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Аннотация. В ходе работы осуществлен синтез керамики на основе иттрий-алюминиевого граната (YAG), легированного 

атомами рутения. Порошок-прекурсор получен методом соосаждения. Легирующий агент в виде хлорида рутения  (III) 
вводили на разных технологических стадиях: в ходе синтеза порошков-прекурсоров и на этапе деагломерации керамичес
кого порошка, с формированием двух серий образцов. Методом рентгенофазного анализа изучали фазовый состав готовой 
керамики. Согласно полученным данным присутствие вторичных и примесных фаз не выявлено. С помощью дифферен
циально-термического анализа установлено снижение катионной однородности порошка-прекурсора. При введении рутения 
в структуру граната наблюдалось смещение экзотермического пика его кристаллизации в сторону больших температур. 
Спекание образцов керамик осуществляли при температуре 1815 °С в течение 20 ч с последующим отжигом на воздухе 
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Abstract. Yttrium–aluminum garnet (YAG) ceramics doped with ruthenium atoms were synthesized in this study. The precursor 

powder was obtained by the coprecipitation method. The dopant, in the form of ruthenium (III) chloride, was introduced at different 
technological stages: during precursor powder synthesis and during deagglomeration of the ceramic powder, resulting in two series 
of samples. The phase composition of the sintered ceramics was examined by X-ray diffraction (XRD). According to the obtained 
data, no secondary or impurity phases were detected. Differential thermal analysis (DTA) revealed a decrease in the cationic homo-
geneity of the precursor powder. Incorporation of ruthenium into the YAG structure led to a shift of the exothermic crystallization 
peak toward higher temperatures. The ceramic samples were sintered at 1815 °C for 20 h, followed by annealing in air at 1500 °C 
for 2 h. Optical characterization of the ceramics showed that the method of dopant introduction affected both the optical transmi
ttance and the band gap energy. The transmittance at 1100 nm for undoped YAG ceramics was 77.04 %, while for the ruthenium-
containing samples it decreased to 65.1 and 74.5 %, depending on the dopant incorporation route. The band gap energy was deter-
mined from differential absorption spectra: for pure YAG it was 4.92 eV, and for the Ru-doped ceramics it decreased to a minimum 
of 4.4 eV. 
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IntroductionIntroduction
Yttrium–aluminum garnet (YAG) is a crystalline 

material with a cubic structure characterized by high 
thermal conductivity, chemical stability, and excellent 
physical and optical properties. These features make 
it suitable for a wide range of  industrial applications. 
YAG is widely used in most laser systems  [1], light-
emitting diodes (LEDs), and various optical and elect
ronic devices. It can be produced in both single-crystal 
and polycrystalline forms. Recently, polycrystalline 
materials doped with rare-earth elements have gained 
attention as alternatives to single crystals [2], the fab-
rication of which often poses challenges in achieving 
uniform dopant distribution [3]. 

In contrast to  single crystals, ceramic processing 
allows not only for homogeneous atomic-level dopant 
distribution but also for the fabrication of components 
with controlled geometry and dimensions. Particular 
attention has been given to  doping YAG with triva-
lent rare-earth ions  [4]. The incorporation of  impu-
rity ions follows the  general principles of  ionic size 
and charge compatibility with the  substituted garnet-
forming ions  [5]. It is well established that doping 
and variation of  dopant concentration can alter 
the  optical  [6], mechanical, and thermal properties 
of the material [4; 7]. 

Ruthenium, a 4d-transition metal cation, is an attrac-
tive dopant owing to the diversity of its electronic states, 
which impart unique electronic, magnetic  [8], photo
refractive, and photochromic properties to  the  host 
matrix [9; 10]. Most studies on Ru applications focus 
on catalyst development  [11; 12], conductive metal-
lic coatings for electrochemical gas sensors  [13], and 
chromatographic detectors  [14]. In ceramic systems, 
ruthenium has been introduced into oxide matrices 
to enhance electronic conductivity  [15; 16], dielectric 
permittivity [17], and electrical resistivity control [18], 

and to develop intermediate-temperature ion-transport 
ceramic membranes [19].

The behavior of Ru has been extensively studied in 
certain oxide systems, such as perovskite-type structures 

  [12; 16; 20]. However, no literature reports 
were found on the fabrication of optically transparent 
YAG:Ru ceramics. It can be assumed that the  intro
duction of Ru into the YAG structure may enable tar-
geted modification of its optical characteristics. 

The present work aimed to  obtain optically trans
parent YAG:Ru ceramics and to determine the optimal 
synthesis route. Our previous results demonstrated 
the  feasibility of  incorporating Ru into the  garnet 
structure during ceramic powder synthesis  [21]. 
Further study of  YAG:Ru materials may reveal their 
potential for applications in the  production of  poly-
crystalline optical isolators, absorbers, and LEDs. 
Therefore, in this work, YAG:Ru compositions were 
synthesized using different methods of Ru incorpora-
tion into the YAG lattice, and the effects of Ru addition 
on the microstructural features, phase transformations 
of powders, phase composition, and optical properties 
of the final ceramics were investigated. 

Materials and methodsMaterials and methods
The ceramic materials were synthesized using 

the following reagents: 
– ammonia (25 %, pure grade, SigmaTek, Russia);
– aluminum chloride hexahydrate (99 %, Nevatorg, 

Russia);
– ruthenium (III) chloride (99 %, Anhui Herrman 

Impex Co. Ltd., China);
– yttrium chloride hexahydrate (99.9 %, Nevatorg, 

Russia);
– ammonium sulfate (99 %, Stavreakhim, Russia);

при t = 1500 °С, τ = 2 ч. При определении оптических характеристик керамических материалов было установлено, что 
способ введения лигатуры приводит к изменению показателя светопропускания, а также снижению энергии запрещенной 
зоны. Показатель светопропускания керамики на длине волны 1100 нм для нелегированного иттрий-алюминиевого граната 
составил 77,04 %, а для керамических образцов, содержащих рутений, этот показатель снизился до 65,1 и 74,5 % в зави
симости от способа введения примесных ионов. Энергию запрещенной зоны образцов рассчитывали из дифференциальных 
спектров поглощения: ширина запрещенной зоны для чистого граната составила 4,92 эВ, а для легированного – она снизи-
лась до минимального значения 4,4 эВ.  

Ключевые слова: YAG:Ru, керамика, оптические свойства, энергия запрещенной зоны, метод соосаждения, керамический 
порошок
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– isopropyl alcohol (99.7 %, Khimprom LLC, 
Russia);

– calcium chloride (99 %, Vekton, Russia);
– magnesium chloride (99.9 %, Interkhim, Russia). 
Deionized water was used to prepare all solutions.
To determine the  optimal stage for introducing 

the dopant, three types of samples were prepared: S_0 – 
pure YAG; S_Ru  – YAG:Ru, where the  dopant was 
added during precursor synthesis; S_0_Ru – YAG:Ru, 
where Ru was introduced during the deagglomeration 
of the ceramic powder in a ball mill. 

The precursor powders S_0 and S_Ru were synthe-
sized by the coprecipitation method. For this purpose, 
solutions of  yttrium and aluminum salts (and addi-
tionally ruthenium salts for S_Ru) were added drop-
wise into a 2.7 % ammonia precipitant solution using 
a peristaltic pump. The salt solution also contained 
NH4(SO4)2 at a concentration of 0.08 M. The resulting 
precipitate was washed with 0.045 M ammonium sul-
fate solution, followed by isopropyl alcohol, and dried 
at 60 °C for 15 h. The dried precipitate was sieved 
through a 200-mesh screen, ground, and mixed with 
sintering additives. Grinding was carried out in a plane
tary ball mill (Pulverisette 5, Fritsch, Germany) using 
alumina balls (2 mm) for 30 min at 150 rpm in 0.2 M 
ammonium sulfate solution. The mass ratio of  mill-
ing medium:grinding media:powder was 4.5:4.5:1.0. 
Magnesium oxide (MgO) and calcium oxide (CaO) 
were added as sintering aids at 0.1 at. % each. The pow-
ders were calcined in air at 1150 °C for 2 h in a high-
temperature furnace (Nabertherm 40/17, Germany). 

The S_0 powder was divided into two portions, 
and ruthenium  (III) chloride was introduced into 
one of  them. All powder samples were then ground 
in a planetary ball mill with alumina balls (1 mm) 
at a medium-to-ball-to-powder ratio of 3.5:5.5:1.0 for 
20 min at  150 rpm. The resulting suspensions were 
dried and sieved through a 200-mesh screen. The pow-
ders were uniaxially pressed at 50 MPa and sintered 
under vacuum at 1815 °C for 20 h. The sintered samp
les were ground to a thickness of 2 ± 0.1 mm, polished 
using a QPol-250 setup, and annealed in air at 1500 °C 
for 2 h (Nabertherm 40/17). 

The particle-size distribution was analyzed by laser 
diffraction (LDA) using a SALD-7500 nano analyzer 
(Shimadzu, Japan). The morphology of  the  powders 
and ceramics was studied by scanning electron micros-
copy (SEM) using a MIRA3-LMH microscope (Tescan, 
Czech Republic) equipped with an AZtecEnergy 
Standard/X-max 20 EDS system. The specific surface 
area was determined by the  Brunauer–Emmett–Teller 

(BET) method on a 3Flex analyzer (Micromeritics, 
USA) by nitrogen adsorption at Т = 77 K.

Thermal behavior of  the  precursor powders was 
studied by differential thermal analysis (DTA) and 
thermogravimetry (TG) using an STA  449  F5 Jupiter 
analyzer (NETZSCH-Gerätebau GmbH, Germany) 
in the  temperature range 20–1300 °C under air flow 
(25 °C/min). Phase composition of  the  ceramics was 
examined by X-ray diffraction (XRD) on a TD-3700 
diffractometer (Tongda, China) equipped with a CuKα 
radiation source (λ = 1.5406 Å).

Optical transmittance in the  wavelength range 
λ = 200–1100 nm was measured using an SF-56 spect
rophotometer (OKB-Spektr, Russia).

Results and discussionResults and discussion
At the  first stage, YAG and YAG:Ru precursor 

powders were synthesized and characterized in terms 
of particle-size distribution. Fig. 1 shows the cumula-
tive particle-size curves of both powders. In both cases, 
a monomodal distribution with similar values was 
observed. The median particle diameters (d50 ) for S_0 
and S_Ru were 2.3 and 2.6 μm, respectively, indicating 
a negligible effect of cationic composition on powder 
dispersion.

The morphology of YAG and YAG:Ru powders was 
examined by SEM. As shown in Fig. 2, the  particles 
form loose, coarse agglomerates. They have an elon-
gated shape and may consist of several crystallites con-
nected by necks. No morphological differences were 
observed between S_0 and S_Ru powders. 

The specific surface areas were also comparable – 
11.06 m2/g for YAG and 10.28 m2/g for YAG:Ru – indi-
cating a branched surface structure. Thus, the introduc-
tion of Ru did not significantly affect the morphology 
of the ceramic powders.

Fig. 1. Cumulative particle-size distribution curves of precursor 
powders S_0 (1) and S_Ru (2) 

Рис. 1. Кумулятивные кривые распределения частиц порош-
ков-прекурсоров образцов S_0 (1) и S_Ru (2)
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Thermal analysis curves of  precursor powders 
S_0 and S_Ru are shown in Fig. 3. Both samples 
exhibited pronounced weight loss. The first criti-
cal weight-loss region (≈30 %) occurred between 
100 and 450 °C and was attributed to  the  removal 
of  adsorbed and chemically bound water, ammonia, 
and nitro groups  [22; 23], as indicated by the  endo-
thermic peak at 200 °C. The second weight-loss region 
(900–1100 °C) included two endothermic and one 
exothermic peak. The endothermic peaks correspond 
to  the  decomposition of  sulfates and oxysulfates and 
desorption of sulfate groups [24], while the exothermic 
peak near 940 °C is associated with YAG crystalliza-
tion [25]. In the Ru-doped sample, this crystallization 
peak shifted toward higher temperatures, likely due 
to reduced cationic homogeneity of the precursor pow-

der. Broadening of  this peak suggests the  formation 
of intermediate phases prior to YAG crystallization.

The phase composition of  the  ceramics after 
vacuum sintering at 1815 °C for 20 h was determined 
for S_0, S_Ru, and S_0 _Ru samples. XRD patterns 
(Fig. 4) confirmed that all samples were single-phase 
solid solutions with a garnet structure and contained 
no secondary or Ru-bearing impurity phases such as 
RuO2 . This indicates structural uniformity of the syn-
thesized YAG ceramics regardless of the Ru introduc-
tion method. 

Optical characterization of  the  ceramics was then 
carried out. Prior to  measurement, all samples were 

Fig. 2. SEM images of ceramic powders S_0 (a) and S_Ru (b) 

Рис. 2. СЭМ-изображения керамических порошков S_0 (а) и S_Ru (b)

Fig. 3. Thermogravimetric (TGA) and differential thermal 
analysis (DTA) curves of precursor powders S_0 and S_Ru 

Рис. 3. Кривые термогравиметрического (ТГА)  
и дифференциального термического (ДТА) анализов  

порошков-прекурсоров S_0 и S_Ru

Fig. 4. XRD patterns of YAG ceramics 
S_0 (1), S_Ru (2), and S_0 _Ru (3) 

Рис. 4. Рентгеновские дифрактограммы керамики  
S_0 (1), S_Ru (2) и S_0 _Ru (3)
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annealed in air at 1500 °C for 2 h. The transmittance 
spectra (Fig. 5, a) revealed that the linear optical trans-
mittance at 1100 nm was 77.04 % for YAG, 65.1 % 
for S_Ru, and 74.5 % for S_0_Ru. These results indi-
cate that Ru doping decreases the optical transparency 
of  YAG, particularly when Ru is introduced during 
hydroxide precipitation. 

Reduced transmittance was observed across 
the  entire wavelength range (200–1100 nm), which 

may be attributed to  color changes induced by Ru 
incorporation into the garnet lattice (Fig. 6). The gray 
coloration likely results from the  formation of  oxy-
gen vacancies that act as color centers due to electron 
association and remain partially stable after air annea
ling [26]. Therefore, the observed coloration is directly 
related to the dopant ions introduced. 

Additionally, a shift in the  absorption edge was 
observed, which can be associated with lattice disor-
der caused by Ru doping and a decrease in the  band 
gap energy. The latter was calculated from the absorp-
tion spectra derived from transmittance data  [27] and 
differentiated (Fig. 5, b). The differential absorption 
spectrum (rate of  absorbance change dA/dλ) of  pure 
YAG exhibits a single absorption edge corresponding 
to  a band gap of  4.92 eV. For the  S_Ru and S_0_Ru 
samples, two absorption edges were observed, likely 
due to  intrinsic absorption of  ruthenium ions through 
Ru3+ → Ru4+ transitions. The calculated band gap 
energies for S_Ru and S_0_Ru were 4.4 and 4.54 eV, 
respectively.

Thus, the  sample doped during the  deagglomera-
tion stage exhibited higher optical transmittance and 
a smaller absorption-edge shift, indicating that this 
method provides the most favorable route for obtaining 
optically transparent YAG:Ru ceramics.

Conclusions Conclusions 
YAG:Ru ceramic powders were synthesized by 

the  coprecipitation method, and the optimal stage for 
introducing ruthenium  (III) chloride into the  system 
was identified. According to DTA, incorporation of Ru 
into the garnet lattice shifts the exothermic YAG for-
mation peak to  higher temperatures, which is consis-
tent with reduced cation homogeneity in the YAG pre-
cursor. Ru in the garnet structure also decreases optical 
transmittance across the  entire measured wavelength 
range (200–1100 nm): from 77.04 % for undoped YAG 
to a minimum of 65.1 % for YAG:Ru. 

Ceramics obtained when the  dopant was intro-
duced during deagglomeration of  the  ceramic pow-
der exhibited a higher linear transmittance (74.5 %) 
and a smaller absorption-edge shift  – with the  band 
gap decreasing from 4.92 eV (pure YAG) to  4.54 eV 
(YAG:Ru)  – which makes this route the  preferred 
method for producing optically transparent YAG:Ru 
ceramics.

Although Ru doping lowers transmittance, it 
modulates the  optical response relative to  pure YAG. 
The  combined effects  – band-gap narrowing and 
enhanced absorption – are promising for the develop-
ment of  broadband absorbers, neutral-density optical 
filters, and passive optical limiting devices. 

Fig. 5. Optical transmittance spectra (a) and differential 
absorption spectrum (b) of YAG ceramics 

Рис. 5. Спектры светопропускания (а)  
и дифференциальный спектр поглощения (b)

Fig. 6. Photographs of ceramic samples S_0, S_Ru, and S_0_Ru
Captured with Pixel 8 Pro, ISO 41, f/1.95, exposure 1/336 s,  

D65 daylight; reference sample: S_0 

Рис. 6. Фотографии образцов керамики S_0, S_Ru и S_0_Ru
Режим съемки: камера Pixel 8 Pro ISO 41, f/1.95; выдержка 1/336 c; 

дневное освещение (D65); контроль: образец S_0 
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