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Two major fiber crystal growth methods have been applied for the synthesis and spectroscopic
characterizations of Y4 -doped YAls0;, (Yb:YAG) to show the feasibility of a flexible single
crystal fiber laser. One is the micropulling-doWm-PD) method and the other is the laser heated
pedestal growtliLHPG) method. 500 mm length fiber with no Yb segregation has been grown by
the u-PD method. A detailed analysis of Yb:YAG spectroscopy is made to contribute to the
discussion on the determination of energy levels. On the other hand, a combinatorial chemistry
approach has been applied on concentration gradient crystal fibers grown by the LHPG method
allowing the measurement of the intrinsic radiative lifetime and the analysis of concentration
quenching processes of Ybions in YAG. © 2003 American Institute of Physics.

[DOI: 10.1063/1.1597763

I. INTRODUCTION oscillation efficiency of the single crystal host is also much
higher than that of a glass host. At the same time, the small

Single crystalline fibers have become the subject of ingimensions minimize the occurrence of the defects that are

tense study in recent years because of their remarkable chagsponsible for the low strength of the materials in bulk

acteristics. Specifically, it is motivated by their application to gy 2

linear and nonlinear optical devices that are not possible in Taking into account these advantages, we plan to de-

glass fibers. The fiber shape itself is well suited to nonlineageq 4 flexible laser system using single crystals fiber. We

optical interactions, whose efficiencies can be greatly eNpave choosen yttrium aluminum gameAYs0,, (YAG) as

hanced by the long interaction lengths and tight beam €ON3 host material for this fiber laser development project, as it

finement available in guided wave structures. Moreover, the . . .
. . . is considered to be the most widely used laser material due to
fiber configuration has other advantages. By use as a laser o . .

. - IfS unusual combination of favorable chemical, optiGab-
element, it removes heat very efficiently because of the shor

distance between the pumping region and surroundinémpic)’ thermal(high thermal conductivity and mechanical

; +.
temperaturé.Besides, if we use long interaction length, the r_ot;]usn properties. TB 'YAS has t_)ee(r; seler::ted bgcaus_e
concentration of the activator ion can be lower. These factorg'g average power lasers have gained much attention since

keep the laser rod at a low temperature, which is preferabl&he3+ava'|_ab'|'ty_ of high-power laser diodes. Moreover, a
for upscaling the output power and it can also minimize theYb”" activator ion possesses the following advantages from
simple electronic structure?®

upconversion processes when rare-earth ions are close s

each other. As far as using the bulk laser host, it is veryg) There is no excited state absorption, cross-relaxation
difficult to construct a flexible system. For this purpose, the process, more up-conversion, or any internal mecha-
fiber-shaped host material is requirédg. 1). When we add nism able to reduce the effective laser cross section.
the fact that it is a single crystal, the properties will shiftto a )  The intense and broad ¥b absorption lines are well

more preferable direction. For example, the thermal conduc- suited for IR InGaAs diode laser pumping between 900
tivity of single crystal is much higher than that of glass. and 980 nm

Consequently, a single crystal fiber should be much preferrf )

able for high output power applications. Moreover, the lase The broad emission band allows the generation of

ultra-short pulses.
(d) There is no absorption in the visible range.
dAuthor to whom correspondence should be addressed; electronic maire) A small quantum defect between the absorption and
yosikawa@tagen.tohoku.ac.jp .
emission wavelengths leads to a low thermal I1GE%

YAlso at: Institute of Multidisciplinary Research for Advanced Materials, ) )
Tohoku University, 2-1-1 Sendai, 980-8577, Japan. relative to 30%—40% in Ntf -doped laser hosts
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FIG. 1. Schematic of the idea for single crystal fiber laser.

In addition, recently, combinatorial chemistry was
adapted to inorganic compounds and was increasingly ap-
plied in the study for advanced materials. This systematic,
efficient, and fast method was applied to investigate a large
field of ternary, quaternary, and high-order solid-state com-
pounds and was tried for superconductingnagneto-
resistive’® photoluminescentt or catalyst? materials. The
combination of automated thin-film deposition and physical
masking techniques was used for parallel synthesis and has
generated a spatially addressable library. As an example, an
unusual blue white phosphor (£reQ,) with an unexpected
structure was discovered from a library of more than 25000
members= Despite the great number of samples constitutinge
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FIG. 2. Schematic ofs-PD furnace around the crucible.
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nergy levels in the strong vibronic coupling of YAG host. In
addition, a combinatorial chemistry approach, which has
Deen applied to concentration gradient crystal fibers grown

the LHPG method, will be reported. The radiative lifetime
nd the concentration quenching processes depending on the
Yb®* concentration will be investigated using the concentra-
tion gradient fiber.

the combinatorial library, this method remains discontinuous
A simultaneous chemical and structural characterization i
not associated with the physical property measurement, a
the given composition corresponds to the bulk compositior}jl
without taking into account whether the sample is mono
phase or not.

A combinatorial approach has been propdevhere a
rod or a fiber, single crystal or not, with a continuous com-

position gradient is prepared by using a melting zone techl- EXPERIMENTAL PROCEDURE

nigue or a floating zone method. The method is based on thE
synthesis and investigation of “concentration gradient fibers ™

Fiber single crystal growth procedure

or rods” where composition changes continuously from onesz. ,-PD method

end to the other between two well-defined compositiGps
and Cg. If a solid solution exists, a single crystal can be
grown with the composition varying continuously between
C, and Cg. The advantage of such samples is that every1)
point of the fiber can be considered as a single crystal where
composition and physical properties can be correlated by
means ofn situ measurements. This combinatorial chemistry
method has been previously applied to the study of2)
Yb3*—EP* codoped and YH monodoped sesqui-
oxides®"We are now dealing with the Yb:YAG system in
which we have correlated composition and spectroscopic
properties, like YB" decay times of the infrared fluores-
cence, by using concentration gradient monocrystalline fi-
bers. (3)
In this study, the two major fiber crystal growth methods
for the single crystal fiber preparation, which we have ap-
plied, are described. One is the micropulling-dowrPD)  (4)
method developed at the Tohoku University in Sendai, Japan,
and the other is laser heated pedestal grawtiPG) method
which has been developed at the University of Lyonl, France.
Structural and spectroscopic characterizations of each kind
of samples are analyzed. First, fibers with nd®Ytsegrega-
tion grown by theu-PD method will be reported. A detailed (5)
analysis of the interpretation of spectroscopic data will be
discussed in debate of the accurate position of th& Yibn

The wu-PD method is one of the fiber crystal growth

methods from the melt with the following features:

Starting materials are melted in the crucible; therefore,
the homogeneity of the melt is improved by the melt
convection. This is the same feature as the Czochralski
(CZ) method.

The meniscus is fixed at the edge of the orifice. This
makes the crystal growth condition stable. From this
point, u-PD method can be categorized in the edge-
defined film-fed growth method. However, if we take the
relation between the diameter of capillary channel and
diameter of the grown crystal, the situation is different.
The temperature gradient along the growth direction is
controllable because of the presence of the after-heater
system.

The solute diffusion boundary layer could be as long as
desired by adjusting the length of the capillary nozzle,
which is free from convectioff And the crystal growth
velocity could be 18- 10® times higher than that of con-
ventional melt growth method. Both features makg;

~1.

The repeated seeding technique illustrated in Fig. 2 is
available to produce few crystals of a similar length
without cooling the hot zone to room temperature.
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The fiber crystals were grown by thePD method using For the preparation of a concentration gradient fiber, the
the setup®® for high melting temperature materials as preparation of feed rod is important. As starting powders,
shown in Fig. 2. Starting materials were prepared by mixingY,03;, Al,O3, and YkO; (99.99% from Rhae Pouleng
99.99% pure A0z, Y,053, and YO; powders produced were mixed in appropriate quantities. Gradient concentration
by High Purity Chemicals Co. at the stoichiometric ratio of fibers could be grown from a specially prepared ceramic rod,
(Yo.98Ybo 02 3Al501,. Mixed powders were cold pressed un- which already has a varied concentration. The rod is com-
der the pressure of 3000 kg/érmto disk pellets 15 mm in  posed of two rods cut along a slant and placed side by side
diameter. The pellets were sintered in a platinum crucible irwith the dimensions of %X 1x 30 mn?. The rods were cold
air for 24 h at 1450 °C. The starting materials were loadedressed and sintered at 1300 °C for 12 h.
into the crucible. The crucible, about 45 mm in height by 16 = The pushing rate of the feeding rod was equal to 15-20
mm in diameter, was placed on an alumina pedestal in amh ! and the pulling rate of the crystallized rod was at
vertical quartz tube and was heated using a rf generator. 50—60 mmHh?. All of the crystal growth experiments for

The crucible temperature was controlled by power of theconcentration gradient fibers were performed in an air atmo-
rf coil. High-density and high-purity(99.7%9 alumina ce- sphere.
ramic was used to surround the crucible for the thermal in-
sulation. In order to avoid oxidation of the crucible, the crys-B. Experimental setup for spectroscopic
tals were grown in Ar atmosphergas flow 1.5-2.0 I/mip ~ characterization

The solid—liquid interface was observed using a charge-  apsqrption spectra were recorded with a spectrophotom-
coupled device camera _and_ monitor. The undoped YAG f"eter(Cary 2300 equipped with a cryostat allowing measure-
bers of about 0.7 mm in diameter produced by the same,onis hetween 12 K and room temperature. Excitation of the
technique were used as a seed. The crystals were grown at@s+ g orescence was performed with a frequency-doubled
pullmg-dpwn rate of 0.05-10.0 mm{nj|_n and were 0.2-1.5y4-yAG laser(10 ns and 10 Hzpumping a Quantel three-
mm in diameter. The best reproducibility of the growth re- amplifier-stage dye laser containing a mixture of DCM and

sults was found to correspond to a pulling rate of 0'5__1'q_D700 and followed by a hydrogen Raman cell shifter to
mm/min. The length of the crystals was up to 500 mm Wh'Chgenerate a beam in the 950—980 nm range. The specific in-
was limited by the length of the pulling system applied.

frared fluorescence is selected by using a Jobin Yvon HR250
monochromator fit with a 600 grooves/mm grating blazed at
2. Laser heated pedestal growth method 1 um and detected by a fast North Coast germanium cell
cooled by liquid nitrogen. The signal can be analyzed with

The LHPG method is one of the most famous fiber CrySynq 5o of a Lecroy 9410 digital oscilloscope coupled to a
tal growth methods from the melt. It is widely used for fiber personal computer.

crystal growth attempt$-?? The LHPG method has the fol-

lowing features: lll. RESULTS AND DISCUSSION

(1) The starting materials are prepared as a rod shape, and Result of fiber single crystal growth
heated by the focused laser. The absence of the cruublf
makes the material purity high. This is the same feature™
as the floating zone method. Similar to the results o*?® the YAG crystals were

(2) The meniscus is fixed at the both edges of the seed ro_alight!y faceted with an evident hgxagonal cross section that
and feed rod; therefore, there are two solid—liquid inter-is typical for(111) garnet growth direction. The crystals were
faces. transparent and colorless or slightly greenish depending on

(3) An extremely high-temperature gradidin the range of the YB** concentration which cannot be due to eithefYb
>10° Kcm™1) exists along the growth direction. There- Or eventual YB* ions without any absorption in visible but
fore, the Crysta| growth velocity could be 2010° times may be due to traces of other rare-earth impurities, color
higher than that of conventional melt growth methods,centers, or oxygen vacancies. The fibers were single phase
such as the CZ method or Bridgeman method. This feaWith a garnet structure. It was confirmed by powder x-ray
ture causes the effective segregation coefficient to tendiffraction analysis. It is pointed out that, in the general case,

Fibers grown by the micropulling down method

toward unity. 100% of the melt was solidified into the fibers. Two fiber
(4) Itis available to apply an electrical field during the crys- crystals, 500 mm in length and 1 mm diameter, were
tal growth. grown from the same melt(nominal composition is

(5) The aforementioned feature allowed the combinatoriaYo0.98YP0.023Al5012), and were selected for composition
approach by using the feed rod with a gradient concenand spectroscopic characterization. Grown fiber crystals are
tration of the dopant. The dopant composition changeshown in Fig. 3.

Continuous|y from one end to the other. The Composition, as well as the distribution of 3?‘13
concentration along the growth axis, was measured by
When we apply a high growth rate, the composition ofelectron-probe microanalysi€EPMA) using JEOL (JXA-

the crystallized solid is the same as those of the liquid. A8621MX). No shifting of the melt composition resulting in

previous study has shown that no segregation appears in tisecond phase formation was observed by EPMA. All of the

crystallized fiber with a growth rate on the order of 50 fibers from the beginning to the end parts of the melt were

mmh 123 single garnet phase and no incursion was observed. The re-
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FIG. 3. (a) Photograph ofu-PD grown fibers(b) Microscopic view of the
YAG fiber crystal. Crystal growth rate was 1.0 mm/min.

FIG. 5. (a) Photograph of a YAG fiber grown by the LHPG method &bd

sults of measurements made along the axial direction ar8icroscopic view of the LHPG grown YAG fiber.

given in Fig. 4. The fiber crystal discussed here was pro-

duced at pulling rate of 1.0 mm/min. The distribution of 2. Fibers grown by the laser heated pedestal growth

Yb3*-doping cations in the fiber crystals was measured ustethod

ing the electron probe of 1m in diameter. The EPMA In the melting zone, there is a homogeneous mix of the

composition analysis was made with a step of 1.0 mm for thepecies in the liquid: The amounts of the solved species vary

fiber samples as shown in Fig. 4. We could not find anycontinuously. When the molten zone moves, the composition

variation of Yb concentration along the growth axis. Takinggradient is induced in the crystallized rod. By using the gra-

into consideration the very small amount of Yb in the crystaldient concentration ceramic rod, the concentration of the Yb

and corresponding accuracy of the measurements, we cam the melt varies depending on the position of the molten

conclude that the axial distribution of the Yb dopant is uni-zone.

form. Thus, the segregation coefficient of 3bin the pro- Concentration gradient fibers with a b concentration

cess described was found to be close to urky,s+)~ 1. varying up to 10% could be grown. Figuresaband §b)
show, as an example, photographs of a concentration gradi-
ent Yb:YAG fiber. The grown crystal fibers have a typical

Solidification fraction (%) diameter of about 80@xm and a length of few centimeters.

0 20 40 60 ) 100 They are crack free, transparent, and free from the visible
2.2 l T T . impurities.
~ The distribution of cations (¥, Yb®", and AF*) in
% the LHPG grown fiber crystals was also measured by EPMA
b= 2.1 [ a . a @ a3 (Fig. 6). We could find the significant variation of ¥b and
.8 “ . . 4 s “ o oh s Y3* concentration along the growth axis, whereas no varia-
E 20 ka &y et “.““".A ‘.t“‘:“ & | tion was found for the AI*.
g Lot s s ey B. Spectroscopic characterization
§ 1.9 - * * 4 1. Analysis and discussion on the assignment of
0 Yb:YAG (A) ) electronic and vibronic transitions from absorption,
- JYBIVAG (B) emission and Raman spectra
1.8 : : : .
0 200 400 600 800 1000 a. Our experimental data.Room-temperature and low-

Crystal distance along growth direction (mm)

temperature absorption and emission spectra of ' YYAG
grown by the u-PD method are shown in Figs. 7 and 8.

Similar results have been obtained with samples grown from
the LHPG method. There are clearly many more lines ob-
served than can be accounted for as electronic transitions

FIG. 4. Distribution of Yb concentratiofpoint data along growth direction
of 2% Yb:YAG fiber crystal. Both Yb:YAG(A) and Yb:YAG (B) were
grown from the same melt.
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YAG, grown by the u-PD method, under 915 nm laser pumping at low
FIG. 6. Distribution of cations along growth direction of concentration gra- temperature.

dient (0%—4% Yb YAG fiber crystal grown by the LHPG method.

lated from the absorption cross sectiop,,sfv) by the fol-
alone. Although the Y®' ion has a simple electronic struc- lowing formula:

ture with only one expited stat€Ks,) above thg ground T (em= 0 (ans(¥)Z) 1 Zy+ XHE 7z~ hv/KT].
state @F;;,), the assignment of pure electronic lines of . ) ) . )
Yb:YAG, in which Yb®* preponderantly replaces3Y in In this equationg ¢ is the emission cross section to be

c-dodecahedral sites @, local symmetry, is a rather diffi- Calculated,oaps) is the absorption cross sectian, and Z,
cult task. The degeneracy of the two multiplets is raised an@'e the lower and upper manifold partition functions, respec-
seven Stark electronic levels are expected: Four for th&Vely, andE z is the zero-phonon line energy. The partition
ground and three for the excited state which have been |dunctionsZ, andZ, have been calculated to be 1.13 and 1.28,
beled in Fig. 9. respectively, based on the energy level separation values.
In Fig. 7, the zero-phonon line, which is defined to be The absorption and the emission cross sections of the
the energy separation between the lowest Stark level of eagtero-phonon line have the same value of 48 % cn?.
manifold, is easily seen at 968 n(h0 327 cm'Y) in coinci-  The highest values in each spectrum are<al6 2° cn in
dence of both absorption and emission spectra. At a lovabsorption at 943 nm and 280 2’ cn? in emission at
temperature, in Fig. 8, this line is missing due to a strongl030 nm that are within the range reported in literafré.
reabsorption by self-trapping as already observed infhese two wavelengths correspond at the pumping and the
Yb®*-doped sesquioxideé8-2 The absorption cross section laser wavelengths, respectively, showing the good agreement
is easy to measure from the optical density, thickness, anbetween results on fibers and those already known on bulky
concentration of the sample whereas the emission cross se¥b:YAG.
tion can be obtained from the two Fuchtbauer—Ladenburg b. Previous assignmentSeveral reports have been at-
and reciprocity methods. The reciprocity method, or Mc-tempted to separate the electronic Stark levels from vibronics
Cumber method, which has been described in Refs. 3—2but the assignments are still ambigudfs® The Stark split-
and we have also used in Ref. 8, requires the knowledge dfngs of rare-earth ions are of the order of lattice phonons. If
the electronic structure of ¥B ion and of the absorption the energy gap between two Stark levels is in near resonance
spectrum. The emission cross sectig@m(») can be calcu- ~ with peaks in the phonon spectrum, the electron—phonon in-
teraction creates modifiednonadiabati vibronic states.

08 3.0

N’E‘ 2% Yb:YAG «— 10927 7
g 05 RT 1-6 25 g 2 F
% ST i 125 8
e £ emission under o 5/2 10634 6
5 Aoxe=943nm z
8§ o4r ) H20 § 10327 5
8 3
o 0.3r d1s5 »
0 8 .
2 "
o 73 ’
g 5 Gabs = 0.5%10°0 em? Gem = 2.5%10°2° cm?
c 021 410 2
2 5
I3 2
g oif J0s5 g
a o ; ® 2k 786 4
- . = 712 619 3
0.0 00 6o :
880 900 920 940 960 980 1000 1020 1040 1060 1080
Wavelength (nm)
0 1

FIG. 7. Absorption spectrum and emission spectrum of 2% Ydoped

YAG, grown by theu-PD method, under 943 nm laser pumping at room FIG. 9. Attempt of the attribution of the Yi5 energy level scheme in YAG
temperature. The absorption cross sectiiaf-hand side, solid lineand from the spectra of Fig. 8 and the approach of Fig. 10 at low temperature for
emission cross sectiomight-hand side, dotted lineare given. absorption and emission spectra.
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_; &) sbrorpticn case with’E—*A, transition of CF*-doped YAG. These
|l—© Raman YAG spectra were then adjusted in Fig. 10 to the same energy
(@) Infrared band frequencies scale, by taking the origin of the absorption and the emission

at the zero-phonon line energy, in coincidence with the Ray-
leigh line of the Ar lasel514.5 nm used to record the Ra-
man spectrum. In Yb' -doped oxide crystals, only the low-

est level of the?Fs, excited state is emitting due to fast
nonradiative relaxation processes between the three Stark
components separated by an energy gap of the same order of
magnitude as the phonon energy. Hence, this is the reason
why the resonant transition is the best adapted to give a
N vibronic sideband, on the one hand, in the highest-frequency

- WL

(d)

Intensity (arb. unit)

side (shorter wavelengthsof the absorption spectrum, be-
tween 968 nm and 900 nm, and, on the other hand, in the
: SV ~ ! - lowest-frequency siddonger wavelengthsof the emission
0 10020003000 400300 600 700800500 1000 1100 spectrum, between 968 nm and 1100 nm. As such, a sym-
Wavenumber (cm™) metric distributions of vibronic lines are expected around a
FIG. 10. Comparison of the absorption spectru@, after a rotation of ~ 1<»5 resonant electronic transition. By rotating the absorp-
180°, with the emission spectruth) at low temperatur¢12K), the Raman  tion spectrum around the origin, we get a direct comparison
spectrum(c) and the infrared absorption spectrum represented by verticalyjth the emission, the IR absorption, and the Raman spectra,
lines at room temperature above 370 crand below 820 em’. The 1-5  \hich are drawn to the lowest-frequency side. Therefore, we
resonant line has been chosen as origin for the absorption and the emission . , )
coinciding with the Rayleigh line of the Raman spectrum. The spectraiShOUld be able to more clearly distinguish electronic and
resolution of each used monochromator differs strongly for the four experivibronic lines with the advantage to get complementary vi-
ments. bronic spectra from both IR absorption and Raman lines.
This is actually our general approach on several '¥tdoped
crystals under analysis in our laboratory applied here espe-
This leads to changes in the optical spectral line shapesially on Yb**:YAG for which an analysis has been done in
(broadening, asymmetries, or splittjngSplittings of zero- Ref. 32 but by only using expected symmetry of absorption
phonon lines of rare-earth ions could appear if the phonomnd emission spectra.
densities contain sharp peaks and electron—phonon coupling In this approach, it can be seen in Fig. 10 that the highest
is non-negligible. Such effects have been reported in organimtensity absorption line at 307 ¢ does not overlap either
and inorganic compounds, especially for rare-earth ions any Raman line or any IR absorption line and can be consid-
the beginning and end of the lanthanide seffeResonant ered as belonging to an electronic transition. The assignment
effects could appear for ¥B in YAG since this ion mani- of this line is probably the 46 transition. The absorption
fests a strong vibronic coupling and, in YAG, the phononpeak at around 420 cnt (10 747 cm?) does not overlap
density presents intense sharp peaks, associated with vibrdze Raman vibronic spectrum but overlaps with the IR ab-
tions of tetrahedral group, as demonstrated by IR, Raman, @orption vibronic spectrum and then cannot be asigned to an
vibronic sidebands. By comparing experimental data withelectronic line but rather to a vibronic line. The difference of
theoretical expressions, the positions of the electronic levelthe 113 cm! between the resonant transition 1-6 and the
and coupling strength have recently been estimated by Lupeiibronic line is also seen between the resonant transition 1-5
et al?®=2® and an electronic energy level diagram for theand the nearest line of the absorption spectrurtejrbut is
2F¢, Yb3" manifold in YAG has been proposed, the posi-less clear with the other resonant transition 1-7 at 10927
tions of the excited Stark levels at 10327, 10650, 10923m ! which is discussed below. This is probably one vi-
cm 1, being shifted from intense absorption lines. The elecbronic frequency belonging to garnet system. By analogy, the
tronic line intensity is shared by divided mixed vibronics peak at around 600 cht (10 927 cm't) overlaps only very
created by resonant electron—phonon coupling. weakly with the two Raman lines at around 550 cmand
c. Assignment of our spectroscopic data with the help ofiot at all with the IR absorption spectrum. Consequently, it
the Raman spectrum.Since the published data concerning has been associated to the-I electronic transition. One
the energy levels of I in YAG are contradictory, mainly can note a strong overlap of the emission spectrum in Fig.
due to a strong vibronic coupling, we have tried to contribute10, with the Raman lines within the range 250—420 ¢so
to this debate by again analyzing results in the experimentahat this spectral part could be associated with vibronic lines.
following approach. We compare absorption, emission, IRt seems valuable now to deduce that the level 2 is situated at
absorption, and Raman corrected spectra which have bo®81 cni ! (emission line at 1026 nm at room temperajwae
been drawn in wave number scale, to have at a glance, alower energy than the Raman line at 544 ¢mhe Raman
quick evaluation of the difference between electronic andine coinciding with an intense emission line, whereas level
vibronic spectroscopic properties. In doing so, we are admit3, which is the usual terminal level of the laser transition,
ting the hypothesis that Raman and IR absorption spectreould be located very near at 619 ch(emission line at
should reflect vibronic structure accompanying the mainl030 nm at room temperaturein the higher-energy side
zero-phonon line electronic resonant transition as this is théhan the second Raman line near 544 ¢nin which there is
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FIG. 11. A plot of the?F 5, manifold energy barycentre as a function of the
2F,,, manifold energy barycentre for several %¥bdoped crystals.

no coincidence at all. The proximity of these two levels cor-
responds to the splitting seen at a low temperature in the
highest lines in Fig. 8. Consequently, our interpretation is
keeping with the aforementioned remark that the absorption
strongest intensity line at 10 628 cih) near 940 nm at room
temperature, could have a vibronic nature. Moreover, the last
line of notable intensity in the emission spectrum at 1044
nm, coincide exactly with an intense Raman line at 781
cm L. As this emission line is split, our first attempt is to (i)
interpret the line of the doublet located at 786 ¢nabove
the ground state, that is to say at 9542 ¢mand character-
ized by the weakest energy located as the 4 transition.
The strong electron—phonon coupling associated with vibra-
tions of tetrahedral group could be responsible for the dou-
blet. As mentioned by Lupéf the near resonance could in-
volve an additional contribution to the linewidth could given
by a VanVleck mechanism, that seems important for spin
forbidden transitions for ions with small spin—orbit coupling.
d. Use of two independent methods the barycentre plot
and the scalar field parameter Nevaluation. To check the
validity and the correctness of our assignment, two methods

10800 T T 1
YAG 786 cm”’ 1025 em™
10700
R SRR I ST DU, o
U RN R IR Ve SR
10600 IA
783 cm”

10500

10400

10300

2F,, Barycentre (cm™")

2F52=10166.6+0.997 *F7,,
10200

10100

0 100 200 300 400 500 600 700
2F,» Barycentre (cm™)

FIG. 12. Positions of the experimental points for the three vlt@s cm*

from this work, 1025 cm® (from Ref. 35 and 783 cm* (from Refs. 27—

29)] of the fourth Stark level energy with respect of the theoretical straight
line of the barycentre law. The three values correspond to the energy level
values and the arrows indicate the position of the barycentres which do not
fit the theoretical straight line for 1025, 786 and 783 ¢énHowever, the

786 cm ! value is the most valuable one.
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can be applied: The barycentre piband the scalar field
parameteN, evaluatior?*>®

The “barycentre plot” method, introduced by Antic—
Fidancev was applied, based on the fact that the spin—
orbit splitting betweekF,, and?F s, is host indepen-
dent, and equal to the free-ion energy separation. For
rare-earth ions, it was shown that th&"lL; level
barycentre as a function of any other barycentre of an
isolated level in the #" ground configuration, exhib-
its a linear dependence within the experimental errors:
2Fg,=10166.6+ 0.997%F,,. Especially for YB*-
doped crystals, when taking the lowest Stark level as
the origin of energy and plotting th& s, manifold
energy barycentre versus tRE, one (Fig. 11), the
representative points generally describe a straight line
characterized by a slope of unity. More important is
the position of Yb:YAG apparently close to the
straight line. However, a zoom around the Yb:YAG
point in the straight line shows a slight shift from the
theoretical line as can be seen in Fig. 12 either for the
position of the fourth Stark component at 783 ¢

or at 1025 cm!. Even the fourth Stark component at
786 cm ! is slightly outside the theoretical barycentre
law quite well. Moreover, we have tried to find other
arguments to ascertain such interpretation.

Using the scalar field paramethl,, calculated from
the respectiveB('; parameters given in literature for
115 different crystals, Auzel has shown that a simple
linear relationship between the numberfaflectrons
and the crystal field strength can be found. From this
result, the maximum splitting of the Yb 2F,,
ground state has been derived, assuming a knowledge
of the maximum splitting of the N #l4, ground
state. Because Nd is less prone than Y& to mix
with vibronics, this approach helps to distinguish the
highest Stark level ofF -, from vibronics, using the
following prediction: The maximum splitting of the
2F,;, Yb3" ground state in a given host site cannot be
less than the one of Nd “Io, in the same crystal
host site. For any crystahE(7/2)>AE(9/2). One
prediction is that when the opposite is experimentally
found, there is a risk that vibronics have been mis-
taken for electronic lines. This tool has been uséd in
to predict that the very weak line at 1075 nm, which
had been found in Yb:YAG under cathodolumines-
cence excitation after the multiplication of such signal
by 50 in Ref. 32 and attributed to a vibration over-
tone, might be, in fact, the highéF-,, Stark compo-
nent of Yb:YAG at 1025 cm! above the ground state,
instead of the generally accepted 783 ¢raalue (786
cm Lin our work). This assignment has the ability to
increase the stark splitting of ¥b in YAG and so to
install the laser crystal among the best ones in the
evaluation we have made recerfti{instead to rank it

in the lowest compounds of the evaluation. Neverthe-
less, the fitting of the barycentre plot of tH&,,
manifold as shown in Fig. 12 is not more accom-
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ture recorded under Ar laser excitation at 514.5 nm. The main vibronic lines Yb™ concentration (10" at./crn’)

are mentioned. . . .
FIG. 14. Room-temperature experimental decay time of?fhg, excited

state in Yb:YAG concentration gradient fiber, grown by the LHPG method,
) ) ) ) ] as a function of the Yb" concentration.
plished, the experimental point being shifted now to

the right energy part corresponding to higheéi,,
barycentre energy. We can add that in our experiment, . ) o
this overtone was not detected in the emission spec'—” addition, the high value of the refractive ind€ix8), leads
trum due to a strong noise of the signal within this to total internal reflection of radiation trapped in the solid for
range. At last, the complete recording of the Ramarincidence angles greater than 33*7°The observed mea-
spectrum, which is reported in Fig. 13, shows strongsured value of the lifetime is then strongly affected and
vibronic lines in YAG at 979. 1000. 1044. and 1120 Strongly increased with respect to the intrinsic radiative
cm ! respectively, associated also with a smaller in-value. o _
tensity peak near 1020 ¢, which might correspond The measurement of intrinsic lifetimes has received at-
to the overtone discussed here. tention for a long time in literaturé® 4! Sumida and Fafi
e. Proposition of the YB : YAG energy diagram.Con- measured the lifetime of Yb:YAG for doping levels up to 25
sequently, the applicability of these two methods forat. %. Their_experiment involved using very thin samples of
Yb3*:YAG cannot give a definitive argument to decide theYb:YA(_B optically contacted on both sides to larger u_ndoped
value of the highest-energy Stark level of #e,, ground ~ YAG pieces. The sample was then pumped by a ThQ3|
state. Without any certain evidence of the real existence dfSer tuned to 940 nm with a focused beam spot of 400
the 1025 cm? level, we shall continue to adopt the 786 Apertures reduced the transverse area seen by the detector,
cm ™1 (783 cmi L in Lupei's interpretatiopas the fourth Stark thus minimizing the trapped ra(.jiat.ion. signal in the pla_me. of
level. Experimental confirmation of the question of the exis-the sample. They obtained an intrinsic fluorescence lifetime
tence of a 1025 cm' vibration overtone is pending. of 0.951* 00-015 ms at room temperature. In Hehlen's
Finally, the energy values of the Stark levels of the,, experlmgnf‘, a cubic sample was placed inside a glass
excited state and théF,,, ground state are mentioned as sphere filled with index matching oil. This geometry, also
follows in cm L 2Fg,: 10327, 10634, 1092Tbarycen- suitable for reducing total internal reflection effects, yielded
tre:10629 and 2F-,: 0, 581 619 78é(barycentre:49)7 an intrinsic lifetime of Yb:YAG to be 0.94890.0006 ms.
One should be mindful of the energy values in the LupeisRecently, powders have been used in a systematic
interpretatior?®=28 2F,,: 10327, 10650, 10 928arycen- analysis and measurements of materials properties of
tre:10 633 and2F;,: 0, 584, 635, 783barycentre:500 (Yb,Y1_4)3Al50;, for nominalx values of 0.05, 0.éL7, 0.15,
Some differences exist between these values, but thg18: 025, and 0.5, have been reported by Reitel.
main point is associated with the observation that the highest ~Gradient concentration fiber is a unique tool to make the
intensity bands do not correspond systematically to the elecorrelation between Yo concentration and lifetime mea-
tronic transitions, Stark levels being shifted from intense abSurements which have been measuieditu on the same

sorption lines due to the strong coupling with the host. sample in relation to the distance from the top of the crys-
tallized rod. By using a reference made of a homogeneous

single crystal fiber of well-defined composition, the two
curves were correlated.

The lifetimes have been directly measured on each point

The determination of the intrinsic radiative lifetime of of the concentration gradient fiber of 8@®n diameter, with
Yb®* in crystals requires a lot of precaution. Especially ina beam laser of about 5Q0m size. Because the volume of
YAG, measurements of the room-temperature effectivelymaterials excited is steady, radiative trapping due to the geo-
stimulated emission cross section have ranged from 1.fhetrical effect can be supposed to be characterized by a con-
X 1072 cm~? to 2.03< 10 ?° cn?.® Depending on the con-  stant value for each concentration, which should be weak
centration, the self-trapping process is more or less involveddue to the small size of the excited sample. Experimental

2. Radiative lifetime measurement from concentration
gradient fiber
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lifetime values have been fitted to an unique exponential
profile with an excellent agreement. Results are shown in
Fig. 14 as a function of the Y8 concentration. The intrinsic
lifetime can be read by follwoing the concentration depen-
dence to the lowest values. The value has been estimated
0.950 ms=0.001, that is to say in the same range as the two
others mentioned previousl®.951 and 0.9489 ms, respec-
tively). Better accurate measurements could be possible from
the synthesis of a diluted concentration gradient fiber at a
lower concentration, let's say, below 3% (4.17
x 107° atoms/cm Yb3"), and repeating the same approach.

3. Analysis of the concentration quenching process

Identifying the origin of the concentration dependence of
the observed experimental lifetime promotes an understand-
ing of excited state dynamics. The curve can be divided into
two regimes in Fig. 14:

(i) In the lowest concentration range, up to 3% (4.17
X 10?° atoms/cm Yb3*'), the experimental lifetime
increases as the dopant concentration increases.

(i)  For the higher concentration range, the measured life-
time decreases when the doping rate increases up to
10% (13.% 10?° atoms/cm Yb®*). This concentra-
tion range has been taken as an example, but other
concentration ranges can be extended up to 100% in
the solid solution of the Yb'-doped YAG garnet.

The two regimes can be assigned in the following way,
as was already analyzed in ¥b-doped sesquioxide's:

(i) The first regime is the indication of fluorescence re-
absorption, so-called self-trapping process, between 1
and 5 levels, by the &5 resonant transition, giving
radiative energy transfer, and then migration of the
energy on a long distance increasing the measure
lifetime.

(ii)  The second regime corresponds to the usual quench-
ing process by energy transfer to defects and other
impurities in the host. In the case of ¥b-doped
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materials used in this study have a purity of 99.99%.
Because rare-earth elements are chemically related, it
is difficult to separate them from each other. On the
other hand, Gf" ions are always detected as impuri-
ties in Al,O; raw materials. Thus, impurities are in-
evitable. Moreover, looking at the Dieke diagram, one
can see that many resonant energy transfers are pos-
sible between trivalent lanthanide ions. In particular,
in the 10000 cm! energy range matching with the
excited state of YB' ions, resonant energy transfer is
allowed with the £1,,,) excited level of Et* ions.
This process is the most known in laser materials and
has been recently observed as concentration quench-
ing in sesquioxidé¥ and molybdate$* As an ex-
ample, 2% Yb-doped YAG excited under 915 or 943
nm wavelengths, exhibits a green anti-Stokes lumi-
nescence visible to the naked eye, with a qualitatively
intensity weaker than those of Yb-doped %0;. It
was easy to interpret such transitions td Eions and
also to see the much weaker signal ofYlpair emis-
sion by comparing the experimental spectrum with the
convoluted one from the IR emission spectrum of
Yb®* isolated iong? In YAG, the minimum distance
between dopant rare-earth ions substituting’ Yat-
oms is equal to 3.67 A, just slightly higher than in
Y,0; (C, site—G;; site distancee3.51 A, and G
site—G, site distance-3.53 A). Consequently, the
same type of anti-Stokes emission connected to pair-
ing phenomenon should appear with a lower intensity
than in Y,0; due to the higher distances of ¥b
pairs.

Further investigations are needed to elucidate the real
role played by both Yb' pairs and unexpected impurities in
8oncentration guenching mechanisms.

IV. CONCLUSION

Two major single crystal fiber growth methods have
been applied on Yb:YAG to show the feasibility of flexible

crystals, because of the presence of only one excitedingle crystal laser fibers for the development of high aver-
level, we cannot expect the excited state mechanismage power solid-state lasers under a high-power laser diode.
inside YB'* ions, which could reach other rare-earth One is theu-PD method and the other is the LHPG method.
ions by an upconversion process. Only pair emissiorExcellent optical quality fiber, 500 mm length, with no b
from two neighbor ions or cooperative emission from segregation have been grown by thé”D method and then
aggregates can occur, depending on the shortest disharacterized. A deep analysis on the assignment of Yb
tances between Y ions. However, when pair emis- energy levels followed by a detailed discussion have been
sion is occurring, a very weak signal is detected aspresented by using an experimental procedure, directly com-
observed in Yb: ¥05;.%? The decreased lifetime in paring absorption, emission, and Raman spectra in order to
the high dopant concentration region can be assignedistinguish vibronic and electronic transitions. Specifically,
with a higher probability to an energy transfer throughwe have shown that doubt might subsist on the accurate po-
the YB** excited ion to impurities. Mainly, two kinds  sition of the highest-energy level position of tfe,,, ground

of impurities are observed in YAG: Either rare-earth state.
Moreover, a combinatorial chemistry approach has been
applied on concentration gradient crystal fibers which are

ions or transition metal ions for which oscillator
strengths of the optical transitions in the 8onfigu-

ration are much higher than those of rare-earth ions irgrown by the LHPG method. A concentration gradient
the 4f configuration. In our samples, the presence ofmethod allows the measurement of the®Yhntrinsic radia-
rare-earth impurities in YO; raw material has been tive lifetime of 0.95G:0.001 ms, in excellent agreement

observe® and the presence of &F ions in Al,O,
raw materials has also been detect®dll starting

with the already known measurements from more sophisti-
cated techniques. At last, the analysis of concentration
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