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Abstract: Under varying temperature conditions, undoped Y2Si2O7 and neodymium-doped Y2Si2O7 nanopowders

were synthesized by the sol-gel method. The phase transitions from α to δ were observed in neodymium nanopowders

by XRD measurements. TEM images showed ball-shaped structure forms for synthesized samples. The elemental

compositions of all samples were established and quite close stoichiometry to all compound formulas was found using

an attached component for TEM. To reveal the Nd dopant effect in different-phased Y2Si2O7 nanopowders, diffuse

reflectance measurements were conducted. To establish the magnetic properties of undoped Y2Si2O7 and neodymium-

doped Y2Si2O7 nanopowders, an extensive study was carried out including M-H, M2 -H/M (Arrott’s plot), and M-T

under varying physical conditions. In the α phase, a significant paramagnetic increase was observed and a decrease in

paramagnetic behavior was monitored by the effects of Nd dopant and increased annealing temperature.
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1. Introduction

The host lattice of yttrium disilicate (Y2Si2O7) shows a high refractory property, chemical stability, etc. [1]. It

has been shown that the structural phases due to its complex high temperature polymorphism are in the y ,

z , α , β , γ , and δ forms [2]. Y2Si2O7 investigated from a structural point was reported for the first four forms:

α1225◦C → β1445◦C → γ1535◦C → δ [3]. α -Y2Si2O7 crystallizes into a triclinic structure with the P-1 space

group and assigns four crystallographic sites to Y3+ ions both with six coordination numbers. β -Y2Si2O7

crystallizes into a monoclinic structure with the C2/m space group and assigns two crystallographic sites to

Y3+ ions both with six coordination numbers. γ -Y2Si2O7 crystallizes into a monoclinic structure with the

P21/n space group and assigns two crystallographic sites to Y3+ ions both with six coordination numbers.

δ -Y2Si2O7 crystallizes into an orthorhombic structure with the Pna21 space group and assigns unique

crystallographic sites to Y3+ ions both with coordination number seven [4]. However, researchers focused on the

optical spectroscopy properties of yttrium disilicates (Y2Si2O7) [5–13] and no extensive study on the magnetic

properties of yttrium disilicates when activated with neodymium has been observed in the literature. In this

study, we first report on the magnetic properties of nanocrystalline α , γ , and δ polymorphs of yttrium disilicate

(Y2Si2O7) prepared by the sol-gel method.
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2. Materials and methods

Undoped and neodymium-doped nanocrystalline yttrium disilicate was synthesized in SiO2–Y2O3 binary

systems [14] using the sol-gel method. Precursors with the purity of 99.99% neodymium nitrate penta hydrate

(Nd(NO3)3·5H2O), 99.999% tetraethoxysilane (TEOS,Si(OC2H5)4), and 99.9% yttrium nitrate hexahydrate

(Y(NO3)3·6H2O) were used to obtain the compositions. For all the samples, taken mole ratios of SiO2 and

Y2O3 were kept at 7.0 and the neodymium concentration was 0.025% mole in all Nd-doped samples. A detailed

description of the preparation process can be found in our previous work [15]. The undoped and Nd-doped

samples were then heat-treated at 1170 ◦C (for undoped), 1150 ◦C, 1250 ◦C, and 1480 ◦C for 12 h to obtain

crystalline powders. XRD patterns of the annealed samples were taken with a Rigaku–XRD D-MAX 2200

with the Cu-Kα source operated with the wavelength at λ= 1.5418 Å. Slit systems, step-size (0.02◦), source

voltage (40 kV), and current (30 mA) were kept constant during the scans, which were conducted in θ–2 θ

coupled mode. Elemental compositions and the structural and morphological properties of the powders were

also investigated by TEM with a JEOL JEM-2100. Diffuse reflectance spectra of the samples were obtained

using a PerkinElmer Lambda 35 UV-Vis spectrophotometer to identify the absorption lines of Nd ions. Magnetic

hysteresis and moment versus temperature curves of the samples were recorded by using a Vibrating Sample

Magnetometer System (Quantum Design PPMS9T).

3. Results and discussion

Figure 1 presents the X-ray patterns of all powders synthesized by the sol-gel method. The phase transition

of all powders was revealed under the influence of a wide annealing temperature window. Under the effect of

varying annealing conditions, while the monoclinic γ -Y2Si2O7 phase observed for the undoped sample annealed

at 1170 ◦C, the triclinic α -Y2Si2O7 , monoclinic γ -Y2Si2O7 , and orthorhombic δ -Y2Si2O7 phases for Nd-

Figure 1. The X-ray patterns of all powders: α , β , γ , and δ .
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doped samples were matched by comparing the peak positions and intensities with those in the Joint Committee

on Powder Diffraction Standards (JCPDS) when annealed at 1150 ◦C, 1250 ◦C, and 1480 ◦C, respectively. It

can be clearly seen that the peak positions of most of the diffraction peaks of the samples correspond well to

the standard cards of α -Y2Si2O7 (39-1425), γ -Y2Si2O7 (45-0042), and δ -Y2Si2O7 (45-0043), respectively.

Figure 2 represents the TEM images of the undoped and Nd-doped samples with an average size change with

the phase of the Y2Si2O7 less than 100 nm. Figure 3 illustrates the EDAX spectrum of Nd-doped α -phased

Y2Si2O7 compound and the signals that indicate the existence of Y, Si, O2 , Nd, and Cu elements. The Cu

signal was attributed to the copper sample holder used in the EDAX measurements.

Figure 2. The TEM images of all powders.

Figure 4 displays the diffuse reflectance spectra of the undoped and Nd3+ -doped Y2Si2O7 samples in

the range of 450–950 nm. When Nd-doped, the reflection dips corresponding to an absorption band revealed

for each phase of the samples. No indication of dip in the spectrum for the undoped Y2Si2O7 sample was

observed; thus, the Nd effect on the reflection pattern was easily observed by dips. For Nd-doped samples,
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the nine dips with appreciable intensity corresponding to the observed absorption lines are due to the f − f

transitions from the 4I15/2 ground level to excited levels of the Nd3+ . The spectral profile of the dips was

slightly changing for each phase.

Figure 3. EDAX pattern of Nd-doped α -Y2Si2O7 com-

pound.

Figure 4. Wavelength and diffuse reflectance behavior of

all compounds.

Figures 5a and 5b illustrate the magnetic measurements of the powders annealed at different temperatures

(1150–1480 ◦C) to reveal the possible phase effects on the those magnetic properties. The data were taken

at 10 K and 300 K, where the magnetic contributions varied with annealing temperature in a magnetic file

up to ±6 kOe. The magnetic response of the powders at 10 K was observed to become 102 times bigger

than that of the powders measured at 300 K. Local nonmagnetic phases should be predominant in the γ - and

δ -phased Nd-doped Y2Si2O7 compounds in accordance with increasing annealing temperatures. Comparing

the undoped and Nd-doped α -Y2Si2O7 compounds, a considerable paramagnetic increase can be seen in Nd-

doped α -Y2Si2O7 compounds due to the effect of the Nd dopant. The maximum magnetizations between both

undoped and Nd-doped α -phased Y2Si2O7 compounds are about 1.2 emu/g at 10 K and 0.061 emu/g at 300

K in Figures 5a and 5b. The magnetization deteriorates gradually after an annealing temperature of 1150 ◦C

for Nd-doped samples. With the phase transition from γ to δ observed in the structure between 1250 ◦C and

1480 ◦C, the samples lose their magnetism and almost overlap each other. Similarly seen in neodymium-based

magnets, Nd-doped Y2Si2O7 compounds lose their magnetism at high temperatures, as given in Figures 5a

and 5b [16,17]. We conclude that the α -phased Nd-doped Y2Si2O7 sample has the best magnetic behavior

compared to all other Nd-doped Y2Si2O7 samples. Arrott’s plots (M2 versus H/M) of all samples given in

Figures 5c–5e revealed a concave nature in all phases; this is suggestive of the antiferromagnetic nature of

the investigated samples. In previous studies, similar behaviors were presented [18–20]. The χ−1−T curves

show a negative Curie–Weiss paramagnetic temperature for annealed samples, indicating the antiferromagnetic

behavior of the samples. This should indicate the absence of ferromagnetic behavior.
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Figure 5. a) Magnetic field versus magnetic moment plot for undoped Y2Si2O7 and Nd+3 -doped Y2Si2O7 nanopar-

ticles at 10 K; b) 10−2 magnetic moment at 300 K; c, d, e, and f) Arrott’s plots for undoped Y2Si2O7 and Nd+3 -doped

Y2Si2O7 powders annealed at different temperatures.

We have investigated the magnetic properties of Y2Si2O7 and Nd-doped Y2Si2O7 nanoparticles by

measuring the magnetization in both zero-field cooled (ZFC) and field cooled (FC) modes under 1 kOe magnetic

fields as shown in Figures 6a–6d. A slow decrease in magnetization in ZFC mode is experienced and the variation

of magnetization in FC at 1 kOe exhibits a decrease at temperatures between 0 and 100 K. ZFC and FC curves,

except Figure 6a, do not coincide at the temperature window of 0–300 K. The magnetization level of Nd-doped

Y2Si2O7 annealed at 1150 ◦C is approximately 102 times bigger than that of the samples annealed at 1480
◦C. Similar behavior was investigated in the magnetic field versus magnetic moment measurements in Figures

5a and 5b. The inverse magnetic susceptibility (χ−1) varying with temperature T for all Nd-doped samples

at 1 kOe is exhibited in Figures 6e–6g. As is clearly seen in the χ−1−T curves, nearly linear behavior in the

temperature range of 100–300 K was observed. This is described by the Curie–Weis law.
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Figure 6. a) Moment versus temperature (ZFC and FC) for γ -phased Y2Si2O7 at 1170 ◦C; b, c, and d) ZFC and

FC for α -, γ -, and δ -phased Nd-doped Y2Si2O7 at 1150 ◦C, 1250 ◦C, and 1480 ◦C. respectively; e, f, and g) χ−1−T

plots (negative Curie–Weiss paramagnetic temperature) for all Nd-doped samples.

The effects of Nd dopant and annealing temperature on the magnetic moment of undoped and Nd-doped

Y2Si2O7 nanopowders are clearly seen in Figure 7. A decrement was observed after α -phased maximum
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magnetic moment monitored at 1150 ◦C so the Nd dopant effect is a possible reason for the varying magnetic

moment value. In Nd-doped Y2Si2O7 samples, the magnetic moment values decrease slightly after approxi-

mately 1250 ◦C. The reasons behind this might be temperature-dependent phase transition, namely the decrease

in magnetization that is actively seen with the increment of annealing temperature, and, like neodymium-based

magnets, the Nd-doped Y2Si2O7 compound loses its magnetism at high temperatures [18,21]. This should be

an indication of increasing local nonmagnetic regions and an increase in random spin orientation in the structure.

A slight difference in magnetic moment values was observed between γ -Y2Si2O7 and Nd-doped δ -Y2Si2O7 ,

in which the Nd dopant effect on magnetization almost disappears at 1480 ◦C annealing temperature.

Figure 7. Annealing temperature versus magnetic moment plot for undoped Y2Si2O7 and Nd+3 -doped Y2Si2O7

nanoparticles at 10 K.

4. Conclusion

We have investigated structural and magnetic properties of undoped Y2Si2O7 and Nd-doped Y2Si2O7

nanoparticles annealed at varying temperature conditions. It was found that, structurally and magnetically, the

Y2Si2O7 compound was affected by Nd dopant and increasing annealing temperature. The phase transitions

α → γ and γ → δ were revealed by XRD measurements. A ball-shaped structure was formed, as shown in TEM

images. Comparing the undoped and Nd-doped α -Y2Si2O7 compounds, a considerable paramagnetic increase

can be seen in the Nd-doped α -Y2Si2O7 compound due to Nd dopant effect. Nd-doped Y2Si2O7 powders lost

their magnetisms at high temperatures so this should be a reason for the increasing local nonmagnetic regions

and an increase in random spin orientation in the structure. In ZFC mode, a slow increase in magnetization

was experienced and in FC mode at 1 kOe the variation of magnetization exhibits a decrease in the temperature

between 0 and 100 K. The phase transition depending on annealing temperature has been well established.
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