feature of absorp-
tion spectrum no matter in which axial direction it is.
Because the absorption strength of the excited state
5@ is so strong that it exceeds the working range of
the spectrophotometer: the absorption peak of Gy in
the absorption spectrum is just part of the real ab-
sorption peak. And we cannot obtain the experimen-
tal value directly. But we can conservatively estimate
the range of the oscillator strength of °Gy according
to the proportional relationship between the oscilla-
tor strength and the area under the absorption line,
which is larger than 70x107% in the c-axis direction
and larger than 117x107° in the a-axis direction. And
obviously our computational values of these oscillator
strengths lie in the estimated range in both directions.

In Table 1, we can note that the oscillator
strength of the excited state 3Hg is also very strong
except for the °Gg. (The contributions to the absorp-
tion of °F'; and (*G,>H)5 are small for their small unit
tensor operators.) The transitions from the ground
state ®Ig to the excited states °Gg and 3Hg separately
are hypersensitive transitions of Ho®>* ions. The ab-
sorption intensities of these transitions vary acutely
with host species. In other words, the magnitudes of
these transitions are sensitive to the environment of
Ho®t ions. In addition, these transitions have char-
acteristics of the large value of unit tensor operator
U® and often come with much different values of 25
in different materials.

Now we can compare the results obtained from
different Ho3*-doped materials to further discuss the
transitions. Listed in Table 2 are some J-O intensity
parameters of Ho*t doped materials. We can note
that the value of {2 varies greatly in different materi-
als and the value of 2, in this work is the largest. Take
the lead-zinc-borate glass as an example, which has
nearly the same concentration of Ho** ions as ours, 2!

the oscillator strength of °Gg is only 22.27x107% in
this material, which is very different from the magni-
tude listed in Table 1. And the value of {2 in this glass
is also much smaller than that of {2 in our GdVOy4
crystal. From the aspect of {2, the large values of
{29 in the results of both directions in our work are
coincident with the much larger absorptions of °Gl.

Moreover we can make a comparison between
the results in the two directions of our sample. As
shown in the absorption spectrum, in a-axis the ab-
sorption peak of °G is much higher than that in the
c-axis direction. Correspondingly it is natural that the
25 = 36.09x 1072% cm? in the a-axis direction is much
larger than the 2% = 22.458 x 10720 cm? in the c-axis
direction. In fact, not only the absorption of the Gy
but also the absorptions of the other excited states in
the a-axis direction are stronger than those in the c-
axis direction. Figure3 shows a comparison between
the absorption peaks of the excited states ®Sy and °Fy
in the two directions as an example. It is found that
the absorption intensities of ®Sy and ®F4 in the a-axis
direction are stronger than those in the c-axis direc-
tion, which is just inconspicuous as the difference of
5Gg in the two directions.

3.0

2.5 1

2.0 1

1.5

A/arb. units

1.0 4

0.5 1

55’)0 SZILO 550 560
Wavelength /nm
Fig.3. A comparison between the absorptions of >Ss and
5F,4 in the two directions.

The magnitude of (% is also noticeable. Jgrgenson
and Reisfeld have ever studied these three J-O in-
tensity parameters in different rare earth ions doped
materials.?”) They pointed out that the value of (2
was relative to the rigidity of the host. From this point
of view, the results in the c-axis and the a-axis direc-
tions in this work, i.e. 25 = 2.182 x 1072%cm? and
1.859x1072% cm?, are close to the 25 = 1.836 x 1020
cm? in YVOy, crystal reported in Ref.[28], which is co-
incident with the strong similarity between the struc-
tures of YVO, crystal and GdVOy crystal.

Yang et all??) and Xu et al3° have ever reported
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the intensity parameters of Ho3t in Ho*T:GdVO,
crystal. But their results are different from ours. And
the J-O parameters in these two references are also
quite different.

As analysing an anisotropy uniaxial crystal, we
need to average the results in every direction in the
whole space subject to using the J-O theory.l3!] When
the unpolarized light is incident at an arbitrary angle
with respect to the optical axis, the transmitted light

intensity Iy can be expressed in spherical coordinate
(31]
as

It()‘; 97 90)
1
=3 sin? @ - Iy exp[—a (A) L]

+%(1 +cos?0) - Ipexp[-az (VL] (4)

where A and Iy are the wavelength and the intensity
of incident light respectively; 8 is the colatitude an-
gle and ¢ is the azimuth angle between the light and
the optical axis; L is the transit distance of light in
crystal; a;(A\) and a,(\) are the rare earth ion’s ab-
sorption coefficients of 7 transition and o transition
at the wavelength A respectively.

When the unpolarized light propagates along the
optical axis, § = 0, the transmitted light intensity is
Iy exp[—ay(N)L].
axis is the direction of optical axis. Thus when the

In our sample, the direction of c-

light propagates along the c-axis, there occurs only
o absorption transition. When the light propagates
perpendicularly to the optical axis, § = 7/2, which
corresponds to the light transiting along a-axis in our
sample, then we have [;(\) = %Io{exp[—aﬁ()\)L] +
exp[—a,(A)L]}. The absorption spectrum in the a-
axis direction includes the compositions of o absorp-
tion and 7 absorption. Because we have known the o
absorption from the results in the c-axis direction, we
can calculate the 7 absorption further according to the
above expression. The intensity parameters and the
mean square deviation in 7 absorption of our sample
are 2, = 35.978 x 1072% cm?, 24 = 1.573 x 1072% cm?,
2 = 3.744 x 10720 cm?, and RMS = 0.541 x 1075,

According to expression (4), the average inten-
sity of transmitted light in the whole space can be
expressed as

I ()

- /It()\;e,gp)dﬂ (/d(2>_1

s {;exp[—aﬂ()\)L] + gexp[—ag()\)L}}. (5)

For an anisotropy uniaxial crystal, a characteris-

tic parameter can be defined as

e
1 2

5 / (VA + 5 / ay(NdA  (6)
to describe the absorption characteristics. It is easy
to find that under this definition, the effective J-
O intensity parameters of anisotropy uniaxial crys-
tal is 2o = (20 + 20,)/3. About our material,
Defro = 26.965x10720 cm?, oy = 3.736x 10729 cm?,
and 2o = 2.703 x 10729 ¢cm? are obtained.

In Ref.[29], the author gave the effective inten-

r

sity parameters as 2 = 1.51 x 10720cm?, 2, =
1.61 x 1072%°cm?, and 2 = 1.22 x 1072°cm?. We
can also calculate the effective intensity parameters
from the results of 7w absorption and ¢ absorption in
Ref.[30], which are 2> = 8.1701 x 10720 cm?, 2, =
10.9939 x 1072%cm?, and £ = 2.7669 x 10~2% cm?.
Considering the results in this paper, we find that the
intensity parameters change greatly.

The intensity parameters, which are exactly com-
puted from the absorption spectrum, are related to
the properties of the sample. So the differences among
intensity parameters must be reflected in absorption
spectrum. From Figs.1 and 2, we can note that the
absorption of our GdVO, host is small no matter
in which axial direction of the crystal it is, and the
fine structures of many absorption peaks can be seen,
which reflect the high quality of our sample. The main
difference in absorption spectrum between ours and
those from other two papers is that our relative ab-
sorption intensity of the excited state ?Gg is much
higher than those reported in Refs.[29,30]. And this
difference in hypersensitive transition absorption is ac-
cordant with the big differences in intensity parameter
especially in value of {2,. There are several factors that
may lead to these big differences, such as the distinc-
tions in preparing the samples, different concentra-
tions of Ho?T and so on. Especially the difference in
fabrication process can affect the structural integrity
of material, which may be reflected from x-ray diffrac-
tion spectrum as a little different peak position, dif-
ferent peak intensity and impure peaks. It means that
the environment of Ho®*t ions is different. Moreover,
these influences are related to the intensity of the co-
valent bonding. According to the study by Jgrgenson
and Reisfeld, the (2 parameter is strongly affected by
chemical covalent bonding. Thus through comparing,
we can note that the transitions of Ho®** ion in GAVO,
crystals are sensitive to the environment of Ho®* ions.
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Table 2. A comparison among Judd-Ofelt intensity parameters for Ho?* in different hosts.

25/1072%cm?  24/1072%cm?  26/1072%cm?  Reference

NaGd(WO4)2 9.12 473 0.86 32]
LiNbO3 4.30 5.11 1.89 [33]
YAG 0.04 2.67 1.89 [34]
Lead-Zinc-Borate 5.26 4.13 2.48 [26]
Oxy-Fluoro-Borate  1.41 12.11 9.96 [35]
YVO, 0.812 1.477 1.836 32]
GdVO4 22.458 4.818 2.182 This work (c-axis)

After obtaining the values of intensity parameter  rate, branching ratio and integrated emission cross
{2, we can calculate the oscillator strength f;; be- section. The main results in the c-axis direction are
tween two excited states and the other spectroscopic  listed in Table 3.
parameters such as spontaneous radiative transition

Table 3. Oscillator strengths, radiative transition rates, branching ratios and integrated emission cross sections
between excited states of Ho®t in Ho3t : GdVOy,.

Transition Wavelength/nm f:i?,/lof6 ]‘3“351/10’6 Aec},/s*1 AB'}‘}/S’I S Ay T/ms 8 333 /10~ Bem

5T7 —5Ig 2047.418 3.126 0.601 193.42 37.17 230.59 4.337 1 3.299
5T¢ — °I7 3005.621 1.829 0.711 52.499 20.425 540.94 1.849 0.13481 2.248
— 5Ty 1195.8 2.580 0 468.01 0 0.86519 2.284
575 — 5Ts 4046.617 1.45 0.58 22.968 9.187 424.85 2.354 0.07568 1.797
— 01y 1674.761 2.431 0 224.75 0 0.52902 2.152
— 51g 908.513 0.535 0 167.95 0 0.3953 0.473
5T4 — 515 4778.287 1.616 0.381 18.354 4.324 269.51 3.710 0.08415 1.767
—51g 2132.014 1.807 0 103.11 0 0.38258 1.600
— 517 1220.956 0.691 0 120.29 0 0.44634 0.612
— 5Ty 756.087 0.052 0 23.429 0 0.08693 0.046
5F5 — 5T 1513.661 2.466 0 279.11 0 7500.8 0.133 0.03721 2.183
— 57 989.511 5.779 0 1530.9 0 0.2041 5.116
— 51g 660.415 9.534 0 5669.7 0 0.75588 8.440
585 — 51, 2038.819 1.656 0 103.31 0 59929 0.167 0.01724 1.466
— 515 1420.253 0.705 0 90.66 0 0.01513 0.624
—51g 1037.495 1.772 0 426.99 0 0.07125 1.569
— 51y 761.151 5.097 0 2282 0 0.38078 4.512
— 5Ty 550.237 3.605 0 3088.3 0 0.51533 3.191
5F4 — 55 1420.253 2.813 0 361.73 0 12667  0.0789 0.02856 2.490
— 51¢ 1037.495 3.715 0 895.15 0 0.07067 3.289
— 01y 761.151 3.145 0 1408.2 0 0.11117 2.784
—51g 550.237 11.538 0 9884.4 0 0.78031 10.214
5F3 — 5F5 2034.629 2.185 0 136.89 0 12042 0.083 0.01137 1.934
— 51y 1418.701 2.858 0 368.3 0 0.03058 2.53

— 515 1088.755 3.018 0 660.33 0 0.05483 2.671
— 575 848.752 3.232 0 1163.9 0 0.09665 2.861
— 57 654.365 7.792 0 4719.9 0 0.39194 6.897
—Og 492.174 4.649 0 4977.7 0 0.41335 4.115
5Fy — 514 1331.913 3.323 0 485.83 0 8598.7 0.116  0.05650 2.942
— 515 1036.903 3.629 0 875.37 0 0.1018 3.212
—51g 816.86 5.229 0 2032.4 0 0.23636 4.629
— 51y 635.243 1.149 0 738.2 0 0.08585 1.017
—51g 481.301 3.922 0 4390.9 0 0.51064 3.471
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Table 3 Continued

Transition ~Wavelength/nm  f¢$,/1076 fmd /1076 A%d, /s=1 Amd/s=1 37 Ayy 7/ms 6 JJ/107'8cm
3Kg — 5Ig 481.301 2.456 0 27495 0 3061.6 0.327  0.89807 2.174
5Ge — °F5 1570.007 28.247 0 29723 0 179990 0.00556 0.01651 25.004
— 577 597.479 16.294 0 11838 0 0.06577 14.423
— 54 459.306 133.33 0 163930 0 0.9108 118.03
5Fp) — 51, 1056.301 4.647 0 1080.2 0 8333.4 0.120  0.12962 4.114
— 5 861.846 8.561 0 2089.5 0 0.35874 7.578
— 57 704.176 5.216 0 27281 0 0.32737 4.617
5Gs — °F5 1220.36 12.807 1.756 2230.5  305.88 68917 0.0145 0.03680 12.892
— 51 663.923 11.251 0 6620.2 0 0.09606 9.960
— 5] 538.735 47.077 0 42069 0 0.61042 41.673
— 5]g 423.783 11.477 0 16575 0 0.24051 10.159
5G4 — 5F5 988.338 3.121 0.012 828.72  3.081 74039  0.0135 0.01124 2.773
— 5]y 816.193 2.825 0 1099.8 0 0.01485 2.500
— 5 695.024 21.803 0 11708 0 0.15813 19.3
— 51 588.720 62.388 0 46687 0 0.63058 55.226
— 51 488.138 7.317 0 79641 0 0.10757 6.477
— 5]g 391.834 1.452 0 24525 0 0.03313 1.285
3Gs — °F3 1457.004 4.905 0 599.25 0 120100 0.00833 0.00499 4.342
—5Fy 1129.688 11.605 0 2358.5 0 0.01964 10.272
—5F5 835.841 6.885 0.581 2556.1  215.82 0.02308 6.609
— 51 531.011 12.384 0 11391 0 0.09485 10.963
— 577 447.788 72.187 0 93373 0 0.77746 63.9
— 5Jg 365.404 4.219 0 8196.1 0 0.06824 3.735
3He — °G5 2836.718 2.768 0.014 89.206 0.442 63464  0.0158 0.00141 2.462
— 5@ 1854.875 2.285 3.451 17226 260.15 0.00681 5.078
—3Kg 1621.008 6.478 0 639.39 0 0.01008 5.734
—5Fy 835.841 4.877 0 1810.6 0 0.02853 4.317
— 5]y 447.788 3.665 0 47401 0 0.07469 3.244
— 5Jg 365.404 28.472 0 55308 0 0.87148 25.203
From the results shown in Table 3, we can find 7 58, and °F, are two important excited states

that there are many transitions of Ho** which pos-
sess the large oscillator strengths and large radiative

transition rates that exceed 500s~1.

If a transition
has an oscillator strength larger than 107°, an inte-
grated emission cross section larger than 10~!® cm and
a relatively large branching ratio together, it may be-
come a channel of the laser radiation.*6! But some of
them may become non-radiative transitions because
the start level of the transition is very close to the

next under level going with multi-phonons relaxation.

From the aspect of branching ratio, except for
the ground state °Ig, the metastable levels °I; and
5J¢ also occupy some proportion as terminal transi-
tion state. Some transitions which terminate at these
two metastable levels such as °Gy — 5Ig (589 nm),
5G4 — 517 (488nm), 2G5 — 517 (448nm) and some
other transitions from the higher levels can play an
important role in the field of up-conversion laser.

for their intense green luminescence. The large oscil-
lator strength and the integrated emission cross sec-
tion for the transition of 35S, °Fy — 5Ig (550 nm),
which are more than 10x107% and 10x 10~ '8 cm make
this material a candidate of green lasers. In addi-
tion, the transition of 5Ss, °Fy — °I5 (1420nm),
could be used for the fibre amplifiers operating in
an around 1400 nm band,®® which deserves to be re-
garded. Moreover in the red and the blue bands,
the transitions °F5 — °Ig (660nm) and (F3, °Fs,
3Kg) — °Ig (492nm, 481 nm) also possess strong abil-
ities to emit, and 2 pm laser sources, which come from
the transition °I7 — °Ig in Ho3" ion doped materials,
are potentially useful for a variety of applications. In
the Ho*™ : GAVOy crystal, this transition (2047 nm)
also has a large enough oscillator strength and a large
integrated emission cross section to become the chan-
nel of 2 ym laser.
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Except for the transitions discussed above, there
remain many transitions that have large oscillator
strengths and integrated emission cross sections as
listed in Table 3. Some of them, starting from
metastable levels such as °Fs — 5I;%Ig, 5G§G5 —
51,°Ig and °G4 — °I°I, are worth noticing as laser
transitions. On the whole, from these analyses, we can
say that the Ho?T : GdVOy crystals have a relatively
strong ability to lase.

5. Energy level splitting of Ho?"

The effect of ion central force field and the inter-
action between spin and orbit of electron make the
spectrum items of the rare earth ions in the crystal
split into several levels marked by quantum number of
total angular momentum (2**!Lj). In addition, the ef-
fect of some other ions that are near to the ion that we
discuss makes the levels split into Stark sub-levels fur-
ther. Because the locations of ions in the crystal field
possess symmetry, the Hamiltonian of the ion, which is
disturbed by the crystal field, is changeless under the
symmetry operation of the location in which we are in-
terested. And the Stark sub-levels, which come from

3H6
(SG, SH)S

the perturbation of crystal field, have characteristics
of the irreducible representation of the point group
that the ion possesses. In other words, these Stark
levels can be marked by the irreducible representation
of that point group, such as 2S+1LJ(Fi), where I is the
irreducible representation, 7 is the number from 1 to

the number of irreducible representation n.[39]

The Ho3" ions in Ho3" : GdVOylaser crystal re-
place some of Gd3T ions, and the symmetry of Ho®*
belongs to the point group Dog. So we can calculate
how many and which irreducible representations con-
stitute the representation of a given level according to
the orthogonality theorem equation of group theory

and the character tables of symmetric group Dag.3?!

YW (@) = sin(j—i—;)oz’ (7)

e
sin

where « is the angle of symmetry operations, j is the

angular momentum of levels. The result is shown in

Fig.4, in which the markers on the left represent levels

and on the right refer to the irreducible representa-

tions.

20 + I'2a+ 213+ 214 + 315

I +2I2+ I's+ 'y +3[5

3K75 G4

Iy + 202+ 203 + 20y + 405/ 2T + T+ '3 + T'a 4 215

(5G, 3G)5

I'' +2Ib+I's+ Iy + 315

5G65F1

2I + o+ 203 + 204 + 315/ I's + I's

5F2 3K8

'+ I3+ T4+ 15/ 30 +2I2 4+ 213+ 204 + 415

5F3

I's+I's+T'y+2I%

5825F4

Iy + I3+ Ty+TIs/ 20+ T+ I3+ Ty + 2005

5F5

I'' +2Ib+ I3+ Iy + 315

514

2[M + I+ I's+ T4+ 215

515

516

I'n +22+ I's+1T'y+ 315

517

2 + I'o + 203 + 21y + 315

Iy + 20 +2I'3 + 21y + 415

31 + 22+ 213+ 20y +4T5

Fig.4. Ho?T energy levels in a Ho?T:GDVOy crystal.

6. Conclusions

We first measure the absorption spectrum of
Ho3* : GAVOy crystal, and obtain the three intensity
parameters of Ho?>* ion. And then some optical pa-

rameters such as radiative transition rate, branching
ratio and integrated emission cross section are calcu-
lated. Finally we discuss the splitting of the energy
levels of Ho?* in the crystal based on the group theory.
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According to the absorption spectrum, we can
find that the absorption strengths in the whole range
of spectrum are strong, which could result in high
pumping efficiency. Especially the absorption inten-
sity of excited state °Gg is much stronger than that of
any other excited state. Meanwhile there are many
transitions in the crystal which satisfy the condi-
tion of luminescence. For example, °F4°Sy — 51g,
5Fs — 5Ig, 5I; — ®Ig, etc are all remarkable and
have large oscillator strengths, large integrated emis-
sion cross sections and high branching ratios. More-
over GAVOy crystal has a larger absorption cross sec-

tion and a larger emission cross-section, and a higher

thermal conductivity than YVOy4 crystal and also has
many other advantages which are suitable for laser
crystal. So as a material of solid state laser in a visible
light range at a wavelength of 2 ym, the Ho?T:GdVO,
crystal has a good prospect.
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