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Abstract 

Mixtures of Y2Si2O7 and Gd2Si2O7 were synthesized by solid-state reaction at 1600°C and 

characterized via in situ x-ray diffraction (XRD) to determine their coefficients of thermal 

expansion (CTE). All solid solutions within the system exhibited the orthorhombic δ-RE2Si2O7 
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(Pna21) structure. Thermal expansion measurements of Y2Si2O7 and Gd2Si2O7 correlated well with 

reported values in literature, and all synthesized solid solutions exhibited CTEs between Y2Si2O7 

and Gd2Si2O7. Generally, there was a slight decrease in CTE exhibited by the materials with 

increasing Gd2Si2O7 content, with Gd2Si2O7 having the lowest CTEs and Y2Si2O7 the highest 

CTEs.  The decrease in CTE  was attributed to stronger bonds of Gd-O over Y-O, as determined 

by calculated crystal orbital Hamilton populations using density functional theory. However, such 

differences were very small and crystal structure was the dominating factor in CTE trends.  

Keywords: Rare earth silicates, Y2Si2O7, Gd2Si2O7, thermal expansion, density functional theory, 

electronic structure 

1 Introduction 

The crystal structures of rare earth (RE) disilicates are primarily dependent on their cation 

size and annealing temperature [1]. Due to their unique electron configuration, their size often 

influences their chemistry in various systems and resulting properties. Tuning properties by 

creating solid solutions of these materials is a recent development in incorporating them in 

different applications. There has been a preference for studies of mixtures of smaller RE disilicates 

[2,3] due to the high-temperature stability of the Type C structure (β-RE2Si2O7) [4]. However, the 

applicability of larger RE disilicates in applications such as multifunctional coating systems [5,6] 

and phosphor materials [7,8] prompted interest in investigation of the properties of  blended 

smaller and larger disilicate structures. The authors previously carried out in situ x-ray diffraction 

(XRD) experiments on solid solutions in the Yb2Si2O7-Gd2Si2O7 system [9] to determine the 

influences of varying cations on lattice expansion as a function of temperature in the polymorphs. 

While thermal expansion behavior was largely governed by crystal structure (as also shown to be 

the case for monolithic RE2Si2O7 materials [10–12]), minor variations attributed to changes in 
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lattice volume drove the desire for additional inquiry into possible mechanisms of expansion that 

is caused by the presence of varying cations in the same crystal structure. Moreover, recent studies 

into the role of electronic structure on unit cell volume and potential consequences to expansion 

in RE monosilicates [13] have prompted further questions of the influence of cation species 

(particularly electronic configuration) on disilicate mixture properties. 

The current work seeks to support ongoing investigations in understanding the properties 

of solid solutions of disilicates by examining the yttrium disilicate-gadolinium disilicate (Y2Si2O7-

Gd2Si2O7) system using a combination of experimental and computational methods. Unlike the 

Yb2Si2O7-Gd2Si2O7 system, which do not share a common structure, Y2Si2O7 and Gd2Si2O7 can 

share two polymorphs on the Felsche diagram (low temperature Type B α-RE2Si2O7 (P1�) and high 

temperature Type E δ-RE2Si2O7 (Pna21)), suggesting for the formation of a complete solid solution 

in this system. However, it is also important to note that while yttrium itself is often grouped with 

the rare earth elements due to similar size and properties, a key distinguishing feature of the 

lanthanides is their filling of the 4f orbital, resulting in poor shielding of the strong nuclear charge 

to outer electrons [14]. Given that orbital bandwidth may be correlated with a lowered expansion 

anisotropy in some RE silicate systems [13], this prompted further interest to closely examine  the 

differences in electronic structure between Y3+ and Gd3+ and how that may affect structural and 

thermal properties in Yb2Si2O7-Gd2Si2O7 system or monolithic disilicate materials. Thus, by 

utilizing density functional theory (DFT) for structure optimization, electronic density of states, 

and chemical bonding calculations, it is anticipated that electronic structure contributions to 

thermal expansion within the Y2Si2O7-Gd2Si2O7 system will also be elucidated.  
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2 Experimental Procedures and Methods 

2.1 Materials Synthesis 

Yttrium disilicate (Y2Si2O7, YDS) spray dried powder was obtained from Praxair, Inc. 

(99%). Analysis of the as-received YDS powder indicated that the powder was not single-phase, 

consisting of crystalline β-YDS and yttrium monosilicate (Y2SiO5). This powder was heat treated 

at 1600°C for 10 hours (5°C/min heating and cooling rate), resulting in single phase Type D γ-

YDS (P21/c) and indicating that there was possibly some amorphous SiO2 in the starting powder 

that had not fully reacted with possible Y2O3 precursors during the spray dry process. 

Orthorhombic Type E δ-YDS was synthesized by heat treating the as-received YDS powder at 

1700°C for 5 hours (20°C/min heating and cooling rate). Gadolinium oxide (Gd2O3) (HEFA Rare 

Earth Canada Inc., 99.99%) and silicon oxide (SiO2, Alfa Aesar, 99.5%) were used to synthesize 

single phase gadolinium disilicate (δ-Gd2Si2O7, GdDS) by a solid-state reaction method. The 

oxides were weighed out in their respective ratios and mixed on a ball mill in ethanol for 24 hours 

using 10 mm cylindrical zirconium oxide (ZrO2) milling media. The mixed powders were then 

dried and pressed into 25.4 mm pellets. These pellets were heat treated at 1600°C for 10 hours to 

react the oxides and obtain δ-GdDS. Y2-2xGd2xSi2O7 (0≤x≤0.30) solutions were synthesized via a 

solid-state reaction route using the previously described disilicate powders. γ-YDS was mixed with 

δ-GdDS on a ball mill in ethanol using 2 mm spherical ZrO2 milling media. The mixtures were 

dried on a hot plate and uniaxially pressed into ~1 g, 12.7 mm diameter pellets. To react the 

disilicate powders, the pellets were heat treated at 1600°C for 10 hours. A pellet of each 

composition was crushed into powder for diffraction analysis, while additional pellets were 

mounted in epoxy and polished for microscopic analyses. 
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2.2 Characterization 

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) (Thermo 

Fisher FEI Q250 Environmental SEM, Phenom ProX) were utilized to obtain images of the 

microstructure and compositions of reaction products, respectively. Crystallographic phases were 

determined on post-heat-treated samples by ex situ XRD on an Empyrean diffractometer (Malvern 

PANalytical) using cobalt radiation (Co Kα = 1.789 Å) and analyzed in Jade 10 software with the 

International Center for Diffraction Data (ICDD) crystallographic database. Coefficients of 

thermal expansion (CTEs) and high temperature stability of the resulting solid solutions were 

determined using in situ diffraction in the Empyrean diffractometer using a hot stage (Anton Paar 

HTK 2000N). National Institutes of Standards Technology (NIST) standard reference material 

(SRM) cerium oxide (CeO2) powder was used as a calibration standard to determine the platinum 

heating strip temperature set points, as outlined in our previous publication [9]. Once temperature 

set points were determined, the sample powders were mixed with isopropanol and dispersed onto 

the heating strip. Scans were taken over a 2θ range of 10° to 100° at temperatures of 25°C, 200°C, 

400°C, 600°C, 800°C, 1000°C, 1200°C, 1300°C, 1400°C, and 1500°C. All scans were then 

analyzed in TOPAS [15] using the LeBail method [16] to estimate the lattice parameters of the 

materials at each temperature. The average bulk CTE is approximated as 1/3 of the unit cell volume 

expansion coefficient (i.e., ΔV vs. ΔT divided by 3). 

2.3 Density Functional Theory (DFT) 

Structure optimizations and electronic density of states calculations were performed using 

plane-wave DFT as implemented in the Vienna Ab-initio Simulation Package (VASP) [17–20]. 

Core electrons were modeled using the Projector Augmented-Wave (PAW) pseudopotentials [21–

23], while valence electrons were modeled using the Perdew-Burke-Ernzerhof exchange-
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correlation functional modified for solids (PBEsol) [24,25]. Gd was modeled with 18 valence 

electrons in the configuration [1s22s22p63s23p63d104s24p64d10]5s25p66s24f75d1, Y was modeled 

with 11 valence electrons in the configuration [1s22s22p63s23p63d10]4s24p65s24d1, Si was modeled 

with 4 valence electrons in the configuration [1s22s22p6]3s23p2, and O was modeled with 6 valence 

electrons in the configuration [1s2]2s22p4.  The wavefunctions were represented with planewaves 

using a cutoff energy of 520 eV to expand the wavefunctions of the system. Brillouin zone 

integrations were performed using automatically generated Γ-centered k-point meshes of 5×4×2 

for geometry optimizations and 10×6×4 for electronic density of states calculations, equating to 

1500 k-points per reciprocal atom (KPPRA) and 10,000 KPPRA, respectively. [26]. The 

tetrahedron method with Blöchl corrections was used for partial occupancy smearing. Calculations 

were spin-polarized, and the electronic structure convergence tolerance was 1×10-8 eV. Structure 

optimizations were performed until the residual forces between atoms decreased below 1×10-4 

eV/Å. The electronic density of states and Crystal Orbital Hamilton Populations [27–29] of the 

optimal structures were then calculated. Initial δ-phase conventional standard structures were 

obtained from the Materials Project database [30]. Individual site substitutions were performed for 

dopant positions within the crystal structure at 12.5 and 25 mol% to find the lowest energy 

structure at each concentration.  

3 Results and Discussion 

3.1 Y2-2xGd2xSi2O7 at 1600°C  

XRD scans of the Y2-2xGd2xSi2O7 series are plotted in Figure 1(a). Starting at 5 mol%, 

additions of GdDS to γ-YDS immediately resulted in a phase transformation from γ-RE2Si2O7 to 

δ-RE2Si2O7. XRD analysis indicated a single-phase structure, suggesting complete solubility of 

GdDS into δ-YDS. All solid solutions in this study exhibited the δ-RE2Si2O7 structure. Maier et 
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al. investigated mixtures of YDS with various disilicates [31] and showed that incorporation of 25 

mol% of GdDS to YDS at 1600°C also resulted in the δ-YDS structure, agreeing with results in 

this study. As GdDS content increased across this series, the peaks in the XRD data shifted towards 

smaller angles while maintaining this single-phase structure (as shown in the inset in Figure 1(a)), 

which suggested an expansion of the lattice. The measured lattice parameters of the δ materials are 

listed in Table 1 and the measured changes in lattice parameters are plotted in Figure 1(b), showing 

overall increase with increase in GdDS content. While the a and b lattice directions exhibited 

similar increases in length, the c direction of the unit cell exhibited the highest magnitude of 

extension as a function of GdDS content. 

 
Figure 1. a) XRD scans of Y2-2xGd2xSi2O7 after heat treatment at 1600°C, 10 hours with an inset graph showing shift 
in peaks with increasing GdDS content. b) Graph of the change of the a (circle), b (triangle), and c (square) lattice 
parameters of the δ-RE2Si2O7 materials from 0 mol% to 30 mol% GdDS. L0 values for the lattice parameters are taken 
from XRD analysis of synthesized δ-Y2Si2O7 in this study (analyzed with powder diffraction file (PDF) card #04-002-
6023 of δ-Y2Si2O7).[32] 
 

Table 1. Measured lattice parameters and calculated unit cell volumes of RE2Si2O7 materials in this study. 
 

 mol% 
GdDS a (Å) b (Å) c (Å) Volume (Å3) 

Y2Si2O7 0 13.667±0.006 5.020±0.003 8.152±0.001 559.295 

@] 6-RE2Si2O7 (Pna2 1) ~ 
30 

25 
t--

0 
·-"'20 r:ri .... 
"O 
C, 

~ 15 
0 e 

10 

5 

0 

20 30 40 50 60 70 0 2 4 6 
20 (0 ) AL/L0xI03 



8 
 

Y1.9Gd0.1Si2O7 5 13.680±0.002 5.016±0.003 8.165±0.007 560.273 
Y1.8Gd0.2Si2O7 10 13.690±0.003 5.019±0.002 8.172±0.007 561.499 
Y1.7Gd0.3Si2O7 15 13.700±0.006 5.026±0.001 8.176±0.005 562.968 
Y1.6Gd0.4Si2O7 20 13.709±0.008 5.027±0.002 8.183±0.001 563.933 
Y1.5Gd0.5Si2O7 25 13.719±0.001 5.029±0.007 8.191±0.003 565.120 
Y1.4Gd0.6Si2O7 30 13.727±0.004 5.030±0.009 8.197±0.002 565.976 
Gd2Si2O7 [9] 100 13.863±0.003 5.054±0.007 8.300±0.002 581.528 

 

Back-scattered electron (BSE) micrographs of the pellet cross sections are displayed in 

Figure 2. BSE micrographs of the grain structure showed slight changes in morphology as GdDS 

content increased. At 5 and 10 mol% GdDS (Figure 2(a) and Figure 2(b)), the grain size 

distribution seemed to be bimodal, with larger grains surrounded by very fine grains. Overall, the 

grains exhibited an elongated morphology. At 15 mol% GdDS (Figure 2(c)), a ~5X increase in 

grain size was observed from the 5 mol% sample. These much larger grains were observed at 20, 

25 and 30 mol% GdDS (Figures 2(d), (e), and (f)). EDS results indicated that while the crystal 

structure was single-phase, no phase segregation of Y- or Gd-rich δ-RE2Si2O7 phases were 

observed, correlating well with XRD observations of a complete solid solution series. The images 

of the microstructure also showed a considerable amount of transgranular cracking. This cracking 

could have been the result of the γ-YDS to δ-YDS phase transformation and the volumetric 

expansion of the unit cell that occurs in this transformation (~2%) [10,32].   
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Figure 2. BSE micrographs of grain structure of synthesized a) Y1.9Gd0.1Si2O7, b) Y1.8Gd0.2Si2O7, c) Y1.7Gd0.3Si2O7, 
d) Y1.6Gd0.4Si2O7, e) Y1.5Gd0.5Si2O7, and f) Y1.4Gd0.6Si2O7.  
 

The δ-RE2Si2O7 structure is intrinsic to YDS at higher temperatures above ~1650°C 

[33,34]. The γ-RE2Si2O7 polymorph of YDS is more stable over a wider range of temperatures 

(~1300°C-1650°C), and heat treatment of this material at 1600°C did not result in any phase 

transformation (Figure 1(a)). However, the addition of GdDS to YDS seemed to stabilize the δ-

RE2Si2O7 polymorph at a slightly lower temperature than predicted on the Felsche diagram [4]. 

This observation could be expected, given that δ-RE2Si2O7 is the only stable polymorph of GdDS 

above ~1400°C. Because YDS can also exist in this structure, solid solutions in this series should 

all possess this polymorph with further changes in structure related to lengthening of lattice 

parameters correlating with additions of GdDS to the unit cell. The molar volumes of the YDS-

GdDS solid solutions were determined and plotted in Figure 3. A drop in molar volume was 

observed with phase transformations as GdDS was added in solution. The addition of GdDS to γ-

YDS at only 5 mol% resulted in the immediate γ→δ phase transformation. The accompanying 

molar volume decrease from this transformation is similar to the analogous temperature-dependent 

phase transformation from undoped γ-YDS to δ-YDS, as displayed in Figure 3. Overall, this 

behavior suggested optimization of the structures by allowing for unit cell expansion and 
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pyrosilicate anion [Si2O7]6- distortion while keeping the volume occupied by each formula unit of 

the solid solution to a minimum. [4] 

 
Figure 3. Molar volume graph of Y2-2xGd2xSi2O7 solid solutions synthesized in this study (blue (triangle) and green 
(square) markers and lines) and monolithic RE2Si2O7 structures (purple (circle) markers and lines) from 
literature.[10,32,35–39] 
 

It is important to note that all materials were synthesized at 1600°C in this study, and a full 

Y2Si2O7-Gd2Si2O7 binary diagram was not determined. However, current results along with trends 

from literature can provide insights of what can be expected at different temperatures. As 

previously discussed, YDS can have four different polymorphs as a function of temperature, 

although, according to the Felsche diagram, it is expected that polymorphism would be reduced 

with substitution of larger cations. Addition of 5 mol% GdDS resulted in an average cation size of 

0.902 Å, slightly larger than Ho3+ and within a region of the Felsche diagram in which the β-

RE2Si2O7 structure is no longer stable at any temperature. At this cation size, there are still three 

polymorphs present as a function of temperature: γ-RE2Si2O7, δ-RE2Si2O7, and α-RE2Si2O7. In the 

case of γ-RE2Si2O7, a very narrow region of stability exists around ~1350-1400°C, with α-

RE2Si2O7 expected to form below this range and δ-RE2Si2O7 above this range. Larger cations 
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would be expected to form α-RE2Si2O7 at same temperature, suggesting than additions of 5 mol% 

or less of GdDS would be needed if the γ-RE2Si2O7 structure was desired from YDS-GdDS solid 

solutions. 

The δ-RE2Si2O7 structure has been briefly discussed, and as stated, is expected to be the 

crystal structure of a compete solid solution series for the YDS-GdDS system at temperatures 

above ~1400°C. At lower temperatures, larger RE disilicates between Y3+ and Gd3+ are expected 

to form α-RE2Si2O7, a unique pyrosilicate structure that does not contain double tetrahedra Si2O7 

units but instead isolated SiO4 tetrahedra and Si3O10 silicate chains. This difference in silicate 

structure may indicate that a reconstructive phase transformation must take place, as studies have 

noted its limited stability due to sluggish kinetics of crystallization. [40,41] For GdDS, this 

structure is expected to be stable below ~1500°C. For undoped YDS, this structure is expected at 

~1200°C and lower. However, in in situ XRD analysis of both materials (discussed in the following 

section), the phase was not observed to form, and in the case of YDS, δ-YDS destabilized readily 

to β-YDS at lower temperatures, correlating with other observations in literature on the slow 

formation [40–42]. α-RE2Si2O7 is a shared polymorph between YDS and GdDS, and it is 

hypothesized that these two disilicates can also form a complete solid solution series with this 

structure below ~1400°C (similar to the δ-RE2Si2O7 structure demonstrated in this study), although 

it is unclear how doping would affect formation kinetics. Because the goal of these investigations 

was to understand properties of single-phase YDS-GdDS materials and the stability of α-RE2Si2O7 

is predicated on kinetics of formation, the synthesis of this structure was outside of scope of this 

paper. 
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3.2 Temperature Stability and Thermal Expansion 

No indication of phase destabilization was observed for GdDS or the solid solutions 

synthesized in this study. However, extraneous peaks were observed in the in situ XRD analysis 

of δ-YDS. The in situ XRD scans from room temperature to 1500°C are displayed in Figure 4. 

Extra peaks were observed to form during analysis at 1300°C around 32° 2θ. These peaks 

continued to grow in magnitude with increasing temperature, indicating additional formation up 

to 1500°C and were still present upon cooling to room temperature. The additional peaks observed 

in the in situ XRD scans were indicative of the formation of the Type C β-RE2Si2O7 polymorph 

(C2/m) of YDS at 1300°C, which is consistent with thermodynamic prediction of the phase 

stability of this structure (δ-YDS is formed above ~1650°C, whereas β-YDS is stable from ~1200-

1350°C) [34]. Unlike the δ-Y2-2xGd2xSi2O7 solid solutions, however, undoped δ-YDS began to 

transform to β-YDS once heated to 1300°C, suggesting that the addition of GdDS to δ-YDS aided 

in stabilizing this high temperature polymorph below its synthesis temperature.  

 
Figure 4. In situ XRD graphs of δ-Y2Si2O7 up to 1500°C. Peaks corresponding to the formation of β-Y2Si2O7 appear 
at 1300°C, highlighted by the red symbols. 
 

The bulk CTEs of all the disilicates investigated in this study are listed in Table 2 and 

organized in ascending order by “average” cation size. An “average” cation size of the solid 
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solutions was estimated by adding together sizes of the cations weighted by their relative amounts 

in each composition (i.e., χara+χbrb=ravg where χ is mol%). The thermal expansion graphs are 

plotted in Figure 5, and third-order polynomial coefficients of fitted CTE curves for each lattice 

direction of each sample can be found in the supplemental data (Table S1). The a and b lattice 

directions of γ-YDS exhibited very similar expansion as a function of temperature, with the c 

direction expanding the least up to 1500°C (Figure 5(a)). In undoped δ-YDS (Figure 5(b)), the a 

and b directions expanded ~2X more than γ-YDS. The average bulk CTE of undoped δ-YDS was 

8.11×10-6/K, correlating well with values reported in literature (~8.1×10-6/K up to 1400°C [10]).  

Out of all the orthorhombic δ-RE2Si2O7 materials in this study, undoped δ-YDS exhibited 

the highest bulk CTE and undoped δ-GdDS (Figure 5(g)) exhibited the lowest. It is important to 

note that the c expansion in particular of GdDS itself was an order of magnitude lower (0.31×10-

6/K) than both undoped δ-YDS (2.41×10-6/K) and the YDS-GdDS solid solutions. Interestingly, 

the addition of GdDS also decreased the magnitude of the a and b expansion of the mixtures, 

although the expansion was still less that YDS. The addition of GdDS to YDS did not result in any 

discernable trends in CTEs as a function of dopant content, although the bulk CTE values of all 

the solid solutions fell between YDS and GdDS. To further understand the expansion behavior of 

RE disilicates in this crystal structure, orthorhombic dysprosium disilicate (δ-Dy2Si2O7, DyDS) 

was also synthesized, and in situ XRD was used to determine its CTEs. The average bulk CTE of 

δ-DyDS was determined to be 7.54×10-6/K (Table 2), which agrees well with literature values [11]. 

The average cation size estimated for Y1.4Gd0.6Si2O7 (0.911Å) is approximately equal to that of 

Dy3+ (0.912Å) (and roughly equal molar volume), and this solid solution exhibited slightly greater 

average bulk expansion than δ-DyDS.  

Table 2. Volumetric and average bulk thermal expansion coefficients (×10-6/K) of RE2Si2O7 materials synthesized in 
this study up to 1500°C. 
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 mol% 
GdDS Structure 

Average 
RE cation 
size (Å) 

Volumetric 
Expansion 
Coefficient 

Average 
Bulk 

Coefficient 
Y2Si2O7 0 Monoclinic (γ) 0.900 13.77±0.41 4.59±0.14 
Y2Si2O7 0 Orthorhombic (δ) 0.900 24.32±0.73 8.11±0.21 

Y1.8Gd0.2Si2O7 10 Orthorhombic (δ) 0.904 23.68±0.47 7.89±0.24 
Y1.7Gd0.3Si2O7 15 Orthorhombic (δ) 0.906 23.23±0.69 7.74±0.23 
Y1.5Gd0.5Si2O7 25 Orthorhombic (δ) 0.909 23.88±0.60 7.96±0.24 
Y1.4Gd0.6Si2O7 30 Orthorhombic (δ) 0.911 23.47±0.70 7.82±0.31 

Dy2Si2O7 ---- Orthorhombic (δ) 0.912 22.63±0.67 7.54±0.19 
Gd2Si2O7[9] 100 Orthorhombic (δ) 0.938 21.77±0.54 7.25±0.22 

 

 

Figure 5. Graphs of thermal expansion as a function of temperature for a) γ-Y2Si2O7, b) δ-Y2Si2O7, c) δ-Y1.8Gd0.2Si2O7 
(10 mol% GdDS), d) δ-Y1.7Gd0.3Si2O7 (15 mol% GdDS), e) δ-Y1.5Gd0.5Si2O7 (25 mol% GdDS), f) δ-Y1.4Gd0.6Si2O7 
(30 mol% GdDS), and g) δ-Gd2Si2O7. 

3.3 Considerations of Cation Species on Bond Strength and Properties 

Between the three undoped materials, there was a reverse trend in CTE than what was 

expected, with δ-YDS exhibiting the largest CTE and GdDS the smallest. It was previously 

hypothesized that the changes in volume in the disilicate solid solutions due to cation substitution 

possibly resulted in changes in thermal expansion [9], given that phonon frequencies are volume 

dependent within the quasi-harmonic approximation of lattice vibrations [43]. In the monolithic δ-

RE2Si2O7 materials, the average bulk CTE was observed to decrease with increasing molar volume 

(i.e. YDS>DyDS>GdDS), and these results suggested that with increasing molar volume of the 

40 [ill 
~ 30 
X 

0 20 
i::! 
~ 10 

0 
200 800 1400 200 800 1400 200 800 1400 200 800 1400 

Temperature (0 C) 

40 @] @] ~ ~ 30 
X 

=20 
i::! 
~ 10 

0 
200 800 1400 200 800 1400 200 800 1400 

Temperature (0 C) 



15 
 

composition, the tendency of the lattice to further expand as a function of temperature might be 

reduced. In the case of δ-YDS, because each formula unit occupies a smaller volume within the 

unit cell, the amount of distortion allowed within each cell as a function of temperature is possibly 

higher compared to GdDS, which possesses a higher molar volume. However, size and mass of 

cations can play a role in phonon scattering. As listed in Table 2, the Gd3+ cation is ~4% larger 

than Y3+, and ~55% heavier in atomic mass (157.25 g/mol for Gd vs. 88.91 g/mol for Y). The 

greater effect that Gd can have in scattering phonons could result in Gd-O being less affected by 

vibration modes that can induce lattice expansion.  

In the monolithic δ-RE2Si2O7 materials, DyDS>GdDS could be related to the RE-O bond 

dissociation energy, with Gd being slightly greater than Dy [44]. A greater bond strength indicates 

that the RE-O bonds need more energy to activate phonon modes, resulting in less distortion as a 

function of temperature. The RE-O bond dissociation energy for Gd-O is in fact slightly higher 

than Y-O (714 kJ/mol for Y vs. 715 kJ/mol for Gd) [44]. Another factor to consider is the stability 

of YDS in the δ-RE2Si2O7 structure. As previously mentioned, the δ-RE2Si2O7 structure is a high-

temperature polymorph of YDS (Figure 6). Due to the vibrational modes of cations at high 

temperature, structures with high-coordination and high-symmetry are better stabilized for smaller 

cations like Y3+ [45]. The thermochemical stability of RE2Si2O7 materials has not been extensively 

studied in literature, although the enthalpy of formation of γ-YDS has been reported to be -67 

kJ/mol (formation from Y2O3 and SiO2)[34]. Such an assessment could be beneficial in 

determining the structural stability of YDS and other RE2Si2O7 materials in varying crystal 

structures [46–50]. Within the orthorhombic structure, if the bonds are already stretched within the 

lattice to stabilize the crystal structure, then they may be weaker and susceptible to further 

perturbation with temperature, hence potentially greater thermal expansion of δ-YDS compared to 
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δ-GdDS. Thus, structural stability could also be a factor in resulting material properties. If δ-GdDS 

is thermochemically more stable than δ-YDS, that could mean that the bonds in GdDS are less 

susceptible to perturbation with temperature, resulting in lower thermal expansion.  

 

Figure 6. δ-RE2Si2O7 Pna21 structure[32], plotted in VESTA[51]. The unit cell is highlighted by the black dashed 
lines. This crystal structure is arranged as RE-O7 polyhedra in two sets of double chains (edge-shared within the 
chains, corner shared between the chains). The double chain units are connected through Si2O7 double tetrahedra and 
expand along the c axis. The higher density of RE-O bonds along the c direction could explain why the c direction 
was more sensitive to changes in expansion as GdDS was added. 
 

DFT calculations were carried out on δ-RE2Si2O7 solid solutions to understand possible 

electronic structure contributions to the current thermal expansion results. Table 3 lists the lattice 

parameters and unit cell volume of the optimized structures of select δ-RE2Si2O7 solid solutions 

compared to experimental lattice parameters from XRD. DFT calculations also were performed 

on a 12.5 mol% composition, although it was not synthesized. As there were eight RE atoms in 

the simulation cell, it was only possible to do substitutions in 12.5 mol% increments. Thus, 12.5 

mol% was the minimum GdDS content allowed for calculations and was similar to 10 and 15 

mol% synthesized samples. As listed in Table 3, the lattice parameters and volume increased as a 

function of GdDS content, as expected. The calculated a and c lattice parameters were slightly 
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smaller than what was observed in the experimentally determined structures, while the calculated 

b lattice parameters were slightly higher than experimental values. 

Table 3. Comparison of lattice parameter values between DFT calculations and values extracted from XRD scans of 
δ-RE2Si2O7 materials synthesized in this study.  
 

mol% 
GdDS Composition 

Lattice 
Parameters (Å) 

and Volume (Å3) 
Experiment DFT ΔExp-DFT 

0 δ-Y2Si2O7 

a 13.667 13.618 0.049 
b 5.020 5.027 -0.007 
c 8.152 8.121 0.031 
V 559.295 555.945 3.350 

12.5 δ-Y1.75Gd0.25Si2O7 

a ---- 13.642 ---- 
b ---- 5.0315 ---- 
c ---- 8.138 ---- 
V ---- 558.590 ---- 

25 δ-Y1.5Gd0.5Si2O7 

a 13.719 13.666 0.053 
b 5.029 5.036 -0.006 
c 8.191 8.154 0.037 
V 565.120 561.174 3.946 

100 δ-Gd2Si2O7 

a 13.863 [9] 13.807 0.056 
b 5.054 [9] 5.062 -0.009 
c 8.300 [9] 8.256 0.044 
V 581.528 577.020 4.507 

 

Generally, PBEsol characteristically underestimates lattice parameters, but exhibits better 

energetic representation of solids over other methods. [24,25] Also, DFT calculations were carried 

out at 0 K, so smaller lattice parameters of the calculated structures were somewhat expected. DFT 

at 0 K is commonly used in the literature to calculate thermodynamic properties, mechanical 

properties, and bond strengths at finite temperatures. While it is true that the electronic 

structure is likely to change with increased temperature, this change is more heavily 

influenced by the changes in the crystal structure than electron excitation, and therefore the 
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changes should be small for similar crystal structures. The bond strength predicted at 0 K 

will influence the phonon vibrations, which will subsequently influence the change in 

crystal structure and CTE. Beyond the thermal expansion, there were no observed changes in 

crystal phase at increased temperature. Any crystal structure-based changes should 

result in only small shifts in the electronic structure. Thus, the bond strength predicted 

by 0 K DFT should correlate to the CTE even at high temperatures. 

Originally, density of states (DOS) calculations from DFT were investigated, as DOS can 

be used as an indicator of chemical bond strength, as strength is related to the band gap, i.e., the 

amount of energy required to move an electron from the valence band to the conduction band [52–

54]. A shift to more negative valence band energy with respect to the Fermi level also indicates a 

more energetically favorable electronic structure. An increase in magnitude of the number of states 

at a given energy can indicate increased orbital overlap in that region which also corresponds to 

stronger chemical bonding. Figure 7 displays the total d-orbital DOS plots Figure 7(a), as well as 

individual DOS contributions of the Y3+ and Gd3+ d-orbitals (Figure 7(b) and Figure 7(c), 

respectively). 
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Figure 7. d-orbital plots of a) total density of states b) Y3+ density of states and c) Gd3+ density of states. 
From the total d-orbital DOS, additions of Gd did not result in significant shifts in orbital energies. 

With decreasing GdDS content, there was a decrease in magnitude of Gd d-orbital DOS. This was 

somewhat expected, as the decrease in Gd atoms in the lattice would decrease overall contributions 

of Gd to electron density. Similarly, the Y3+ d-orbital DOS plot (Figure 7(b)) exhibited a decrease 

in magnitude with decreasing YDS content. Although the increase in Gd content does appear to 

shift the band energies to the left, the shift is quite small, and it is difficult to elucidate from these 

plots whether any shift would have a meaningful impact. The decrease in the magnitude of states 

in Figure 7(c) is expected due to the decrease in the number of Gd atoms present, although the 
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trend does not appear to be proportional to the number of Gd atoms which could indicate an impact 

on bond strength as well. 

To assess the relative bond strengths within the crystal structures identified here, the crystal 

orbital Hamilton populations (COHPs) were calculated to quantify the occupation of bonding and 

anti-bonding states for select YDS-GdDS mixtures. Per-bond values allowed for comparison 

across different compositions and numbers of bonds. The projected COHPs (plotted in Figure 8) 

integrated up to the Fermi level (IpCOHPs) on a per-bond basis for YDS, 12.5 mol% GdDS, 25 

mol% GdDS, and GdDS are listed in Table 4. In this analysis, more negative IpCOHP values 

correlate to stronger bonds. The IpCOHPs were calculated for two scenarios: the first includes all 

electrons (AE) included within the PAW potentials (previously listed in the experimental 

procedures), and the second includes standard valence electron (VE) orbitals (5s24d1 for Y; 6s25d1 

for Gd; 3s23p2 for Si; 2s22p4 for O). We will refer to these two cases as AE and VE, respectively. 

In the two approximations to IpCOHPs, the Si—O bond had the largest value, suggesting that Si—

O bonds were the strongest, which corresponds well with existing literature [11,55–62]. Y—O had 

a slightly stronger bond than Gd—O when considering AE in computing IpCOHPs, which is 

consistent with greater electron shielding from the additional 4f orbitals in the Gd electronic 

structure. However, across the concentration range, Y—O and Gd—O bonds are fairly similar in 

terms of IpCOHP (and therefore bond strength), with a maximum difference of ~0.03 eV/bond for 

the AE cases and even smaller (~0.01 eV/bond) for VE. These differences are similar to values 

that are considered negligible in other literature reports [63,64]. We also note that Si—O bonds 

had much more negative IpCOHP values, indicating stronger bonds than both Y—O and Gd—O 

bonds. 

Table 4. Integrated projected crystal orbital Hamilton populations (IpCOHPs) on a per-bond basis of select mixtures. 
The integration for the valence electron columns was from -7 – 0 eV with respect to the Fermi level. 
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mol% 
GdDS 

IpCOHP/bond (all DFT electrons) IpCOHP/bond (valence electrons) 

 All  Si—O Y—O Gd—O YGd-O All  Si—O Y—O Gd—O YGd-O 
0 −4.666 −7.950 −2.789 -- -2.789 −1.569 −1.912 −1.373 -- -1.373 

12.5 −4.661 −7.955 −2.785 −2.731 -2.778 −1.572 −1.909 −1.371 −1.443 -1.380 
25 −4.656 −7.960 −2.782 −2.724 -2.768 −1.576 −1.907 −1.370 −1.438 -1.387 
100 −4.629 −7.991 -- −2.707 -2.707 −1.597 −1.892 -- −1.429 -1.429 

 
We also examined IpCOHP values for cation—O bonds across the Gd doping 

concentration range for cation subsets, including: 1) all cation—oxygen bonds (Si—O, Y—O, and 

Gd—O); 2) Si—O bonds; 3) Y—O bonds; 4) Gd—O bonds; and 5) Y—O and Gd—O bonds. In 

most cases, the magnitude of the IpCOHP decreases with increasing Gd content, implying weaker 

bonding. This is contrary to the trend in CTE, as weaker bonding would typically indicate a larger 

CTE, which is opposite of the trend we observed. However, the IpCOHP values for standard VE 

increased in magnitude (i.e., become more negative) for the cases including all of the cations and 

the case including Y—O and Gd—O bonds for increasing GdDS content. This correlates with the 

observed trend in CTE. We note that the differences in calculated IpCOHP here are still small as 

mentioned above, but the observed trends indicate that the bond strength as determined by the 

IpCOHP could be an explanation for the trend in CTE as a function of Gd mol%. These results 

also indicated the need to be careful when considering electron orbitals in the calculation of bond 

strength. Also, further analysis may also be warranted to understand the magnitude of bond 

strength variation in disilicate-disilicate calculations and subsequent effects on the small 

differences also observed in the experimental expansion data. While these changes may be 

considered minuscule in other materials systems as listed previously, it is currently unclear if they 

are of appreciable impact in this solid solution system.  
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Figure 8. Projected crystal orbital Hamilton populations (IpCOHPs) for all Y—O and Gd—O bonds as a function of 
energy and Gd doping concentration for standard valence electrons integrated from -7 to 0 eV.  
 

The thermal expansion results do not deviate greatly from previous studies of thermal 

expansion of disilicates as well as the authors’ own previous investigation of the YbDS-GdDS 

system [9,11]. In our previous investigation of YbDS-GdDS solid solutions, bulk thermal 

expansion behavior was largely governed by crystal structure. In the current study, the addition of 

GdDS demonstrated that there were small changes in anisotropic expansion observed based on 

cation substitution, but arrangement of cation-oxygen bonds in the structure ultimately determined 

bulk expansion response in disilicate systems. This does not, however, imply that other materials 

properties cannot be greatly affected by cation species. In particular, thermal conductivity of many 

systems, including disilicates [5,65], can be influenced by mixing cations in solid solution. Thus, 

mixtures of disilicates could be optimized to keep changes in thermal expansion to a minimum 
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while influencing other materials properties such as thermal conductivity by changing the size and 

mass of the constituents. DFT results on the lattice constants correlated well with experimental 

results for the investigated systems. Further, while the DOS and  IpCOHPs investigations provided 

good insight into the electronic structure of systems, these were not generally conclusive in 

rationalizing the thermal expansion difference between YDS and GdDS, although other DFT 

methods to calculate enthalpy of formation of these materials may be key in determining how 

structural stability affects material properties. Future studies into electronic structure influence can 

also include cation charge distribution and orbital filling and could be instrumental in determining 

differences in bond strength within solid solutions.  

4 Conclusions 

The thermal expansion behavior and high temperature equilibria of the Y2-2xGd2xSi2O7 up 

to 30 mol% Gd2Si2O7 were assessed to support ongoing efforts in understanding the properties of 

various disilicate solid solutions for many applications. The orthorhombic δ-RE2Si2O7 structure 

was exhibited by all solid solutions synthesized in this study heat treated at 1600°C. Crystal 

structure largely governed CTE response of the materials up to 1500°C, although with the addition 

of GdDS, solid solutions exhibited slightly smaller CTEs than monolithic YDS, as well as lower 

anisotropy between lattice directions. Crystal orbital Hamilton population calculations using DFT 

indicated that Gd-O bonds may be slightly stronger than Y-O bonds in this crystal structure, 

leading to a lower CTE of GdDS when compared to YDS. As the first comprehensive study done 

on high temperature solid solutions in this system, this study can contribute to continuing efforts 

to understand the properties and behavior of RE disilicates and disilicate-disilicate mixtures.  
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