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New pink ceramic pigment based on chromium
(IV)-doped lutetium gallium garnet
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bstract

utetium gallium garnet codoped with chromium and calcium (Ca,Cr:LGG) and lutetium gallium garnet with chromium as single dopant (Cr:LGG)
ave been studied. Samples with CaxCrxLu3−2xGa5O12 (x = 0, 0.05, 0.10, 0.15, 0.2, 0.4, 0.6,) and CrxLu3−xGa5O12 (x = 0.15 and 0.6) compositions
ere prepared by solid state reaction and the fired samples (1250 ◦C/6 h) were characterised by XRD, lattice parameters determination, UV–vis–NIR

pectroscopy, CIEL*a*b* measurements and SEM/EDX. Moreover, the samples with calcium were tested as ceramic pigments in a conventional

laze matrix. In the Ca,Cr:LGG system solid solutions incorporating both Cr(III) and Cr(IV) ions were obtained. Cr(IV) occupies basically
odecahedral sites substituting for Lu (III) and is the predominant oxidation state up to x = 0.20 composition, giving a pink colouration in the
eramic glaze matrix. In the Cr:LGG system, only Cr(III) enters in solid solution occupying octahedral positions and producing green shades.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

One of the most important host lattices for solid state lasers is
ound to be the garnet structure because the resulting materials
re chemically stable, mechanically hard and have good thermal
nd optical properties. Therefore, materials based on aluminium
r gallium garnets such us Y3Al5O12 (YAG), Lu3Al5O12
LAG), Y3Ga5O12 (YGG), Gd3Ga5O12 (GGG), Gd3Sc2Ga3O12
GSGG), La3Lu2Ga3O12 (LLGG), Y3Sc2Ga3O12 (YSGG) have
een widely studied.1–4 Garnet crystals are cubic and belong to
he space group Ia3d. The garnet crystal is schematically for-

ulated as [A3][B2][C3]O12 where “A”, “B” and “C” denote
rivalent cation sites, dodecahedrally, octahedrally and tetra-
edrally coordinated, respectively. Oxide garnets can achieve
ystematic changes in the crystal field strength by variation of
he unit-cell size. Along the series YAG, YGG, GGG, GSGG
nd LLGG the unit cell size increases and the crystal field

trength decreases progressively.1 Gallium garnets are espe-
ially interesting for scintillator applications since, as compared
o aluminium garnets, they have a larger unit cell volume, higher

∗ Corresponding author. Fax: +34 964728214.
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ensity and belong to compositionally disordered compounds
ue to a high solubility of the rare-earth ion in the octahe-
ral sites.5 In this sense, lanthanum lutetium gallium garnets
LLGG)6,7 and lutetium gallium garnets (LGG)8,9 have been
tudied recently.

These garnet structures are normally doped with neodymium,
tterbium and chromium as laser active ions. As single dopants,
hese cations enter in aluminium and gallium garnets as trivalent
ons, occupying the octahedral sites. However, in chromium-
oped garnets the effective laser ion is Cr4+, and the stabili-
ation of this oxidation state of chromium is only obtained if
he garnet is codoped with a divalent cation to compensate the
harge. Ca2+ or Mg2+ are often used for this purpose, but other
ivalent cations fail to stabilise Cr(IV) due to the large crys-
al field stabilisation energy for Cr3+ in octahedral sites. The
ole of Ca2+ is well known in YAG and GGG10 and no more
han 1 mol.% of Ca ions become effective to stabilise Cr(IV).11

r4+ and Ca2+ ions enter in “C” tetrahedral and “A” dodeca-
edral sites of the YAG lattice, respectively. But recent studies
ndicate the Cr4+ may reside in both octahedral and tetrahe-

ral positions.12 It is commonly assumed13 that only 2% of
he chromium, with a total Cr concentration of 0.2 mol.%, is
etrahedrally coordinated Cr4+. Consequently, both Cr4+ and
r3+ are contained in Ca,Cr:YAG system and the existence of
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r6+ or Cr5+ in samples is not discarded depending on synthesis
onditions.

On the other hand, chromium is the most versatile chro-
ophore used in ceramic pigments: chrome alumina pink corun-

um (DCMA 3-03-5), chromium green-black hematite (DCMA
-05-3), chrome tin pink sphene (DCMA 12-25-5), zinc chrome
obalt aluminium blue spinel (DCMA 13-53-2), chrome iron
lack spinel (DCMA 13-50-9), victoria green the unique garnet
atalogued in DCMA (4-07-3) . . . Its variety of oxidation states
epending on the host lattice and synthesis conditions explain
his versatility. In addition, since Cr3+ is highly stabilised in
ctahedral sites, the colour can be shifted to red shades by mod-
lating this octahedral environment towards a stronger crystal
eld, as it occurs in Cr2O3-Al2O3 or YAlO3 pigments.14

Nowadays, the garnet structure is investigated as host lattice
o develop new ceramic pigments. Its suitable properties such
s chemical stability, mechanical hardness, good thermal and
ptical behaviour, and the possibility to change the crystal field
trength for the chromophore ion lead to it. Indeed, red pigments
ased on Ca,Cr:YAG15 and Ca,Cr:GGG16 have been reported
ecently.

The aim of this work is to study the potential use of
a,Cr:LGG system as ceramic pigment, also analysing the crys-

al coordination and valence of chromium ions in the solid
olution.

. Experimental procedure

Samples with a molar composition CaxCrxLu3−2xGa5O12
x = 0, 0.05, 0.10, 0.15, 0.2, 0.4, 0.6,) in the Ca,Cr:LGG sys-
em and CrxLu3−xGa5O12 (x = 0.15 and 0.6) composition in the
r:LGG system were prepared. All samples were synthesised
y solid state reaction using CaCO3, Cr2O3, Lu2O3 and Ga2O3
s Ca, Cr, Lu and Ga precursors. All of them were analytical
eagents supplied by Aldrich. The raw materials were ball-milled
n acetone for 20 min. Residual acetone was then removed by
vaporation, and the resulting dried powder was finally homog-
nized in an agate mortar. Samples were fired at 1250 ◦C with

h of soaking time. The reference of each composition is given

n Table 1.
Samples were also washed and the Cr(VI) content was mea-

ured in the washing liquids of the samples. With this purpose,

able 1
eferences of studied samples

omposition CaxCrxLu3−2xGa5O12 Reference

= 0 LG00
= 0.05 LG05
= 0.1 LG10
= 0.15 LG15
= 0.2 LG20
= 0.4 LG40
= 0.6 LG60

rxLu3−xGa5O12

= 0.15 LG15V
= 0.6 LG60V
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g of fired sample was ground and washed using boiling water
nd continuous stirring during one hour. The Cr(VI) content
n 200 mL of washing water was determined by a colouri-

etric method using diphenylcarbazide. Measurements were
onducted on the spectrophotometer used for CIEL*a*b* mea-
urements at 540 nm.

X-ray diffraction (XRD) patterns were obtained in a Siemens
-500 diffractometer with Ni filtered Cu K� radiation. Lutetium
allium garnet cell parameters were measured using �-Al2O3
s internal standard by the POWCAL and LSQC calculation
rogrammes.17

UV–vis–NIR spectroscopy (diffuse reflectance) of fired sam-
les and enameled samples also was performed with a Perkin-
lmer (Lambda 2000) spectrophotometer at a range between 200
nd 1600 nm. In addition, L*a*b* colour parameters of both
red powders and enameled samples were measured with the
ame Perkin-Elmer spectrophotometer using a standard light-
ng C, following the CIE-L*a*b* colourimetric method recom-

ended by CIE (Comission International de l’Eclairage).18 On
his method, L* is the lightness axis, a* is the green (−)→ red
+) axis, and b* is the blue (−)→ yellow (+) axis.

The microstructure and chemical homogeneity of repre-
entative fired samples were studied by Scanning Electron

icroscopy (SEM), using a Leo-440i Leyca electron micro-
cope equipped with an Energy Dispersion X-ray (EDX) attach-
ent by Oxford University. The EDX analyses allowed us to

tudy the elements distribution in the samples.
To test their efficiency as ceramic pigments, fired samples

ere 5% enameled with a transparent single-firing glaze into
eramic biscuits, and then fired following a fast fired scheme
52 min of duration cool to cool at a maximum temperature of
085 ◦C).

. Results and discussion

.1. XRD results

The phases detected by XRD in fired samples at 1250 ◦C/6 h
re given in Table 2. All samples present lutetium gallium garnet
s the main crystalline phase. Only in LG00 sample, unreacted
u2O3 and Ga2O3 are detected and the garnet peaks intensity is

he lowest. As may be seen in Fig. 1, the presence of chromium
ncreases the reactivity of the system to yield the garnet crys-
alline phase with respect to the sample without chromium.
able 2 shows that crystal garnet is the only phase detected
rom LG05 to LG15 samples, while Ga2O3 as secondary phase
nd unknown peaks are detected from LG20 to LG60. These
eaks are associated to some crystalline phase containing cal-
ium because they are not detected in samples without this metal.
he presence of other crystalline phases together with garnet

ndicates the unstabilisation of the formulated Ca,Cr:LGG solid
olution from LG20 sample.
.2. Analysis of Cr(VI) in washing liquids

The washing process allows us to eliminate the toxic ion
r(VI) from the fired powders. The measures of leached Cr(VI)
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Table 2
Crystalline phases detected by XRD, Cr(VI) amount measured in leached water (per gram of sample) and LGG cell parameters (values between brackets are the
estimated standard deviation) in fired samples at 1250 ◦C/6 h

Sample Crystalline phases mg Cr(VI)/g Lattice parameters (Å) a = b = c = 12.183*

LG00 G(m)L(w)Ga(w) 0 12.189(3)
LG05 G(s) 0.010 12.193(3)
LG10 G(s) 0.021 12.193(2)
LG15 G(s) 0.035 12.193(2)
LG20 G(s)Ga(w) 0.065 12.194(3)

X2(vw)X4(vw)
X5(vw)X6(vw)

LG40 G(s)Ga(w) 0.095 12.191(2)
X2(vw)X3(vw)X4(vw)
X5(vw)X6(vw)

LG60 G(s)Ga(w) 0.140 12.192(2)
X5(w)X2(vw)
X3(vw)X4(vw)X6(vw)

LG15V G(vs)Ga(vw) 0.023 12.1765(2)
LG60V G(vs)Ga(m) NM 12.1764(5)

C aks: X
I eak). N

a
o
c

3

fi

t
t
t
b

rystalline phases: G (Lu3Ga5O12), Ga (Ga2O3), L(Lu2O3). X = unassigned pe
ntensity peak: vs (very strong), s (strong), m (medium), w (weak), vw (very w

re given in Table 2. The results indicate that the presence
f Cr(VI) in leaching waters increases with the amount of
hromium in the formulation increases.
.3. UV–vis–NIR spectroscopy

The UV–vis–NIR spectra of samples containing calcium and
red at 1250 ◦C/6h are given in Fig. 2. In general, the spec-

Fig. 1. XRD of representative samples fired at 1250 ◦C/6 h.
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2(2θ = 19.7◦), X3(2θ = 25.1◦), X4 (2θ = 28.2◦), X5(2θ = 34.9◦), X6 (2θ=25.8◦).
M = non measured. *JCPDS card 13–00.

ra present similar features, and the intensity of the absorp-
ion peaks increase with chromium concentration. For the
hree regions of spectra, the following considerations must
e pointed out: (a) an intense sharp band is observed in the
ltraviolet region, (b) the visible region is dominated by a
road band centred at 420–450 nm, together with other two
ands at 620 and 680 nm presenting a higher intensity when
he Cr amount increases c) NIR region presents three weak
ands centred around 900, 1000 and 1120 nm, and a band
round 1450 nm which is specially intense in LG10 and LG15
amples.

The spectra of LG05, LG10 and LG15 samples are charac-
erised by a band centred at 420 nm and a wide band between
00 and 1200 nm that can be associated to Cr4+ in dodecahedral

ositions.16 Both bands present an increasing absorbance from
G05 to LG15. When the Cr amount is increased (from LG20)
nd the LGG phase is accompanied by other crystalline phases

ig. 2. UV–vis–NIR spectra of powders fired at 1250 ◦C/6 h. The spectrum of
r2O3 is given as a reference. The strongest line spectrum is associated to LG15

ample.
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Table 3
CIEL*a*b* colourimetric parameters of samples fired at 1250 ◦C/6 h and of
enameled samples in a transparent glaze with 5% of pigment

Powders Enameled samples

Sample L* a* b* L* a* b*

LG00 100 0 0 91.7 1.3 6,7
LG05 82.3 3.4 9.7 87.6 1.9 11.4
LG10 71.7 4.6 13.4 77.1 4.1 14.5
LG15 64.7 4.7 14.5 72.9 5.1 17.0
LG20 70.0 3,7 14.0 65.9 5.9 14.7
LG40 64.6 1.7 13,8 57.5 4.4 13.9
LG60 61.5 −1.1 12.5 51.5 2.0 10.8
LG15V 81.9 −14.5 13.5 NE NE NE
LG60V 85.9 −12.6 13.2 NE NE NE
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ig. 3. UV–vis–NIR spectra of samples with calcium (LG15) and without cal-
ium (LG15V). The spectrum of Cr2O3 is given as a reference.

see Table 2), the intensity of the band at 420 nm decreases (in
G15 this band is more intense than in LG20) and shifts to higher
avelength up to 450 nm in LG60 as is indicated in Fig. 2.
lso from LG20, two bands at 620 and 680 nm develop their

bsorbance intensity due to the overlapping of bands associated
o Cr4+ and Cr3+. In LG40 and LG60 the spectra are dominated
y bands associated to Cr3+ in octahedral sites, and their spec-
ra are more similar to that of sample without calcium given in
ig. 3.

Fig. 3 shows the spectra of samples LG15 and LG15V to
ompare the influence of calcium on the chromophore ion in the
rystalline garnet. As may be appreciated the sample without
alcium (LG15V) presents two broad absorption bands cen-
red at 420 and 620 nm dominating the visible region, being
he spectrum very different to its homologue with calcium
LG15).

The LG15V spectrum can be explained only by the pres-
nce of Cr3+. The bands at 420 and 620 nm are attributed to the
A2→4T1(4F) and 4A2→4T2 transitions of Cr3+ in octahedral
ites, respectively.19 Moreover, the band at 680 nm that appears
rom LG15 to LG60 and is not present in samples without cal-
ium can be assigned to the 3A2→3T1(3F) transition of Cr4+ in
etrahedral coordination.

From these results, when Cr and Ca are introduced into
he LGG crystal there are two main oxidation states: Cr(IV)
nd Cr(III). Cr(IV) in dodecahedral sites dominates the spec-
rum when the chromium concentration is relatively small,
owever from LG20 to LG60 the spectra also indicates the
resence of Cr(IV) but the visible region are more and more
imilar to a spectrum dominated by Cr(III) in octahedral
ositions.

.4. Lattice cell parameters

The cell parameters calculated by POWCAL and LSQC pro-
rammes are given in Table 2. Attending to the ionic radius

roposed by Shannon20 for Cr3+ (0.755 Å) and Ga3+ (0.76 Å)
n octahedral sites, the substitution of Ga3+ by Cr3+ does
ot modify cell parameters substantially. In samples with-
ut calcium, the results given in Table 2 show a decrease

g
t

E: no enameled.

f cell parameters with respect to LG00 sample which are
n accordance with the Cr3+ (0.755 Å) occupying the octa-
edral positions of Lu3+ (1.001 Å).9 When Lu3+ octahedral
ites become saturated, the Cr3+ occupies the Ga3+ octahe-
ral positions and the cell parameters do not change as it
s observed when comparing LG60V with respect to LG15V
ample.

The interpretation in Ca,Cr:LGG system is more difficult
ecause the chromium is found in different positions and in two
xidation states according to UV–vis–NIR results. The entrance
f Ca2+ substituting for Lu3+ sites in dodecahedral positions pro-
uces an increase of cell parameters considering the ionic radii
roposed by Shannon (rCa[VIII] = 1.26 Å, rLu[VIII] = 1.117 Å).
owever, the entrance in the lattice of a small sized cation such
s Cr4+ also produces a contraction of cell parameters compen-
ating the effect of Ca2+ entrance; this explain that the lattice
alues remain unchanged up to LG15 composition. From LG20
ample when the chromium enters in solid solution basically as
r3+ substituting for Ga3+ in octahedral sites the lattice param-
ters do not change because their corresponding ionic radii are
imilar.

These results are in agreement with optical spectra and
RX data. DRX results show that Lu3Ga5O12 is the only crys-

alline phase detected from LG05 to LG15 compositions, and
ptical spectra indicate that Cr4+ is predominantly in dodec-
hedral position up to LG15, being from this composition
hen the bands around 620–680 nm become progressively more

ntense.
The Cr(IV) substituting for Lu(III) is stabilised using cal-

ium as charge compensator in LGG garnet. In samples without
alcium addition, Ga2O3 is detected by XRD as residual crys-
alline phase and Cr3+ in octahedral coordination is observed
rom optical spectra, in agreement with the entrance of Cr3+ in
he garnet lattice substituting for Ga3+.

.5. CIEL*a*b* measurements
The colour parameters (L*a*b*) of the fired powders are
iven in Table 3. The evolution of a* and b* parameters with
he composition may also be seen in Fig. 4. The colour of pow-
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ig. 4. Evolution of a* and b* colour parameters with composition in the
a,Cr:LGG system.

er samples without calcium addition are light green (L* = 85.9,
* = −12.6, b* = 13.2). This is in agreement with the presence
f Cr3+ in octahedral coordination substituting for Ga3+, as
t is above described. However, in Ca,Cr:LGG solid solution
he results given in Fig. 4 show higher values of a* and b*
olour parameters giving rise to pinker colourations. The pink
olour is observed just up to x = 0.2 compositions (LG20 sam-
le: L* = 70.0, a* = 3.7, b* = 14.0) but for samples richer in
hromium the colour of powders become greenish, since the
olid solutions are saturated and Cr3+ substitutes for Ga3+ in
ctahedral sites.

.6. Evaluation of Ca,Cr:LGG as ceramic pigment

In order to evaluate the performance of Ca,Cr:LGG as
eramic pigment all samples were enameled following the con-
itions described in experimental procedure. The UV–vis–NIR
pectra of enameled samples are shown in Fig. 5. The results
ndicate that the chromium (IV) lutetium gallium garnet resists
he enameling process. The evolution of CIEL*a*b* parameters
n glazed samples (given in Table 3) are similar to that described

or powders: the pink colour enhances when chromium and
alcium enter in solid solution up to LG20 sample, and a
reenish colour is obtained when Cr3+ enters in Cr-enriched
amples. Accordingly, the obtained Ca,Cr:LGG solid solutions

a
L
d
i

Fig. 6. SEM micrographs of representa
ig. 5. UV–vis–NIR spectra of enameled samples. The strongest line spectrum
s associated to LG15 sample.

re useful as pink ceramic pigment on glaze media up to x = 0.2
omposition.

.7. Microstructure characterization

The microstructure of representative samples fired at
250 ◦C/6 h is shown in Fig. 6. LG15 sample shows a wide
istribution of agglomerate sizes from 1 to 3 �m though
he particles may not be clearly distinguished. The micro-
raph of LG40 sample exhibits agglomerate sizes bigger than
�m, with grained aspect. The particle size is between 300
nd 600 nm.

The distribution of different elements was analysed by
eans of EDX analysis. The results indicate an homogeneous

istribution of chromium and calcium in samples which is in
greement with the formation of the Ca,Cr:LGG solid solution,

s previously discussed. A representative mapping analysis of
G40 sample is given in Fig. 7, also indicating a homogenous
istribution of elements, though some regions of heterogeneity
n calcium and gallium are observed. These results are in

tive powders fired at 1250 ◦C/6 h.
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Fig. 7. EDX mapping of LG

ccordance with the presence of Ga2O3 detected by XRD and
ith the entrance of Cr(III) substituting for Ga(III) at higher

hromium concentrations.

. Conclusions

From the above discussion, the following conclusions may
e drawn:

. A solid solution of Ca2+ and Cr4+ substituting for Lu3+ in
dodecahedral sites CaxCrxLu3−2xGa5O12 up to x = 0.2 has
been synthesised by solid state reaction of raw oxides. The
solid solution exhibits a pink colour.

. When CaxCrxLu3−2xGa5O12 is saturated above x = 0.2 com-
position, Cr3+ is in octahedral positions substituting for Ga3+

and the colour of samples become green.
. In the absence of calcium as charge compensator, the Cr(IV)

is not stabilised and the Cr(III) enters in octahedral sites sub-
stituting for Ga(III), generating a green colour in samples.

. New solid solution is stable in ceramic glaze matrix, indicat-
ing that can be used as a new pink ceramic pigment.
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