PHYSICAL REVIEW B, VOLUME 65, 224518

Spectroscopic and crystal field studies of Nt in GdCa,O(BO;); and YCa,0(BO,);

A. Lupei
Institute of Atomic Physics, Bucharest, MG 76900, Romania

E. Antic-Fidancev, G. Aka, D. Vivien, and P. Aschehoug
Laboratoire de Chimie Appliqeede I'Etat Solide, CNRS UMR 7574, ENSCP, 11, rue Pierre et Marie Curie, F-75231 Paris, France

Ph. Goldner and F. Pélle
Groupe d’'Optique des Terres Rares, CNRS UMR 7574, F-92195 Meudon-Bellevue, France

L. Gheorghe
Institute of Atomic Physics, Bucharest, MG 76900, Romania
(Received 22 May 2001; revised manuscript received 13 February 2002; published 11 June 2002

The calcium rare-earth oxoborate crystat8a,0(B0;);-RCOB with R®" as Gd* or Y3* represent prom-
ising laser and nonlinear materials for the development of compact near IR and visible laser sources. New
results on Nd@" spectral characteristics in GACOB and YCOB crystals in connection to the crystal structure are
presented. Low-temperature absorption and selectively excited emission spectrd ahNRCOB crystals,
grown by the Czochralski method in iridium crucible, present one prevailing center corresponding‘to Nd
ions in theR®" site of C, symmetry and at least three minority centers. Crystal field modeling gives a set of
free ion and crystal field parameters that describe well the experimentally obtained energy level schemes for
the main centers. A comparison between thé Nerystal field splittings irRCOB and those of thE, site in
C-type Y,0; in terms of rare-earth environments is made. The selectively excited emission, lifetimes, and
structural data were used to elucidate the nature of the minority centers. Two of the them were associated with
Nd®* in R®" sites slightly perturbed by charged intrinsic lattice defects of nonstoichiometric or inversion
Gt (Y3")«—C&" type, while the third N&" center is assigned to Rd in a C&" site. Other features of the
spectra such as vibronics or homogeneous linewidths are also discussed. The Gaussian line shape and main
contributions to inhomogeneous broadening are analyzed. An additional source of broadening*fdn Nd
YCOB is revealed.
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[. INTRODUCTION scheme has been reported, except for the levels involved in
the laser process at the fundamental emission frequency, or
During the last years a new class of Nddoped non- crystal field calculations. The use of NdRCOB as self-
linear crystals has been developed, calcium rare-eartfrequency-conversion crystals requires knowledge of whole
oxoboratesRCa,0(B0O;)3-RCOB, with special attention to energy level diagrams.
GdCOB and YCOB. These crystals possess properties that The RCOB crystals are monoclinic with a single position
make them present among the most studied laser and nonlinf Cs symmetry? for R** ions, while C&* ions occupy two
ear material$~2* Good optical quality crystals of large di- sites of C; symmetry, C&*(1) and Ca*(2). N&®* ions
mensions could be grown by Czochralskir Bridgman  could enter in any of the three cationic sites. TheNadp-
techniques. They are efficient nonlinear optical materialstical spectra have revealein GdCOB the presence of a
with large transparency range, high damage threshold, argrevailing center associated with Xid in the R®* site and
nonhygroscopicity. Doped with Nd they can be used as several satellites. Several structural models can account for
self-frequency-conversion crystals, which combine laser anthese satellites such as occupation of other cationic sites
nonlinear properties for intracavity transformation of the fun-(C& "), Nd®" in R®" positions perturbed by the presence in
damental infrared laser wavelength into blue, green, or re@ near lattice site of another dopant ion or of a structural
emission. Diode pumping is also favored by the fairly gooddefect. A detailed investigation of the spectral characteristics
absorption of N&" ions in the region of high power near of satellites lines, not performed up to now, can allow eluci-
infrared laser diode®22Such crystals are promising mate- dation of their nature. The main lattice defectd)RGOB pure
rials to develop diode-pumped visible microchip lasers forcrystals are associated with structural disofdet®%??The
alignment, pointing, or medical applications. actual structural model foRCOB, the degree of disorder,
Most of the published papers dRCa,0(BOs); doped and its dependence d®** or on the type and concentration
with Na®* refer to crystal growth, nonlinear characteristics, of the dopant ion has not yet been clarified.
laser emission in the i range in various regimes, dou- The purpose of this paper is to analyze the low-
bling, or self-frequency multiplicatiof-?> No detailed low- temperature Nt optical spectra characteristics in GdCOB
temperature spectroscopic data for *Nidin RCOB have and YCOB crystals, to obtain energy level schemes, to per-
been published up to now. Thus, no extended energy levdbrm crystal field calculations for the prevailing centers, and
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with two B**(2) ions intercalated. ThR®" ions are situated
in a mirror plane on a chain along tleaxis at distances
around 3.55 A and the distances between chains are more
than double. The density d®®* sites in RCOB is rather
small, ~4.5x 107! ions/cn?. The R3* environment is given
in Fig. 1(a) and in Table | the GY" near-neighbor distances
in GACOB are given(the notation of Norrestanet al? is
used. A similarity between theR®* environment inRCOB
and Y** main site® in Y,05 is observed. Thus, if iRCOB
theR®" has an eightfold coordination with two?0 at much
larger distancegFig. 1(a)], the Y*™ main site in C-type
FIG. 1. (a) The first near neighbor d®** in RCOB and(b) the ~ Y,0O; is an eightfold coordination with two oxygen vacan-
similar environment for N&" in Y,05; V are oxygen vacancies. cies(V) on a face diagonal and posses€gssymmetry[Fig.
1(b)]; the distances from near neighbors td*Yare also
to bring new data by selective excitation in order to clarify given in Table I. C&" ions enter in two sites of; symme-
the nature of nonequivalent centers and structural disorder. liny, C&* (1) in a sixfold G~ coordination and Cd (2) in
Sec. Il some details dRCOB structure are given, and in Sec. an eightfold distorted & coordination, and two B (2)
[l the experimental setup is briefly described. Section IV isions are intercalated between the first six @nd the other
dedicated to a description of the low-temperature absorptiofwo; the C&"(2) near-neighbors positions in GdCOB are
and selective excited emission spectra, as well as emissiaiiso given in Table I. Thus, the** surrounding looks closer
kinetics. The results of the crystal field calculation for theto that of C&*(2), rather than that of Ga (1).
Nd®* prevailing center in GACOB are presented in Sec. V. According to the ionic radi#® Nd®* ions could occupy
An analysis of the static crystal field effects, the couplingany of the three cationic siteB®*, C&" (1), and CA"(2).
with lattice vibrations, nonequivalent centers, and inhomogeThe preference of Nt for R®* was outlined previously,
neous broadening is presented in Sec. VI and several COhCl%‘ut the occupancy of éé sites has not been C|ear|y estab-

(a) 06

sions are stated. lished. From the first published papers on tRECOB
structure!? the existence of some disorder in the occupancy
Il. STRUCTURAL CONSIDERATIONS of R®" and C&" sites was outlined; the disorder increases

with decreasingR®" ionic radii. Subsequent studfeson

In order to analyze the optical spectra features some locabdCOB crystals grown in iridium in nitrogen atmosphere
structural details for cationic sites RCOB were obtained have also remarked on the presence of some disorder in these
by using a computer prograsarinev3 and x-ray dataThe  crystals. ¥+ excess as compared with £¥awas measured
space group oRCOB crystals is monoclinic, noncentrosym- for crystals grown in iridium N&':YCOB crystals, while
metric Cm. The unit cell parameters for GACOB aee  more recenth?’> good quality pure YCOB crystals with
=8.078 A, b=15.98 A, c=3.55A, B=101.28°, and Ca&" excess were reported. lonic vacancies could also ap-
slightly different for YCOB? The RCOB structure contains a pear in these crystafé.The spectroscopic stuyof Yb®* in
unique rare-earth site, two types of Casites[C& (1) and GdCOB and YCOB has revealed a much larger disorder in
C&"(2)], and two distinct (BOy)*~ groups [B(1) and the later case. This difference is supported by the presence of
B(2)]. TheR®" ions occupy a site o symmetry with six  several peaks in the differential thermal analy§i3A) cool-
close oxygen ions, and other two?Oat larger distances, ing curveé® for YCOB compared with a single-peak GdCOB.

TABLE I. R®" and C&*(2) environment in GACOB and ,0s.

Gd®* near-neighbor Cd (2) near-neighbor ¥* near-neighbor
distance$(A) in GdCOB distancés(A) in GdCOB distancds(A) in Y,0;
Gd-Q(1) 2.2438 C&2)-0(2) 2.3277 Y(2)-0(2) 2.2487
Gd-Q(1) 2.2578 C&2)-0(2) 2.3362 Y(2)-0(2) 2.2487
Gd-Q(2) 2.4206 C&2)-0(5) 2.3397 Y(2)-0(3) 2.2784
Gd-Q(2) 2.4206 C&2)-0(3) 2.4621 Y(2)-0(3) 2.2784
Gd-O(6) 2.3660 C&2)-0(4) 2.4956 Y(2)V 2.3296
Gd-Q(6) 2.4519 C&2)-0(3) 2.6169 Y(2)V 2.3296
Gd-B(2) 3.1670 C&2)-B(2) 2.7652 Y(2)-0(1) 2.3358
Gd-B(2) 3.1670 C&2)-0(3) 2.8707 Y(2)-0(1) 2.3358
Gd-O4) 3.1914 C&2)-B(2) 2.9328
Gd-O4) 3.1914 C&2)-0(6) 2.9506

%Reference 2.
bReference 25.
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Any of the discussed possibilities—occupation of Caites,
pairs or structural defects close to Ndions—imply that
they are submitted to different crystal fields that could deter-
mine satellite lines in the optical spectra or contribute to
inhomogeneous broadening.

I1l. EXPERIMENT

The high-quality crystals were grown by the Czochralski
method in iridium crucible under nitrogen atmosphere, with
actual Nd* content from 4 to 7 at. %, as used in laser ex-
periments. Some samples were grown in platinum crucibles
too. The low-temperature absorption spectra were recorded
on different polarizations from far infrared to UV by using a
Cary 5 Varian spectrophotometer; oriented samples were
studied. The low-temperature emission spectra as well as se-
lective excitation were obtained with a cw Ti:sapphire laser
(Coherent 89Dpumped with an argon ion laser. The spectra
were analyzed with an ARC SpectraPro-7510 monochro-
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GdCOB: 7 at.% Nd *
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mator and detected with a cooled InGaAs photodiode. Life- 11300

times were recorded using a pulsd®d n9 Ti:sapphire laser
(BMI TS 802 pumped by a frequency-doubled YAG: Nd

T T T T 1
11400 11500 11600

Wave number (cm ™)

laser (BMI 501 DNS 720. The fluorescence was dispersed FIG. 2. Absorption spectra of Nd (7 at. % at 10 K in GdCOB
by a HD 460 Jobin-Yvon monochromator and detected by &orresponding to thélg,(1) — “Fj), transition in two polariza-

nitrogen-cooled InAs photodiodd us time constant

IV. SPECTROSCOPIC MEASUREMENTS

The N&* low-temperature optical spectra are very simi-

tions; C; denote perturbed center lines.

Nd®* concentrations. The relative intensity of tBg line (at
+46 cm %) is ~2%-3%. The lowest electronic linéhe
diode pumping ling of the absorption spectrum associated

lar in GdCOB and YCOB crystals. In the following para- \,ith the 4 g9 *Fs o+ 2Hgy, transitions(Fig. 3) of Nc®* in

graphs the spectral features of Ndin GACOB shall be

GdCOB is also surrounded by two satellites of unequal in-

described in detail, while the differences for YCOB shall betensity. Similar structures are observed for3Kdn YCOB,

only mentioned.

A. Absorption spectra

The absorption spectra were recorded from 250 to 2500
nm at 10 K. In the case of GACOB part of the UVNdines
(in the 250-370 nm regioninterfere with those of Gt
ions. The local symmetry at the Rid ion is C, or lower, so C,s
that all levels are Kramers doublets. Spectra are strongly
dependent on polarization. The samples were oriented along
the optical axes X, Y, Z), which are related to crystallo-
graphic onesd, b, c) asb||Y, (a,Z2)=26°, (c,X)=15° for
GdCOB andbl|Y, (a,Z)=24.7°, (,X)=13.5° for YCOB.
Since in the case of Nd lasers, theE||Z polarization is c
important for self-frequency doubling, we have restricted the
low-temperature measurements to two polarizati@ipx
and E||Z. Figure 2 presents thélg,—*F3, absorption
spectrum of a GACOB sample doped with 7 at. % Ndt 10
K for these two polarizations. Besides the lines correspond- J
Py

23

ing to transitions to two Stark components of tHe;,, main
center(MC), R; andR,, the presence of two satellite€;(
of dissimilar intensity situated at41 and+46 cm * from

but the lines are much broader.

GdCOB: 7at.% Nd *
4I . 4F zH

92 52’ 92

EllX

ElNlZ

™,

R

the R, line corresponding to thélg,(1)—*F35(1) transi- 12300

tion is evidenced(1) denoting the lowest Stark level of the
manifold]. The relative intensity of theC,; satellite (at
—41 cm 1Y) to the total intensity is~3%—-4% and is, in the

1 T 1
12600 12900

E(ecm™)

FIG. 3. Polarization effects in th# o;5(1)—*Fs5, 2Hg, tran-

limit of experimental errors, the same for all the investigatedsition of Nf* in GACOB at 10 K;C; are perturbed center lines.
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GDCOB: Nd*
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FIG. 4. Satellite structure of Nd (7 at.% in GdCOB and " T T T T T T T

YCOB as observed in thél 5,,(1)—2P;,, transition at 10 K. 1060 1080 1100 1120
A (nm)

An appropriate transition for the study of different envi-
ronments of N&" ion is *lg,—2Py/,. For N in GACOB FI_G_. 5. Emission spectra co_rresponding B5,(1)—=%11)2
one could observe in this transitidifig. 4) three satellite transitions under selective pumping fitg»(1)—“F5, at 10 K; *
lines with similar intensities situated at 29, +19 and denotes the lines associated with the nonselective excitation of
+43 ¢t from the main line. For N&" in YCOB (Fig. 4  ©ther cente(MC or C 3) emissions.
for the same concentratiofY at.%9, the MC linewidth is . N o
significantly larger and the satellite structure is different.— | 11/2 transitions for pumping in MC an@; centers. Some

This three-line satellite structure seems to be in discrepancyf the lines in Fig. S(denoted by an asteriskcorrespond to
with only two satellites in the spectra corresponding toOther excited centeMC or C; 5) emissions. One could see
N on(1)—*Fan(1) (Fig. 2 or *lgp—?Fe(1) transitions N the emission spectriFig. 5(_(:2] the doqbllng of some
(Fig. 3. However, as we shall show later, this fact is due tolines, the splittinggup to 10 cm *) depending on the tran-
an accidental degeneracy. The inhomogeneous broadeni§§on. The same behavior is observed in other transitions
and its dependence on the crystal and®Natoncentration (00. This means that irflg/,(1)—*F3/(1) and *Fg(1)
shall be analyzed in Sec. VII. transitions we have an accidental degeneracy betvi@en
Other features of the low-temperature Ndspectra in and Cs centers lines. The energy level scheme of the
GdCOB and YCOB are the phonon sidebands and large hd¥d” " -"l9> manifold in GdCOB, presented in Fig. 6, is a
mogeneous broadening of many zero-phonon lines. Thesd/ggestive illustration. Therefore, at least four different
crystals present rich phonon spectra, as observed byd®" environments exist in GACOB. The energy level
Ramar®*®and IR (Ref. 7) techniques. The electron-phonon schemedFig. 6), as well as the spectra presgnted in E|gs. 4
coupling manifests in rather strong vibronics for Ndon, ~ and 5, show that two of the perturbed Ndsites C 5 in
especially in *lg,— (*Gs, 2Gayn), (“Gon, 2Kigzs and GdCOB present very _cl_ose optlcal_ spectra and similar to
4Ggn), and (G(1)g/2,2D(1)3/2,G11/2,2K15/») transitions. those of the MC. It is difficult to obtain energy levels for the

In order to separate zero-phonon lines from vibronics arfntire range ofC; centers; therefore, only the energy level

analysis of the spectra similar to that performed previotisly, Schemes of the MC are given in Table Il. The energy levels
by using Raman and IR data, was undertaken. of the lowest manifolds for th€,; center in YCOB are al-

most identical to those in GACOB, but slight differences are
observed folC, 3 centers, the lines being so much larger that
they cannot be separated.

The emission spectra corresponding 65,,(1)—*l; The Nd* MC lines in YCOB at the same concentration
transitions(with J=9/2, 11/2, 13/2 under selective excita- present a higher inhomogeneous broadening. The selective
tion were obtained by pumping in the region of the excitation in main lines leads to several emission wave-
4 4/2(1)—*Fs55(1) transition. Figure 5 presents the emissionlengths, a behavior characteristic to crystals with disordered
spectra of N@" in GdCOB associated with®F3,(1)  structure. Figure (&) shows the®lq ,(1)—Fs5(1) excita-

B. Emission spectra under selective excitation and lifetimes
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800 ~ B and YCOB were established in the range 0—40000tm
GdCOB: Nd (Table Il). The crystal field simulation was performed con-
sidering 18182 Kramers doublets of thef2 configura-
N tion. The perturbation contains the free ion and crystal field

600 - interactions. The free ion Hamiltonidt, can be written as

3
- He=Ho+ D, eEX+s4iAgot al(L+1)
k=0

9/2 8#5

400 ~ ~ N
+BG(Gy) + 7G<R7)+§2 HTs

Energy (cm™)

whereH, is the spherically symmetric one-electron term of
the Hamiltonian,EX and ¢, are the Racah parameters and

the spin-orbit coupling constant, amg and Agq represent

the angular parts of the electrostatic repulsion and spin-orbit

coupling, respectively. For f&' configurations withN>2
— two-body interactions have to be considered with Tregs’

0 B, andy parameters associated with total angular momen-

Mc C,C, ©, tum operator, ané(G,) andG(R;) Casimir operators. For
configurations witiN> 2 three-body interactions with Judd
T (T2, T3, T4, T8, T/, T8 parameters are of importands.

are operators transforming according to the irreducible
tion spectra obtained by monitoring slightly different wave- groupsG, andR.

lengths inside MC*F3/5(1)—111/(1) emission. A broad- The perturbation due to crystalline field depending on the
band analysis reveals in the MC line two main peaks whichocal symmetry around thB3* ion can be described in the
can be resolved with a more selective analysis. Since wgame of the Wybourne formalisrif. The local environment
choose the selective analysis wavelength randomly, itis veryor the Nf* MC in both investigated compounds &,
likely that the main line inhomogeneous broadening is due tQuhich requires 15 crystal field parameters. The crystal field

200

FIG. 6. Crystal field splittings of the Nd “1 o/, level in GdACOB
for the MC and perturbe@; centers.

a quasicontinuous distribution of sites. Hamiltonian is written as
4F,,, decay curves were measured at 10 K withud
resolution by monitoring théF5,(1)—*11,,5(1) transition Fop(Co)

for the three centers in Nd 4 at. %:GdCOB. All decays were
exponential with similar lifetimes: MC, 9%s; C;, 91 us,
C,. 3, 92 us. The lifetime obtained for the MC is close to that
reported at 300 K in GdCOB at low Nd concentration’s
(98 us). This indicates that MC'F ), level emission is not  wjth k=2,4,6 andy=<k, '(;kare spherical operators of rakk
affected by energy transfer at low temperatugg.center  anq orderq, and BY and Sf represent crystal field splitting
lifetimes are only slightly smaller than the MC one. This laStparameters.
result suggests that; sites do not correspond to pairs or * |, the crystal field phenomenological procedure 95 Stark
clusters in which the energy transfer would strongly decreasg, o|s of the Nd* prevailing center in GdCOB were used up
the I|fethes. I in NG+ oA- to the “D,, level situated in the UV. Free ion and crystal
The “F5, lifetimes in N&™ (7 at.9%9: YCOB (MC, 95 = fioiq parameters were refined by means of tiveGE

,uS;Bgl, 85 (,]uS G,3, 88 us) ar?\?;imilar to those recorded in 5150ram3 The starting sets of free ion parameters and crys-
Nd™™ 4 at. %:GdCOB. Since concentrations were sig- 5| field parameters were taken from previous calcula-

nificantly different in the samples, this result is also in agreesjq,34-36 oy systems with similar energy level schemes. As
ment with a negligible energy transfer betwe_en MC sites al,, these cases we considered only 14 phenomenological
low temperature. Ccenters have also only slightly smaller crystal field parameterssg being canceled by a proper

!|fet|me§ than the MC, without any _ewdgnce of the StoNg poice of reference axis system. The best-fit parameter set is
interactions which should be found in pairs or larger aggréyisiaq in Table Ill. The final root-mean-square deviation,

gates. Once more we noticed that no migration of ener%¥ken as a figure of merit, is 17.7 ¢rh. This result is rea-
oceurs inside.the main ”F‘e as shown by thg emission Spectigynable taking into accou’nt the complexity of the problem.
obtained at different excitation wavelengfiisg. 7(b)]. Some of the high UV levels are not clearly identified, so the
levels above 28500 cnt “D,,,) were not used in the fit.
However, a series of levels around 34 000 ¢nis well fit-
Based on absorption and emission spectra and their analed, which gives us confidence in the set of crystal field
sis, experimental energy level diagrams offNdn GACOB  parameters. Experimental and calculafédl, ,,, Stark sub-

=2k Bgég+m2>0 BE[CK+CX ] +iSiCE—C* 1,

V. CRYSTAL FIELD CALCULATION
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TABLE Il. Energy levels of Nd* in GdCaO(BO;); (experimental and calculatednd in YCaO(BOs)4 (experimental

25t GdCOB Energy GdCOB Energy YCOB Energy  25*1L, GdCOB Energy GdCOB Energy YCOB Energy

levels expt. (cm' ) calc. (cm'?) expt. (cm %) levels expt. (cm' ) calc. (cm'?) expt. (cm )
Yoo 0 -8 0 2H(2)11/ 15827 - 15836
74 81 73 15868 - 15877
304 316 300 15900 - 15905
452 457 451 16 026 - 16 024
670 673 680 16 091 - 16 091
16126 - 16130
112 1909 1922 1908
1974 1962 1975 “Gey 16811 16 824 16826
2196 2174 2195 16975 17003 16983
2284 2271 2281 + 17083 17095 17092
2357 2345 2356 2Gy, 17206 17226 17219
2393 2390 2407 17301 17 281 17 307
17388 17 381 17 391
N 1ar 3832 3849 3833 17526 17512 17530
3889 3874 3889
4152 4127 4148 4G7/2 18678 18 687 18 697
4222 4211 4222 18796 18 805 18811
4270 4301 4323 + 18921 18909 18912
4325 4325 4337 18961 18948 18970
4374 4381 4380 2K 1) 19011 18998 19011
+ 19 307 19304 19320
N e 5724 5736 5726 Gy 19381 19390 19395
5798 5810 5798 19436 19435 19447
6119 6111 6116 19469 19455 19474
6193 6204 6183 19496 19498 19503
6404 6392 6405 19542 19542 19546
6438 6442 6440 19 646 19630 19658
6478 6493 6486 - 19764 -
6538 6537 - 19859 19851 19861
19954 19967 20040
4F3/2 11 346 11 340 11 347 20129 20131 20153
11539 11506 11537
2G(1)q 20680 20659 20691
4F5/2 12328 12314 12 326 20715 20696 20734
12 466 12 464 12472 + 20823 20811 20831
12526 12510 12524 ’D(1) 3/2 20913 20911 20914
+ 12579 12585 12581 20968 20968 20966
12613 12622 12612 + 21035 21039 21035
2H(2) g/ 12690 12 664 12681 - 21063 21090
12772 12815 12782 4Gy 21138 21157 21143
12809 12844 12 807 21222 21209 21229
+ 21294 21301 21295
Fon 13342 13356 13333 21366 21369 -
+ 13443 13469 13450 - 21440 -
13521 13527 13517 2K 15/ 21566 21545 -
*S32 13551 13544 13554 21696 21688 21708
13652 13663 13665 - 21728 -
21770 21782 -
Fy, 14570 14593 14575 21848 21870 22104
14667 14672 14667 21918 21940 -
14728 14710 14721 21981 21967 21959
14876 14 867 14 865 22174 22147 22195
15011 15000 -
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TABLE Il. (Continued).

25t GdCOB Energy GdCOB Energy YCOB Energy  2S*1L, GdCOB Energy GdCOB Energy YCOB Energy

levels expt. (cm' %) calc. (cm'?) expt. (cm' %) levels expt. (cm' ) calc. (cm' ) expt. (cm' %)
2P1/2 23154 23152 23159 30679 30671 30656
- 30760 -
2D(1)g, 23566 23579 23585 30838 30830 -
23746 23740 -
; 23980 ; 2L 1710 ; 30886 30873
2p, , 25965 25950 25966 - 31118 ;
26158 26150 26169 - 31476 -
31586
Dyp 27632 27619 27624 - 31729 -
+ 27709 27 686 27716 - 31880 -
“Dgyy 27 806 27795 27801 - 32000 -
28130 28147 28169 - 32175 -
28341 28347 28353 - 32284 -
- 32478 -
“Dyjs 28493 28520 28433 32640 32662 32658
+ 28582 28577 28563
21100 28770 28814 28772 2H(1)g/s 32689 32683 -
+ 29008 28983 - 32740 32742 32744
29153 29106 29078 - 32796 -
- 29227 29188
2L e 29372 29363 29334  2D(2)s 32986 - 32985
29501 29507 29498 33141 33230 33123
+ - 29652 - 33386 - -
D, ; 29667 ; 33767 33806 33875
+ 29806 - 29770
2113/ - 29979 - ’D(2)g, 33870 33855 -
30015 30 000 - 2H(1) 11/ 33995 33969 34013
30127 30104 - 34117 34 096 -
- 30178 - 34178 34137 -
30199 30215 30248 - 34208 -
- 30268 - 34262 34268 34293
- 30298 - 34311 34321 -
30348 30345 30455 34 405 34400 34 450
- 30424 30395 34494 - -
- 30467 30468
30532 30541 - 2E(2)s/, 37842 37886 37836
- 30574 - 38046 38163 38066
- 30626 - 38349 38333 38370

levels being drastically different, this level was not taken inselective excitation and emission spectra of Néh GACOB
the fitting procedure too. This peculiarity has been also reand YCOB as well as crystal field calculations, are analyzed.
ported for other compoundé.Due to the complexity of the (i) Main Nd®* center crystal field characteristicsThe
calculations and the similarities between the experimentaénergy levels of the prevailing Nd center(MC) in GACOB
energy levels of N&* in GdCOB and YCOB(the errors of  and YCOB associated with tHe?* position ofC, symmetry
fitting are larger than these differengethe results of the  are very similar(Table II), the crystal field splittings being
calculated energy levels are given only forNdn GdCOB. only slightly higher in YCOB. This can be due to smaller
lattice constants and higher local str&sSinduced by larger
Nd®*-Y3* dimensional misfit. The analysis of the energy
levels for N&* in GACOB was based on a Hamiltonian con-
Several characteristics of static crystal field, electron-sisting of 14 free ion and 14 crystal field parametersGgr
phonon coupling, nonequivalent centers, and inhomogeneowsymmetry. The set of obtained parameters gives a good de-
broadening, revealed by the low-temperature absorption anstcription of experimental data with a root-mean-square de-

VI. DISCUSSION
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TABLE lll. Phenomenological free ion and crystal field param-
eters for Nd* in Ca,GdO(BQ;);, GACOB.

Free ion Crystal field
Parameter Valde(cm™)  Parameter  Valde(cm™?1)
E° 234751) B3 —411(22)
E! 47451) B3 —86513)
: , : , : , : , a) E? 23(0.02 B —174639)
810 812 814 816 ES® 4780.1) B —147724)
A (nm) a 22(0.04 S; —287(63)
B —6724) B 120749)
y [1567.3] S 59948)
- T2 [321.09 BS 67(49)
E T3 42(3) BS 284(40)
3 T 85(2) s —30369)
8 T® —2886) BS 960(21)
5 T’ 3367) S5 15854)
2 T® [390.94 BS 194(29)
E L 871(0.7) G —12336)
] b) ; P
— &The parameter variance is given in parentheses and the parameters
1054 1056 1058 1060 1062 1064 1066 in square brackets were not varied. The number of levels in calcu-
A (nm) lation is 95 with the final mean-square deviation of 17.7 érand

residue of 21 908 cm.
FIG. 7. (@) *lg;5(1)—Fs (1) excitation spectra monitoring MC
4F42(1)—111/2(1) emission. Dotted line: broadband analy@s8 the mean nearest siR3-0?~ distances in GdCOR2.360

o AL SSECAVEA) and 1,0, (2.287 A he ater compound s more cova:
corres : o j ’ ’ lent and the shift of th&P,,, level to lower energy22912
ponding emission spectra. DT . a5 .
cm™1) is possible to apprehed&?® It has been outlinéd

o 4 ) ) o that for two different compounds, but with the same coordi-
viation of 17.7 cm~. The crystal field calculations indicate ,5tion polyhedra,2P,,, positions could be quite different
large second-order crystal field parameters for’Ndn  inasmuch as for one of them the polyhedron is more dis-
RCOB. This is manifested in the large splittings of the;, torted or the nature of the ligands is different.

level in RCOB, ~190 cm'L. The N&* energy levels in
GdCOB and YCOB crystals are similar to thd%é* of the
Nd®* C, center inC-type Y,0O;, especially as concerns the
splitting of J manifolds of the ground termtl as shown in —
Fig. 8, where the Stark levels of thg, and 4 ;,,, mani- 1 — —
folds are presented. This similarity was found in other iso- 2200 ——

lated transitions; thus, the splitting of th€ 3/, level is com- ] - 11/2
parable to that in ¥O; ~196 cmi’ ! and suggests that the 2000
crystal field parameters are close in all these compounds. a—
This is the reason behind the use as a starting set of crystal 1—
field parameters in the energy level calculations for
Nd®*:RCOB those obtained for rare-earthC-type
sesquioxide8®#! This similarity of the crystal field effects ]
can be associated with the structure of the centers as illus- 600 —
trated in Fig. 1 and Table |, distorted cubes, rather than the
frequently used model of octahedral environment.

The barycenter positions of thél; manifolds of the 400+ 4
ground term folRCOB are energetically close angQ®j3, but 1T — — o2
the situation is different for isolated excited multiplets al- 200
though the splittings are similar. This difference could be ]
understood in terms of nephelauxetic eff&dEor the excited od —_—
states the nephelauxetic effect is depending principally on Gdcos YO YCOB
the Slater-Condon integr#l,. It has been shown that the
Na®* — 2Py, energy level is sensitive to lanthanide-ligand ~ FIG. 8. Comparison between the MC Stark levels of the
distances as well as to the nature of the ligands. According t8d®* *lg,,, *I 11, manifolds in GACOB, ¥O,, and YCOB.

2400  —— —_—

1800

Energy (cm )
AY
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Even if the overall crystal field strength for Rid in phonons in the homogeneous line broadening for rare-earth
RCOB is comparable with that of Nd in YAG, its compo-  ions in crystal$®3!
sition is different(the *F,, splitting is~85 cm ! in YAG). (i) Nonequivalent sites and inhomogeneous broadening
The large splitting*F 3/, for Nd®* in GdCOB,~193 cmi’!,  Nd®* concentration dependence, spectral characteristics, and
has important consequences on the laser properties. In thignission kinetics were followed to elucidate the nature of the
system, as in many other Rid materials, the emission cross three minorityC; centers. The satellite structure is dependent
section from the upper crystal field componé®y of the  on the transition, and shifts as large as 46 énwvere mea-
“F3 level is larger than that from; and the actual emis- gyred. In some transitions the spectra are similar in GACOB
sion wavelength is determined by the product of the emissionnq ycoB, but in others significant differences are observed
cross selctior|1 gnd_ the frﬁctilonal thel_rmal gl'('):pulatir(])nRof theas, for instance, in thélg(1)— 2Py, transition (Fig. 4).
emitting level. Owing to the large splittin , the i
is poor?y populated gt room terr?pergture ?n GSICZOE28%§ Unft()) rtkt)Jlna(;ely twe twere not a(t;!e .to ddeteélPll,z : em|_sri|on,
as compared with YAG~40%) and the laser wavelength is probably due fo strong nhonra !atlve eexcitation. The same

structure was observed for Ritt YCOB samples grown in

determined by the emission froR, in the former case, but iridium crucibles and inert atmosphere and in platinum in air
from R, in the latter. However, the heating of the GdCOB o . pher P . '
a‘he relative intensity of th€, ; satellites to the total inten-

crystal during laser emission under an intense pump could. . .
modify this fractional thermal population and induce a Sity represents about 3%—-4% and is almost independent of

shif2l23 of the emission from 1060 nm to 1091 nm. A shift Nd®** concentration. If the oscillator strengths differences for
of emission wavelength between lev&s andR, has been transitions of the MC an€, ; centers are small, the relative
also observelf in Nd3:YAG, but well below room tem- intensity percentage represents an approximatef/ Nella-
perature. Such an effect was not mentioned in the case dive concentration in perturbed sites. The similarity @3
Nd:YCOB laser experiment$;?%although the Nél* spectral ~ spectra and their resemblance to the M@. 6), including
characteristicéTable 1) and thermal conductivity cannot ex- the lifetimes, leads to the conclusion that they correspond to
plain such differences. Probably the experimental condition®d®* in R®* perturbed positions, the perturbation being
for laser tests were different. No such effects were reportegonnected to some intrinsic lattice defects. The fairly large
for Nd®* in Y,0; though the*Fj,, level splitting is practi-  spectral shifts from MC lines (30—46 ¢ suggest that the
cally the same to that of GdCOB, but the thermal conductiv-hature of the crystal field perturbation is rather electridét

ity is ~6 times larger for ¥Os. ference of electric chargehan dimensionafionic radii dif-

(i) Electron-phonon coupling effectShe extended pho- ferences Such charged defects could be nonstoichiometric
non spectrum iNRCOB, from 46 cm?! to 1400 cm?!, as occupancy of some close cationic sites or
shown by the Ramdh®or IR (Refs. 7 and 3pdata, deter- Gd®* (Y3)—C&" inversion. The estimated degree of dis-
mines several effects of the electron-phonon interaction foprder in GACOB is not large and is difficult to estimate by
Nc®* in RCOB: strong nonradiative deexcitatiofthe mea-  other methods, as shown by the contradictory re3tdt€’of
sured emission lifetime of the metastatife,), level for low ~ nonoptical methods, which do not agree with first repbfts.
concentrations at 300 K is 98s for Nf* in GdCOB com-  The energy levels of thél term of theC; Nd®* center are
pared to estimated radiative lifetime of 65§), vibronic — quite different from the MC and the other perturbed centers
sidebands, and homogeneous broadening of many zer¢Fig. 6). The lifetimes ofC, centers are slightly lower in
phonon lines. comparison to those of the MC, probably due to the radiative

The vibronic sidebands are observed at low temperatureifetime modifications induced by a different crystal field.
in many transitions; they have comparable intensitiesTheC; center could correspond to Ridin a C&* site with
with  zero-phonon lines in *lg,—(%Gg,,%G7,), @ charge compensation. It represents about 2%-3% of the
(*G7/2,%K13/2,*Ggn),  and (3G(1)gj2,°D(1)3/2,°Gyypp,  total Nc®* content.
2K ,5,) transitions. Since the phononsRCOB are both IR The Nd* concentration dependence of intensities and
and Raman active, a VVan Vleck mechanism could be essetfifetimes for C; centers is incompatible with a pair model.
tial in the phonon sideband intensity. Many zero-phononDue to the differences of the ionic radii between®Ndand
lines are homogeneously broadened. Due to the complexitgd®™ or Y3*, one could expect to observe shifted lirfdse
of the spectra, our analysis of the broadening is restricted tt stress effecisconnected with pairs, at least for near neigh-
10 K; here, the broadening is dominated by one-phonomors(at around 3.5 A However, a comparison of the shifts
emission processes and a full width at half maximumfor C; centers with those published for Rid pairs in other
(FWHM) up to 50 cm?! was measured. Practically all matrice$®#7*8suggests that shifts as large as 30—46 tm
broadened lines could be connected with phonons present are unlikely for pairs. Therefore, Nd pair lines are un-
the Raman spectra. Due to the large phonon frequencies #plved and could only contribute to linewidths.
this crystal, homogeneous broadening by one-phonon emis- For some Nd* lines such as those corresponding to
sion is observed even in sonf#)—(1) transitions, such as *lg2(1)—“F3,5(1), 2Py, transitions, the inhomogeneous
492(1)—*Ggo(1). However, unlike the N&" in YAG,3®  broadening can be estimated: the homogeneous part in the
no such broadening process is possible for thg,(1) ground level connected with one-phonon absorption pro-
—%Fg,(1) line in RCOB, an important band for diode cesses is negligibléhe first excited Stark levels are around
pumping. The analysis of the homogeneous broadenings &0 cm ! in both crystalsand Raman processes are expected
10 K brings new arguments of the essential role of opticato be very smaff while in the excited states the one-phonon
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emission processes are not possible. These lines are alma@sidefinite explanation of this difference. Partly it could be
Gaussian; the FWHM of th&; line at 10 K in GACOB induced by the larger unsolved shifts for the effects discussed
increases with N& content from~6.5 cmi X for 4 at. % to ~ for GACOB, caused by greater €aY3* or N&*-Y3*

~9 cm L for7 at. % . The N&" lines in YCOB are much ionic radius misfits. Additional sources of disorder in YCOB
larger; the same line for 7 at. % Nd in YCOB has the halfcould be connected to the presence of more peaks in the
width of ~14 cm L. (DTA) data cooling curvé& for YCOB (with only one for

The inhomogeneous broadening is determined by poing;dCOB). The origin of these peaks is still unknown, but it

lattice defects, stresses induced by dimensional misfit, dislo¥3S suggestéd that they could imply a structural transfor-

cations, ion-ion interactions, etc. As shown previotisf§s. ~ mation, such as a rotation of the (B group without

the point defects that determine only local strains lead to &&0rganization of the whole crystal.

Lorentz line shape at low concentrations and Gaussian at In conclqsmn, new results on ﬁlti_m GdCOB and
large concentrations. An almost Gaussian line shape is in! COB obtained by high-resolution optical spectroscopy at
duced by charged defedThe charged defects determine OV temp_erature a+re reported. Thus, thg energy level schemes
random electric fields in the lattice. If the centers are sited0r Prevailing N centers were obtained and the crystal
without inversion, as in our case, these internal electric fieldd€!d calculation gave a set of parameters that describe well
can determine energy shifts by the Stark effect, the line Shaptge_experlmentgl data. The similarity of thfa crystal field for
in this case being almost Gauss&oOnly small defect con- Main centers with that of the Nd C, center inC-type Y,0;
centrations are needed to give large random fields. The varfYStals, including the large second-order crystal field param-

ety of broadening mechanisms could be separated into twhters, was connected to the center structure, distorted cubes

parts: those characteristic to the lattice and those dependeitther than octahedr&ome laser emission features of Nd

on the N&* concentration. The main intrinsic defects in IN GdCOB are connected to the effects of the large second-

RCOB are charged defects of nonstoichiometric or inversiorPrder crystal field parameters. The spectral characteristics of
G+ (Y3*)Ca* type. If the distribution of such defects three minority centers were obtained, the concentration of
is random, nearby ones produce the satellites while the ottNd® " in these positions was estimated, and structural models
ers contribute to broadening. The contribution to broadenind/€re Proposed. The line shaf@aussiapand large inhomo-
introduced by doping can come from Ridand Gd+ or ~ Jeneous broadenings imply that these crystals present a dis-
Y3+ ionic radii misfits, Nd* in C&* sites—a charge defect ordered structure. It is suggested that, especially for GdCOB,
unsolved pairs, or ion-ion magnetic interactions. Thus, it ighe degree of d|sord_er is not large, since low-concentration
difficult to make an estimation of the contribution of various charged defects_ can induce strong Spec”"?" effects. The paper
mechanisms leading to broadening reveals an additional source of disorder in YCOB crystals,
The lines of Nd* in YCOB are significantly broader than manifested mainly in inhomogeneous broadening, but further
in GACOB, as illustrated in Fig. 4, and the selective excita_investigations by alternative methods are necessary to eluci-

tion in main lines leads to several emission wavelength&ate its origin.
(Fig. 7), a behavior characteristic of crystals with disordered

structure. A similar behavior was observed for 3Yb

spectrd’ in YCOB. At the present time it is difficult to give A.L. wants to thank CNRS$France for support.
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