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Electron absorption, luminescence, vibrational, and magnetic properties of KDy, Y-, (MoO,), crystals
are examined over the entire concentration region x = 0 to x = 1 and a temperature range 13-293 K.
The crystal field scheme of the H, °F, *F, “I manifolds and their Stark components are established. The
7, Judd-Ofelt parameters are determined by the numerical method and related to the concentration
effect. The temperature dependence of the lifetime of luminescence is discussed and a quenching

mechanism is proposed. © 1988 Academic Press, Inc.

Introduction

The Dy**-doped inorganic crystals have
been considerably less thoroughly investi-
gated compared to other rare-earth ele-
ments in crystalline hosts. Dysprosium-
containing materials have been found to be
less attractive for application in laser de-
vices working in the visible or near infrared
region. Recently, however, interest in laser
material engineering has been directed to-
ward the crystals which would work in the
3000 cm™! wavelength region and here the
Dy**-doped crystals offer a unique prop-
erty that makes it possible to obtain the
laser action using the 8H3,—8H s, transition
(7). In order to achieve the best ion-host
combination the spectroscopic behavior of
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the Dy**-doped materials should be known
in detail and such information is very
scarce.

In the present paper we discuss the spec-
troscopic and magnetic properties of the
KDy, Y;-.(MoQ,), crystals. The double mo-
lybdates doped with neodymium have
proved their usefulness as efficient laser
materials (2). We believe that this paper
will contribute to the knowledge of Dy*"-
containing materials and will help in a
search for new laser crystals working in the
near infrared region.

Experimental

The single KY(MoOy);, KDy(MoQy),,
and KDy, Y, ,(MoOQy); crystals were grown
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from the melt using the method described
by Klevtsova et al. (3). The room-tempera-
ture absorption spectra were measured on
Perkin—Elmer 180 and Cary 14 spectropho-
tometers. The fluorescence spectra at 300
and 77 K were measured on a spectrometer
designed in our laboratory, using a Carl
Zeiss GDH 1000 grating monochromator
equipped with a phase-sensitive detection
system. Fluorescence was excited using a
478-nm line and a 458-nm line of an argon
ion ILA 120 laser and detected by cooling
photomultipliers with S-1 and S-11 re-
sponse, depending on the spectral region.

For decay curve analysis a broad band
excitation source consisting of a xenon
flashlamp and appropriate filters was used.
The excitation wavelengths were chosen to
match the strong absorption bands situated
between 20,000 and 30,000 cm™!, corre-
sponding to the transitions from the ®H,s;
level to the *Frp, *“Mig, °Psp, *6in, and °Pyp,
levels of Dy** ions. The resulting decays of
luminescence from the *Fy;, level were ana-
lyzed by means of a ZWG boxcar integrator
Model BCI 280. In all measurements the
4Fon—SH 3, transition was monitored.

The IR and Raman spectra were re-
corded in a Perkin—Elmer 180 spectropho-
tometer and JEOL S1 spectrometer, re-
spectively.

The magnetic susceptibility measure-
ments were made by the Faraday method
over the range 4.2—-300 K. The forces acting
upon the crystal were measured on a high-
vacuum Cahn RH electronic balance. The
KDy(MoQy,), crystal was placed in a modi-
fied sample holder used for measurements
of powders and suspended under helium
atmosphere at the pressure of a 100-mm oil
column. Magnetic susceptibility measure-
ments of a crystal were taken in three
directions by placing it in the magnetic field
in positions parallel to the three axes, i.e.,
a, b, and ¢ of the crystal. All measurements
were performed at the magnetic field inten-
sity, in the point where the sample was
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located, equal to 6250 G. Diamagnetic cor-
rections were not applied to the data be-
cause these corrections were less than 1%
of a crystal susceptibility. The estimated
absolute accuracy of the susceptibility mea-
surements is within 2%.

Results and Discussion

Infrared and Raman Spectra

According to the results of the structural
analysis (3) the room temperature phases of
KDy(Mo00QO,), and KY(M0O,), are isostruc-
tural belonging to the orthorhombic space
group D3 = Pbcn with Z = 4. Both of these
crystals present a multilayer structure of
scheelite type which consists of chains con-
taining eight-coordinated DyOg and YOg
polyhedra elongated along the c-axis and
connected through edges. These chains are
connected through the MoO, tetrahedra,
which additionally join DyOs or YOg poly-
hedra in particular chains. In such a struc-
ture the Y3* ions may be substituted by
Dy** ions totally or partially without any
modification of the crystal structure and
Dy*" site symmetry. This observation is
fully confirmed by the IR, Raman, near
infrared (NIR), UV-VIS, and emission
measurements performed on the stoichio-
metric KDy(MoO,);, KY(Mo00Q,),, and di-
luted KDy, Y;_,(Mo0QO,), crystals. The IR
and Raman spectra of these materials are
presented in Figs. 1 and 2 and described in
Table 1.

The detailed vibrational analysis of the
single KY(M00O,); and KDy(MoQy); crys-
tals .using polarized light and oriented
samples was performed by us previously
(4). In this paper we report on the concen-
tration dependence and temperature behav-
ior of the optical modes. The typical com-
position dependence of the low-frequency
IR and Raman spectra are shown in Fig. 2
for arbitrary intensity normalizations. The
remarkable feature in these spectra con-
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(IR SPECTRA) AND 70 K (RAMAN SPECTRA)

TABLE I
THE WAVENUMBERS FOR KY(M0O,), AND KDy(MoO,), OBTAINED AT 12 K

KDy(Mo0O,), KY(MoO,),
IR [ecm™] Raman [cm™'] IR fcm™1] Raman [cm™]
12K 293 K 70K 293 K 12K 293 K 70K 293 K
36 38
41,67 53 40 47 46 39
59 56
74
72 71 75 79
88 86 81 87
93 91 89 94
98 100 98 88 87.5
101 108 105 104 105
113 111 106 114 111 109 109
122 118 126 124 113 112
136 136 130 126 133 131 130 127
143 141 135 137 140 138 134 133
149 148
163 161 154 152 158 155
179 177 160 158
203 201 211 210 164 162 167,178 168
217 202 202
227 223 226 225 218 216 211,221 215
254 250 238 238 251 248 226 226
285 282 277 275 261,272 257 249 247
303 300 289,302 300 282 280
312 311,322 320 328 326
328 325 320 318 336,349 338 345 343
345 342 340 367 362 360,386 358
369 365 354,363 357 396,398 393
391 388 385 384 410,414 407 504,410 403
398 399 399 447 444 444 442.5
410 407 411 408 469 465
441 438 439 437 533 530
448 593 557
463 460 610
535 530 675
584 580 576 704 700 723 720
683 655 737 734
699 697 711 715 774 770 753 750
728 725 738 731
770 767 747 745
812 815
850 845 853 854 850 827 824
864 860 870 868 871 867 874 871
924 920 928 926 928 923 934 931
935 932 949 947 943 938 953 950
971 967
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cerns the stability of the spectral profile
with varying composition. The band posi-
tions of stoichiometric and diluted samples
are very close to each other in the full-fre-
quency range except for the low-frequency
region near 130-200 cm™!. The bands at 190
and 160 cm ™! observed for KY(MoO,), are
gradually replaced by doublet contours
when the Dy** concentration is increased.
The fully concentrated KDy(MoO,), sam-
ple reveals the single bands at 160 and
130 cm™' in this place. These bands are
connected with the translational lattice
T'(Ln**) modes since behavior like this is
characteristic for the RE-oxygen systems
).

The temperature dependence of the IR
and Raman frequencies for the systems
under investigation is illustrated in Table 1.

The IR and Raman spectra obtained here
for KY(MoO,), and KDy(MoQ,), crystals
at liquid helium temperature are in many
points similar to those measured at room
temperature when the band contours and
spectral pattern are compared. The differ-
ences result from the temperature band
shifts (5-10 cm™') and splittings of the
unresolved bands. It must be noted,
however, that low-temperature spectra
have revealed the existence of a few new
bands in the region 480-700 cm ™! both for
yttrium and dysprosium molybdates. In
previously measured room-temperature
spectra (¢) these lines were observed on the
slope of intense neighbor bands as shoul-
ders or as isolated very weak bands; there-
fore, they seem to be two-phonon (in-
ternal-external combination modes) tran-
sitions. Low-temperature study indicates,
however, that because of their intensities
these bands should be considered as in-
ternal modes. In our previous papers (4)
dealing with spectroscopic studies of single
KLn(MoOy), crystals we have found that
the discrepancies between the spectro-
scopic observables and the selection rules
for a structural model suggested by X-ray
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analysis result from additional interactions
in the unit cell. These interactions between
the molybdate ions lead to the formation of
the dimeric Mo,0s systems containing oxy-
gen bridge bonds:

(O
Mo/ /\Mo
0
LHe-temperature studies indicate that

these Mo0,0g dimers are coupled by means
of next oxygen bridges forming the
polymeric ribbon. The repeated fragment of
this ribbon is formed by two MoQOg octahe-
dra, each of them built from four short
(1.72-1.83 A) and two long (2.73 A) molyb-
denum-oxygen distances. That problem is
the subject of a separate consideration (5).

Electronic Absorption Spectra

The room-temperature absorption spec-
tra of KDy, Y;-,(M0QOy), in the region 3000-
30,000 cm™! are presented in Fig. 3.

The number of multiplet terms for the f°
configuration equals 73; the number of lev-
els with various J is 198; the ground level of
Dy** is ®Hsp. Interpretations of the Dy>*
crystal spectra have been reported (6, 7).
Carnall et al. (8) have analyzed theoreti-
cally the dysprosium(III) aquo-ion absorp-
tion spectra and have assigned spectral
bands up to 40,000 cm™!. The f—f transitions
of Dy** with energy higher than 36,000
cm™! are superimposed by more intense
absorption due to the MoOj~ charge trans-
fer. The oscillator strengths of bands in the
absorption spectra of Dy3* in solutions
have been given (8-10). In the visible spec-
tral region hypersensitive transitions are
not observed. A hypersensitive band was
found (/1) in the NIR region at 7700 cm™!
and assigned to the SH,sp — °Fy, tran-
sition.

All literature date cited here were the
basis for analysis and assignment of results
obtained by us. The room temperature ab-
sorption spectrum of Dy** in KY(MoO,),
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consists of groups of lines centered at
29,000-24,200, 23,700-20,400, 12,900~
11,500, 11,500-10,300, 9700-8400, 8400-
6800, 6400-5200, and 4000-3100 cm™! (Fig.
3) corresponding to the transitions from the
®H s, ground level to the excited states of
the 4f° configuration. The IR and NIR
bands situated within the region 3100-
12,900 cm™! correspond to the low-energy
transitions to the excited levels of the
ground ®H manifold and to the low-lying
levels of the °F sextet. The next group of
bands in the VIS and UV correspond to the
transitions to the closely spaced quartet “F,
41,4G, *K, *H, and sextet °P states. Detailed

2.6 2.8 3.0

Aul

1, 0.15, 0.1) in the range

identification of transitions observed in the
absorption spectrum and corresponding os-
cillator strength values obtained by numeri-
cal integration of absorption band contours
are given in Table II. The oscillator
strength values were evaluated theoreti-
cally by a fitting procedure following the
Judd-Ofelt theory using the expression in-
troduced by Peacock (12). Resulting 7, pa-
rameters for Dy>* in KDy, Y- ,(MoQy,), are
listed in Table III. The oscillator strengths
were determined using the equations,

P =3 no [afMUMAFTQT + 1),
A A=2,4,6,
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TABLE II

THE ENERGY POSITIONS AND OSCILLATOR STRENGTH VALUES OF f—f TRANSITIONS
FOR KDy, 25Y075(M0Oy,); CRYSTALS

Spectral range

Wave number

Energy level A flem™] o [em™] Pop X 108 Py X 108
‘Hur 6,452- 4,902 5,889 249.97 203.42
SFiin 8,439~ 7,018 8,000 1305.59 1310.73
611912
Fon 9,756~ 8,439 9,191 359.82 415.43
*Hon
SHs, 10,417- 9,756 10,152 10.29 0.86
5Fn 11,561-10,417 11,062 313.67 313.58
®Fsn 12,903-11,561 12,407 166.28 140.33
5F3 13,605-12,903 13,245 29.44 26.44
‘Fon 21,505-19,704 20,986 34.22 23.83
‘Iisn 22,727-21,505 21,978 116.89 68.65
‘Gun 23,952-22,727 23,310 39.56 13.71
“Fin*Li3n 26,702-23,923 25,853 341.65 330.64
4A121/254Kl7f2
‘Mo, (4P,*D)s1,Ps 27,624-26,702 27,274 203.58 210.48
Ln,SPip 29,028-27,624 28,409 574.90 555.98

where U™ are double-reduced matrix ele-
ments for tensor operators, 7, is the phe-
nomenological parameter, and o is the cen-
ter of gravity for the absorption band in
cm™l.

The concentration behavior of 7, 74, and
7¢ parameters evaluated here is given in
Fig. 4. The 74 and 7¢ values seem not to be
sensitive to concentration changes. On the
other hand, the 7, parameter exhibits strong
concentration dependence since in the low-
concentration range (0.0-0.25) its relation-
ship shows a strong decrease and above a
0.25 Dy** content it becomes nonlinear.

Luminescence Properties

The energy level diagram of the Dy** ion
in KY(MoOy), is given in Fig. 5. Under 478-

and 458-nm laser excitation at 77 and 300 K
the strong fluorescence consisting of groups
of lines centered is observed in the visible
and near infrared at 21,000, 17,500, 15,200,
13,300, and 12,000 cm™~!. These lines repre-
sent transitions from “Fy, terminating on
SH s, *Hysn, *Hyva, (CF 112, °Hop), and (CHyp,
°Fon), respectively.

Although Dy** in KDy,Y;-,(MoOy),
presents a great number of absorbing levels
in the 20-30 x 10° cm™! region, only the
4Fqp, level shows notable fluorescence in the
VIS and NIR. This feature is due to small
energy gaps between adjacent successive
levels. These gaps do not exceed 10° cm™'.
On the other hand the crystal host exhibits
very rich phonon spectrum with the cutoff
frequency corresponding to molybdenum-

TABLE III
THE JUuDD-OFELT INTENSITY PARAMETERS OF Dy** IN KDy,Y,_.(MoO,), CRYSTALS
x=1L0 x =0.75 x =025 x=0.15 x =01 x = 0.02
X 10° 15.979 + 0.60146 19.587 + 0.66852 21.281 + 0.78915 34,923 + 1.4520 52.411 = 1.6075 66.683 + 1.8516
4 X 10° 6.5018 + 0.26153 5.8791 + 0.29279 5.8098 + 0.34797 8.3828 + 0.63453 8.3405 * 0.70554 5.0582 + 0.81923
16 % 10° 5.2661 + 0.29129 5.3289 + 0.32173 5.1738 + 0.38399 4.0457  0,69720 2.6837 + 0.77498 7.7457 = 0.90356
S x 167 0.1548 0.1745 0.20641 0.3777 0.4201 0.4844
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FiG. 4. The concentration dependence of Judd-
Ofelt 7,46 parameters for KDy, Y, (MoO,),.

oxygen stretching vibrations at about 900
cm™! (Fig. 1, Table I). Therefore, all higher
lying levels are depopulated very quickly
by an efficient nonradiative relaxation lead-
ing to the population of the *Fy, level
separated from the next lower lying level by
about 6000 cm™!. The *Fyp, level is depop-
ulated by radiative transitions and/or con-
centration quenching mechanisms because
of a large energy gap. The room and liquid
nitrogen temperature fluorescence spectra
associated with the radiative transitions
from the *Fy, level of Dy** are shown in
Figs. 6 and 7.

It is interesting to note that the intensities
of observed transitions are roughly compa-
rable at both temperatures. This implies
that the corresponding fluorescence
branching ratios are of similar magnitude.
The lowering of the crystal temperature to
77 K enables the observation of the transi-
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tions between individual crystal field com-
ponents of levels involved, which, in rela-
tion to the absorption spectra observed,
permits the determination the Stark split-
tings. The energy levels of Dy* in crystals
studied are listed in Table IV.

The concentration quenching of Dy** lu-
minescence was found to be very efficient
in KDy, Y- ,(MoQ,), crystals (see Fig. 8).
In the case of diluted crystals, i.e., for x <
0.1, single exponential decay was ob-
served, and the measured decay times as
well as the integrated luminescence inten-
sity diminished with increasing concentra-
tion of Dy** ions. For higher Dy** concen-
trations the luminescence decay curves
cannot be described by single exponential
dependence. This observation indicates the
importance of ion—ion interactions which
should be responsible for the quenching of
luminescence from the *Fy;, level, The mul-
tiphonon relaxation seems to be negligible
remembering that the next lower lying level
is situated at about 13,000 cm~'. More than
seven phonons of maximum energy in this
host would be needed to cover such an
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FiG. 5. Energy level diagram of Dy** ion. Crystal-
field components are not shown. Energies in cm™'.
Arrows indicate the cross-relaxation process. Only a
part of the higher energy levels is shown.
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TABLE IV
ENERGY LEVELS OoF Dy** IN KDy, Y, (MoOy),
Component  Number
Level Stark components theor. exper. AE
*Hysp 3,520; 3,565; 3,630; 3,660; 3,710; 3,760; 3,810 7 7 290
Hin 5,814; 5,882; 5,952; 6,000; 6,061 6 5 247
SHypy 7,587; 7,648; 7,669; 7,692; 7,752 5 5 165
SFiin 7,828; 7,927; 7,978 6 3 150
*Hop 8,929; 8,998; 9,050; 9,099 4 4 170
Fy, 9,170; 9,217; 9,260; 9,302; 9,390 5 5 220
*Hsp 10,165; 10,256; 10,336 3 3 171
Fn 10,935; 11,004; 11,042; 11,086 4 4 151
Fsn 12,415; 12,469; 12,500 3 3 85
Fin 13,201; 13,233 2 2 32
‘Fon 20,975; 21,008; 21,053; 21,166 5 4 191
s 21,968; 22,112; 22,173; 22,272 8 4 304

energy gap. Therefore, we can assume
safely that the radiative lifetime of the “Fy
level is close to 240 usec, the value mea-
sured for diluted sample (x = 0.01). The
above assumption is confirmed by the tem-
perature dependence of measured lifetimes.

For all Dy** concentrations available the
measured lifetimes increased with increas-

ing temperature and this dependence is
more pronounced in the case of higher
doping levels. In Fig. 9 we present the
examples of typical dependencies of mea-
sured lifetimes on temperatures in the 77—
300 K range. These results indicate that the
luminescence originating from the *Fy;
level of Dy** in this host is quenched

KDy, Y1~x(M0O4)2
@ x=0.01
@ x=0.02
@ x=0.10
@ x:025

100 200

300 400 500
tlps!

Fic. 8. Dy** (*Fy, — *Hy3) emission decays as a function of the dysprosium concentration x (T =

300 K).
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mainly by ion-ion interactions, which we
assume to be the cross-relaxations via the
*Hsp level. The conditions for resonance
are better fulfilled in the low-temperature
limit. With increasing temperature the line
broadening effects tend to destroy the reso-
nance and to reduce the efficiency of the
cross-relaxation process. The actual exper-
imental data indicate that the electron-
phonon coupling is weak in the crystal
studied. However, the information we have
is not sufficient for a detailed description
of luminescence quenching in KDy, Y-,
(Mo0Qy), crystal. We believe that the time-
resolved luminescence investigations,
which are in preparation, will help to eiuci-
date this problem.

From the slopes of the plots in Figs. 4
and 8 we derived the critical concentration.
It amounts to 0.05 for Dy** and cor-
responds to the R, = 9 A critical distance
(13). This critical concentration can also be
estimated from the intensity versus concen-
tration plot. The concentration where the
intensity starts to diminish and the decay
times are reduced to 50% is x = 0.05. This
value of x corresponds to a concentration of

one ion per 4000 A>. This critical concentra-
tion compares reasonably well with the
value obtained by van Ulitert et al. (I14) and
Kellendonk and Blasse (15).

Magnetic Properties

Magnetic centers in the KDy, Y.,
(MoOy), crystals, i.e., Dy** ions, decide the
values of magnetic effects. Results of mag-
netic studies performed on fully concen-
trated KDy(MoOQy), powdered samples are
presented in Fig. 10 where the temperature
functions of molar susceptibilities and their
reciprocal values are illustrated. The ob-
tained data fit best to the equation in the
form xp = C/(T — 6) + xtIp-

Reciprocal magnetic susceptibility of
KDy(Mo0Oy); is a linear function of temper-
ature in the whole temperature range 4-293
K. A slight deviation of this function from
linearity below 40 K results from crystal
field effects. Therefore, the Curie-Weiss
formula is obeyed for x ! (T) function in the
range 40-293 K and the parameters deter-
mined from the linear part of the function
are u = 10.44 BM and 6, = 8.9 K. All these
facts indicate that exchange interactions in
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Fi1G. 10. The temperature dependence of molar
KDy(MoOQ,), polycrystalline sample.

KDy(Mo00Q,), are weak and have no signifi-
cant influence on the magnetic susceptibil-
ity. The room-temperature values of the
magnetic susceptibilities are x, = 86.1 X
1076 and xy = 44.9 X 1073, They have no
dependence on the magnetic field both in
room and LHe temperatures. This fact indi-
cates that the measured samples were free
from any ferromagnetic contaminations and
admixtures. The magnetic ordering was not
detected in the whole temperature range

susceptibility and inverse magnetic susceptibility for

which indicates that the orthorhombic
phase of the KDy(MoO,) is stable down to
LHe temperature and does not undergo any
phase transition.

The magnetic data obtained for a single
KDy(MoQy,); crystal are presented in Table
V. Magnetic parameters, e.g., Curie con-
stant and g-factors, were calculated from
the expression:

x = (Ng2B/3kT)J(J + 1).

TABLE V
THE MAGNETIC ANISOTROPY OF KDy(Mo0Q,); SINGLE CRYSTALS

Position of Magnetic susceptibility

Parameters calculated
from magnetic data

single crystal Magnetic®

in magnetic gram molar moment Curie
field x X 10° (cm® g7) X X 10° (cm?® mole™?) (BM) g factor constant
ajlH 85.6 44,700 10.2 1.28 13.1
b|H 94.0 49,100 10.7 1.34 14.4
c|H 109.0 56,900 11.5 1.45 16.7

@ Magnetic moments were calculated from the expression pex = 2.83 ()2,
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Examination of spectroscopic splitting
parameters of CaWQO, and PbMoO, with
REysNay s admixtures (RE = Er, Tm, Yb,
Tb, Dy, Ho) revealed their considerable
anisotropy (16). The variations in the an-
isotropy from ion to ion are explained qual-
itatively by considering the effect of crystal
field potential V. on wave functions (J, M)
for the free ions (/7, 18). For Tb, Dy, and
Ho, g > g. was found, while for Er, Tm,
and Yb, gy < g.. It is so, because the
ground states contain the high values of the
axial quantum number M for Stevens con-
stants a; negative (Tb, Dy, Ho) and small
numbers for o; positive (Er, Tm, Yb)
19-21).

From the crystal structure of
KDy(MoOy), it follows that its a, b, and
c axes are nonequivalent crystallograph-
ically. The present studies revealed also
the magnetic nonequivalence of crystals
versus their axes. For that reason, in stud-
ies of the magnetic anisotropy of monocrys-
tal, three crystallographic directions a, b,
and ¢ were considered, i.e., the crystal was
placed in the magnetic field parallel to these
axes. The main magnetic susceptibilities of
KDy(MoOQOy,); crystal have been measured.
The effects, combined with anisotropy of
the magnetic susceptibility, are as follows:
|K1 - Kzl = 4400, |K1 - K3| = 12,200, IKZ -
K3 = 7800 (all values given in 107 cm™3
mole™! units).

Conclusions

The low-temperature magnetic and spec-
troscopic studies of KDy,Y;_.(MoQOy),
crystals indicate that the orthorhombic
phases of double lanthanide—potassium
molybdates are stable up to LHe-tempera-
ture and do not undergo any phase transi-
tion. The unit cell structure is polymeric
and built from MoQs, LnQOg, and KOy
units. Dy** ions in KDy,Y,_(MoQ,), have
only one luminescent level, the quantum
efficiency of which is close to unity for

HANUZA ET AL.

small Dy** concentrations. This level can
be easily populated through strong pumping
bands. However, it is depopulated by sev-
eral radiative transitions whose lumines-
cence branching ratios are nearly of the
same order of magnitude. This is the main
disadvantage of the crystal studies from the
point of view of its application as a laser
material.
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