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Abstract. KGd(WOy), single crystals doped withr*™ have  arises from thex 2.8 um (4|11/2 — 4I13/2) erbium emission
been grown by the flux top-seeded-solution growth methodor medical uses [2, 6].

The crystallographic structure of the lattice has been refined, The present development of a new laser generation re-
being the lattice constanés= 10.652(4), b= 10.374(6),c = quires us to find crystals with low excitation threshold and
7.582(2) A, B =13080(2)°. The refractive index dispersion suited to be excited by the emission of diode las&st

of the host has been measured in368-1500 nnrange. The only has weak absorption bands in #@0-1000 nmregion,
optical absorption and photoluminescence properti&3df  but its photoluminescence can be sensitised by energy trans-
have been characterised in $€300 Ktemperature range. At fer from Yb3*, which shows a strong optical absorption in
5K, the absorption and emission bands show(thk+1)/2  the 900-1000 nmrange. This region overlaps the emission
multiplet splittings expected for th€, symmetry site oEr  of InGaAsdiode lasers. As a matter of fathGaAsdiode-

in the Gd site. The energy positions and halfwidths of the 72pumped room-temperature laser operation has been recently
sublevels observed have been tabulated as well as the cramsmonstrated iIrKGd(WO,),:Yb:Er crystals [7] (hereafter
sections of the different multiplets. Six emission band set&Gd(WQ,); is abbreviated as KGW), however the efficiency
have been observed under excitation of fife,, multiplet.  of the process was weak and the physical processes involved
The Judd—Ofelt (JO) parametersEf* in KGW have been were poorly understood. Moreover has been used to sen-
calculated:2, = 8.90x 1072%cn?, 24 =0.96x 10-2cn?,  sitise theTm*" emission in KGW crystals at liquid nitrogen

26 =0.82x 10"2%cn?. Lifetimes of the %S,, “Fg/2, and  temperature [8].

41112 multiplets have been measured in e300 K range Despite the relevance of the optical propertiesEot"

of temperature and compared with those calculated from thie KGW crystals, its spectroscopic properties have been re-
JO theory. A reduction of thé'Sy, and “l11, measured ported at77 K only for the #S;/» or lower energy levels [9,
lifetimes with increasing erbium concentration has been ob10]. The present work reports a spectroscopic study of the
served, moreover the presence of multiphonon non-radiatier** ions incorporated in KGW crystals grown by the flux
processes is inferred from the temperature dependence of ttup-seeded-solution growth (TSSG) technique.

lifetimes. KGW crystals have been also used as a laser hobld®r
ions because of the high efficiency of tH&s — *l112
PACS: 78.55.Hx; 42.70.Hj; 42.55.Rz transition [11, 12] as well as a host for other rare-earth laser

ions [8]. Recently, some research has focused attention on
crystals with relevant cubic nonlinearity® because with

) ) . . these materials it is possible to obtain unconventional lasers,
The technological interest in the development of solidsych as lasers with stimulated-Raman-scattering (SRS) fre-
state lasers for application in long-distance optical comguency self-conversion. THEGW:Nd possesses an effective
munications has promoted the study of laser ions with agybic nonlinearity of about0-22 esuand presents a good ef-
emission close to the minimum of the optical losses inficiency in the process of SRS self-conversion [13].

silica fibers, namelyl.5um. In this respect, an extensive | view of the relevance of the KGW lattice host, we have
study of theEr*" spectroscopic properties in glasses [1]also performed a refinement of the crystal structure, in order
and crystals,YVO, [1]; Y3AlsO12, YAIO3, GdsGasO12,  to improve the currently known lattice constants and to help
GdsSGag012 [2], LiNDOs [3,4] and other lattices [5] has jn the discussion of the local lattice site symmetry when re-
been undertaken, since ttfé132 — “l15/2 erbium emission  quired. Further, we discuss the orientation of the indicatrix
lies in this SpeCtral region. Further interest in erbium |aser§f the Crysta| with regards to the Crysta”ographic axes and
- we have obtained the value of the refractive indices in a wide
* Corresponding author. E-mail: cezaldo@icmm.csic.es spectral region.
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1 Crystal growth

Inclusion-freeKGd;_xEry(WQ;,), single crystals were grown
by the TSSG slow-cooling technique, usikgW,07 as sol-
vent. The solution composition was88.5K,;W,07-
11.5KGdi_wEry (WO4), molar ratio, withx’ = 0.01, 0.03,
and 0.05.
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Fig. 1a—c.Projections oKGd(WOy), crystalline structurea Parallel to the
c direction, b parallel to theb direction, c parallel to thec* direction

The solutions used in the crystal growth experiments,
weighing about195g were prepared in a cylindricaPt
crucible, 50 mmin diameter, by melting and decomposing
the appropriate quantities d{,CO;, Gd,Os, Er,O3, and
WQO;3;. The axial difference of temperature in the solution
was aboub °C (hot bottom), while the radial one was about
2°C (hot crucible wall). The homogenisation of the solu-
tions was achieved by maintaining them at at&fftC above
the expected saturation temperat(fe,) for 5-6 h. After-
wards, Tsaswas more accurately determined by observing the
growth/dissolving of a seed located at the centre of the free
surface of the solution. After that, the growth process began
in air on theb-oriented seed by reducing the temperature at
a rate 0f0.1°C/h for the first2 °C and0.05°C/h for the next
8.5°C. During the growth, the seed was rotating6@trpm
without pulling.

After eight days of growth, the crystals were removed
slowly from the solution and cooled to room temperature at
15°C/h in order to avoid thermal shocks. The typical di-
mensions of the crystals grown wet€-12 mmx 5 mmx
14-17 mmalong thea* (reciprocal axis, see Fig. 1p, and
c directions, respectively, with a weight of aboBb-4 g
(average growth rater 0.5 g/day). More details on the crys-
tal growth can be found elsewhere [14]. The substitution
level of G+ by Er** in the crystals was tested by EPMA
(electron probe microanalysis), using a Cameca Camebax
SX 50 equipment. The atomic erbium concentrations ob-
tained in the crystals werbx 101%cm=3, 15x 101%cm™3,
and 24 x 10*cm3 for the three doping cases mentioned
above, KGd;_xEry(WQOy), (x =0.008, 0.024, and 0.04) be-
ing the corresponding stoichiometric formulas. These values
would lead to a distribution coefficiemtg, = 0.8 for all the
cases considered in the present work. It must be noted that
these concentrations have a high uncertainty due to the over-
lap between the X-ray emissions Gfd®+ and Er** ions.
The erbium concentration in the lowest concentrated sam-
ple, used later for the calculation of the optical absorption
oscillator strengths, was further analysed by particle-induced
X-ray emission (PIXE). The erbium concentration obtained
was 1.1 x 10?°cm~3, This is about twice the concentration
obtained by EPMA, which provides an estimation of the un-
certainty in the erbium concentration determination. We will
use this latter erbium concentration because it provides a bet-
ter agreement with previous spectroscopic result&réf in
other materials.

2 Crystal structure

The KGW crystal structure has been obtained and refined
by using precise X-ray diffractometry data performed on
spherical-shaped crystalline samples with a diameter of
0.40(2) mm, mounted on an Enraf-Nonius CAD4 four-
circle diffractometer. The crystal structure KGd(WO,),

is monoclinic with space grou@2/c. The lattice parame-
ters of the unit cell obtained in the present work aaes
10.652(4), b = 10.374(6), c = 7.582(2) A, g = 13080(2)°

(V =6342(5) A%, and Z = 4. The atomic coordinates of
the unit cell, the atomic effective thermal oscillations and

(molesEr/(moles Er + moles Gd))¢rystal
(moles Er/(molesEr + moles Gd))so|ution

TKer =
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Table 1. Coordinates of basic atoms and their thermal oscillation paramgigis U(eq) is defined as one third of the trace of the orthogonalidgdensor

Atom  Crystallographic position  x/a y/b z/c U(eg U1 Uoo Uss Uos Uiz U1o
Symmetry  Multiplicity
* Kk

Gd 2 Co 4 0 0.72771) 0.2500 00131) 0.0151) 00131) 0.0141) O 0.010(1) 0

w 1 C1 8  019491) -000011) 0.73591) 0.0131) 0.015(1) 0.01%1) 00141) 0.000(1) 0.010(1) 0.000(1)
K 2 Co 4 05000 0200Q3) 0.7500 0017(1) 0.0181) 00181) 0.01§1) O 0.012(1) 0

o(1) 1 Cy 8  0.372q14) —0.0741(12) 0.810418) 0.0462) 0.060(7) 0.0395) 0.0485) —0.00%5) 0.0395) — 0.0035)
o(2) 1 C1 8  0025§14) —0.109012) 0.471317) 0.0452) 0.0566) 0.040(5) 0.0465) 0.001(4) 0.036(5) — 0.001(4)
o(3) 1 Cy 8  0269013) 0.159312) 0.868417) 0.0452) 0.0516) 0.0445) 0.0445) 0.000(4) 0.0335) —0.001(5)
o(4) 1 C1 8  0.190514) —0.074912) 0.9381(18) 0.044(2) 0.0556) 0.0445) 0.0434) 0.000(5) 0.0375) 0.0025)

* Hermann-Mauguin nomenclature
** Schoenfliess nomenclature

is 8 and this coordination depicts square antiprism polyhedra
Mwhich configure a single chain extended along the [101] di-
rection, as shown in Fig. 1b. Finally, th&" cations present

Table 2. Principal inter-atomic distances. # Equivalent atoms by symmet
transformations of the space group

Atoms Distance/A adistorted icosahedral coordination with 12 neighbours form-
ing chains along thgl10] direction, see Fig. 1c.

Gd—0(2)#1 2.271(12) These structural results are in a good agreement with
ggiggizg ggégg those published foKY (WOy), isomorphous substance [8,
Gd-O(L)#4 2.325(12) 15]. Other authors have publlshed different unit cell pa-
Gd—O(3)#5 2.371(10) rameters [7,11,13, 16], but sometimes non-equivalents. Our
Gd—O(3)#6 2.371(10) present results are equivalentfo= 7.582A, b/ = 10.374A,
Gd-0(3)#7 2.650(11) ¢ =8.087A, p/ = 94.41° only if the space group2/a was
Gd-03)#8 2.650(11) assumed. In this case the axes transformation wouitibe,
W-0(4) 1.747(10) b'=b, ¢ = —(a+c). However the selection of th€2/c
W-0(1) 1.758(12) space group is recommended as standard setting [17], of
w:g% igéggﬁ; course with their correspondiragb, ¢, # parameters.
W—0(2)#10 2.109(11) Er¥t in KGW occupies the same position &f*. For
W—O(4)#11 2.359(9) the Er concentrations used in this wo(k < 0.04), the crys-

talline structure oKGd;_xEr(WO,), does not change, so

E:ggj;ﬁé“ g:;gg’((ig)) the crystals optically studied in the present work have the
K—O(4)#11 2.821(12) same symmetry and only a slight change in the cell parame-
K—O(4#12 2.821(12) ters is observed as a consequence of the different ionic radii
ﬁfgggzg gggg%ﬂ; of GA** andErP*. This produces a reduction of abdul 5%

K_ O 3.038(12) in the cell volume.

K—0(2)#14 3.038(12)

K—0(3) 3.152(11)

K—0O(3)#15 3.152(11) 3 Optical properties

K—0(1) 3.309(12)

K—-OWD#15 3.309(12) 3.1 Refractive indices

Gd-W#7 3.549(2)

Gd-W#8 3.549(2) KGW is a biaxial crystal whose linear optical properties are
Gd—K#5 3.8018(10) described by the /An crystallographic point group. One of
Gd—K#9 3.8018(10) the principal axis is parallel to tHeaxis and the correspond-
W_K#12 3.675(2) ing refractive index is labelled as, being the smallest one of
W—K#13 3.780(3) the three independent refractive indices. Due to the selection
W-K 3.798(2) of some different unit cells, there is some uncertainty in the

published work on the refractive index values and orientation
of the indicatrix, moreover the refractive index measurements
the symmetry and multiplicity of their crystallographic pos- available to date are limited to= 1.06 um.

itions are summarised in Table 1. Table 2 summarises the In order to determine the orientation of the indicatrix with
interatomic distances in the latticé/ and O atoms, being regards to the crystallographic axes we have performed re-
in the 1.747-2.359A distance range, are the shortest pairsflectance measurements at normal incidence with vertically
in the structure and form stabwof[ octahedral anionic polarised light. In this configuration the reflectivity, takes
complexes sharing edges. The structure shows that the resutte simple expression,= (n—1)2/(n+ 1)2. To this purpose

ing octahedra constitute a double chain extended along the(010)-oriented parallel plate was rotated aroundothais,

c axis by linking octahedra with common vertices. TRé  taking the crystallographia and c axes as reference. The
andGd** cations occupyin€, symmetry positions, as is in- back side of the slab had a rough finishing in order to min-
dicated in Fig. 1a. The coordination numbeiQd+ cations imise the internal reflections. The reflected light intensity
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showed an oscillatory behaviour and the maxima and minim@able 3. Sellmeier parameters of the room-temperature refractive indices of
allow us to determine the position of the two principal axes inindoped KGW crystals
the (010) plane. The principal axis with maximum refractive

. i —2
index,ng, was found aR1.5° + 1° of thec axis in the clock- A B C/nm D/nm
vv_|se”rotar1]t|on .d'“.aCt'lon \_Nhe_nhlt_)oklng odpposnef to tt_tnaxlsd g 1.3867 0.6573 170.02 0.2913x 10°°
Finally, the principal axis wit intermediate refractive index, 15437 0.4541 18891 21567x 10-°
Nnm, was found orthogonal to thay axis. The orientation of nj 1.5344 0.4360 186.18 2.0999x 10~°

the principal axes with regards to the crystallographic ones is

illustrated in the inset of Fig. 2. In this inset the position of the

¢ axis referred above is also included to ease the comparisoobtained is in the 804> range for the350-1300 nmspec-
The crystal morphology helps to determine the position ofral region. This is in any case lower than the value obtained

theng andny, axes. The crystals grown fromoriented seeds  previously by goniometric measurement, nantyb° [19].

shows the axis in the direction of largest dimension and the

[101] axis as a natural edge, this edge being tilted with re3.2 Optical absorption

gards to thec axis by 85.59 in the anti-clockwise rotation

direction depicted in the inset of Fig. 2 (note that the anglélhe unpolarized optical absorption studies were performed

stated a885.59 in Fig. 2 of our previous work [14] must be on plates cut perpendicular to thexis using a diamond saw.

94.41°). Therefore, the principal axis corresponding tolge These plates were oriented by X-ray diffraction technique and

refractive index may be roughly found identifying theaxis  polished to optical quality using diamond powders.

by inspection and rotatingl.5° in the direction of the largest The low-temperature optical absorption spectra were col-

angle formed by the [101] sample edge andadlais. lected using a Varian spectrophotometer model 5E. The sam-
Figure 2 shows the dispersion of the refractive indices irples were cooled in an Oxford cryostat and the temperature

the visible and near-infrared regions. The indices have beamas controlled with a Lake Shore model DRC 91C apparatus.

determined by the minimum deviation angle using three dif- Figure 3 shows the relevant portions of the unpolarized

ferent KGW prisms, each one cut perpendicularly to a princioptical absorption spectra & in KGW at room tempera-

pal axis. The accuracy of the refractive index determination isure (RT) and5 K. The different band sets presented have

0.001. The refractive index variations have been described by

an infrared-corrected Sellmeier law:

B %
n=A+—— —Di2. (1)
1- (%) d

Table 3 summarises th&, B, C, and D parameters ob-
tained from the best fits of the experimental results. The re
fractive indices measured at= 1.06 um, agree well which  ~
those given by Graf et al. [18], however those reported b\"g o
Mochalov [13] and often used in the literature are lower thar <

those obtained in our samples. The angle between the op % , 2
cal axes of KGW calculated from the refractive index values E i 3t
Q
w1t
230 ﬁ
c=a'=7.582 A
2 ob
225 S
) =
8 Y
o220}k Oy
Z
E 215 F 10
=
Q o Mo
§ 2.10 | 19200 19000 18800
3
205 4
il 4 4 4
1 o 1 I11/2 I13/2
200+ 2 M l
1.95 L= [— L R 1 . ! i1 R { e 1 0 o - ol T A
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Fig. 2. Wavelength dependence of the refractive indicesK@&d(WOQ;,); Fig. 3. Unpolarized optical absorption OEr* in KGd(WO4)2 single
crystals at300 K. The continuous linesare the Sellmeier fits obtained with crystals measured @K (solid lineg and 300K (dotted line¥. [Er] =
the parameters reported in Table 3. The inset shows the sample morpholodyl x 102° cm~3. Some of the spectra 800 K have been shifted in thg
and the orientation of the principal and crystallographic axes axis for clarity
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been labelled according to the expected positions found in The room-temperature optical absorption and photolumi-
other lattice hosts [1—-6]. THer** bands appear well resolved nescence properties of rare-earth ions can be described using
at 5K but at RT these bands become broader and ovethe Judd-Ofelt (JO) theory [20, 21]. The experimental oscil-
lapped. This behaviour is related to the thermal populatiotator strengths,fex,, can be can calculated according to the
of the ground multiplet sublevels and to the phonon-assistegkpression

transitions.

The 2] +1 free ion degeneracy of €L ; multiplets ome
is reduced by the crystal field giving rise to Stark sublevelsfexo= ——= 115 2)
The odd electron number of the!3Er*+ electron configura- athNA

tion and the locaC, symmetry surrounding ther** position

lead to Kramers-degenerated doublets. The energy positiongheremis the electron mass,the vacuum speed of the light,
E;, of the Stark sublevels with regards to the ground one ares the fine-structure constarti, Planck’s constant, and is
summarised in Table 3, as well as the mean position of eadhe average wavelength of thle— J’ transition. In erbium
multiplet, E = (3_; EiI1/Y_; I), whereT} is the integrated these values can be identified with the electric dipolar oscil-
absorption of each Stark sublevel. Figure 4 sketches the e}ator strengths with the exception of that corresponding to
ergy position of the multiplets. This degeneracy is in verythe #1152 — “l13/> transition for which the magnetic dipo-
good agreement with the presenceg2d + 1) /2 components lar contribution has to be discounted. This contribution can be

in each one of the absorption band sets observed. calculated as

The integrated absorption cross sectigp, o(1)dA, for
each JJ' (J being the fundamental multiplet) band of the, _ nh
Er** in KGW have been obtained from the integrated ab- """ ~gm 234 1)

sorbance, I3y = [«(r)dA, and the impurity densityN,

as [o(A)dr = I3y/N. The results obtained are shown in
Table 4. It is worth noting that the absorption cross section
of most of the multiplets increases with increasing temperawheren is the refractive index. The expressions of the re-
ture. As a consequence of the mixing of the electronic levelduced matrix elementg|| L +2S||)|? have been reported by
with vibration lattice modes the transition becomes most alCarnall [22].

x [(4fNa[SLIJ || L +2S] 4fNo/[SL'13)|?

(3)

lowed. Some exceptions to this behaviour are thg/, and The JO theory yields the theoretical oscillator strength of
“Fs)2 levels. electric dipolar (ED) transitionsfgp, 1, according to the ex-
‘F
A ZH S 20519
1172
19170
1839
4 18385 l 8329 | 18349
S, 18338 l] T
30Z88388
0 Ybandl =t o EEEEEHEES
Q% ———15335| 82 Q%
90 SERSESE_ ge w88 15300
15327 —_—15220
—_— 15202
12559
4I 12501 8nw\s~n°« [vEv]
12469 % %
302 0 EEEEREE
12477 1239—————
10297
41 10289 i
10267
1] —
026t nE———————
6729
4 ' s 383E8
\ 4 -
Ly % 23Baas
6351
6640 6521
TTTT T
no ww ; [
3328 § a3 2 [ Fig. 4. Schematic description of the
4 ;}?‘ ¥ v Er* excitation and photolumines-
I 215 y 7 cence emission channels observed
152 1% in KGW in the 18450-6060 cnmt
7'55 spectral range. Energies are given in
0 cm !
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Table 4. Optical absorption bands &+ in KGW crystals

Table 4. continued

251, E/cm™t  Energy of Stark FWHM ([ «d/p) x 1078 jem®
multiplet sublevelyecm™1  /em™1
5K 5K RT 5K
152 - 0 - - -
35
77
127
169
275
343
361
4|13/2 6640 6521 1.3 — 169
6551 1.5
6577 1.9
6607 2.5
6665 3.1
6716 5.3
6729 7.2
112 10261 10198 1.9 30 33
10224 3.0
10237 3.3
10267 3.7
10289 4.2
10297 12.2
4Ig/z 12477 12399 28.4 - 15
12440 10.2
12469 10.1
12501 55
12559 14.2
4F9/2 15327 15202 18.6 67 33
15220 1.6
15291 2.8
15335 3.4
15370 5.5
483,/2 18385 18329 2.1 11 3
18390 3.3
2H11/2 19170 19053 2.8 410 113
19074 3.9
19143 3.5
19181 4.4
19215 3.6
19226 4.4
4F7/2 20519 20445 2.4 31 12
20487 2.8
20512 4.0
20580 51
4F5/2 22158 22127 2.9 2 3
22158 2.8
22193 3.5
4F3/2 22518 22473 6.3 - 1
22559 12.6
2Hg/z 24565 24504 4.1 7 4
24539 2.7
24555 6.0
24586 7.9
24623 4.4
G112 26403 26240 3.8 452 123
26256 4.4
26351 6.8
26405 9.9
26454 0.8
26474 8.5
2(39/2 27348 27309 3.8 — 7
27322 3.8
27348 4.1
27373 4.8
27388 3.9

2K15/2 27773 27431 5.7 - 12
27524 25.5
27608 17.9
27660 17.1
27750 28.0
27823 27.2
27948 25.8
28006 14.2
pression
; [&rzmc} 1
ED,th= =
N T 32a+
x > 2@tNa[sLd Ut | 4N [SLT] 307
k=2,4,6
(4)

wherey = (n?+2)?/9n, 2 are the JO parameters and the re-
duced matrix elements corresponding to the JJ’ transition of
Er3t, (| U |1), have been tabulated by Weber [23].

The £ set describing theEr*t spectroscopic prop-
erties in KGW has been calculated by minimising the
>y (fexp— fED,th)2 differences for the used samplhl, =
1.1x 10°°cm~3. The fgp, 1 value corresponding to each JJ’
multiplet has been calculated using the average refractive in-
dexn = 1/2(ng+ nm), whereng andny, are obtained from
(1) at the correspondingof the multiplet. The quality of the
fit is characterised by the root-mean-square (RMS) deviation
parameter defined as

_ 1/2
:;ll ( fexp— fED,th)z

no. of transitions- no. of parameter

RMS(A f) =
(5)

The JO parameters obtained from the fitting procedure
are: 2, =8.90x10%cn?, £24=0.96x10?°cn?, and
26 =0.82x10Pcm?, RMS(Af) =3.3x107. Table5
summarises the JJ' transitions used for the calculation, the
average wavelengths considered and the difference between
the experimental and calculated oscillator strengths. The
magnitude of the2y parameters obtained are close to those

Table 5. Room-temperature absorption band positions and electric dipolar
oscillator strengths oErP* in KGW

X/nm fED,epr 105 fED,th X 106 |A f| X 106

G112 380.10 36.12 36.26 0.14
2Hg)p 407.74 0.54 0.77 0.23
4F3)2 444.00 - 0.44 -

4Fs)2 451.00 - 0.76 -

47/ 490.36 1.72 1.98 0.26
2Hyy 524.06 19.20 19.04 0.16
4S5/ 547.98 0.48 0.48 0.00
Fg/2 657.64 1.97 1.94 0.03
Hg/2 801.00 - 0.24 -

411172 977.10 0.24 0.83 0.59

41372 1519.54 1.38 1.24 0.14
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obtained for Er** in the isomorphouskKY (WQy), Crys-  Table 6.Spectral average position radiative transition ratéy;y, branching
tals [24] and they are in the range of values expecte&for  ratio fuy, radiative lifetimez;, and experimental lifetimerexp obtained at
when the two hypersensitivélys, — %Gy, and 2Hyy, — "0OM temperature foffr] = 1.1 1077 cm* in KGW crystals

transitions are taken into account [25]. The JO theory has

. . L x/nm A , /% S s
been applied under some simplifications that must be noted: / Ao et Pax/%  T/iS Texp/l
First, a singleEr centre has been assumed even though the '

_contripytions of multicenyres hqw_e been suggested fo_r oth.eecg/zﬁ Gy, 10582 0 0.0 27 _
impurities at concentrations similar to those used in this ng/z 3593 1 0.0
work [26] and second, the actual anisotropic character of the 4";3/2 ig;g Gi 8-2
absorption [27] has been ignored. Despite these simplifica- 4Fj/§ 1464 539 15
tions the lifetimes calculated and reported later agree well 2H1/1/2 1223 110 03
with those expected fdEr®t. S0 1116 36 0.1
“Foy2 832 1353 3.7
*lo/2 672 48 0.1
. 4
3.3 Photoluminescence 4 e g
13/2 .
, o 1572 368 2507 6.9
The JO theory also provides a method to evaluate the radiative ,
properties of the rare-earth ions by using the JO parametersiyz —~ 4';9/2 2‘51‘71}1 ‘11 8'8 9 -
£2, calculated above. 4F§/§ 5356 5 0.0
The radiative transition rate#;y, for the excited levels 4,:42 1700 46 01
are expressed by ’Hiyz 1383 18 0.0
S0 1247 16 0.0
327 3¢y n2 Fg2 903 1334 2.6
Ajy=x — Yo/ 718 415 0.8
3 J@y 4 e w95
N A N 2 13/2 .
x Y f@ftNa[SLI UM 14N [SL] 3D, Y, 381 48018 909
k=2,4,6
(6) 2Hg)p — “Fap2 4885 0 0.0 298 —
4Fs)2 4155 0 0.0
L . . “F72 2472 17 0.5
and the magnetic dipolar radiative ratégp ;y, are given by 2Hy1) 1854 21 0.7
1S3 1618 0 0.0
27ash? n3 *Fg2 1082 31 0.9
Awp, 3y = > — *g/2 827 71 2.1
3mec | 23+ 1) 11/ 699 455 13.6
4
N N 2 l13/2 558 1704 50.9
x [(@fNa[SLJ || L4251 4fNe/ [SL'] 3. 15/ 407 1048 313
7
(7) 4F3/2 — “Fs)2 27778 0 0.0 502 -
Th . . . 4R/ 5003 0 0.0
e latter are relevant to describe the emission properties ®Hyy, 2987 0 0.0
of the 4|_11/_2 — 4 13/2 an_d 4 13/2 — 4 15/2 transitions. The 483/2 2420 12 0.6
total radiative rateA;y, is obtained as the sum of the two 4Fg/2 1391 15 0.7
contributions above. 4:9/2 g?g gg; ;g-g
Table 6 summarises the radiative transitions calculated for 4&;/; 630 90 45
all theEr** levels with energy equal or lower than /> 4,15;2 248 979 49.2
multiplet as well as the luminescence branching ratios defined
as Fs2 — *F7/2 6101 1 0.1 440 -
2Hyy, 3347 3 0.1
Asy 4S5/ 2650 2 0.1
Biv=—H— (8) *Foj2 1464 82 3.6
>y Asy Yo/ 1033 111 4.9
41172 841 83 3.6
and the radiative lifetimes; ;, given by 1132 644 892 39.3
4152 455 1097 48.3
= 1 9 ‘Fe—iHug 7413 1 0.1 343 -
>y Ay S2 4686 0 0.0
ng,z 1926 8 0.2
The erbium photoluminescences have been also charac- 4:2/122 1203 1oa 29
terised experimentally. The unpolarized photoluminescence 4,13;2 721 337 1.6
has been recorded in tBe-300 Ktemperature range by using 4152 492 2287 78.4
the cryostat and the temperature controller described abovgqll/2 i, 12739 0 0.0 76 -
The cw spectra have been excited either with 488 nm “Fg 2602 a7 0.4
emission of anAr laser or with a Spectra Physics optical Yoz 1494 152 1.2
parametric oscillation system, model MOPO-730 tuned at 1172 1122 85 0.6
4891 nm For wavelengths shorter th&00 nm the emis- l13/2 gg? 12%?; 96162

sions have been analysed by using a Spex 500M 50 cm) 1572



194

Table 6. continued

430 — “Fop2
2|9/2

l11/2

l13/2

l15/2

4 4
Foj2 — I|9/2

11/2

2| 13/2

l15/2

Yoo — 4: 11/2
13/2
l15/2

4110 — 4:13/2
15/2

HN1g2 — Y152

3270
1693
1231
851
549

3509
1974
1151

660

4513
1713
813

2762
992

1548

0
44

350
896

65
994

35
16, 22

148
84, 83

100

758

886

7900

5376

5988

27
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spectrometer and &alnAs photomultiplier, and the emis-
sions at wavelengths larger th860 nmhave been recorded

by using a Spex 340-E spectrometér= 34 cm and a77 K

10

18200

h
ryi
[£4

LIGHT INTENSITY (arb. u.)
S
T

(9.

15/2

L
8250

0 -

4

I

13/2

_>I

4
152

6500

6400

t
6300

?200
ENERGY (cm’)

Fig.5. Overview of the unpolarized photoluminescence BF* in
KGW single crystals in thel8450-6060 cnt! spectral range[Er] =
1.1x 10?9 cm=3. The spectra have been measured Kt (solid lineg and
300 K (dotted line¥

1
6100

cooledGephotodiode. In both cases the detector signals were
recorded with a lock-in amplifier.

Figure 5 shows thB K unpolarized photoluminescence of
Er¥t ions in KGW. Up to six luminescence band sets have
been observed in the rand8 456-6060 cnT!. The incident
light used excites electrons to tH/, level (see Fig. 4).
Due to the small energy gaps between thg,—2Hi1/2 levels
and the 2Hj12—*S;» ones (219cm? and 663 cnt?, re-
spectively), the excited electrons decay non-radiatively to the
483,/2 level. From this level, a non-radiative transition to the
“Fg/2 level takes place as well as further radiative emissions to
the “lg,, or lower energy levels. According to the energy level
positions determined by optical absorption, the emission band
sets observed in the regions, 8000-8300506-11 90Q and
178506-18 400 cn! correspond ta*Ss;p — 41112, 4S50 —
%132, and S/, — ‘152 transitions, respectively. Another
emission corresponding to tH&,, — 419, may be expected
outside of the spectral response of our equipment.

The population of théFg,2, *111/2, and*l132 levels gives
rise to transitions to the ground multiplet, naméfyy > —
4|15/2, 4|11/2 — 4|15/2, and 4|13/2 — 4|15/2 in the 147006-
1540Q 9710-10260, an8060-6500 cmr1 spectral regions,
respectively. The doubled degenerated Stark sublevels of the
%1152 ground term can be identified in th13, — 4115/
emission. This allows us to quantify the energy position of
these sublevels as summarised in Table 4. As was mentioned
in the introduction, the*l13, — 4115, emission is relevant
for optical communication systems. Figure 6 shows the ther-
mal evolution of the latter emission. As the temperature in-
creases more emission peaks appear, mainly due to the ther-
mal population of the*l 13/, sublevels.

Figure 4 also depicts a schematic description of the photo-
luminescence emission bands observe8 ltin the present
work. A good agreement is generally found between the
energy series determined &K by absorption or by pho-
toluminescence, although the most energetic components of
the emission series are often found at an energy slightly

300 K
[
=
ot
= 80K
N’
>
=
]
Z
m 52K
z
=
@)
L]
=
4K
N 1 i n 1 n 1 i
6800 6600 6400 6200 6000 5800

1
ENERGY (cm )
Fig. 6. Thermal evolution of the*l13/» — “l15/2 emission ofEr** in KGW
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lower (14-80 cnt1) than that corresponding to absorption. may obtain the room-temperature values,*Ss2) = 28us
These energy shifts are larger than those that can be and To(4|11/2) = 158us. These lifetimes are in the order of
tributed to the wavelength calibration of our systems. Maybemagnitude observed in other oxides. For instance, the meas-
the observed shifts are due to sample heating due to theed lifetime of the“lll/z level varies fron28usin YVO,4 to
absorption of the laser light in the cw-photoluminescencd.5 msin GdsScGaO;. [2], and that measured for thtS;
experiments. multiplet in LiNbOg is 42 s [4].

Lifetime measurements were performed using the MOPO  The light decays of théFg,, multiplet show a peculiar
system described above. The photoluminescence decays lighaviour. The decays observed in samples with the low-
4S5, and 4R/, were excited resonantely using= 5438 nm  est Er concentration can be well analysed by a simple ex-
and). = 6521 nm respectively, whereas the light decay of theponential decay, see Fig. 8. TH&,» measured lifetime at
41112 level was observed by exciting tH&» multiplet. Ac-  room temperature i%.2 us. However, the light intensity de-
cording to the results of Table 6, the expected lifetimes of theay of samples with the highest erbium concentration is non-
4%, and *Fg/2 multiplets are about one order of magnitudeexponential. This can be roughly fitted by using two competi-
shorter than that corresponding to tfig, > multiplet; thus it tive exponential decays with aboli8 us and19 s, respec-
is expected that the lifetime measurements performed for thigvely. This behaviour suggests the presence of a recharging
4111/2 multiplet provide a good approximation. mechanism of the*Fg, multiplet in the samples with the

The light intensity decays observed for tH&,, and  highest erbium concentration.

41112 multiplets fit well with a single exponential curve for Up-conversion processes are quite efficient in erbium due
all the erbium concentrations. Figure 7 shows the roomto the large number of multiplets available. The excitation
temperature lifetimes of théSs, and 4114/, levels obtained  with 652 1-nm light populates the'l11,» multiplet via a non-

as a function of th&r concentration. A reduction of the level radiative relaxation [28]. From this level a second photon
lifetime is found with increasing erbium concentration, whichmay be absorbed promoting carriers to thég,, one. Fur-
shows the presence of energy migration mechanisms. Thber, at high erbium concentration resonant energy transfer

lifetime measured can be described by may populate the*Fg;> and higher energy multiplets pro-
viding a recharging mechanism of tf&g,, level, which is

1 1 n 1 (10) suggested to be the origin of the long-lived component in the

T 1w e light decay of the*Fg,» emission.

It is generally observed that the measured lifetimes are
70 being the lifetime in absence of energy migration apetl  lower than the radiative ones calculated by the JO theory.
the probability of energy migration, which is a function of the This difference is due to the presence of non-radiative pro-
impurity concentration. From the empirical fits of Fig. 7 we cesses, namely multiphonon emissions and energy transfer.
As the lifetimes measured in the dilutdgt-doped KGW
samples are close to the concentration-independent afes,
we can assume that at thEs concentration the difference
is mainly due to multiphonon emission processes, therefore

30r Top =T "+ Ton, Wherez, ! is the multiphonon relaxation
rate. Following the phenomenological model of Riseberg and

20 Moos [29] the temperature dependence of the multiphonon
10+

—_ 1.00

4 |

A L L 1

E 200 4F9/2 4I15/2
(S 0.37 Highest [E1]

150_\'_\-—\._

LIGHT INTENSITY (arb. u.)

0.14 F /
1001 ‘Iw;’ 4115/2 Lowest [Er]
50t 0.05 |
0 1 L 1 F 5
0 1x10”° 2x10% 3x10° 0.02 L . - L=
0.000000 0.000002 0.000004 0.000006
3
[Er] (cm™) TIME (s)

Fig. 7. Room-temperature lifetimes @&rt in KGW crystals as a function ~ Fig. 8. Light intensity decays of théFg/2 — 4I15/2 emission for lowest and

of the erbium concentration calculated by EPM?&/Z; dexc = 5438 nm highest erbium concentrations used. Hgight linein the lowestEr con-
Aemi = 558 nmfor 4I15/2, and Aemi = 862 nmfor 4I13/2 transitions.“lll/g centration is the fit obtained with a single exponential, and in the upper
to 4I15/2 emission dexc = 543.8 nm, Aemi = 980 nm Thelinesare empirical Er concentration the fit corresponds to the competition of two exponential
fits of the experimental values decays
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. Fig. 10. Non-radiative multiphonon transition rates &K of Er** in
200+ = KGW as a function of the energy distance to the nearest lower level.
[Erl = 1.1x 10?%° cm~3. Theline is the best fit obtained
180+
=
160 -
ol 4 i " . 528 cnt?! (p' = 4) phonons observed in the Raman spectrum
[ e e . of KGW. It must be also noted that for th‘éSg/z level, the
120 — . s - s . . thermal population of the’H1,2 multiplet may also con-

0 50 100 150 200 250 300 tribute to the temperature dependence of the non-radiative
TEMPERATURE (K) relaxation.
Fig. 9. Temperature dependence of the erbium lifetimes for several emission The quantum eff|C|ency of the _Iumlnescencesaﬁ, n=
bands.[Er] = 1.1 x 10?0 cm™3. The continuous linesare the fits obtained ~ Texp/Tr, Can be estimated from Fig. 9 &@s5%, 0.1%, and
using (11) and a phonon energy @1 cnT!. Thedashed linesare the fits  2.9% for the 483,/2, 4F9/2, and 4|11/2 multiplets, respec-
obtained assuming the simultaneous contributio®@f cnt? (p=1) and tively. At low temperature, (11) can be approximated as
528 cnt! (p' = 4) phonons 1 !
Ton = Bexp(—aAE), wherea and g depend on the host
but not on the rare-earth ion amdE is the energy differ-

relaxation rate is given by ence between the excited level and the next lower-lying level.
L L Figure 10 shows a fit of ;' versusAE. The characteristic
Ton (T) = 755 (O)(L+ )P (11)  values obtained for the KGW host are=5.8 x 10-3cmand

_ B=7.7x10"2s1

wheren = 1/[ exp(haw/kT) — 1], ho being the energy of the
phonon emittedk the Boltzmann constant ang the num-
ber of phonons required to maintain the energy conservat Conclusions
tion in a non-radiative transition between the levels separated
by AE. It has been shown that the growth of KGW doped V&tf is

Figure 9 shows the lifetime temperature dependence gfossible fromK,W,O; flux using TSSG technique. The dis-
the %Sy/», *Fg/2, and 41112 levels in samples with the low- tribution coefficient of erbium in KGW is 0.8. The principal
est erbium concentration. The lifetimes obtained decreasaxis with highest refractive indexy, lies in the (010) plane
with increasing temperature. Figure 9 also shows (continuat 21.5° of the crystallographic axis. The optical absorp-
ous line) the fit obtained using (11) and assuming the emigion bands ofEr** in KGW crystals measured &K show
sion of four phonongp = 4) with the largest energy, namely the (2J+ 1)/2 splitting expected in the Local symmetry
901 cnt! [13]. Despite the large uncertainty in the experi-at the gadolinium site of the lattice. The energy position and
mental determination of thél 1172 lifetimes, the temperature absorption cross sections of the different optical absorption
dependence obtained from the fit agrees well with the exmultiplets have been characterised as well as the lumines-
perimental results. However, the temperature dependenceence channels &r* in the 6060-18 450 cnm? region. The
obtained for the*Fg/» and %Sy multiplets do not fit well room-temperature absorption and photoluminescence have
the behaviour of the measurements. In these cases the sibbeen described in the framework of the Judd—-Ofelt theory.
ultaneous emission of phonons with lower energy is ofteThe comparison between the radiative lifetimes calculated
assumed and the multiphonon relaxation rate is accountexthd those measured show the relevance of non-radiative pro-

by [4, 30] cesses in KGW.

-1 _ -1 Y Acknowled tg-hi k has b ted by CICyT und ject
=3T) = 220 (1 nMP(1+-n)P . 12 gementdhis work has been supported by yT under projec
ph (T) ph Od+m7d+n) ( ) number TIC96-1039. The authors acknowledge the facilities offered by the

. . . . hotoluminescence research team at Departamentdsae flle Materiales,
The dashed lines of Fig. 9 show the fits obtained assumjy.am., in the acquisition of some emission bands and lifetime measure-

ing the simultaneous emission &1cnt! (p=1) and ments and to Dr. F. Agu-Rueda for Raman measurements.



References 14
15
1. J.L. Doulajan, P.Leboulanger, S. Girard, J. Margerie, F.S. Ermeneux,16
R. Moncorge: J. Lumines@.2-74, 179 (1997) 17.
2. S.A. Payne, L.K. Smith, W.F. Krupke: J. Appl. Phy§, 4274 (1995)
3. J. Amin, B. Dussardier, T. Schweizer, M. Hemsptead: J. Lumir@%c. 18
17 (1996) 19
4. L. Nuiez, G. Lifante, F. Cués Appl. Phys. B62, 485 (1996)
5. A.A. Kaminskii: Ann. Phys. Frl6, 639 (1991) 20
6. M. Bass, W.Q. Shi, R. Kurtz, M. Kokta, H. Diegl: Ifiunable Solid 21
State Lasers |l ed. by A.B.Budgor, L.Esterowitz, L.G. DeShazer 22
(Springer, Berlin, Heidelberg 1986) pp. 300-305
7. N.V. Kuleshov, A.A.Lagatsky, V.G.Shcherbitsky, V.P.Mikhailov, 23
E. Heumann, T. Jensen, A. Diening, G. Huber: Appl. Phy$4B409 24

10.

11.
. Y. Chen, L. Major, V. Kushawaha: Appl. O@@5, 3203 (1996)
13.

. A. Kaminskii,

(1997)
L. Li, A.V.Butashin, V.S.Mironov, A.A.Pavlyuk,
S.N. Bagayev, K. Ueda: Jpn. J. Appl. Phg$, L107 (1997)

. A.A. Kaminskii: Crystalline Lasers: Physical Processes and Oper-

ating SchemegCRC Press, BocaRaton, New York, London, Tokyo
1996) p. 185

A.A. Kaminskii, A.A. Pavlyuk, T.l. Butaeva, V.A.Fedorov, |.F. Bal-
ashov, V.A. Berenberg, V.V. Lyubchenko: Neorg. MB3, 1541 (1977)

V. Kushawaha, A. Banerjee, L. Major: Appl. Phys5& 239 (1993)

I.V. Mochalov: J. Opt. Technob2, 746 (1995)

27.

28.

29
30

197

. R. Soé, V.Nikolov, X.Ruiz, Jna.Gavalda, X.Solans, M. Aguil
F. Diaz: J. Cryst. Growti69 600 (1996)

. S.V. Borisov, R.F. Klevtsova: Sov. Phys. CrystaB, 420 (1968)

. P.V. Klevtsov, L.P. Kozeeva: Sov. Phys. Doklady 185 (1969)

International Tables for Crystallographyol. A., 3rd edn., ed. by

T. Hanh, for the IUCr by D. Reidel Pu. Company., 1992

. T. Graf, J.E. Balmer: Opt. Eng4, 2349 (1995)

. G.V. Ananieva, l.l. Afanasiev, V.l. Vasilieva, A.l. Glazon, l.Ya. Ma-
montov, T.l. Merkulyaeva: Opt. Mekt. Prom&. 35 (1983)

. B.R. Judd: Phys. Ret27, 750 (1962)

. G.S. Ofelt: J. Chem. Phy37, 511 (1962)

. W.T. Carnall, P.R. Fields, B.G. Wybourne: J. Chem. PH.3797
(1965)

. M.J. Weber: Phys. Rev. B57, 262 (1967)

. N.V. Kuleshov, A.A.Lagatsky, A.V.Podlipensky, V.P.Mikhailov,
A.A. Kornienko, E.B. Dunina, S. Hartung, G. Huber: J. Opt. Soc. Am.
B 15, 1205 (1998)

. R.D. Peacock: Chem. Phys. Leit6, 590 (1972)

. J. Ripoll, L.E. Baus, C. Terrile, J. Gaia Sok, F. ODaz: J. Luminesc.

72/74, 253 (1997)

A.A. Kaminskii, S.E. Sarkisov, A.A. Pavlyuk, V.V. Lyubchenko: Ne-

org. Mat. 16, 720 (1980)

T. Danger, J. Koetke, R. Brede, E. Heumann, G. Huber, B.H.T. Chai:

J. Appl. Phys76, 1413 (1994)

. L.A. Riseberg, H.W. Moss: Phys. Ré&w/4, 429 (1968)

. E.D. Reed, H.W. Moos: Phys. Rev.83980 (1973)



