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The complex crystallographic, spectroscopic, and laser properties df s in a-KY(WO,), and
a-KGd(WQy,), single crystals are investigated. Individual Stark levels for many of#iéL ; manifolds of
Dy3* (4°) ions in these monoclinic tungstates are obtained from luminescence and absorption spectra up to
~28000 cm * at~15 K. A crystal-field splitting analysis for the majority of these manifolds is performed. The
rms deviation between 73 experimental and calculatedi’ D§tark levels for both crystals was10 cni L.
Theoretical calculations of intermanifold intensity parameters are carried out by methods using the Judd-Ofelt
approach with regard to interconfiguration interaction. All luminescence channels originating from levels of the
metstable*F(3)g, state are compared with measured data. Pulsed stimulated emission in the visible range at
the wavelengths of two lasing channéB(3)g,— °®H 3, and #F(3)g,— %H 14, of Dy3* ions are excited and
identified. On the basis of observed spectroscopic data we determine the peak cross section for all observed
induced transitions as well. We conclude thatDydoped monoclinic tungstatea-KGd(WQ,), and
a-KY(WQy,), are very attractive crystalline materials for generating visible laser light.
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[. INTRODUCTION energies with both lamp and laser-diode excitatises, for
example, Refs. 20—27, and references ther&ecently, the
The laser properties of a family of monoclinic authors of Ref. 28 showed that mode-locked diode-pumped
a-KR(WOQ,), tungstates doped with triply ionized lan- Yb3":KGd(WQy,), crystals are very attractive for femtosec-
thanides LA™ (whereR=Y and Ln) were discovered at the ond lasers as well. Monoclinie-KR(WQO,), tungstates also
Russian Academy of Sciences more then 30 years &30-  have large nonlinear optical susceptibilitigS), and there-
ing these past decades, the generation of stimulated emissifore can be used in various laser experiments and applica-
(SE) in these crystals was excited in different inter-Starktions that are based on the phenomena of stimulated Raman
transitions for a great number of intermanifold™44fN  scattering(SRS.2*~*° For example, a highly efficient room-
channels(Fig. 1). At present the list of these crystals and temperature practical eye-safe self-SRSNKGd(WO,),
their Ln**-ion activators is quite extensivéTable . laser was designet, where the first Stokes emission at
Rubidium neodymium tungstate RbNd(W® is also ~1.53.um wavelength is the result of the intercavity inter-
related to this family of lasing compounds.Among action of the high-density fundamental SE fieldF,
all known Nd&*-doped insulating lasing crysta$?®  —*l,5,channel associated with generating Rid activators
a-KGd(WO,),:Nd®* demonstrates the highest SE genera-within this crystal-host, having a sufficiegt®) nonlinearity.
tion performance(*Fg,—*l 11, channels at low pumping In these y®-active tungstates narrow absorption lines of
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FIG. 1. Laser intermanifold #'-4fN transitions of lasing LAi" -activator ions in monoclinie:-KLn(WO,) ,-type crystals. The ranges of
SE channels are given jam. SE transitions investigated in this paper are shown by thick arrows.

Ln3* ions can also prevent undesirable cascade SRS prgcopic and SE experiments we concluded that, for the pur-
cesses. poses indicated, some of the Dydoped crystals of the
a-KR(WQ,),:Ln%" compounds have been the subject ofabove-mentioned family of monoclinic tungstates, which are
comprehensive investigations of crystal-field splitting and in-already commercially available, could be very attractive.
termanifold and inter-Stark transition intensities of The electronic 4° configuration of Dy " ions gives rise
Ln3"-activator ions®~*8n the past, in these spectroscopic to a large number of closely located™ L ; manifold$®>°
and laser investigations experts focused their attentiomesulting in a very tangled picture of their crystal-field split-
mainly on the near and mid-IR SE channels oftrons in  ting. Therefore, in understanding the different processes, in-
these tungstates. At present, for example, due to actual aptuding laser action in optically excited By-doped crystals,
plications for lidar systems for the remote sensing of ozoneit is particularly important to have a reliable determination of
there has arisen an interest in visible crystalline lasers whictheir Stark-level energies. Such detailed investigations were
have directly excited SE wavelengths that can be doubled tperformed, to our knowledge, for only a very few crystals
yield UV wavelengths in the 0.27—0.32m region. Pres- containing trivalent dysprosiuit.Among these only one is
ently, it is knowrt® that several various kinds of hosts with known as a lasing compound: La®y>*.525%|n the present
Ln3" activators (PP*, Tb**, Sm?*, Ho®", Er*, and  work, we present results from precise spectroscopic measure-
Tm®") can generate the required visible wavelengths. Unforments and crystal-fieldCF) theoretical analyses of absorp-
tunately, compared to monoclinie-KR(WO,), tungstates, tion and luminescence spectra of Dydoped laser
which are already commercially available, most of these laa-KY(WQO,), and a-KGd(WQ,), monoclinic crystals. Our
ser crystals are not easily accessible due to the difficulty innvestigations provide us with the possibilities to make as-
growing these materials with perfect optical quality. Re-signments to all registered visible SE wavelengths, and to
cently, however, on the basis of our preliminary spectro-determine the main intensity emission parameters as inter-

TABLE I. Known laser monoclinic double potassium rare-earth tungstates and thirlasing ions.

Crystal Lr?* lasing ions
PRt Nd®+ Dy3* Ho®* Ert* Tm* Yb3*

a-KY(WO,), Refs. 14 and 15 Refs. 1 and 2 Ref. 16 Refs. 3 and 9 Refs. 3 and 5 Ref. 15  Refs. 13
a-KY0.5Er0.5(WO4)2 Ref 5
a-KGd(WGQy,), Ref. 12 Ref. 3 Ref. 16 Refs. 4 and 5 Ref. 4 Ref. 15 Ref. 13
a-KEr(WQO,), Refs. 7 and 11
a-KLu(WQOy,), Ref. 8 Refs. 8 and 10 Ref. 6
a- KYb(WO4)2 a

8Unpublished data.
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TABLE Il. Some physical properties of the monoclinicKY(WO,), and a-KGd(WGO,), single crystals.

Characteristit a-KY(WO,), a-KGd(WQy,),

Space group CS,—C2/c or C5,-12/c (N15)

Unit-cell parametergA) C2lc 12/c C2lc 12/c
a=10.64 a=8.05 a=10.65 a=8.09
b=10.35 b=10.35 b=10.37 b=10.37
c=7.54 c=7.54 c=7.58 c=7.58
B=130.5° B=94°  B=130.75° [=94.43°

Cell volume (A3 631.4 637.8

Formula units per cell Z=4

Linear optical classification biaxial

Density (g/cnT) 5.565 7.216

Lasing Lr** -activator ions PY", Nd®*, Dy**, Ho*", EF*, Tm®", and YB™'

Crystallographic positions of atoms C, for K(12); Y, Gd and Li8); C, for W(4) and O
and their oxygen coordination

Melting temperaturé°C) ~1080 ~1075
Temperature of a polymorphic ~1015 ~1005
phase transitior°C)°

Temperature of the crystallizatiqAiC) <1000

Growth methods Low-gradient CzochralSki

Bridgman-Stockbargér
top-nucleated floating

flax
Specific heatJ/Kg grad ~500
Thermal conductivityW/cm grad ~0.03 0.028,,
0.02501,
0.035q07
Thermal expansion (10/grad) ~4.6 4100
3.601q
8.5 001
Hardness: Mhos scale 45-5
Knoop scale(Kg/mm?) - ~37Q 10
~39Q 01
~46Q oy
Young's module§GPa - ~1158,0g
~ 15q010]
“”'9(%01]
Optical transparencgum)® ~0.34—=55
Energy gapeV) ~3.83
Sellmeier equation for refractive nZ—1=K\%(\2—\?)® n=A;+B;/(C;/I\)?— D\
indices
dn/dT(10 ®/grad) ~0.4
Phonon spectra extensi¢om™ )9 ~905 ~901
SRS-active vibration modesm %) wr1=905 wr1=901
wRry=T765 wRr,=768
wr3~87 wr3~84
Steady-state Raman gain coefficient ~3.6 for wg, and wg, ~4.4 for wg,
(cm/GW)" ~3.3 for wg,

manifold and inter-Stark luminescence branching ratios, atheir structure and conditions for growth. In Sec. Ill we give
well as peak cross sections of the observed laser transitiong. brief description of the instrumentation and experimental
To assist the reader in understanding the many details thanalyses of the numerous absorption and luminescence spec-
follow, we have organized the paper in the following man-tra in the form of empirical crystal-field splitting schemes of
ner: Section Il describes some of the physical properties ofhe 2571L; multiplet manifolds of Dy* activators in these
a-KY(WQO,), and a-KGd(WQ,), single crystals, including tungstates. The theoretical formalism and the calculation of
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TABLE Il. (Continued).

n; Ki )\i (/‘Lm)

ny 2.813 49 0.152 906

N 2.956 83 0.159 185

Ng 3.127 83 0.161512

n- 2.966 04 0.157 844

n; A Bi Ci (nm) D; (nm™?)
Ny 1.5344 0.6573 186.18 2.09890°°
Nim 1.5437 0.4541 188.91 2.15870°°
n 1.3867 0.4360 170.02 0.29%30°°

&The majority of characteristics are given for the crystallogra@féc arrangement setting.

bPolymorphic transition to th@-orthorhombic phase with space groGg;-Pbna

°Flax adopted.

9For a 1-mm-thick sample.

*Room-temperature Sellmeier equation parameters for the principal refractive ingices,, andn, and for averaged refractive index

of a-KY(WQO,),. (Ref. 55.
fRoom-temperature Sellmeier equation parameters for the principal refractive indicas,, ng of «-KGd(WO,), (Ref. 47. Here and as
well as in the previous footnot@), n, is the tradition labeling of the highest refractive index of the optical indicatrix approximately along
the crystallographig¢001] direction (see Fig. 2, n, is the intermediate refractive index along th¢100] direction, andn, is the smallest
refractive index exactly along tHa.00] direction of these monoclinic tangstates.

9From spontaneous Raman-scattering spectra.

"Due to the strong optical anisotropy of these crystals, only the highest valugggrafoefficients for the first Stokes generation under
picosecond zm Nd®*:Y;AlsO;, laser pumping are liste(Ref. 56.

'According to Ref. 57gs~6 CM/GW.

the crystal-field splitting, and comparisons with data, areinteractions are described in Sec. V. The laser experiments
given in Sec. IV. The measurement and calculation of intenand the results of the identification of observed visible SE
sity luminescence characteristics of Dy ions in  wavelengths are described in Sec. VI. We conclude the paper
a-KY(WO,), and a-KGd(WOQ,), crystals in the approxi with a short summary.

mation of weak and intermediate interconfiguratiof3d

a b Il. CRYSTALS FOR INVESTIGATIONS

Due to the occurrence of a polymorphieg transition
[ a)=a+cC

I2/c-setting near the melting poinfsee Table I, single crystals of the

7/ monoclinic compoundx-KR(WQ,), can be obtained only

2/c /’ 10on (ag by a growth from the fluxsee, for example, Refs. 1, 68,

14, 38, and 5%that is sufficiently largdseveral centimeters
in size for laser and SRS experiments; these include a num-
ber of other isostructural double alkali rare-earth tungstates.
The marked solubility of a-KR(WOQ,),, in particular
a-KY(WO,), and a-KGd(WGQ,),, in a melt of potassium
di-tungstate KW,0; makes it possible to crystallize them
, below the phase transition point by a low-gradient Czochral-

C2lc e ski technique(modified top-seeded solution methodhe

// optimal conditions for the growth of DBy -doped
g KY(WQ,),-KDy(WO,), and KGd(WQ),-KDy(WO,),
are obtained from phase diagrams. These tungstates were
grown in Pt crucibles using oriented seeds along the crystal-

FIG. 2. (a) Connection of the basis vectors of the monoclinic /0graphicb axis. They were pulled at the rate of about 5 mm
a-KY(WO,), cell in crystallographic settings 12/(a,b,c) and  Per day, and rotated at 50-90 rpm in an apparatus with a
C2/c (a,by,cy). (b) The directions of the principal axés, y, 2 of ~ two-zone heater and a precise temperature co(rol1 °C).
the optical indicatrizthe b vector is perpendicular to the plane of The morphology habit of grown boules are formed mainly
the drawing and points away from the observer, pgoints to-  as faces of thg100, {010, and {001 pinacoids and the
ward the observer; also see the explanation in the.text {110 and {011} prisms. For the series of single crystals

B=94°

b;=b!
L/s1=130.5° 4
| ’

|

|
|
|/

v

C)
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TABLE lll. Coordinates of basic atoms ia-KY(WO,), and a-KGd(WGO,), single crystals.

Atoms Position Coordinate
For C2/c For 12/c
Xqla y./b z,/c x/a y/b Zlc
a-KY(WQ,),
wW 8f 0.1962 0 0.2359 0.1962 0 0.4603
Y 4e 0 0.2725 0.75 0.50 0.2275 0.75
K 4e 0 0.692 0.75 0.50 0.808 0.75
O, 8f 0.122 0.580 0.174 0.3727 0.080 0.552
0O, 8f 0.029 0.108 0.976 0.0242 -0.108 0.053
O; 8f 0.222 0.342 0.120 0.2740 —-0.158 0.398
0O, 8f 0.185 0.927 0.930 0.1882 0.073 0.255
a- KGdY(WO4) 2a
wW 8f 0.1948 0.0001 0.2359 0.1948 0.0001 0.4589
Gd 4e 0 0.2716 0.75 0.50 0.2284 0.75
K 4e 0 0.6921 0.75 0.50 0.8079 0.75
O, 8f 0.1273 0.5764 0.1861 0.3727 0.0764 0.5588
0O, 8f 0.0242 0.1074 0.9727 0.0242 -0.1074 0.0515
O3 8f 0.2260 0.3407 0.1284 0.2740 -0.1593 0.4024
O, 8f 0.1882 0.9242 0.9390 0.1882 0.0758 0.2492

3 or theC2/c setting of thew-KGd(WGQy,),, also see Ref. 47. Very useful data for #aeKDy(WO,), crystal
are also given in Ref. 44.

obtained by this means,a-KY,;_,Dy,(WOQO,), and a;=a+tc,

a-KGd,; _,Dy,(WQO,), (x=0.001-0.03) of satisfactory op-

tical quality are obtained. For SE measurements experimen- b;=-b, 2
tal samples are fabricated as plates having different thick-

nesses and rods of up to 45 mm in length a#6l5 mm in ci=—¢C

diameter. The plane-parallé=10 arc secsend faces of
these plates have no antireflection coatings.

The low-temperature tungstateg-KY(WO,), and
a-KGd(WGQ,), crystallize in the monoclinic centrosymmet- 1 0 0
ric space groupC,-C2/c or C5,-12/c, with cell parameters X X
which are shown in Table Il. The secomg/c-arrangement y|=|0 =1 0 ]]y1|. (]
setting is more attractive because its parameters, including 74 1 0 -1]L%4
the monoclinic angleg3~94°, are incomparably better to - ] )
correlate with the morphology gabit of flux used to grOWIn addition, the coordinates of the basic atoms and corre-
these crystals. This significantly simplifies our efforts to cutSPoNding principal inter-atomic distances aKY(WO,),
them out as oriented samples. That is why, for the fabricatioﬁ,md a-KGd(WO,) 2 Structures for both crystallograpmg: set-
of our oriented samples, we used ti24 setting. However tings are sum'marlzed in Tables Il and IV. In addition to
the C2/c space group is recommended by the Internationafhe.Se data,_ Fig. 3. shows some crystal structure fragments
Crystallographic Union as the standard setfidgJnfortu- which are illustrative of the atomic constitution of these

. . . monoclinic tungstates in the form of polyhedrons. As may be
nately, different authors used both these settings. This Causﬁﬁerredl flror:1J 'Igables IIII and IV. as V\[/)ellyas from Fig. 3 t¥1e

some problems for readers. Therefore, we considered it ©%tystal structure of the monoclinie-KR(WO,), tungstates
sential to give the crystallqgraphm axis transformation in.gniains three different type of polyhedrons. The tungsten
these two settings. The basis vectaas,b,,¢;) and @b,¢)  and oxygen atoms occupyf ositions, forming six coordi-

of the monoclinic unit cell in th&€2/c andl 2/c arrangement [ aied polyhedrons of, symmetry which can be presented
settings [correspondingly, of the a-KY(WO,), and  as highly distorted octahedrons. The K aRdtoms(in our
a-KGd(WG,), structureg are shown in Fig. 2, with corre- caseR=Y and Gd are placed at @ positions, with theC,
sponding atom coordinates related to each other, as local symmetries being eight and 12, coordinated by the oxy-

and
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TABLE IV. Principal interatomic distances in-KY(WO,), and a-KGd(WQy), single crystalgin A).

Octahedron W@ Polyhedron Y@ Polyhedron KQ,
a- KY(WO4)2

W-0, 1.78 Y-O, (X2) 231 K-Q, (X2) 2.84
W-0, 1.72 Y-G (X2) 2.28 K-Oy (X2) 2.86
W-04 1.84 Y-0; (X2) 231 K-Q (X2) 2.80
W-0, 1.93 Y-O (X2) 271 K-O, (X2) 3.07
W-0O,, 2.14 (Y-O) 2.40 K-O; (X2) 3.12
W-0Oy; 2.36 K-O (X2) 331
(W-O) 1.96 (K-0) 3.00

a- KGd(WO4) 2a

W-0, 1.765  Gd-Q (x2) 2.332 K-Q (X2) 2.800
W-0, 1.772 Gd-Q (X2) 2.297 K-Qy (X2) 2.858
W-0s 1.843  Gd-Q (x2) 2.352 K-Q (X2) 2.893
W-0, 1.950  Gd-Q (X2 2.690 K-0 (X2) 3.091
W-0, 2.094  (Gd-O 2.418 K-Oy (X2) 3.109
W-0,, 2.344 K-O, (X2) 3.280
(W-O) 1.961 (K-O) 3.005

8 or theC2/c setting of thew-KGd(WGQ,),, also see Ref. 47. Very useful data for #aeKDy(WO,), crystal
are also given in Ref. 44.

gen atoms. Th&k and K polyhedrons are depicted as dis-ford Research Systems, Model SR-51€chnique was used
torted square antiprisms and distorted icosahedrons, respeor data acquisition. Temperature-dependent luminescence
tively. The Dy*" ions substituting for ¥* or GE* in the lifetime studies were performed with third-harmonic genera-
lattice of these tungstates form one type of activator centersion at a 0.355um wavelength of a nanosecond
Nd®*:Y;Als0,, laser(Continuum, Model SLII-1Dusing the
same spectroscopic setup. The decay signal in the visible was
detected and averaged using a digitized oscillosadjeé-
tronix, Model TDS-420A. Room-temperature absorption
spectra were taken with a UV-VIS-NIR spectrophotometer
A precise determination of Stark-level energies, and &Varian, Model Cary-5E
measurement of intensity characteristics as well as kinetic A detailed analysis of the structure of the absorption and
parameters of emitting intermanifold channels offDyons  luminescence spectra, recorded at different temperatures,
in a-KY(WO,), and a-KGd(WO,), crystals, were carried confirmed that Dy ions can enter into monoclinic
out by the conventional methods of absorption and luminesa-KY(WO,), and a-KGd(WQ,), crystals in 4 eight-
cence analysis. For spectroscopic measurements, at tempeggordinatedC, (see Tables Il and IlIsites and form one type
tures from~15 K to room temperature the oriented samplesof activator center. For thef4 electronic configuration the
of these tungstates were mounted with plane-parallel sidesumber of multiplet manifoild$s" L ; is 198 with a ground
perpendicular within 2° to their crystallographic axasbh,  state °®H,s,. Because the DY ion is a Kramers ion, each
andc (in thel2/c setting on a Cu cold-finger of a two-stage observed Stark level is twofold degenerate in a crystallo-
closed-cycle helium refrigeratatAdvanced Research Sys- graphic position ofC, symmetry. Due to the limited optical
tems, Model CSW-202 A standard for spectral irradiance transparency of our tungstatésee Table ), we were able to
tungsten incandescent lam{®ptronic Laboratories Inc., investigate the Stark levels. For only a small part of these
Model 2200 was employed as a broadband light source for?>* 1L ; manifolds. To demonstrate this important property of
absorption measurements. In a like manner the luminescentkese crystals under study, below we present only part of the
was dispersed by using a carefully calibrated 1-m gratingesults obtained that are accompanied by a guiding diagram
monochromatofActon Research Corp., Model AM510-MI  in Fig. 4. The diagram shows, in particular, that the Stark
and was detected with a cooling photomultiplier tubestructure of many of the?S*1L; states of Dy* ions in
(Hamamatsu R928or studies in the visible spectral region a-KY(WOQO,), and a-KGd(WOQ,), are derived from the
and with an InGa, _,As detector for IR measurements. For separate analysis of each of the differef?-4+f° intermani-
luminescence excitation we used the multiline UV outputfold transitions. We thus obtain better accuracy and reliabil-
(0.334-0.364um) of an Ar-ion laser(Coherent, Model Sa- ity of the results. That is of prime importance for both sub-
bre). Its emission was chopped at 17 Hz, and a lockStan-  sequent CF calculations and SE emission identification.

[Il. INSTRUMENTATION AND SPECTROSCOPIC
MEASUREMENTS

125108-6



OPTICAL SPECTROSCOPY AND VISIBLE STIMULATED . .. PHYSICAL REVIEW B5 125108

3o Luminescence channels
—_—— N
[6P7/2+44M15l2]
6 41(3)11/2
52 "D
4 4., Mion
["Ma12 K+
25— +41(3)|3/2+4F(3)7/2]
‘Gonn
4.
I35
“Fown
20+
i
o BR5E8258533332832883
o™
o
N
15— .
% 6F1/2
5 6F3/2
a Fspp
= *Fin
6.
10— Hsp
[ 6F9fz+6H7/2] 3
[*Hont*Fy 1n]
Hyin 3
5 (.
FIG. 3. Crystal structure of the monoclinie KY(WQO,), tung- 6
state:(a) Projection alonga axis; the polyhedra of next level are 1372
shown by blacking(b) Structure of W@, YOg, and KQ, polyhe- Q088 8S
dra; the distances of metal-oxygen are shown by dashed (&ees °TTTT I #I J
Table IV). OL Hysm l J 1 1 1 l 3
As expected, the DYy ions in a-KY(WO,), and Absorption channels

]fy'ldKG(.j%WO“)z Crys_’k[)alllsloffgr one em'.ttmg‘F(?’)W mani- FIG. 4. Diagram of?S*1L states that guide the spectroscopic
old with strong visible luminescence inter-Stark transitions.gy,gies given below for By ions in monoclinica-KY(WO,),

In this connection, we take particular care to conduct anyng ,-KGd(WO,), crystals. The spectral ranges of intermanifold
analysis of its Stark levels, as well as of the Stark levels 0f;9.4¢° transitions are given ipm.

the ground statéH,¢,,. The determination of the energies of

these levels to a high accuracy helped us to carry out a relin these spectra are easily analyzed. We take note of the
able analysis of the Stark structure of otleéf 'L; mani-  Vvisible SE in a-KY(WO,), and a-KGd(WQy), crystals,
folds of the activator ions in these laser tungstates. Figure Bnd connect these luminescence channels to these spectra
shows low-temperature resonant absorptiofH;s,  below, in Sec. V.

—*F(3)g, and luminescencéF(3)q,— °H s, Spectra to- It is very important to have a detailed knowledge of the
gether with a corresponding CF splitting scheme of theStark-level energies of nonoverlappirffF/,_-, states, so

%H .5, and *F(3)g, States in the case of-KY(WO,), crys-  that a reliable fitting procedure can be established for CF
tal. For the sake of clarity, all the lines in the spectra andcalculations of Dy* ions in the crystals, since the manifold
inter-Stark transitions in the scheme have a correspondin§Fos.112 and the °Fy;, states are mixed with the levels of
connected numeration. We carried out an analysis of the tem*H;, 9, manifolds.  Spectroscopic investigations  of
perature evolution of the visible luminescence which con-Dy*"-doped crystals provided little information about the
nects the Stark levels of the metastaBife(3)g, state and position of the Stark level of théF,, state(see Ref. 51
levels of the®H 5, and ®H,;, manifolds, and found consis- Therefore, in our measurements we paid much attention to
tent support for the foregoing results. The temperature speall levels of the °Fy;,_;, manifolds of Dy ions in

tra together with the corresponding CF splitting schemes are-KY(WO,), and a-KGd(WGQ,), tungstates. The data ob-
given in Figs. 6 and 7. The selected luminescence spectttained are presented in Figs. 8—10, as illustrations of some of
shown are obtained for a specific measurement geometrihe absorption and luminescence spectra that we studied. All
This display is more informative as an explanation of theStark levels of the®F,,,_;, multiplet manifolds for both
inter-Stark transitions in the corresponding CF splittingcrystals were observed and analyzed. In Figs. 11 and 12 we
schemes. Despite the fact that the temperature broadening give the results of energy-level measurements for two groups
the transitions due to strong electron-phonon interaction irf overlapping manifolds [®Hg,+°F11,] and [®Hgp

our monoclinic tungstates, all observed luminescence peaks®F,]. These data are shown only far-KY(WOy,),,
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FIG. 5. (a) Unpolarized luminescence afid) absorption spectra for the resonance intermanifold transtfe(3)g,,— ®Hs/,, and(c) CF
splitting scheme of théF(3)e, and ®H;5, manifolds of Dy ions in a-KY(WO,), crystal at~15 K. The arrows in the luminescence
spectrum givéin cm™2) the splitting of the ground stafH 5, and the square brackets in the absorption spectrum indicate the energy gap
(11.5 cm 1) between two lowest Stark levels of the ground sfifgs,. Lines in the spectra and corresponding inter-Stark transitions in the
scheme are denoted by the same numeration. The energy of each Stark level is givéet, inmmrtransitions between them are in A.
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FIG. 6. Orientational luminescence spedif&(3)q,— °H13, channel, along tha axis) at (a) ~15 K, (b) ~80 K, and(c) ~220 K, and
the CF splitting scheme at15 K of the *F(3)g, and 8H 5, manifolds of Dy* ions in ana-KY(WO,), crystal. The arrows in spectth)
and(c) indicate lines connected with the inter-Stark transitions that originate from the third, fourth and fifth levels of the metag@jle
state, as well as the corresponding energy gaps between its first level and higher-lying levels. Square brack@ssipettteum indicate
the gap(50 cmi ) between the two lowest Stark levels of thg(3)y, manifold. Other notations are the same as in Fig. 5.
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FIG. 7. Orientational luminescence spedtf&(3)q,— ®H 11/, channel, along the axis) at (a) ~15 K, (b) ~80 K, and(c) ~220 K, and
the CF splitting scheme a¢15 K of the *F(3)g/, and *F(3)e, and ®H,, manifolds of Dy ions in ana-KGd(WQ,), crystal. The arrows
in spectra(b) and(c) indicate the lines are connected with inter-Stark transitions that originate from the second, third, and fourth levels of
the metastablé'F(3)y, state, as well as corresponding energy gaps between the first level and other higher-lying energy levels. Other
notations are the same as in Figs. 5 and 6.

since absorption and luminescence properties in these spe¢G(4)112- Transitions to these states are expected during
tral regions for DY* ions in thea-KGd(WOy), crystal are  absorption in the blue spectral region for both monoclinic
very similar. We used only the absorption spectra for a detungstates. It is important to give some data for several UV
termination of the energy levels of the quartet and sexte@bsorption transitions that were also investigated. Such re-
states?S™1L;, which have higher energies than the meta-Sults are presented in Figs. 15 and 16. The energies of all
stable *F(3)g, State. Figures 13 and 14 show results ob-determined Dy*-ion Stark levels fora-KY(WO,), and
tained from an analysis for two quartet statt$3),5, and  a-KGd(WO,), crystals are listed in Table V.

b
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S 2 4 scheme ofF,,, 8F,, and®F5,
g 5 L A S manifolds of Dy*' ions in an
= 3 L a-KY(WQ,), crystal at~15 K.
é—« a-KY(WO4);: Dy’ Ha2oR8s The notations are the same as in
Q Fig. 5.
28 4r 3 6 ’
< - 0
| 1 1 | | 1 B2T"5 3 4 5 6
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We observe J+1/2) Stark components for each of the
expected 25*1L; multiplet manifolds between 0 and
~28800 cm ! with high accuracy for both monoclinic tung-
states. Of these multiplets we chose the 15 lowest in energy
for a detailed crystal-field splitting analysis involving the
calculations given in Sec. IV.

IV. CRYSTAL-FIELD SPLITTING CALCULATIONS
FOR Dy** ENERGY LEVELS

The initial CF splitting parameters were obtained from a
point-charge lattice-sum model adapted to include effective
ionic charges and dipole and quadrupole polarizabilities in
parametrized form*°°The details concerning the coordinate
structures of the monoclinic a-KY(WO,), and
a-KGd(WGQ,), tungstates are taken from Tables Ill and IV
and Refs. 54 and 60. Dipole ionic polarizabilities and quad-
rupole polarizabilities were reported in several
reference$1%? The ionic charges can be parametrized and
varied in order to obtain the best overall agreement between
calculated and observed Stark levels. We found that using a
formal charge on each ion in the lattice calculation led to the
best agreement. Results of the CF splitting are given in
Tables VI and VII.

The calculated CF componens,,,, given in Table VIIl,
are of the form

Anm=—€%%,0;[ Cour(rj)/rf 1, 3)

symmetry, are determined using the three-parameter tfiéory,

2
d 2 : § 21048
T T T T20998
<t S QO 0 R0 O
‘l' ‘L 11145 . . .
11115 FIG. 10. Orientational luminescence spectra
(*F(3)g/— ®F4, channel, along the axis) and
noe CF splitting scheme of DY ions in (a)
a-KY(WQ,), and(b) a-KGd(WQ,), crystals at
L2 3 4 p ~15 K. Square brackets in the spectra indicate
21047 the energy gag50 cmi ) between the two lowest
- " 20997 Stark levels of the metastabléF(3)y, state.
I I { I Other notations are the same as in Fig. 5.
g5 58 88
cggsgsg @
*L AL 11151
11119
11064
11037
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E b23252;UL M R 3738 8032 ®Hisp,  [PHept®Fuipl, and
- 0 t“H:{:L,L_J__A il ross “F(3)g), manifolds of Dy * ions

' L L [*Hg 0+ ;x; in an a-KY(WO,), crystal at

0.75 0.76 077 + F9/z] 7843 ~15 K. Square brackets in the
= Ok non A A NA.M.. mMAR e 7158 spectra indicate the energy-gap
g |2 - 1 splitting between the two lowest
E . Stark levels of the ground state
) zlz|glele|e|E(8|8|5|3 SH,5, (11.5 cni'd) in the (a)
g, ST T T T T T spectrum and the metastable
B, o slalelalalolels|s|sls state *F(3)g, (50 cm Y in the
3 Hisp—["Hop+ Fiinl $15|2|8|5|5|8 2|2 |88 (b) spectrum. Other notations are
o 3 A
<7, | ’ ! o [ [ l l 1 1 l l 1 l lm the same as in Fig. 5.

124 126 1.28 1.30 R S 111 15 17,10 21"
Wavelength (1im) 274768710 1214716 187207 22
where whereB,,,, are the CF parameters and
E m
Bnm= PrAnm- (4) Bam=(=1)"Bp —m- (6)

C.m(fi) are one-electron spherical tensors, related to ordi-

Values ofp,, ps, andpg were given in Ref. 53 for all tri- nary spherical harmonicé, (®:¢:) by

positive rare-earth ionsg,, include corrections to thér")
values when the ions are incorporated into solids, as well as Con(F)=[47/(2n+1)TY2Y, (0, &), 7

shielding factors due to the localized nature of tH& 4rbit- here®. and &, are polar coordinates of thigh 41N elec
als. For Dy ions (4f° p,=0.1681,p,=0.4341, andps WV i i : -
=1.0614. The units for all parameter values are given irfrons. In Eﬂ'(Sl’ the sums om ant_:im run over 2, 4, anq 6,
Table VIII. with m=Q,_2,_...., as is appropriate faC, symmetry with

The Hamiltonian for the CF splitting is given as the C, axis chosen as the quantization 2lgy are, in gen-

eral, complex except for thB,y, which are real. In addition,

~ N - we assume that the coordinate system has been rotated about
Her=2n ever m-—nBhm=i=1Cnm(r), ) the C, axis, so thaB,, is real.

C
323130 2928272625 24 232221201918
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FIG. 12. (a) Unpolarized ab-
*F(3)0n~[*Hog+Fop) sorption (°H 15— [®H7o+ °F gy
channely and (b) luminescence
(*F(3)gi— [ Hopot+®F 7)) spec-
tra, as well agc) the CF splitting
scheme of the ®Hjs,, [fHgp
" Nb 9340 +5F5,], and *F(3)g), manifolds
L=, B 9293 of Dy*" ions in ana-KY(WO,),
L L [*Hyppt+ 9260 crystal at~=15 K. Square brackets
' ' +%Fop] 2160 in the spectra indicate the energy-
o A NA.An Maonan.a oo gap splitting between the two low-
9054 est Stark levels of the ground state
H 45/, (11.5 cm'Y) in the (a) spec-
trum and the metastable state
‘F(3)gp, (50 cmiY) in the (b)
spectrum. Other notations are the
same as in Fig. 5.
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! T ®H,5,. Other notations are the
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Equation (5) is diagonalized together with an effective results which can effect the calculated energy levels of the
free-ion Hamiltonian of the form quartet statedF (3)g *1(3)152 and *G(4),,,, However,
in the electron-hole symmetrisn?* (4f°) ion, the compa-
Hiree= 2 s13A sl [ SLIIN[SL], (8) rable electronic configuration, a comparative study between

energy levels obtained from the diagonalization of the entire

vzvsh+elre the sum o SL]J runs over the 1§+Iowegst—energy configuration and the method described here indicates that

L, states(see Fig. 4 and Table Mof Dy"" (4f%). The  the sextet?S*!L, states are least affectétiwe expect in
quantitiesArs;; are called centroids of the multiplet mani- py3+ calculations(Tables VI and VI) that the fitting of the
folds #5*1L ;. By diagonalizing the sums of Eq) and(8),  sextet states will not be significantly improved by diagonal-
we include the major effects of mixing between®s*!L;  izing the entire configuratiorid mixing is more important
states. By not diagonalizing the entird®4electronic con- here, but that the calculated splitting of th&F(3)g,
figuration, we conclude there are truncation errors in our*l(3);s, and *G(4),1, manifolds could be somewhat im-
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0 2 3sn 222160 between the two lowest-energy
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FIG. 15. Unpolarized absorp-
tion spectra (°H;5,—*D(2)3
and ®H,5,—%P¢;, channels and
CF splitting schemes of the

®His2, “D(2)31 and ®Pg, mani-
folds of Dy** ions in (a)

a-KGd(WQ,), crystals at=15 K.
Square brackets in the spectra in-
dicate the energy-gap splitting be-
tween the two lowest-energy Stark
levels of the ground statéH ;.
Other notations are the same as in
Fig. 5.

proved by a full matrix diagonalization. Matrix elements of the calculated lattice-sufd,,,,, and are listed in Table VIII.
the crystal-field HamiltoniarfEq. (7)] are obtained from The final set obtained are listed there as well. Fof Dipns
wave functions associated with the intermediate-coupling diin a-KY(WO,),, the rms deviation is 11 crt; for Dy3* in
agonalization interactions of a free-ion Hamiltonian consist-o-KGd(WO,),, the rms deviation is 10 cit. These values
ing of Coulombic, spin-orbit, and configuration interactions.are comparable to the rms deviation obtained fof Din C,
Parameter values for the free-ion Hamiltonian are those obsites of Y,05 (12 cmi 1).%° Originally experimental levels in
Table VI (levels 60—67 were reported as 22027, 22 040,

tained for L ions in an aqueous solutiSh.

All experimental Stark levels of By activators pre-

22147, 22218, 22239, 22274, 22302, and 22374, and in

sented in Tables VI and VIl are associated with the 15Table VII (levels 60—70 as 22 031, 22 045, 22 133, 22 204,

25t1 ) manifolds in a-KY(WO,), and a-KGd(WQy,),

22267, 22294, and 22 36@ll in cm™Y). These levels were

tungstates. These 73 Stark levels were included in a leastised in the overall fitting of calculated-to-experimental lev-
squares-fitting analysis between the calculated and observeds described. Since those calculations were made, improved
levels. The initial set 0B,,,,, parameters were obtained from data were obtained for these levels that resulted in the minor
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FIG. 16. Unpolarized absorp-
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TABLE V. Observed Stark levels of By ions in monoclinica-KY(WO,), and a-KGd(WQy), tung-
states at=15 K.

25+1; manifold Stark level enerdy(cm™) Number of levels

Theor.  Expt. AEP

(cm™)
a-KY(WO,),
H 15/ 0, 11.5, 137, 198, 273, 326, 420, 512 8 8 512
5H 13 3565, 3584, 3630, 3687, 3724, 3788, 3865 7 7 300
SHi1p 5901, 5929, 5965, 6019, 6080, 6130 6 6 229
[®H g+ CF 110 7696, 7721, 7747, 7758, 7814, 7843, 7868, 11 11 (336
7911, 7944, 8006, 8032
[6Fgpt CH )] 9054, 9098, 9150, 9160, 9199, 9260, 9293, 9 9 (339
9360, 9392
Hs, 10226, 10290, 10475 3 3 249
5F 11037, 11 064, 1119, 11151 4 4 114
5Fc) 12 429, 12 478, 12538 3 3 109
5F a1 13268, 13289 2 2 21
5F ), 13824 1 1 -
“F(3)gr2 20997, 21047, 21135, 21 278, 21 338 5 5 341
41(3) 157 22028, 22 040, 22 134, 22 216, 22 238, 22 274, 8 8 344
22302, 22372
G(M) 11y 23400, 23438, 23470, 23506, 23560, 23 603 6 6 203
[*My1 ot *K (1) 17+ 24858, 24 949, 24 986, 25023, 25122, 25207, 31 23 (1139)
+41(3) 130+ *F(3)75] 25238, 25333, 25344, 25567, 25589, 25 620,
25631, 25665, 25 726, 25 767, 25 809, 25 830,
25850, 25882, 25939, 25959, 25 997
M 1g72 26 3007, 26 317, 26 424, 26 384, 26 452 10 5 152
“D(2)q 27237, 27253 2 2 16
5P, 27307, 27 370, 27 402 3 3 95
1(3)11p 27871, 27890, 27 924, 27 961, 28 004, 28 064 6 6 193
[P+ *M15)0] 28248, 28 342, 28 395, 28 418, 28 4328 493, 12 11 (465)
28503, 28573, 28591, 28 64328 713
a-KGd(WQy),
H 15/ 0, 10.5, 129, 190, 260, 308, 398, 487 8 8 487
5H 135 3556, 3574, 3619, 3673, 3709, 3770, 3840 7 7 284
5H 11/ 5896, 5928, 5960, 6010, 6066, 6112 6 6 216
[®Hg/pt+ ®F 110 7696, 7720, 7747, 7755, 7812, 7840, 7859, 11 11 (321
7907, 7935, 7993, 8017
[6F ot H 7] 9052, 9094, 9143, 9151, 9189, 9251, 9295, 9 9 (326
9345, 9378
Hs), 10222, 10285, 10 460 3 3 238
5F 51 11032, 11056, 11115, 11 145 4 4 113
5Fc), 12 424, 12 471, 12 530 3 3 106
5F 3 13263, 13280 2 2 17
5F ., 13817 1 1 -
4F(3)gr2 20998, 21048, 21134, 21 275, 21 327 5 5 329
41(3)15 22031, 22 043, 22134, 22 215, 22 230, 22 267, 8 8 329
22292, 22 360
4G(4) 11/ 23402, 23440, 23 469, 23502, 23553, 23 595 6 6 193
[*M oyt *K(1) 170+ 24 86T, 24 865, 24 955, 24993, 25024, 25121, 31 24 (1140°)

+41(3) 13+ UF(3)7] 25177, 25234, 25329, 25342, 25568, 25591,
25625, 25 633, 25662, 25 728, 25 767, 25 806,
25827, 25846, 25880, 25 98025 950, 26 001
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TABLE V. (Continued)

25*1; manifold Stark level enerdy(cm™?) Number of levels

Theor. Expt. AEP

(em™
Myo/ 26 296, 26 310G, 26 319* , 26 334, 26 37D, 10 9 164
26387, 26412, 26 441, 26 460

4D(2)35 27261, 27272 2 2 11
Py, 27325, 27376, 27 412 3 3 87
4(3) 110 27875, 27 891, 27 926, 27 960, 28 002, 28 057 6 6 182
[P+ M /5] 28 266, 28 356, 28 404, 28 427, 28 496, 28505, 12 10 (506%)

28573, 28640, 28 700 28 772

@The measurement accuracy-i€.0002 cm®. The Stark-level energies and total splitting of the 25T
manifolds, denoted by an asterisk, require more accurate definition.

bf the Stark levels of the near-lying or overlappifg* 'L, manifolds are not identified, their total splitting
is given in brackets.

changes reported in Tables VI and VII. These changes ar@l hosts having ordered and disordered struct(fe¥.It is
within the error analysis reported in terms of the rms deviawell known that for LR™" ions the intermanifold line strength
tion, and therefore it was not necessary to recalculate thef magnetic-dipolémd) transitions is much less than the line
entire energy level matrix. strength of electric-dipoled transitions £} <s%5,).%58
Using the CF strength parameter Therefore, in radiative intensity calculations the ed approxi-
o ) 5 ) 12 mation is commonly used, and md transitions are only taken
s={32n(U(2n+1)[Bo+ 2% - o(ReBL,+ IMBL ) 15 into account if required. It is desirable on occasion to place
(9 emphasis also on hypersensitive transiti&tf23 In such

where Re refers to the real CF parameter and Im to thétudies of Dy -doped compounds, all these factors should
imaginary CF parameter, we can express a quantitative me&& kept in mind. Up to now, to the best of our knowledge the
sure of the strength of the CF interaction between thé'Dy above-mentioned method has been employed for a lumines-
activator ion and the host lattice. We conclude that the crystsf€Nce intensity determination for only a very few laser crys-
field is approximately twice as strong in our investigatedtals doped with Dy" ions (B-BaYb,Fg, KPh,Cls, and
monoclinic tungstates and in,®;, as reported in LaF CaGaS,).”™ All these materials are low-energy phonon
crystals. This conclusion is also supported by examining th&€rystals and exhibit SE generation aroun@.4 um ([°*Hgy,
magnitudes of the experimental CF splitting of the same lev- "F112l—°His2), =3 um (*Hiz—°Hig,), and ~4.35

els in different host crystals. If the relative goodness of fit is«M (*H1az—°H11) spectral region§** In this paper we

the ratio ofQ (rms) to s, then the calculations for By ions  are interested in the intensity of luminescence intermanifold

in the monoclinic tungstates provide better agreement thaffansitions which originate from théF(3)q, state, and
those obtained earlier for 53"/ in trigona' Lal__3 Crysta|§4 which help in the characterization of visible SE ChanM

and cubic %05 (C, siteg crystals®® Dy** ions in monoclinica-KY(WOy,), and a-KGd(WO,),
crystals. Since the Iluminescence properties of these
laser tungstates are simiffrwe determined the intermani-
V. RADIATIVE INTERMANIEOLD TRANSITION fold radiative ir;tfnsity charqcteristics .only for an
INTENSITIES CALCULATION a-KGd(WQ,),:Dy*" crystal. This calculation, as noted
above in Sec. |, was carried out by the usual method on the
Radiative transition calculations based on the well-knowrbasis of thel-O approact/®®as well as by a method which
Judd-Ofelt (J-O) approach for weak inter-configuration takes into account the influence of excited electronic
interaction&”®® have become widely used for predicting the configuration$®
SE potential of LA* ions in crystals—in particular, such As a basis for this analysis, the experimental data for the
important parameters as intermanifold and inter-Stark lumiintegrated absorption coefficienfd'k;; (N\)d\] are given
nescence branching ratios, as well as radiative lifetitees,  for the 13 intermanifold(°H,5,) —J’ band-areas for which
for example, Ref. 18 and 69, and references ther&hro-  we have measured values from the survey spectrum shown in
nologically, this method was initially used for the investiga- Fig. 17. Two absorption channef# ,5,,—°Hs;, and ®H g/,
tion of inter-Stark transition intensities(EW®® and  —®H,g, are not included in our calculation fit for different
Tm**).”%" Thereupon, during the next decade, this procereasons. The integrated absorption coefficient for the first
dure was actively developed and successfully applied to luehannel is very weak, and for the second intermanifold tran-
minescence intermanifold transition probability calculationssition the band character contains a very large md compo-
of lasing L™ activators in different fluoride and oxide crys- nent. The survey spectrum was obtained using samples con-

125108-15



ALEXANDER A. KAMINSKII et al.

PHYSICAL REVIEW B 65 125108

TABLE VI. Crystal-field splitting of Dy energy levels imx-KY(WO,), single crystal.

d

25*1L ; manifold? Stark Eexpt Ecac Percent free ion manifolfs
leveP (cm™ b (cm™b
5H1s5p0 1 0 3 99.8%H,5/,+0.10%F 1,4+ 0.05%H 5,
(246 2 11.5 25 99.8H 5,1+ 0.12%F 11 ,+ 0.04H 5
3 137 139 99.7PH 5/,+0.20%H 5+ 0.02°F 1
4 198 193 99.PH 150+ 0.225H 15/,+ 0.04%F 11
5 273 280 99.PH 155+ 0.20%H 5,+ 0.03%F 11,
6 326 330 99.9H /»+ 0.06 °H 13+ 0.025H
7 420 406 99.8H /,+0.12%H 15,+ 0.045F ),
8 512 502 99.9H ¢/, +0.06 °H 15,+ 0.035F ;1
5H13p 9 3565 3563 99.8H 5,5+ 0.23%F 1, ,+ 0.13%H 5,
(3709 10 3584 3585 99.8H 15/, 0.17°H 15+ 0.14°F 1
11 3630 3641 99.5H 15,+ 0.555H,,,+0.11%F ),
12 3687 3688 99.8H 15/, 0.38%H;,+ 0.18H 55
13 3724 3717 99.8H 15/, 0.27%H 15+ 0.15%H 55
14 3788 3781 99.8H 15/,+0.31°H,,+ 0.19%H 5,
15 3865 3869 99.6H 15/,+0.185H,,,,+0.08%H 15/,
SH11p 16 5901 5904 99.6H 1,/,+0.535H 5+ 0.26°F 1,1,
(6016 17 5929 5926 98.8H 1/, 0.32%Hg,,+0.31F 1
18 5965 5975 98.9H1/,+0.355H 15+ 0.34°%F ),
19 6019 6012 98.9H11/,+0.355H 155+ 0.33%H ),
20 6080 6073 98.8H11/,+ 0.37%H )+ 0.365H 50
21 6130 6134 99.6H 1/, 0.26°F 11, 0.245H),
5F 1102 22 7696 7673 62.6Hg,+37.1%F;,+0.38%H, )
(7830 23 7721 7713 72.8F 11+ 26.25H g+ 0.42%H ),
SHy, 24 7747 7753 83.8F 11/, 15.45H g+ 0.29%H ),
(7877 25 7758 7779 52.8F 1,,+46.4%Hg,,+0.31°F ),
26 7814 7804 61.8F 1;/,+37.0%H,,+ 0.37°F,
27 7843 7850 56.8Hg,,+42.15F ;,,+0.77°F,
28 7868 7874 55.5F 11+ 43.5%H,,,+ 0.55°F,
29 7911 7915 66.8Hg/,+ 31.55F ,,+0.62°H ),
30 7944 7927 59.8F 11,5+ 39.5%Hg,,+0.395F ),
31 8006 8013 56.8Hq,+41.8%F;,+0.59%H ),
32 8032 8039 57.8F 11,5+ 40.9%Hg,,+0.60%H )
F g 33 9054 9053 54.8F oo+ 44.25H,,+ 0.86°Hy,
(9169 34 9098 9086 59.8F g/,+ 38.6 °H,+ 0.85%H, ),
5H.,, 35 9150 9149 74.8F oo+ 24.5%H,,+0.51%Hy,
(9271 36 9160 9169 85.5F g, 13.6 °H,+ 0.78%Hg),
37 9199 9197 85.8F oo+ 12.9%H,,,+ 0.75%Hy),
38 9260 9260 53.8F g+ 44.8%H;,+0.75%H, ),
39 9293 9304 59.8H,,+38.4%F4;,+0.785Hg),
40 9360 9352 72.9H,,+44.8%F g+ 1.325H),
41 9392 9396 78.8H,,+ 18.3%F o+ 1.825H5),
SHg), 42 10226 10226 94.8H¢,+2.73%H,,+ 1.43°F ),
(10331 43 10290 10289 94.8H . ,+2.47%F;,+1.68%H,,
44 10 475 10475 96.6Hg,+2.275F,,+ 0.74°%H ),
°F.p 45 11037 11 040 97.%F;,+1.23%H,,+ 0.62°H ),
(11064 46 11 064 11071 98.8F ;,+0.55°H g+ 0.225H),
47 11119 11105 97.8F,,+1.54%Hg;,+0.165H,),
48 11151 11156 96.9F ;,+2.61°Hg;+0.715H,,
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TABLE VI. (Continued)

25*1L ; manifold? Stark Eexpt Ecad Percent free ion manifol@s
leveP (cm™b (cm™b
Fsp 49 12 429 12 446 98.6F/,+0.826F 3, 0.30%H5),
(12469 50 12478 12 465 99.%F - ,+0.17%F 5+ 0.15H,,
51 12538 12534 99.6F ¢, +0.66°F,+0.30°H,
5F 3 52 13268 13267 99.6F 5,+0.50%F 1 ,+0.11H4,
(13258 53 13289 13289 98.6F 5,+ 0.86 °Fg/,+ 0.29H,,
5F ), 54 13824 13824 99.6F ,,+0.54%F5,+0.135H,
(13803
“F(3)gp2 55 20997 21023 976 (3)gipt 2.23%1(3) 15+ 0.15%G(4) 11/
(21189 56 21047 21066 97.6F (3)g/p+ 2.33%1(3) 152+ 0.10°G(4) 112
57 21135 21145 98.87(3)g/pt 1.34%1(3) 150+ 0.36°G(4) 11/
58 21278 21240 98.5F (3)gip+ 1.42%1(3) 155+ 0.36*G(4) 11/
59 21338 21321 97.4F (3)g/p+ 2.18%1(3) 150+ 0.41G(4) 112
41(3) 152 60 22028 22011 99.81(3) 155+ 0.80%F (3)gp+ 0.25%G(4)11
(22195 61 22040 22038 98.91(3) 155+ 0.93F(3)gp+ 0.184G(4) 11/
62 22134 22128 974 (3) 155+ 2.32%F(3)g/p+ 0.25%G(4) 11/
63 22216 22207 97.8(3)15/,+ 1.69%F(3)g/p+ 0.40%G(4)11/2
64 22238 22241 97.8(3)15/,+ 1.56*F(3)g/p+ 0.51%G(4) 11/
65 22274 22294 99.41(3) 15+ 0.62%G(4) 11,5+ 0.33%F(3)gp2
66 22302 22316 98.21(3) 150+ 1.32%F(3)gp+ 0.48%G(4)11
67 22372 22387 99.41(3) 45/, 0.72%F(3)g/p+ 0.20%G(4) 11/
4G(4)11p 68 23400 23382 99.5G(4) 112+ 0.73%(3) 152+ 0.04*F (3)gp2
(23489 69 23438 23423 99.8G(4) 112+ 0.70%1(3) 155+ 0.04%F (3)gp2
70 23470 23489 99.4G(4)11/,+0.324F (3) g+ 0.3141(3) 1572
71 23506 23514 99.4G(4)11/,+ 0.514F (3) g+ 0.441(3)1552
72 23560 23563 99.9G(4),1,+0.56%(3)15,+ 0.25%F(3)g2
73 23603 23605 99.6G(4)11/,+0.35%(3) 15+ 0.04%F (3)gp2

Multiplet manifolds of Dy* ions (4f%), 25T1L,; the number in parentheses is the calculated centroid for
the manifold.

PAIl Stark levels have the same symmetry labgl= = 1/2); the point group symmetry for BY ions isC,

in sites ofa-KY(WQ,), crystal(see Table .

CAll levels observed at=15 K are used in a least-squares fitting to the calculated levels. Initial CF param-
eters,B,,, were obtained from lattice-sum calculations.

dseventy-three calculated to observed Stark levels. The rms deviation is 11 By, initial and final values

are given in Table VIII.

®Percent of free-ion mixing ofS*L; manifolds of Dy* ions.

structed as sandwiches composed of three equal thicknessgs:||[U®Y|--+) are the reduced matrix elements of a unit ten-

and Dy*"-ion concentration plane-parallel plates orientedSOr operatot ) of rankt.
a|0ng thea, b, andc axes. In the approximation invo|ving a The approximation of weak interconfiguration intertaction
weak interconfiguration interaction, we assume the energyill be correct only if the energy of the excited configuration
separations of an excited configuration of opposite party tés significantly larger than the manifold energy of the
be identical for each manifold included in the transit?éi®  ground-state configuration. Actually, the manifold energies
In this case, the line strength of an intermanifdleJ’ tran-  of Ln®" ions have the same order of magnitude as the energy
sitions is given by the expression of excited configurations. Thus the conditions for the appli-
cability of weak interconfiguration interaction are seldom re-
Sig,:e22t22’4'6Qt|<4fN[S|_]J”U(t)||4fN[S’L’]‘]’>|2’ (100 alized, and the use of Eq10) should meet with inconsis-
tency. The energy differences will vary between excited
where , are the intensity parameters which reflect theconfigurations and higher-lying manifolds of théMcon-
fundamental coupling of the probabilities of the quantumfiguration relative to the lower-lying manifolds. This effect
ed transitions in absorption and luminescence, andvas taken into account in Ref. 88, where the energy depen-
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TABLE VII. Crystal-field splitting of Dy** energy levels ire-KGd(WO,), single crystal.

25*1L ; manifold? Stark Eexpt Ecad Percent free ion manifol@s
leveP (cm™ b (cm™ b
5H1s5p0 1 0 -3 99.85H 5/p+0.118F ;1 ,+0.055H 5,
(239 2 10.5 17 99.8H 5+ 0.135F 1,5+ 0.04%H 15,
3 129 127 99.8H5,+0.19%H 5+ 0.025F 1 »
4 190 175 99.PH 15+ 0.23%H 5,5+ 0.045F 11,
5 260 268 99.PH 5+ 0.23%H 5,5+ 0.03%F ),
6 308 321 99.9H 1/, +0.045H 15,5+ 0.01°H 4,
7 398 393 99.8H -, +0.13%H 5+ 0.045F ),
8 487 486 99.8H 5/, +0.05%H 5,,+0.035F ;1
5H13p 9 3556 3552 99.8H,5,+0.33%H,,,+0.15°F 1,
(3690 10 3574 3579 99.8H 15+ 0.16%H 5/, + 0.11%F 111,
11 3619 3630 99.5H 15,+0.525H,,,,+0.10%F 11,
12 3673 3678 99.8H 15/,+ 0.36°H,,+0.17H g5
13 3709 3700 99.8H 15/,+0.29%H,,+0.16%H g
14 3770 3763 99.8H 15,4+ 0.33%H,,,+ 0.20%H 55
15 3840 3842 99.8H 15,,+0.19%H,,+ 0.085H 5/
5H11p 16 5896 5896 98.8H ,/,+0.63%H 5,,+0.28%F ),
(6007 17 5928 5928 98.8H ,/,+0.355H,+0.25%F 1,
18 5960 5969 98.9H .+ 0.435Fy,+0.33%F 1),
19 6010 6005 98.9H 1o+ 0.435H 5,,+0.33%F 1),
20 6066 6062 98.8H 11,5+ 0.40%H 5+ 0.355H,,
21 6112 6111 98.8H 1,1+ 0.28° Hg/p+ 0.25%H 5
5F 11 22 7696 7668 55.8H,,+43.5%F 11+ 0.50%H 1)
(7822 23 7720 7712 77.8F 115+ 21.5%Hg,+0.375Hy40
5Hgyn 24 7747 7748 84.9F 11+ 14.6Hg;+0.28%H 4,
(7877 25 7755 7770 65.5F 11/,+34.05H g+ 0.24%H ),
26 7812 7806 53.6Hg,,+45.75F ;1,+0.53%F,
27 7840 7849 67.8Hg,+30.75F 1,,+0.91°F,
28 7859 7874 63.8F 11 ,+35.45H,,+0.54°F ),
29 7907 7908 69.7Hq+ 28.55F 1,,+0.61°%F,
30 7935 7917 57.9F 115+ 41.2%Hg;+ 0.535F ),
31 7993 8003 69.8H,+28.7%F 11+ 0.595F ;)
32 8017 8026 70.8F ;1;,+ 28.1%Hg/,+0.66°H ;)
5F g 33 9052 9050 58.4F g/,+ 40.0°H4,,+0.945H,,
(9158 34 9094 9086 64.8F g/p+ 33.7%H4,,+0.76 °Hs),
®H.) 35 9143 9143 75.8F g/p+ 23.4%H,,,+ 0.66°Hy),
(9268 36 9151 9161 83.6Fg,,+15.75H,,+0.88%Hy,
37 9189 9186 85.8Fg,,+12.95H,,+0.94%H),
38 9251 9252 49.9H,,+ 48.3%Fg/,+ 0.65°H),
39 9295 9300 63.8H,+34.4%F¢/,+0.71%Hg),
40 9345 9341 72.8H,,+25.1%F g+ 1.145H),
41 9378 9381 77.8H,+18.7%F g+ 2.145H;),
Hg), 42 10222 10224 94.8H/,+ 3.04%H,,+1.295F ),
(10323 43 10285 10280 95.%H ¢+ 2.345F,,+ 1.57%H ),
44 10 460 10463 96.9Hg/,+ 2.175F,+ 0.81°%H ),
5F.p 45 11032 11033 97.9F,,+ 1.08%Hg,+0.63%H ),
(11 059 46 11 058 11 066 98.9F ;,+0.52%Hg/+ 0.245H,
47 11115 11 096 97.9F,,+1.64%Hg;,+0.185F ¢,
48 11145 11 156 96.8F,,+2.38%H;,+0.775H),
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TABLE VII. (Continued)

25*+1 ; manifolc? Stark Eexpt Ecad Percent free ion manifol@s
leveP (ecm™ Y (cm™)

Fsp 49 12 424 12 436 98.5F ¢/, +0.94%F 5,4+ 0.285H;),

(12457 50 12 471 12 457 99.%,+0.14%H,,+0.135F;,
51 12530 12531 98.9F/,+0.72%H;,+0.145F ),

5F 3 52 13263 13262 99.9F 3,+0.42°%F ;;,+0.10%H,),

(13251 53 13280 13283 98.9F 5/, +0.94%F,+0.295H),

5F ), 54 13817 13817 99.6F,,+0.51%F5,+0.155H,

(13799

4F(3)gs2 55 20998 21013 97.4F (3)g/pt 2.53%1(3) 15+ 0.11%G(4) 11/

(21183 56 21048 21057 978 (3)gipt 2.42%1(3) 15+ 0.09%G(4) 112
57 21134 21152 98.8F(3)g/p+ 1.40%1(3) 150+ 0.31°G(4)11/2
58 21275 21264 98.9F (3)g/p+ 1.55%1(3) 15+ 0.35%G(4) 11/
59 21327 21314 97.4F (3)g/p+ 2.21%1(3) 15+ 0.43°G(4) 112

41(3)1572 60 22031 22023 99.41(3) 45/, 0.65%F(3)g/p+ 0.224G(4) 11/

(22209 61 22043 22052 98.81 (3)15/,+ 1.01%F(3)g/p+ 0.10%G(4) 11/
62 22134 22133 97.8(3) 155+ 2.49%F(3)g/p+ 0.18%G(4) 11/
63 22215 22213 97.8 (3) 15+ 2.05%F (3)gp+ 0.33%G(4) 11/
64 22230 22259 97.8(3) 15+ 1.69%F(3)g/p+ 0.49%G(4)11/2
65 22267 22313 99.8(3),5,+ 0.42%G(4) 11,5+ 0.25%F (3)gp2
66 22292 22329 98.21(3) 150+ 1.39%F(3)gp+ 0.45%G(4)11
67 22360 22388 99.00(3) 155+ 0.75%F (3)gp+ 0.27*G(4) 112

4G(4)11p 68 23402 23407 99.4G(4) 112+ 0.53%(3) 15+ 0.044F (3)gp2

(23517 69 23440 23440 99.9G(4),1,+0.74%(3) 15+ 0.03%F(3)g2
70 23469 23469 99.8G(4)11/,+0.27*F (3) g+ 0.26%1(3) 1572
71 23502 23500 99.4G(4)11/,+ 0.514F (3) g+ 0.44%1(3)1572
72 23552 23540 99.4G(4),1,+0.04%1(3)15,+ 0.23%F(3)g2
73 23595 23590 99.9G(4)115+0.27%1(3) 15+ 0.04%F(3)g2

Multiplet manifolds of Dy* ions (4f%), 25T1L,; the number in parentheses is the calculated centroid for
the manifold.

bAIl Stark levels have the same symmetry labgl= = 1/2); the point group symmetry for BY ions isC,

in sites ofa-KGd(WQ,), crystal(see Table I\.

CAll observed levels at=15 K are used in a least-squares fitting to the calculated levels. Initial CF parameters
B, Were obtained from lattice-sum calculations.

dSeventy-three calculated to observed Stark levels. The rms deviation is TOByy, initial and final values

are given in Table VIII.

®Percent free-ion mixing of>" 1L ; manifolds of Dy* ions.

dent expression for the line strengths was given as the 4fN configuration, andR; is the additional parameter
with t=2,4,6. The excited configurations with transfer of an
S;(}’:eZEIZZA,GQI[l +2R,(EJ+EJ,—2E}9)] glectrqn from a ligand to #'-shell apd ppposng party con-
< figurations give comparable contributions €&~ and R;.
a; Therefore, values oR,, R,, andRg andQ,, Q,, andQg
" Ola T T 117 |2 can essentially differ from each other. Only in those rare
X[ ISLINU 4 IS L ) cases, when only one of the opposite party configurations
+terms of the odd rank. (11) gives the decisive contribution, can the following simple re-

lation be obtained:

Equation(11) was obtained through an approximation if an @=Ry=R;=Re=1/2. (12
intermediate interconfiguration interaction applies. Ha&te¢  In Eq. (12), A is the energy of the excited configuration.
are the intensity parameters that depend linearly on manifol®nly in these cases is it possible to use the relatidh for
energyE; andEj, , E? is the energy of the gravity center of a determination of the number of parameters in @4).
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TABLE VIII. Crystal-field parameters in units of cnt. strength operator was obtained in Refs. 89 and 90 as
d
I:)n,ma Anmb Bnmic Bnmf,Ad Bnmf,Be S;Jf:ezzr:2,4,69'r[A/A_EJ)+(A/A_EJ’)]2
2,0 —4039 —679 —601 —544 Q@
2,2 —=511 —86 —-16 —-47.9 N 9 " 5
1 1 1
4,0 —382 ~166 ~188 —245 X|(4fNISLIN U@ 4N L 1]
4,2 —1394 —605 —583 —638 +terms of odd rank. (13)
4,2 1m 507 220 271 258
4,4 —1944 —844 —869 —900
4,4 Im 548 238 243 259 ) o _ ) B
6.0 —799 _84.8 —416 _755 In this approximation the intensity paramet€rs depend on
6 2 ~179 ~190 ~179 116 the manifold energies under a more complicated law than a
6 2 1m —169 179 — 405 —343 linear approximation. It is necessary to note that such a
6. 4 86.6 91.9 71.8 75 simple tensor operator form as given in E4.3), can be
6.4 Im —184 —195 —183 —200 possible solely on the condition that only one excited con-
6. 6 159 169 569 43.7 figuration makes the main contribution to the transition line
) ' ' 9
6,6 Im 17.4 185 40.2 616  stengttf

Earlier several investigators were conviné&&® that the
#First number represents; second numbem in parameter terms. influence of terms with tensors of odd ranks becomes notice-

b_attice-sum CF componenf&q. (3)]. able in Egs.(11) and(13) when only doubtful, large values
‘CF parameters obtained from three-parameter thedy;,  of parameters are used to assign their amplitude. For these
= pnAnm [EQ. (4)]; initial parameters used in calculations. reasons we assume that the influence of the terms of odd
%Final set ofB,,, for Dy** in a-KY(WO,),; 73 levels where the rank are insignificant, so that it is possible to use simplified
rms deviation is 11 cm; see Table VI for splitting results. variants of Eqs(11) and(13) for a description of the experi-
®Final set of By, for Dy3' in a-KGd(WQ,),; 73 levels, mental dat2°-2°

where the rms deviation is 10 cifi see Table VII for splitting For a theoretical analysis of our experimental data, we
results. used the usual method mentioned above. The calculation was

made on the basis of theO approach with the use of Eq.
(10), as well as a calculation in the approximation of inter-

With a lowering of the excitation energy, as is the casgnediate interconfiguration interaction, i.e., with use the Eq.
for actinides and occasionally for some lanthanides, the in(12). Intermanifold line strengths are related to the integrated

fluence of excited configurations on different manifolds@Psorption coefficient by the well-known relation
within the ground-state configuration can be so significant

that it should be_ taken into account even in _the first order K33 ()N ={873No\ ,€2/3ch(2+ 1)}
of the perturbation theory. In an approximation of such a
strong interconfiguration interaction, the effective line x{(n~2+ 2)2/9n*}s§?,. (14

6
[*Hon+%F1110]

~
7
3= [Pt
o 4 6 ’
M 512 i
:t 3 15/2][4M + 5F7/2 a“KGd(WO4)2:Dy3+ i
O . 21/2 |
5 + Kzt "
N’ + 13132+ 6H '
o 2 +HFE) p 12 !
S Fin ',
é 1= “Ionsn ] ,‘
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FIG. 17. Unpolarized survey absorption spectra~df at. % Dy " -ion-dopeda-KGd(WQ,), crystals at 300 K. The four parts of the
spectrum were obtained with different thicknesses of the sample. The mid-IR of the spéstiawm by dashed curyevas recorded with
the spectrophotometer Specord 75IR. Also see the explanation in the text.
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TABLE IX. Spectroscopic characteristics determining the intensity of absorption intermafifblg,
—J' band areas and intensity parameters for thé'Digns in a-KGd(WQ,), single crystal at 300 K.

Terminal manifold of absorption Ay n Line strength (10%° cn?)
8H,5,,—J’ channel (em) Syes S SJJ/ggICb
5H11p0 ~1.68 ~2 2.39 2.717 2.740
[®H g+ 8F 110 ~1.29 2.01 17.9 17.892 17.995
[6F g0+ %H ) ~1.1 2.02 2.56 3.286 2.891
5F.), ~0.9 2.03 2.58 1.849 2.243
Fg) ~1.68 2.04 0.9 0.711 1.052
5F 3 ~0.8 2.04 0.21 0.126 0.195
4F(3)gs2 ~0.75 2.08 0.15 0.070 0.136
“1(3)152 ~0.45 2.09 0.26 0.241 0.408
4G(4) 11/ ~0.434 2.11 0.07 0.041 0.048
[*M 10+ *K(3) 172 “1(3) 132 *F (3)772] ~0.426 2.11 1.47 0.811 1.313
Mg ~0.387 2.13 0.17 0.248 0.563
[*D(2)32+ ®Psipt*1(3) 110 ~0.366 2.14 0.76 0.322 0.849
[6Po+ *M 15/ ~0.352 2.14 2.09 1.621 2.155
rms 0.455 0.290

Parameters), (in 10" 2° cn?) andR, (in 10 cm)

0, 15.347 9.878
Q, 3.053 14.631
O 2.006 19.966
R, —0.030
R, 0.039
Rs 0.039

&Calculation fit with the use of Eq10).
bCalculation fit with the use of Eq11).

In Eq. (14), N, is the number of activator ions in cm
(concentration of DY ions), e is the electron chargéy is
Planck’s constant, and™ = (ng+ny,+np)/3 is the averaged
refractive index of the crystalsee Table I at the mean
wavelengthh ,;, of the intermanifold absorptiod—J’ band
area. Values of the line strengths, calculated with the use dbue to a very large energy gap ef7200 cm® between
Egs.(10) and (11), are listed in Table IX. The intensity pa- Stark energy levels of manifold¥(3), and °F,, (the next
rameterd), were obtained by the usual procedure of a mini-lower manifold on the energy scale; see Fig, dnd the
mization of the sum of the squared differences between exprobability of a multiphonon nonradiative channel of
perimental 6,5, &) and calculated %y, 250 line  *F(3)gp~>°Fy, we can assume with confidence that
strengths 3 ;,(s;5, ggp_su,, §g|c)2 for 13 absorption W,;y=~0. In this case the radiative and luminescence decay
®H,5,—J’ band areas. Both experimental and calculated retimes of this initial laser state will be equal:
sults together with the rms error of this fitting are presented
in Table IX. Trad= Tium= 12 3 A5, . 17)
Knowing the(); parameters and the corresponding values o ) _
of (---|U®]|---) (from Ref. 65, we calculated the spontane- All these calculated Cha_ract_enstlcs are summarized in Ta_ble
ous probability for all luminescencg—J’ transitions that X. By way of example, in Fig. 18 we show the survey ori-

ability EJ,A‘j‘g, and the intermanifold branching ratios, de-
fined as

Byy=ASSI3 A%, . (16)

originate from the*F(3)q, State as entational luminescence spe_ctréF(_S)g_,z—J’ for an
a-KGd(WQ,),:Dy*" crystal, with an indication of the in-
A‘j‘j,=647r4e2/{3h(2J+1))\533:}[n‘(n‘2+2)2]/9 termanifold branching ratios only for several of the most
intense bands. The averaged values of experimental branch-
XS =246 (4FNSLIIUO[4FN[S'L 137)|%]. ing ratios35y for both tungstates are presented in this table

(15 @S well. It is evident that these luminescence parameters,

much like other spectroscopic characteristics of these crys-

The results obtained are given in Table IX. These data pettals, are very similar. Figure 19 shows the temperature evo-
mitted us to determine the total spontaneous emission proliution of the luminescence decay from Stark levels of the
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TABLE X. Spectroscopic characteristics determining the intensity of luminescence intermanifold trarfd®{@)g,—J’ of Dy*" ions
in monoclinic a-KGd(WGQ,), and a-KY(WOQO,), single crystals at 300 K.

Terminal state Ay AJegl Tf:('fl Tﬁjan; Intermanifold branching rati6s
of ~ s~ s~
A (3)gy )" (hm © W ke a-KGA(WO,), a-KY(WO,),
channel a b a b ,333“:6 ?qu)t ?E‘?td
a b
5H 1500 ~0.47 556 875 0.089 0.140 =~0.17 ~0.155
5H 137 ~0.57 4025 3888 0.644 0.622 =~0.69 ~0.70
5H11p ~0.67 456 412 0.073 0.064 =~0.065 ~0.073
[®Hgpt+ F 1150 ~0.76 850 725 0.136 0.116 ~0.045 ~0.047
[6F g+ SH ] ~0.85 212 212 160 160 175 0.034 0.034 =~0.02 ~0.015
5H,), ~0.93 13 19 0.002 0.003 ~0.0025 ~0.002
5k, ~1.01 87 81 0.014 0.013 ~0.005 ~0.006
5F5) ~1.17 51 38 0.008 0.006 =~0.0023 ~0.0016
5F a1 ~1.29 0 0 0.000 0.000 =~0.0001 ~0.0003
5F 1 ~1.39 0 0 0.000 0.000 ~0.0001 ~0.0001

&Calculated value from Eq10).

bCalculated value from Eq11).

“The accuracy of the determination of averaged vaﬂﬁégtfor the first five luminescence band areas is no better than 10%. As regards other
weak near-IR luminescence bands, the accuracy of the measurements was much worse.

9The measured values Jj’,’t for the a-KY(WO,),:Dy*" are added for comparison. A similar calculation of g, ratios for the heavy
doped crystak-KY ¢ Dy, 1(WO,), shows that about 98% of the emitted density also accounts for first five luminescence bari®efeas
44),

metastable statéF(3)o, of Dy*" ions, and confirms the
spectroscopic similarity of investigated monoclinic tung- 10°
states as well. Therefore, we conclude that the determined 3
intensity parameters (), (see Table IX for the
a-KGd(WQ,),:Dy*" crystal can be used to estimate the
corresponding spectroscopic characteristics of Dipns in 10

[T® [ tums
300 =175
=155

other crystals of this tungstate family, in particular @
a-KY(WO,),, as well asa-KDy(WO,), (Refs. 33 and 44 g
and a-KLu(WO,),.5834 |t should be emphasized here S 102
s L
<
2
61"{13%9 a-KGd(WO,),:Dy*" R
wAr Pt F3on—>' §
3= R=!
§ 3
S 3F £
S op Fsin 5
~ 6 "2 6p,, SF 3
© 5/2 32 12 x50 =}
8oL R=
S [*For+*Hyp) g
8 Pu=0.01 Fin *Fsn —
Q L SH —/A\————N‘\——-:-AM_— x10
=1 152
é Bry=0.20 ., HonsFund
5 Biya0s Pir=00d
— ok
1 1 I 1 1 1
0.4 0.6 0.8 1.0 12 1.4 | |
Wavelength (pm) 0 200 400 600 800
Decay time (us)
FIG. 18. Survey orientational luminescence Spect(lﬂﬁ'(3)9/2
—J' intermanifold transitions, along theaxis) of Dy** ions in an FIG. 19. Temperature evolution of the luminescence decay-time
a-KGd(WOy,), crystal at 300 K. The values of the corresponding for the metastable statéF(3)g, of ~0.1 at% Dy *-ions doped
branching ratios 8;,) are given for five channels. into a-KY(WO,), and a-KGd(WQ,), crystals.
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FIG. 20. Fragment of a schematic low-temperature experimental
setup for the visible pulsed laser action with monoclinic crystals
a-KR(WQ,),:Dy*": (1) tubular glass cryostat(2) styroform
packing,(3) glass tube(4) gutta-percha connection, aiff) metal

Liquid
D}'Y nitrogen I~
helium vapors  Tubular glass :
gas 3 cryostat with T 12345 <::-I(Y(WO4)2:Dy3+
N J laser crystal L along b-axis
A L5k .
-_—t—— = = 5 F3)02—>Hizn
o - !“L’\] HR o Ase=0.5737 pm
at Asg I I Iuminated 3 |atAse 5 T=110K
Xe-flashlamp chamber 5 1.0
I 50 cm 1 g‘
o
e
2
3

conical holder; for other explanations, see the text. ol | l

[ 50 100 150 200 250
that other lasing L%" ions in these crystals behave in an Electric pump energy (J)
Zgafgogrsldwfgsee Table |, as well as Refs. 13, 18, 41-43, FIG. 22. Dependences of the laser output energy on the electric

Id b di . . fi di energy delivered to pump the Xe flashlamp of the
As wou e expected In an approximation of interme I'oz-KY(WO4)2:Dy3* laser for two concentrations of activator ions.

ate' ir?tergonfigurat.ion i_nteraction, the accuracy of the deCD ~3.0at. %(open circley and Cp,~1.0 at. %(filled circles. »
scription is essentially improved. The additional parametergs the total efficiency(the ratio of the output laser energy to the
Rz, R4, and R, obtained during the fitting to the experi- electric pump energy

ment data, differ appreciably from each other. This fact indi-

cates that some e_XC|ted electronic conflguratlons_ _make g assumptions. Among these are some which practically
important contribution, and that under these conditions, the oo, agree with the real spectral properties of

use of an approximation of strong interconfiguration interac n®*-ion-doped crystals. From this it follows that the popu-

gg?adoes not improve the description of the expenmentatmon of Stark levels of the initial manifold of tha—J’

L " . . channel should be the same, and that the probabilities of all
Before considering SE transitions (,)f, By ions in inter-Stark ed transitions should be equal. For example, in
a-KY(WO,), anda-KGd(WO), crystals, itis necessary 10 o case of the execution of these conditionslipg(t) de-
comment l_:)riefly on the_ir Iu_minescer_me decay dependenc%ndences in Fig. 19 could be the same for the indicated
um(1), .Wh'Ch IS sr_\own in Fig. 19. It is well known tha_t the temperatures for each crystal. However, the observed tem-
theoretical essentigls®® of the method of ed intermanifold

) . , - }Perature evolutions of the luminescence decay incontestably
spectral intensity calculations are based on several simplifyf, jicates that the probability of inter-Stark transitions from

the first level and the four other levels lying above this level
of the “F(3),, State of Dy " ions are noticeably different in

125 b= , the monoclinic tungstates a-KY(WQ,), and
wKY(WOQDy™ a-KGd(WOy),. Such behawor_s of the obse_zrved depen-
along beaxis dences can be explained by a simple expression for the total

100} Cpy~3.0 at% spontaneous transition probability from a givetm Stark

level, taking into account other nearbi levels, so that

*F®onHian
Aee0.5737 pm

Asi={%A exd — AE(*F(3)g) KT}
{Siexd — AE;(*F(3)gp)/kTI}, (18

Laser threshold (J)

where exp—AE;(*F(3)y2)/kT] is the Boltzmann factor
which characterizes th¢h level population; herAE; is the
energy gap between thi¢h level and the lowestthe firs)
Stark level of the*F(3)g, manifold. As follows from this
formula, 7, (or 7,59 Will be reduced, if the total spontane-
ous probabilityAy; is larger for the higher lying levels than

o P o B N for the first (= 1) level. The lifetime will be increased if the
100 125 150 175 200 ratio of theAy; values for these Stark levels is opposite. As is
Temperature (K) apparent from Fig. 19, the last case agrees exactly with the

observed temperature evolution of luminescence decay from
FIG. 21. Dependence of the laser threshold energy on temperdhe metastable'F(3),,, state of Dy" ions in these tung-
ture for a-KY(WO,),:Dy** (Cp,=3.0 at. %) laser. states.
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TABLE XI. Laser parameters and properties for 3yions in monoclinic a-KY(WO,), and
a-KGd(WQy,), single crystals.

Crystal Cpy° SE channel T A€ Emd  Eem®  Avgm oSt

(orientation? (at. % K  (wm) D (mYH emH (10 Pcrd)

a-KY(WO,),*? ~1.0 “F(3)gp—°Hy3, =~110 05737 15 =~3565 =~1.5 535

(along theb axis) ~180 110 ~5 13+6
~3.0 ~110 15 ~1.5 53+5

~210 120 ~7 9+7

~1.0 “F(3)gp—°Hiy, ~110 0.6637 120 ~5929 =~2 1.1+0.5
~3.0 ~110 55 ~2.5

a- KGd(WO4)2 ~1.0 4F(3)9/2—>6H 13/2 ~110 0.5734 25 =~3565 ~1.5 53+8

(along theb axis) ~150 100 ~4 19+6

&The direction of the laser axis of the crystalline rod.

®Concentration of DY ions in the melt. The segregation coefficient for’Dyions in monoclinic tungstates
a-KR(WOy,), is very close to unity.

°\ s is the wavelength; the measurement accuracyGs0003 um.

“Threshold energy in joules.

®Eerm is the laser terminal Stark level.

fCalculated value for the cross section.

9For this crystal we give improved experimental data.

1 23456 7891011121314
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a-KY(WO4),:Dy>*
0.2

T

along c-axis

a

1.0
laser line

0.8

“B3)0n—"Hisn

0.6
along b-axis

0.4

0.2

Luminescence (arb. units)

0.6
04}

along a-axis

0.2

1 I
0.57 0.58 0.59

Wavelength (Lim)

0.56

FIG. 24. Orientational luminescence spedtf& (3)g,— °H1z/2
laser channglof Dy*" ions in ana-KY(WO,), crystal at(a) 300
K and (b) ~15 K. The numeration of lines in spectruth) is the
same as in Fig. 23.

Therefore, results obtained for calculateg® by the use of

Egs.(10) and(11) and measured; " values given in Table X

PHYSICAL REVIEW B5 125108

VI. STIMULATED EMISSION PROPERTIES

In our SE investigations of DY -activator ions in
a-KY(WO,), and a-KGd(WOy,), tungstates, that involved
pulsed free-running mode laser action in the “yellow”
(*F(3)g/7—°H13) and “red” (*F(3)g;,—°H11/) channels,
we excited fairly weak absorption bands observed between
~0.38 and~0.47 um in order to avoid undesirable color
center formation. We used filtered emission from a Xe
flashlamp of ISP-250 typer{,~100us) in an illuminating
chamber of elliptical cross section with Ag-coated inner re-
flected surfaces. Figure 20 shows how the crystalline lasing
rod was centrally positioned inside a tubular glass made from
a ZhS-15 type glass that is transparent fref®.36 um cry-
ostat, where the temperature could be lowereg1d0 K by
flowing liquid-nitrogen vapor. We used a confocal optical
cavity that consisted of changeable spheriga+ 500 mm)
multilayer dielectric mirrors with =0.5% transmission,
which ensured a higl factor at SE wavelengths. The spec-
tral composition of the laser action achieved in the visible of
Dy**-ion-doped monoclinic tungstates was measured with a
grating monochromator of MDR-3 type. We also used an
oscillographic recording system equipped with an avalanche
Si photodiode. The thresholgy, and output energies of the
observed visible SE were evaluated with the same experi-
mental technique. For the “yellow” SE transition of
a-KY(WO,),:Dy*" crystals, in Figs. 21 and 22 we show
the dependences of laser threshold on temperature and laser
output energy on electric energy delivered to the Xe-
flashlamp pump, respectively. Selected results of these mea-
surements for both crystals are listed in Table XI.

Under these nonoptimal pumping conditions, we obtained

should be compared only with regard to the above-pulsed SE only at cryogenic temperatures on our crystals that

mentioned consideration.

laser line 13

contained relatively small DY -ion concentrations. Results

14 15 16171819 20

21047

20997

FIG. 25. Orientational lumi-
nescence spectrum(“F(3)9/2
—®H ., laser channel, along the
b axig). (b) Unpolarized absorp-
tion spectrum §H;5,—%Hq 1))
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6139 2nd CF splitting of thé'F (3)gyn

6080 ,
soro ®H 15/, and ®Hyy, manifolds of

Dy®* ions in ana-KY(WO,),

5965 crystal at~15 K. The thick ar-

5929 row in the energy scheme indi-

cates the transition at which laser
action was obtained. Other nota-
tions are the same as in Figs. 5
and 6.
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Dy3+
6
*Foor
0.57
0.66 &
1-*Hi3oHisn (p-Ba(Y,E)oFs, 77 K, Xe) 011 _ FIG. 26. SE channels of By
6 (3-BaYb,Fy, LaF;, 300 K, laser)  [92,93] ions in insulating laser crystals are
6Fuz ] ) given along with the crystal
sIF:” 2-*Hyp> Hisn (LiYF;, CaGasSs, 300 K, laser)  [85,86,94,95] names and the working tempera-
5/2 . .
Frrz 3+ PHon+ °F112l>"Hign (CaGaSy, KPbyCls, 300 K, laser) [85,86,95] ture and excitation methodXe
6 . denotes the flashlamp pumping,
[6F9/2+6H://§] 4-[6H9/2+ 6F”/2]—> Hjs2 (CaGaySy, 300 K, laser) [85] and laser pumping by laser emis-
6 4 3 ion). her notation re th
(*Hon+Fiin) 1 5 - *For9n-"Hizn (@KY(WOg),, 0-KGd(WOy);,  [16 and sion). Other notations are the
243, ~210 K, Xe) present same as in Fig. 1.
*Hin $— 6= Fope-"Hup (@KY(WOg), ~1S0K,Xe) ~ Paper]
| 1.4 | 435
6
Hizn T o
3
Hisn ‘L

of the identification of observed low-threshold “yellow” la- dex of the crystal at the SE wavelengthg, B is the ori-
ser emission(“F(3)g;—°Hig, channel for these two entational inter-Stark luminescence branching ratio, karid
monoclinic tungstates are presented in Fig. 23. Here agaifihe same Boltzmann factor as we used in Bd). For de-
as in Fig. 6 we show luminescence spectra of these crystajg;mining B values, we used the measured intermanifold

also recorded along theeaxis which give more informative yranching ratios which are given in Table X. The relation
pictures for a vision of a maximal possible number of peakgyanyeen these branching ratios is given as

that explains all inter-Stark transitions atl5 K from the

two lowest levels of metastable stat€&(3)y,. The set of

luminescence spectra recorded along three main crystallo- Bi=13., .3 B (21)
graphic axes, in particular, along theaxis which corre- s Sab. e P

sponds to the laser direction exactly, can be found in Fig. 24.

The identification of the “red” SE(*F(3)¢—°Hi1 chan-  The values of7 ratios andp{™™ coefficients, as well as

3 - A ]
ne)) for ana-KY(WO,),:Dy" crystal is also shown in Fig. jyminescence linewidtha vum required for the calculation

25. As we see from Figs. 23 and 25, all excited SE transitiongs e peak cross sections at the SE wavelengths, have been

originate from the lowest Stark level of tH& (3)y; state. A eytracted by a decomposition of the corresponding orienta-
detailed analysis of the intensity characteristics of these Iugonal intermanifold luminescence spectra. One of them, for
minescence channels shows that at other orientations of theéﬁample is shown in Fig. 24. Results from the calculation of

crystals SE can also be available at wavelengths of the othey peak cross sections® ;. for the visible SE at wave-
inter-Stark transitions. | o)

. . _ .. lengths of two lasing intermanifold channels are presented in
Due to a noticeable overlapping of the strongest lines Wlth]—

, . { . able XI for *F(3 5H and *F(3 5H of
their neighbors in the luminescence channé(3),, Dy** ions in m(orzg/(zsmic lt?jzhgstatesnfK)\S(N(ZV_V>O4)121/2and

—°®H 3, and *F(3)g,—°Hyyp2 (Se€ Figs. 6 and)7at wave-  4-KGd(WO,),.
lengths for which we have excited SE at a temperature inter-
val from ~110 to~210 K (see Table X), we have estimated

the values of eﬁectiveo(‘;fij) and peak ¢t ;;) cross sections VII. CONCLUSION
for the wavelength of inter-Stark laser transitions by the for- ' . . tungstates-KY(WO,), and a-KGd(WO,),
mula . : .
were grown doped with DY ions. We carried out a com-
ef _ _p . .. pimim_p plex characterization of their crystallographic, optical, and
oci=0b+2 G Oaimim s 19 ) e . ) .
eli = Tei T =mim G Pij e imim (19 stimulated-emission properties. Based on these investiga-
where tions, we consider the By ion to be a promising activator

~ in crystals for “yellow” “F(3)gp—°Hi3, and “red”
8= NeeBi 4N T2 A Vi Trag 4F(3)9,2—>6H§;1,2 lasing. Our experiments extend the laser
(22 2,-2 oy h. _ potential of Dy doped crystals. It is now possible to excite
(ASEM.'W. N Avum) (B2 b madbi). (20 SE on six intermanifold #°-4f° channelgFig. 26) in a rela-
Egs.(19) and(20), p;"™ is the coefficient characterizing the tively wide spectral range from=0.57 to ~4.35 um. It is
overlap of the neighboring lines of thg— |, transition and beyond all shadow of a doubt that other SE channels will
the line of a given SE inter-Stark transitior-j; Avy,,is  soon be discovered in crystals with Dyions. These chan-
the luminescence linewidtim ™~ is the average refractive in- nels will involve both visible and mid-IR spectral regions.

125108-26



OPTICAL SPECTROSCOPY AND VISIBLE STIMULATED . . . PHYSICAL REVIEW B5 125108

ACKNOWLEDGMENTS H. Chyba for their participation in making optical measure-

The Russian authors gratefully acknowledge partial finanMents and for fruitful discussions. The work at San Jose
cial support from the Russian Foundation for Basic Re-State University was supported by the Institute for Modern
search, as well as the State Scientific Programs “Fundamer{ptics. The work at Hampton University was supported by
tal Metrology” and “Fundamental Spectroscopy.” We wish NASA through Grant No. NCC-1-251, where J. C. Barnes
to acknowledge here P. V. Klevtsov, who made a significantendered perceptible assistance. All the authors agree that the
contribution during at the initial stages of the investigationsinvestigations were considerably aided thanks to the coop-
of the a-KR(WOQ,), monoclinic tungstates. We also wish to eration of the Joint Open Laboratory for Laser Crystals and
thank J. Hanuza, A. V. Butashin, A. F. Konstantinova, and T.Precise Laser Systems.

*Email address: kaminalex@mail.ru published by A. V. Kuleshov, A. A. Lagatsky, A. V. Podlipensky,
TEmail address: jbgruber@email.sjsu.edu V. P. Mikhailov, and G. Huber, Opt. LetR2, 1317(1997.
*Email address: ueda@ils.uec.ac.jp A, A. Kaminskii and A. A. Pavlyuk, Neorgan. MatdRussia 31,
IA. A. Kaminskii, P. V. Klevtsov, and A. A. Pavlyuk, Phys. Status 1500(1995.
Solidi A 5, K79 (1971). 15A. A. Kaminskii, L. Li, A. V. Butashin, V. S. Mironov, A. A.
2A. A. Kaminskii, P. V. Klevtsov, L. Li, and A. A. Pavlyuk, IEEE Pavlyuk, S. N. Bagayev, and K. Ueda, Jpn. J. Appl. PI3g.
J. Quantum Electror8, 457 (1971). LI07 (1997).

3A. A. Kaminskii, A. A. Pavlyuk, P. V. Klevtsov, I. F. Balashov, V. 16A. Kaminskii, U. Hommerich, D. Temple, J. T. Seo, K. Ueda, S.
A. Berenberg, S. E. Sarkisov, V. A. Fedorov, M. A. Petrov, and  Bagayev, and A. Pavlyuk, Jpn. J. Appl. Ph@$, L208 (2000.
V. V. Lyubchenko, Izv. Akad. Nauk SSSR, Neorgan. Mafed,  17A. Pavlyuk, L. Kozeeva, K. Fomin, V. Gladyshev, V. Gulyanov, V.
582 (1977). Pivtsov, and A. Kaminskii, l1zv. Akad. Nauk SSSR, Neorgan.
4A. A. Kaminskii, A. A. Pavlyuk, I. F. Balashov, V. A. Berenberg, Mater. 19, 848 (1983.
V. V. Lyubchenko, V. A. Fedorov, T. |. Butaeva, and L. |. Bobo- A A. Kaminskii, Crystalline Lasers: Physical Processes and Op-
vich, lzv. Akad. Nauk SSSR Neorgan. Matet3, 1541 erating Scheme@CRC Press, Boca Raton, FL, 1996

(1977. 19M. J. WeberHandbook of Laser WavelengttGRC Press, Boca
SA. A. Kaminskii, A. A. Pavlyuk, I. F. Balashoyv, V. A. Berenberg, Raton, FL, 200D

V. V. Lyubchenko, V. A. Fedorov, T. |. Butaeva, and L. I. Bobo- 20A. A. Kaminskii, A. |. Bodretsova, A. G. Petrosyan, and A. A.

vich, lzv. Akad. Nauk SSSR, Neorgan. Matetd, 2256 Pavlyuk, Sov. J. Quantum Electrob3, 975 (1983.

(1978. 2IA. A. Mak, V. O. Fromzel, and A. O. Shcherbakov, Izv. Akad.
6A. A. Kaminskii, A. A. Pavlyuk, N. R. Agamalyan, L. |. Bobov- Nauk SSSR, Fiz48, 1466(1984.

ich, A. V. Lukin, and V. V. Lyubchenko, Izv. Akad. Nauk SSSR, 22p. A. Kaminskii, H. R. Verdun, W. Koechner, F. A. Kuznetsov,

Neorgan. Materl5, 1496(1979. and A. A. Pavlyuk, Kvant. Electron(Moscow 9, 941 (1992
"A. A. Kaminskii, A. A. Pavlyuk, T. I. Butaeva, L. |. Bobovich, [Sov. J. Quantum Electro22, 875(1992].

and V. V. Lyubchenko, Izv. Akad. Nauk SSSR, Neorgan. Mater.?®K. Kushawaha, A. Banerjee, and L. Major, Appl. Phys. B: Pho-

15, 541(1979. tophys. Laser Cheng6, 239 (1993.
8A. A. Kaminskii, A. A. Pavlyuk, N. R. Agamalyan, S. E. Sarkisov, 243. M. Esmeria, H. Ishii, M. Sato, and H. Ito, Opt. Le2D, 1538
L. I. Bobovich, A. V. Lukin, and V. V. Lyubchenko, Izv. Akad. (1995.
Nauk SSSR, Neorgan. Matels, 2092(1979. 25, Major, Y. Chen, Y. Yan, K. Sentrayan, and V. Kushawaha, in
9A. A. Kaminskii, A. A. Pavlyuk, Ch. Ngok, L. I. Bobovich, V. A. Proceedings of the International Conferenc¢STS Press,
Fedorov, and V. V. Lyubchenko, Dokl. Akad. Nauk SS3&5 McLean, VA, 1996, p. 851.
575(1979 [Sov. Phys. Dokl24, 201 (1979]. 260. Musset and J. P. Boquillon, iAdvanced Solid State Lasers

10a, A. Kaminskii, A. G. Petrosyan, V. A. Fedorov, S. E. Sarkisov, (OSA, Washington, DC, 1997Vol. 10, p. 300.
V. V. Ryabchenkov, A. A. Pavlyuk, V. V. Lyubchenko, and I. V. 2’A. A. Demidovich, A. P. Shkadarevich, M. B. Danailov, P. Apai,

Mochalov, Dokl. Akad. Nauk SSSR60, 64 (1981) [Sov. Phys. T. Gasmi, V. P. Gribkovskii, A. N. Kuzmin, G. |. Ryabstev, and

Dokl. 26, 846(1981)]. L. E. Batay, Appl. Phys. B: Photophys. Laser Che#7, 11
A, A. Kaminskii, A. A. Pavlyuk, A. I. Polyakova, and V. V. Ly- (1998.

ubchenko, Dokl. Akad. Nauk SSSE68, 856(1983 [Sov. Phys. 28¢ Brunner, G. J. Spuhler, J. Aus der Au, L. Krainer, F. Morier-

Dokl. 28, 154 (1983]. Genoud, R. Paschotta, N. Lichtenstein, S. Weiss, C. Harder, A.
2a. A. Kaminskii, S. N. Bagayev, and A. A. Pavlyuk, Phys. Status  A. Lagatsky, A. Abdolvand, N. V. Kuleshov, and U. Keller, Opt.

Solidi A 151, K53 (1995. Lett. 25, 1119(2000.

13The laser action of Yb ions in a-KY(WO,), and 2°A. M. Ivanyuk, P. A. Shachverdov, V. D. Belyev, M. A. Ter-
a-KGd(WOQ,), was reported during the International Sympo-  Pogosyan, and V. L. Ermolaev, Opt. Spectros, 950 (1985
sium on Modern Problem of Laser Physi@sovosibirsk, Sep- [Opt. Spectrosc(USSR 58, 589 (1985].
tember 1995by A. A. Kaminskii (unpublished and also as his  3°K. Andryunas, Yu. Vishchakas, V. Kabelka, I. V. Mochalov, A. A.
oral comments during International Conference Euro/CLEO-97 Pavlyuk, G. T. Petrovskii, and V. Syrus, Zh. Eksp. Teor. Fiz.
(Humburg. The first paper on laser action of these crystals was Pis’'ma42, 33 (1985 [Sov. Phys. JETE2, 410(1985)].

125108-27



ALEXANDER A. KAMINSKII et al.

8LA. A. Kaminskii, Kvant. Elektron(Moscow 20, 532 (1993.
32K. A. Stankov and G. Marawsky, Appl. Phys. B: Photophys. La-
ser Chem61, 213(1995.

333, T. Murray, R. C. Powell, and N. Peyghambarian, J. Lumin.

66-67, 89 (1996.

34A. A. Kaminskii, K. Ueda, H. J. Eichler, J. Findeisen, S. N.
Bagayev, F. A. Kuznetsov, A. A. Pavlyuk, G. Boulon, and F.
Bourgeois, Jpn. J. Appl. Phy87, L923 (1998.

PHYSICAL REVIEW B 65 125108

%6A. A. Kaminskii, C. L. McCray, H. R. Lee, S. W. Lee, D. A.
Temple, T. H. Chyba, W. D. Marsh, J. C. Barnes, A. N. An-
nanenkov, V. D. Legun, H. J. Eichler, G. M. A. Gad, and K.
Ueda, Opt. Communl83 277 (2000.

57V. A. Berenberg, S. N. Karpukhin, and I. V. Mochalov, Sov. J.
Quantum Electronl7, 1178(1987.

%8|nternational Tables for Crystallographydited by T. HaniRe-
idel, Dordrecht, 1992 \Vol. A.

35J. Findeisen, H. J. Eichler, and A. A. Kaminskii, IEEE J. QuantumsgN. Karayianis, J. Chem. Phy86, 3734 (1972, and references

Electron.35, 173(1999.

36A. A. Lagatsky, A. Abdolvand, and N. V. Kuleshov, Opt. Le26,
616 (2000.

S7A. A. Kaminskii, N. S. Ustimenko, A. V. Gulin, S. N. Bagaev, and
A. A. Pavlyuk, Dokl. Akad. Nauk359, 179 (1998 [Sov. Phys.
JETP43, 148(1998)].

38A. A. Kaminskii, P. V. Klevtsov, L. Li, and A. A. Pavlyuk, Izv.
Akad. Nauk SSSR, Neorgan. Matéd2, 2153(1972.

39A. A. Kaminskii, S. E. Sarkisov, A. A. Pavlyuk, and V. V. Lyub-
chenko, Izv. Akad. Nauk SSSR, Neorgan. Mald;. 720(1980.

4OA. A. Kaminskii, N. R. Agamalyan, A. A. Pavlyuk, L. I. Bobovih,

and V. V. Lyubchenko, Izv. Akad. Nauk SSSR, Neorgan. Mater.

19, 982(1983.

413, 3. Wang, X. Z. You, and A. B. Dai, Chinese J. of Chdf).289
(1992.

42y, Huang, Z. Luo, and G. Wang, Opt. Comm88, 42 (1992.

4BA. A. Kaminskii, L. Li, A. V. Butashin, V. S. Mironov, A. A.
Pavlyuk, S. N. Bagayev, and K. Ueda, Opt. Relapan 4, 309
(1997.

441, Macalik, J. Hanuza, B. Macalik, W. Ryba-Romanowski, S.
Golab, and A. Pietraszko, J. Lumini9, 9 (1998.

“N. V. Kuleshov, A. A. Lagatsky, A. V. Podlipensky, V. P.
Mikhailov, A. A. Kornienko, E. B. Dunina, S. Hartung, and G.
Huber, J. Opt. Soc. Am. B5, 1205(1998.

48F. Bourgeois, A. Brenier, G. Metrat, N. Muhlstein, and G. Boulon,
Eur. Phys. J. 46, 155(1999.

4"M. C. Pujol, M. Rico, C. Zaldo, R. Sole, V. Nikolov, X. Solans,
M. Aguilo, and F. Diaz, Appl. Phys. B: Photophys. Laser Chem.
68, 187(1999.

48¢C. zaldo, M. Rico, C. Cascales, M. C. Pujol, J. Massons, M.

Auguilo, F. Diaz, and P. Porcher, J. Phys.: Condens. Mater
8531(2000.

“SM. A. Elyashevich,Spectra of Rare Earth§Gosttekhteorizdat,
Moscow 1953, also see, the translation USEAC, AEC-tr-4403,
Office of Technical Information, Department of Commerce,
Washington, DC, 1961.

50G. H. Dieke, Spectra and Energy Levels of Rare Earth lons in
Crystals(Wiley, New York 1968.

51C. A. Morrison and R. P. Leavitt, ilandbook on the Physics and
Chemistry of Rare-Earthsedited by K. A. Gschneider and L.
Eyring (North-Holland, Amsterdam, 1982\ol. 5, p. 461.

523, L. Fray, H. H. Caspers, H. E. Rast, and S. A. Miller, J. Chem.

Phys.48, 2342(1968.

53C. A. Morrison and R. P. Leavitt, J. Chem. Phy4, 2366(1979.

54p. V. Klevtsov and L. P. Kozeeva, Sov. Phys. DokB, 185
(1969.

55A. A. Kaminskii, A. F. Konstantinova, A. V. Butashin, and A. A.
Pavlyuk, Kristallographiyat6, 722 (2001 [Sov. Phys. Crystal-
logr. 46, 665 (2001)].

therein.

80p V. Klevtsov, L. P. Kozeeva, and A. A. Pavlyuk, Sov. Phys.
Crystallogr.20, 732(1976.

61S. Fraga, K. M. Saxema, and J. Karwowski,Rhysical Science
Data: 5. Handbook of Atomic DatéElsevier, New York 1976

2p_ C. Schmidt, A. Weis, and T. P. Das, Phys. Revi® 5525
(1979.

83C. A. Morrison, R. P. Leavitt, and D. E. Wortman, J. Chem. Phys.
73, 2580(1980.

643. B. Gruber, B. Zandi, and M. F. Reid, Phys. Rev6® 15 643
(1999.

85w, T. Carnall, P. R. Fields, and K. Rajnak, J. Chem. Plg;.
4412(1968); 49, 4424(1968; 49, 4443(1968; 49, 4450(1968.

%N. C. Chang, J. B. Gruber, R. P. Leavitt, and C. A. Morrison, J.
Chem. Phys76, 3877(1982.

7B. R. Jadd, Phys. Re27, 750(1962.

88G. S. Offelt, J. Chem. Phy&7, 511 (1962.

%9R. D. Peacock, Struct. Bondin@erlin) 22, 83 (1975.

703, D. Axe, J. Chem. Phy89, 1154(1963.

"IW. F. Krupke and J. B. Gruber, Phys. R&39, 2008(1965.

2W. F. Krupke, Phys. Re\l45 325 (1966.

M. J. Weber, Phys. Rel57, 262 (1967.

74M. J. Weber, Phys. Rel71, 183(1968.

53, R. Chamberlain, A. C. Everitt, and J. W. Orton, J. Phyd, C
157 (1968.

oW, F. Krupke, IEEE J. Quantum Electron, 153(1971).

"TM. J. Weber, B. H. Matsinger, V. L. Donlan, and G. T. Surrat, J.
Chem. Phys57, 562 (1972.

"8M. J. Weber, T. E. Waritimos, and B. H. Matsinger, Phys. Rev. B
8, 47 (1973.

A, A. Kaminskii and L. Li, Phys. Status Solidi 26, K21 (1974).

80w. F. Krupke, Opt. Communil2, 210 (1974.

81B. G. Wybourne Spectroscopic Properties of Rare Eariiley,
New York, 1965.

82B_R. Judd, J. Chem. Phy44, 281 (1966.

83C. K. Jorgensen and B. R. Judd, Mol. Phgs281 (1964.

84B. M. Antipenko, Opt. Spektrosis6, 72 (1984 [Opt. Spectrosc.
(USSR 56, 44 (1984)].

85M. C. Nostrand, R. H. Page, S. A. Pyane, W. F. Krupke, and P. G.
Schunemann, and L. I. Isaenko, Awlvanced Solid State Lasers
(OSA, Washington, DC, 1998Vol. 19, p. 524.

8M. C. Nostrand, R. H. Page, S. A. Payne, W. F. Krupke, P. G.
Schunemann, and L. I. Isaenko, Atlvanced Solid State Lasers
(OSA, Washington, DC, 1999Vol. 26, p. 441.

87A. A. Kaminskii, U. Hommerich, D. Temple, J. T. Seo, and A. A.
Pavlyuk, Phys. Status Solidi A74, R7 (1999.

88A. A. Kornienko, A. A. Kaminskii, and E. B. Dunina, Phys. Status
Solidi B 157, 267 (1990.

125108-28



OPTICAL SPECTROSCOPY AND VISIBLE STIMULATED . . . PHYSICAL REVIEW B5 125108

89A. A. Kornienko, E. B. Dunina, and V. L. Yankevich, Opt. Spek- ®*N. Djeu, V. E. Hartwell, A. A. Kaminskii, and A. V. Butashin,

trosk. 81, 871(1996 [Opt. Spectrosc81, 871(1996]. Opt. Lett.22, 997 (1997.
9Op. Goldner and F. Auzel, J. Appl. Phyg9, 7972(1996. 9N. P. Barnes, L. Esterowitz, and R. Allen, Fechnical Digest
9L, F. Johnson and H. J. Guggenheim, Appl. Phys. L28. 96 Papers Conference on Lasers and Electro-OptloSA, Wash-
(1973. ington DC, 1984, p. 5.

928 M. Antipenko and A. A. Mak, inProceedings of the Confer- 9M. C. Nostrand, R. H. Page, S. A. Payne, P. G. Schunemann, and
ence on Laser Optic®ptical State Institute, Leningrad, 19380 L. I. Isaenko, inAdvanced Solid State Lasgi®@SA, Washington
p. 234. DC, 2000, Vol. 34, p. 459.

125108-29



