
LithuanianJournalof Physics, Vol. 47, No. 1, pp.75–80(2007)

SOL–GEL SYNTHESIS OF NANOSIZED LANTHANIDE-DOPED
MIXED-MET AL GARNETS

S.ŠakirzanovasandA. Kareiva
Facultyof Chemistry, Vilnius University, Naugarduko 24,LT-03225Vilnius, Lithuania

E-mail: aivaras.kareiva@chf.vu.lt

Received14December2006

Lanthanide-dopedmixed-metalgarnetsRE: Y3Sc2AlGa2O12 (RE= Nd, Ho, Er, Tb, Dy, Yb) havebeensynthesizedusing
anaqueussol–gelsynthesisroute. Resultsobtainedby differentcharacterizationtechniques(FTIR, XRD, ICP, SEM, TEM)
revealedno in�uence of a dopingelementon the morphologyandphasepurity of the synthesizedsamples.However, elec-
tron diffraction imagesshowed streakingswhich indicatedthat differentpoint or planardefectsoccuredin the structureof
synthesizedgarnets.
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1. Intr oduction

Thespeci�c propertiesof metaloxideceramicsare
highly sensitive to the host material, dopantcompo-
sition andconcentration,hoststoichiometry, andpro-
cessingconditions[1–3]. Thus,thephysicalproperties
of garnetsareusuallycontrolledby varyingtheir com-
positionwith the aim of preparingisomorphoussolid
solutionsby choosingappropriateconditionsof syn-
thesis[4]. In the context of dopedmaterials,incor-
porationof homogeneouslydistributednanosizedsec-
ondaryphasesinto ahostmatrixcanberealizedby the
molecularlevel fabricationof new materials. Subse-
quenttreatmentof thematerialsin sucha way leadsto
the formationof speci�c point defectsandcrystalline
orderingor, in otherwords,thisensuresaparticulardis-
tribution of ions anddefectsover crystallographically
nonequivalentpositionsin thegarnetstructure[5].

In order to combine the favourable propertiesof
glasses(i. e., broad emission bandwidth) and crys-
tals (i. e., good thermo-mechanicalproperties), the
rare-earth(RE) doped disorderedceramic materials
RE: Y3Sc2AlGa2O12 (YSAGG) weresynthesizedus-
ing an aqueoussol–gelmethod. Thesematerialsare
solid solutions of Y3Al5O12 (YAG), Y3Sc2Al3O12

(YSAG), andY3Ga5O12 (YGG). The ceramicmateri-
alshave theadvantagein comparisonto a singlecrys-
tal: a �e xible fabricationrouteandhomogenousincor-

porationof trivalent rare-earthdoping ion into a host
matrix [6].

Thereareseveral reasonsfor examiningtheproper-
tiesof RE: Y3Sc2AlGa2O12 in greaterdetail. Thedis-
tribution coef�cient for RE in YSAGG is muchhigher
thanin YAG,makingit possibleto increasetheREcon-
centrationin YSAGGmorethanin YAG. Replacement
of Al3+ ions with larger Sc3+ ions increasesthe dis-
tancebetweendodecahedrallattice sites(substitution
sitesfor RE ionsin thegarnetstructure).Any increase
in separationbetweenneighbouringRE ions tendsto
reducethe relatively strong ion–ion interaction in a
hostmatrix, which reducesthe concentrationquench-
ing of RE �uorescence[7]. For example,the spectro-
scopicpropertiesof Nd: Y3ScxAl5¡ xO12 ceramicsex-
hibited� vetimesbroaderemissionbandwidththanthat
of Nd: YAG with acompositionparameterof x = 1 [8].
The main aim of this study was the sol–gelprepara-
tion anddetailedcharacterizationof lanthanide-doped
Y3Sc2AlGa2O12.

2. Experimental

The Nd : Y3Sc2AlGa2O12, Ho : Y3Sc2AlGa2O12,
Er : Y3Sc2AlGa2O12, Tb : Y3Sc2AlGa2O12, Dy :
Y3Sc2AlGa2O12, and Yb : Y3Sc2AlGa2O12 garnets
were preparedby the sol–gel method. The Y(RE)-
Sc-Al-Ga-Oprecursorgels were preparedusing stoi-
chiometricamountsof the following analyticalgrade
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Fig. 1. FTIR spectrumof YSAGGsamplecalcinedat800±C.

reagents:yttrium oxideY2O3; scandiumoxideSc2O3;
aluminiumnitratehydrateAl(NO3)3¢9H2O;galliumni-
trate Ga(NO3)3; neodymiumoxide Nd2O3; holmium
oxide Ho2O3; erbium oxide Er2O3; terbium oxide
Tb4O7; dysprosiumoxide Dy2O3; ytterbium oxide
Yb2O3; aceticacidCH3COOH;nitric acidHNO3; am-
moniaNH3¢4H2O; 1,2-ethanediolC2H6O2.

In the sol–gelprocess,yttrium oxide was �rst dis-
solved in 0.2 M CH3COOH.SinceSc2O3 andGa2O3

are insoluble in acetic acid, they were initially dis-
solved in hot nitric acid and evaporatedto dryness.
A clearsolutionof yttrium acetatewasobtainedafter
stirring for 10 h at 65±C in a beaker coveredwith a
watch glass. Aluminum nitrate dissolved in distilled
water, scandiumoxide,andgallium oxidedissolvedin
dilutednitric acidwereaddedto this solution. There-
sulting mixture was stirred for 3 h at the sametem-
perature.Next, an appropriateamountof dopant(ox-
ide of rare-earthelement)dissolved in nitric acid was
addedto theabove solution. In a following step,2 ml
of 1,2-ethanediolasa complexing agentwasaddedto
theabovesolutionswith continuousstirring. After con-
centratingthe solutionsby slow evaporation(» 8 h)
at 65±C in an openbeaker understirring the Y(RE)–
Sc–Al–Ga–Oacetate-nitrate-glycolatesolsturnedinto
transparentgels. The oven dried (110±C) gels be-
camelight brown due to the initial decompositionof
nitrates.Thegelpowdersweregroundin anagatemor-
tar, placedin aluminacrucibles,andburnedfor 2 h at
800±C in air (heatingrate 1 ±C min¡ 1). After inter-
mediategrindingin anagatemortar, thepowderswere
additionallysinteredfor 10 h at 1000±C (heatingrate
4±C min¡ 1) in air atambientpressure.

TheFourier transforminfrared(FTIR) spectrawere
measuredwith a PerkinElmer2000FT-IR spectrome-
ter. X-ray diffraction (XRD) studieswerecarriedout

Fig. 2. FTIR spectrumof YSAGGsamplesinteredat1000±C.

Table1. ICPanalysisof the�nal RE: YSAGGsamples(standard
deviationswithin parentheses;n = 3).

Molar percentageof metals(%)
Compound Y Sc Al Ga RE

YSAGG 37.5(7) 24.7(5) 14.0(7) 23.8(4) –
Dy : YSAGG 37.8(8) 23.9(5) 13.7(5) 24.2(5) 0.4(2)
Er : YSAGG 37.5(6) 24.5(7) 13.8(6) 23.8(5) 0.4(3)
Ho: YSAGG 37.8(5) 24.3(8) 13.6(7) 24.1(5) 0.2(2)
Yb : YSAGG 37.0(4) 25.3(5) 13.2(9) 23.6(5) 0.9(5)
Nd: YSAGG 37.6(4) 25.7(6) 13.6(4) 22.8(5) 0.3(1)
Tb: YSAGG 34.2(9) 25.5(8) 14.1(4) 25.8(5) 0.4(4)

on a RigakuD/max-2000X-ray powderdiffractometer
using Cu K® (¸ = 1.5408Å) radiation. The induc-
tively coupledplasmaatomic emissionspectroscopy
(ICP-AES,Plasma-Spec,LeemanLabs,Inc.) wasused
to analysethe chemical compositionof �nal prod-
ucts. The sizeandmorphologyof the productswere
characterizedby scanningelectronmicroscopy (SEM,
AMARY 1910FE,USA) at 15 kV. TEM imageswere
taken with a JEOL 200CX transmissionelectronmi-
croscopeunderworkingvoltageof 160kV.

3. Resultsand discussion

To obtain YSAGG or RE : YSAGG phasesthe
Y(RE)-Sc-Al-Ga-Oacetate-nitrate-glycolateprecursor
gels were calcinedand sinteredat 800–1000±C. All
ceramicsamplesobtainedwerecharacterizedby FTIR
spectroscopy. FTIR spectraof all sampleswerequalita-
tively thesameregardlessof thenatureof substitution.
The representative FTIR spectrumof YSAGG ceram-
ics calcinedat 800±C is shown in Fig. 1. The FTIR
spectraof theYSAGGsamplescalcinedat800±C con-
tain broad bandsat 3450–3470cm¡ 1 which are as-
signedto theadsorbedwater. Besides,theFTIR spec-
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Fig. 3. XRD patternof Nd: YSAGGsample.

tra of intermediatesynthesisproductsobtainedexhibit
the bandsat » 1520 and » 1405 cm¡ 1, assignableto
carbonates. In addition, there is a broad and inten-
sive band(900–650cm¡ 1) assignedto characteristic
metal–oxygen(M–O) vibrations. The FTIR spectra
of samplescalcinedat 1000±C, however, do not show
any bandattributableto carbonatesor whichcanbeas-
signedto the adsorbedwater, andonly M–O stretch-
ing frequenciesareobserved. The FTIR spectrumof
therepresentative YSAGG samplecalcinedat 1000±C
is shown in Fig. 2. Therefore,from the FTIR spec-
troscopy resultswe canconcludethat theformationof
theYSAGGgarnetphasestartsat1000±C.

FTIR results are also consistentwith the crys-
tallization processobserved by XRD measurements.
The XRD patterns of different synthesisproducts
obtained at 1000±C were identical. As seen in
Fig. 3, the calcinationof RE: Y-Sc-Al-Ga-Oacetate-
nitrate-glycolateprecursorgel at 1000±C produces
thefully crystallineNd: Y3Sc2AlGa2O12 garnetphase.
For comparison, the XRD pattern of known
Y2:97Sc1:39Ga3:64O12 (PDF77–1062)is alsoincluded
in Fig.3. Thus,theXRD datacon�rm Y3Sc2AlGa2O12
to be themaincrystallinecomponent.All singlelines
are indexed, and only one unindexed line at around
2£ ¼ 30.5± couldbeobserved.

Theelementalanalysisof YSAGGandRE: YSAGG
ceramic sampleswas performedusing ICP spectro-

Fig. 4. SEM micrographof YSAGG samplesinteredat 800±C.
Magni�cation 150k£ .

scopy. The amountof specimenstaken for the anal-
ysis varied in the rangeof 0.00218–0.0306g. The
resultsof ICP analysisare presentedin Table 1. As
seen,the metal content in the specimenspractically
doesnot dependon the lanthanidemetal usedin the
synthesisprocess,indicatinghighreproducibilityof the
usedsol–gelpreparationtechnique. Only in the case
of Tb: YSAGG, the amountof yttrium is a bit lower,
while thecontentof gallium is higher. However, anim-
portantconclusionis that the compositionsof all syn-
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Fig. 5. SEM micrograph of Tb: YSAGG sample sintered at
1000±C. Magni�cation 150k£ .

Fig. 6. TEM micrographof YSAGG samplecalcinedat 800±C.
Magni�cation 75k£ .

Fig. 7. TEM micrographof Yb : YSAGG samplesinteredat
1000±C. Magni�cation 75k£ .

thesisproductsareratherhomogeneous,asseenfrom
thestandarddeviations.Usingthedatasummarizedin
Table1, the approximatechemicalformula of synthe-
sizedgarnetscouldbesuggested:

Y3:0(4) Sc1:9(3) Al1:1(2) Ga1:9(3) O12;
Dy0:03(1)Y3:0(3) Sc1:9(2) Al1:1(2) Ga1:9(4) O12;
Er0:03(1)Y3:0(1) Sc1:9(3) Al1:1(1) Ga1:9(1) O12;
Ho0:02(1)Y3:0(3) Sc1:9(5) Al1:0(1) Ga1:9(3) O12;
Yb0:08(3)Y2:9(2) Sc2:0(4) Al1:0(2) Ga1:9(1) O12;
Nd0:03(1)Y3:0(2) Sc2:0(4) Al1:0(1) Ga1:8(3) O12;
Tb0:04(2)Y2:7(5) Sc2:0(5) Al1:1(3) Ga2:0(3) O12.

The morphologicalpropertiesof ceramicssynthe-
sizedat different temperatureswere characterizedby
SEM andTEM measurements.Figure4 shows surface
featuresof theYSAGG samplesynthesizedat 800±C.
As seenin Fig. 4 the structureof intermediatesyn-
thesisproductsconsistsof agglomerateswith highly
porousand facetedgrains. The SEM image of the
Tb: YSAGG samplecalcinedat 1000±C is shown in
Fig. 5. This SEM imageexhibits clusterednanograins
madeupof severaltiny crystalliteswith ade�nedstruc-
ture. It can be seenin Fig. 5 that the Tb: YSAGG
solids are composedof sphericalgrains. Individual
particlesseemto benearlynano-sizedcrystalswith an
averageparticlesize lessthan50 nm. Moreover, the
SEM imagesalso show a sinter-neck of a few nano-
YSAGG particleswhichhave differentmutualorienta-
tion. It is interestingto notethat almostidenticalsur-
facemicrostructureandparticlesizewereobservedfor
all lanthanide-dopedYSAGG garnetsamples.More-
over, in all casesthenanoparticlesareformedwith very
well pronouncedagglomeration,indicatinggoodcon-
nectivity betweenthe grains. Evidently, the SEM re-
sults show that the morphologicalfeaturesof mixed-
metalYSAGGgarnetsareindependentof thenatureof
thedopant.

TheTEM investigationsonceagain con�rmed high
qualityof synthesisproductsandreproducibilityof the
proposedsol–gel synthesismethod. The analogous
conclusionsfrom TEM measurementscouldbedrawn,
aswasindicatedby SEMinvestigations.TheTEM im-
ageof theYSAGGsamplescalcinedat800±C is shown
in Fig. 6. The intermediatesynthesisproductsconsist
of agglomeratedcrystalliteshaving a different shape
andsize.TheTEM imageof theYb : YSAGG sample,
calcinedat 1000±C (Fig. 7), also revealedagglomer-
atedgrains. Besides,theTEM imageof Yb : YSAGG
ceramicssinteredat 1000±C shows dispersedcrystal-
lites of nearlyuniform size(30–40nm). TheTEM im-
agesof RE: YSAGG powderssinteredat 1000±C also
showed aggregation of crystallitesas in the undoped
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Fig. 8. Selected-areaED photographof YSAGG samplesintered
at800±C.

Fig. 9. Selected-areaED photographof YSAGG samplesintered
at1000±C.

YSAGG sample. The particle agglomerationcaused
by high sintering temperaturesor the usedsynthesis
methodis evidently seen.Moreover, Fig. 7 shows the
fusion of small YSAGG crystallitesto form strangely
shapedparticleswhich grow further to form clusters
of grains. The clusteringtendency of the particlesin
thesol–gelsynthesismaybedueto thedecomposition
(> 900±C) of yttrium oxycarbonateor thetracesof the
“unburned” complexing agents(which may function
asbinder). Therefore,we canconcludethat the grain
structureandtexture of the RE: YSAGG samplesob-
servedin transmissionelectronmicrographsweresim-
ilar to the pureYSAGG ceramicswhich supportsthe
FTIR, XRD, and SEM observations where no other
phase(e.g., perovskiteor monoclinic)wasdetected.

Selected-areaelectrondiffraction(ED) photographs
werealsoobtained.Theeffusedringsvisible in Fig. 8
con�rm thattheYSAGG sampleannealedat 800±C is

partially amorphousand multiphase. The crystalline
charactercouldbeeasilydeterminedfrom theED im-
agefor theYSAGG samplesinteredat 1000±C which
is presentedin Fig. 9. However, it shouldbenotedthat
in mostcasestheED patternswerestreakedalonga¤.
Thesestreakingsindicatethat stackingfaults,suchas
differentpoint or planardefects,occurin thestructure
of synthesizedgarnets.

4. Conclusions

Usingtheaqueoussol–gelmethod,lanthanide-doped
yttrium- scandium- aluminium- gallium mixed-metal
garnets Nd : Y3Sc2AlGa2O12, Ho : Y3Sc2AlGa2O12,
Er : Y3Sc2AlGa2O12, Tb : Y3Sc2AlGa2O12, Dy :
Y3Sc2AlGa2O12, andYb : Y3Sc2AlGa2O12 (or RE :
YSAGG) have beenprepared. This study clearly re-
vealedthe formationof monophasicgarnetmaterials.
Besides,the homogeneousdistribution of rare-earth
dopantsin the YSAGG lattice was achieved in all of
the cases. The morphologicalcharacterizationusing
SEM and TEM showed the formation of highly ag-
glomeratednanocrystallinesamplesof nearlyuniform
size(30–40nm). Electrondiffractionpatternsshow the
streakingeffect which indicatesthat different defects
occurin thecrystalstructureof synthesizedgarnets.
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MIŠRI �U METAL �U GRANAT �U SULANTANOID �U PRIEMAIŠOMIS NANODALELI �U SINTEZ �E
ZOLI �U IR GELI �U MET ODU

S.Šakirzanovas,A. Kareiva
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Santrauka

Vandeniniu zoli �u ir geli �u metodu buvo susintetinti �ivairūs
mišrūs metal�u granatai(RE: Y3Sc2AlGa2O12 , RE = Nd, Ho, Er,
Tb, Dy, Yb). FTIR ir XRD tyrimais �irodyta,kad1000±C tempe-
ratūroje susidarovienfazismišrusmetal�u granatas.Nuodugnesni

tyrimai (SEM, TEM, ICP) parod�e, kadpriemaišinioelementopri-
gimtis neturi �itakos gaut�u granat�u morfologijai ir faziniamgrynu-
mui, norselektron�u difrakcijosnuotraukosrodo�ivairiuskristalin�es
gardel�esdefektus.


