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Introduction

Pyrochlore-structured oxides, of the general formula A2B2O7 
where A and B are typically 3+  and 4+  cations, respectively 
[1, 2], show interesting structural properties and phase trans-
itions in extreme environments, such as high-pressure [3–19], 
high temperature [29–31], and under ion irradiation [25–27]. 

Some pyrochlore-structured compounds are resistant to radi-
ation-induced amorphization [25–27], and as such they are 
of interest as potential waste forms for immobilization of 
actinides from the nuclear fuel cycle [28].

The pyrochlore structure (Fd-3m) (figure 1(a)) is an 
ordered 2  ×  2  ×  2 superstructure derivative of the fluorite 
structure (Fm-3m) [1, 2]. Fluorite-structured compounds, 
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Abstract
Lanthanide stannate pyrochlores (Ln2Sn2O7; Ln  =  Nd, Gd, and Er) were investigated in situ 
to 50 GPa in order to determine their structural response to compression and compare their 
response to that of lanthanide titanate, zirconate, and hafnate pyrochlores. The cation radius 
ratio of A3+/B4+ in pyrochlore oxides (A2B2O7) is thought to be the dominant feature that 
influences their response on compression. The ionic radius of Sn4+ is intermediate to that 
of Ti4+, Zr4+, and Hf4+, but the 〈Sn–O〉 bond in stannate pyrochlore is more covalent than 
the 〈B–O〉 bonds in titanates, zirconate, and hafnates. In stannates, based on in situ Raman 
spectroscopy, pyrochlore cation and anion sublattices begin to disorder with the onset of 
compression, first measured at 0.3 GPa. The extent of sublattice disorder versus pressure is 
greater in stannates with a smaller Ln3+ cation. Stannate pyrochlores (Fd-3m) begin a sluggish 
transformation to an orthorhombic, cotunnite-like structure at ~28 GPa; similar transitions 
have been observed in titanate, zirconate, and hafnate pyrochlores at varying pressures 
(18–40 GPa) with cation radius ratio. The extent of the phase transition versus pressure varies 
directly with the size of the Ln3+ cation. Post-decompression from ~50 GPa, Er2Sn2O7 and 
Gd2Sn2O7 adopt a pyrochlore structure, rather than the multi-scale defect-fluorite  +  weberite-
type structure adopted by Nd2Sn2O7 that is characteristic of titanate, zirconate, and hafnate 
pyrochlores under similar conditions. Like pyrochlore titanates, zirconates, and hafnates, 
the bulk modulus, B0, of stannates varies linearly and inversely with cation radius ratio from 
1 1 1 GPa (Nd2Sn2O7) to 251 GPa (Er2Sn2O7). The trends of bulk moduli in stannates in this 
study are in excellent agreement with previous experimental studies on stannates and suggest 
that the size of the Ln3+ cation is the primary determining factor of B0. Additionally, when 
normalized to rA/rB, the bulk moduli of stannates are comparable to those of zirconates and 
hafnates, which vary from titanates. Our results suggest that the cation radius ratio strongly 
influences the bulk moduli of stannates, as well as their overall compression response.
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with a formula AX2 where A is a metal and X is typically 
O or F, exhibit a single cubic-coordinated cation site and a 
single tetrahedrally-coordinated anion site [1, 2]. In contrast, 
A2B2X7 pyrochlore compounds (Fd-3m) exhibit two cation 
sites hosting different cationic species [1, 2]. The stability of 
this structure is generally determined by the relative sizes of 
these cations. For example, pyrochlore-structured titanates 
and zirconates are stable when the cation radius ratio is in 
the range 1.46  <  rA/rB  <  1.78 [1, 2]. Titanate and zirconate 
compositions with a cation radius ratio outside of this range 
typically form lower symmetry phases [1, 2].

When the origin of the unit-cell is defined at the A-site, 
relatively large A3+ cations (figure 1(a), green) occupy the 16c 
site, where they are coordinated by eight anions in a scaleno-
hedral arrangement (figure 1(b)) [1, 2]. Smaller B4+ cations 
(figure 1(a), grey) occupy the 16d site and are coordinated by 
six anions in a distorted octahedral arrangement (figure 1(b)) 
[1, 2]. Thus, the cation-sublattice is face-centered cubic with 
the A- and B-cations alternating along the 〈1 1 0〉 directions. 
The anion sublattice in pyrochlore (figure 1(a), red) approxi-
mates a simple cubic arrangement, yet the anions are displaced 
slightly from the ideal simple cubic positions and 1/8 of these 
positions are vacant to provide charge neutrality in the pres-
ence of trivalent cations. All anions are tetrahedrally coordi-
nated by either two A-site cations and two B-site cations (48f 
site), or by four A-cations (8a site), while the systematically 
vacant 8b site is tetrahedrally coordinated by four B-cations 
[1, 2].

Recently, the structural response of pyrochlore-type mat-
erials to high pressure, high temperature, and ion irradiation 
has seen a renewed interest due to the discovery that the dis-
ordering processes of pyrochlore in these extreme environ-
ments lead to the formation of multi-scale structures [14, 25, 
27]. The energetics of defect-formation mechanisms in pyro-
chlore-type materials [21–24] cause certain compositions to 
undergo disordering phase transitions rather than to become 
amorphous in extreme environments [3–18, 25–27, 29–31]. 
The cation- and anion-sublattices in pyrochlore-structured 
materials have different defect-formation mechanisms [21–24].  
Cations disorder primarily via anti-site defects, wherein 

A- and B-site cations swap sites [21–24]. Pyrochlore com-
positions with a low radius ratio, rA/rB, are generally more 
susceptible to cationic disorder, since the sizes of the A and 
B species are similar [21–24]. For example, under identical 
synthesis conditions, zirconates (A2Zr2O7) have intrinsically 
more cation disorder as measured by 16c and 16d site occu-
pancies via x-ray diffraction (XRD) than titanates (A2Ti2O7) 
with the same A-site cation [15, 45, 46]. The anion-sublattice 
disorders primarily via the formation of Frenkel defect pairs 
[15–18, 52–54]. Because the pyrochlore structure contains 
a high number of constitutional anion vacancies, the anion-
sublattice has a low activation energy for defect-formation 
relative to the cation-sublattice [21–24, 52–54]. Additionally, 
when cationic disorder occurs, anion disordering is even more 
likely, since cation disorder makes the electronic environment 
of the 16c and 16d sites indistinguishable, such that occupa-
tion of an initially empty 8b site is energetically inexpensive 
[21–24]. During compression, anion disorder is thought to 
precede cation disorder due to the ease of ‘oxygen-hopping’ 
in pyrochlore [5].

Due to the combination of defect-formation mechanisms 
in the pyrochlore structure, which allow the structure to incor-
porate defects on its distinct sublattices without complete loss 
of this sublattice ordering [21–24], pyrochlore compounds 
often disorder rather than amorphize at high pressure, high 
temperature, and under ion irradiation [3–18, 25–27, 29–31]. 
Some pyrochlore-compositions with a large radius ratio 
(rA/rB ~  >1.6)—notably the lanthanide titanates—do amor-
phize under ion-irradiation and at high pressure [9, 11–13]. 
However, when defects are formed on the cation and anion 
sublattices, many pyrochlore compositions, particularly those 
with a low cation radius ratio, and thus low anti-site formation 
energies, will merely disorder to a defect-fluorite structure, 
in which the cations exhibit a solid solution on a single site, 
and the anions are in a single, 7/8 occupied site with random 
arrangement of the vacancies [3–7, 9, 10, 13–15, 25–27, 
29–31]. The defect-fluorite structure has two distinct length-
scales and structural domains that have only recently been 
discovered [27]. Long-range (>15 Å), disordered A2B2O7 
compounds are best described as a cubic, defect-rich fluorite 

Figure 1. (a) pyrochlore A2B2O7 unit cell showing 8-coordinated A (green), 6-coordinated B (grey), and 4-coordinated O (red). (b) Close-
up of boxed section in (A) of an edge-shared AO8 and BO6 polyhedra in pyrochlore.
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structure [27]. This structure is readily observed using con-
ventional synchrotron powder XRD, as well as neutron dif-
fraction [27]. However, at less than 15 Å, the materials are 
best described as an orthorhombic, weberite-type structure 
[27]. The weberite-type structural units tessellate in such 
a way that they coexist with the defect-fluorite structure on 
different length scales. The average long-range structure as 
observed by synchrotron powder XRD is defect-fluorite, and 
the only way to observe the weberite-type structure is by using 
neutron diffraction and pair distribution function analysis [27] 
or in situ Raman spectroscopy [14, 25]. These techniques are 
more sensitive to changes in the oxygen coordination environ-
ment and ordering than XRD [25, 27]. This multi-scale struc-
ture has been observed in pyrochlores that were disordered 
via compositional doping [27], ion irradiation [25, 27], and 
possibly at high pressure [14].

The behavior of lanthanide titanate, zirconate, and hafnate 
pyrochlores in extreme environments are often compared, 
since Ti, Zr, and Hf are each group four elements that adopt 
identical valence electron configurations while varying in 
B4+ cation size [3–15, 25–27]. Under compression, hafnate, 
zirconate, and some titanate pyrochlores transform to an 
orthorhombic cotunnite-like structure at pressures of at least 
~25 GPa [3–15]. During decompression, in situ XRD indicates 
that this cotunnite-like structure typically transforms to either 
an amorphous or a disordered defect-fluorite phase, depending 
on composition [3–15]. Lanthanide titanate pyrochlores have 
the largest radius ratios as compared with zirconates and 
hafnates and are more prone to amorphization under compres-
sion and decompression. Pyrochlore hafnates, zirconates, and 
titanates that transform to the cotunnite-like structure under 
pressure typically begin this transformation between 20–
30 GPa; it is a sluggish transition that progresses over a range 
of 15–30 GPa [3–15]. The onset-pressure is sometimes corre-
lated directly with the cation radius-ratio. The onset-pressure 
of the phase transition is systematically highest in titanates 
(~40 GPa), and lowest in zirconates (~18 GPa) [15].

The cotunnite-like structure is characterized in in situ 
XRD by a reduced intensity of the strongest pyrochlore 
Bragg peaks—the (2 2 2) and (4 0 0) maxima—and an appear-
ance of several new peaks. The two most prominent new 
peaks occur between the (2 2 2) and (4 0 0) pyrochlore dif-
fraction maxima [3–15]. These features are attributed to the 
cotunnite-like structure [3–15]. The cotunnite-like structure 
is thought to arise from distortion of the AO8 scalenohedra 
and the BO6 octahedra, and an increase in cation coordination 
number [5]. The structural details of the cotunnite-like high 
pressure phase are not well-known. It has been described as 
‘cotunnite’, ‘cotunnite-type’, ‘defect-cotunnite’, and ‘cotun-
nite-like’ [3–15]. The ideal cotunnite structure has one cation 
site, which is coordinated by eight anions, similar to the 
eight-coordinated A-cation site in pyrochlore. When pyro-
chlore and defect-fluorite structured oxides transform at high 
pressure, the resulting phase is best described as ‘cotunnite-
like’: it has an overall increase in coordination number of the 
cations from six and eight in pyrochlore to eight, nine, or 
ten in the cotunnite-like structure [9]. However, due to the 
vacancies already present in the pyrochlore structure, the 

cotunnite-like high pressure phase likely has many anion 
vacancy defects [9–12]. The cations in the cotunnite-like 
phase are likely diso rdered by the formation of anti-site 
defects onto one cation site [9, 10]. The cation-oxygen bonds 
in the cotunnite-like structure are lengthened as compared 
with pyrochlore, due to the increase in coordination number 
[9]. The pressure-induced transition to the cotunnite-like 
high pressure phase has been observed in lanthanide zir-
conate, titanate, and hafnate pyrochlores using in situ syn-
chrotron XRD [3–14]. However, due to its coexistence with 
the pyrochlore phase over a range of pressures—sometimes  
15 GPa—and the fact that it is not an ideal cotunnite-type 
structure, rather a disordered one with intrinsic defects, the 
structure could not be refined [3–14]. Based on indexing of 
the peaks in the experimental data, as well as ab initio models 
of the structure of pyrochlore upon compression which pre-
dict a transition to a defect-heavy, cotunnite-like structure, 
the high-pressure structure is described as cotunnite-like [5–
10, 12]. Typically, when decompressed from high pressure 
(50+  GPa) to ambient conditions, the materials will trans-
form into a dis ordered defect-fluorite structure, sometimes 
with an amorphous component [3–15]. Although pyrochlore-
structured materials of varied compositions undergo similar 
changes in extreme environments—e.g. disordering, forma-
tion of cotunnite-like phases—the specifics of these transfor-
mations—e.g. onset pressures or the extent of transition as a 
function of pres sure—vary with composition.

The behavior of lanthanide stannate compounds (Ln2Sn2O7) 
in extreme environments including high pressure is of par-
ticular interest due to their deviation from some of the typ-
ical compositional trends of the pyrochlore system [25]. For 
example, all lanthanide stannates adopt pyrochlore structures, 
despite the fact that those with small lanthanides have cation 
radius ratios below the typical stability limit of rA/rB  =  1.46 
[1, 34–38]. Tin is a group 14 element, but Sn4+ has an ionic 
radius of 0.69 Å, which is comparable to Zr4+ (0.71 Å) and 
Hf4+ (0.72 Å). Theoretical calculations show that the degree of 
covalency of 〈Sn–O〉 bonds in pyrochlore is higher than those 
of both 〈Ti–O〉 and 〈Zr–O〉 bonds [34–38]. Differences in the 
electronegativity of Sn (1.8), Zr (1.4), and Ti (1.5) support the 
classification of 〈Sn–O〉 bonds as covalent, and 〈Zr–O〉 and 
〈Ti–O〉 bonds as ionic [48]. Previous work found the oxygen 
2p band width in 〈Sn–O〉 to be 7.6 eV, versus ~4 eV for 〈Ti–O〉 
and 〈Zr–O〉 [55]. In lanthanide stannate pyrochlores, the unit 
cell parameter and the 48f oxygen positional parameter are 
primarily a function of the Ln3+ ionic radius [35, 58, 59]. A 
neutron diffraction study of Ln2Sn2O7 pyrochlores across the 
lanthanide series found that the Ln3+ ionic radius varies by 
up to 20%, while the length of the 〈Sn–O〉 bond varies by 
approximately 1% [58]. The enthalpy of formation of stannate 
pyrochlores has been shown to increase as a function of Ln3+ 
size [35, 58, 59].

There is debate on whether the bond-type or cation-size 
mismatch is the dominant structural property in pyrochlore 
A2B2O7 compositions that determines their behavior in 
extreme environments [25]. For example, computational 
simulations of Y2Ti2O7 and Y2Sn2O7 showed nearly identical 
defect formation energies, despite the large difference in the 
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cationic radius ratio (rA/rB  =  1.68 versus 1.47, respectively) 
[55]; this similarity was attributed to the covalency of the 〈Sn–
O〉 bond [55]. Additionally, Ln2Sn2O7 stannates were found 
computationally to have significantly higher disordering ener-
gies in eV/formula unit as compared with lanthanide hafnates, 
zirconates, and titanates [35, 58]; the disordering energy is 
nearly twice that of identical zirconates [35, 58]. However, 
prior work on zirconates, titanates, and hafnates attributes 
compositional variation in behavior in extreme environ-
ments to differences in the cation radius ratio [3–15, 25–27, 
29–31]. A recent study on the response of stannate pyrochlore 
compounds to ion irradiation found that their response was 
consistent with the cation radius-ratio being an important con-
trolling parameter, rather than the covalency of the 〈Sn–O〉 
bond in the stannates [25].

There are previous experimental studies on the behavior 
of Tb2Sn2O7 [16], Eu2Sn2O7 [17, 19], and La2Sn2O7 [18] at 
high pressure, although few to 50 GPa or higher which is often 
the pressure reached in experiments on titanate, zirconate, and 
hafnate pyrochlores in order to observe the pressure-induced 
phase transition to the cotunnite-like structure. A recent study 
on Eu2Sn2O7 examined the material to ~32 GPa and did not 
find a phase transition to the cotunnite-like phase [17]. The 
bulk modulus of Eu2Sn2O7 in this study was found to be 
170 GPa, consistent with experimentally determined bulk 
modulus estimations for Gd2Zr2O7 [17]. An additional study 
of Eu2Sn2O7 to ~45 GPa did not report bulk modulus, but a 
phase transition to the cotunnite-like high pressure phase was 
observed to begin at ~34 GPa [3]. Additionally, when quenched 
from ~45 GPa, Eu2Sn2O7 has been observed to revert to a par-
tially ordered pyrochlore structure, rather than amorphizing 
or transforming to a multi-scale defect-fluorite+  weberite-
type structure [3]. A 2007 study on Tb2Sn2O7 to ~35 GPa 
found a bulk modulus of ~200 GPa [16]. A recent study on 
La2Sn2O7 to ~32 GPa reported a bulk modulus of 180 GPa 
[18]. Additionally, this study reported a phase decomposition 
to metallic Sn and La2Sn2O7 at pressures of ~23 GPa. In a dif-
ferent study, La2Hf2O7 was also observed to undergo a phase 
decomposition at ~18 GPa [19] but instances of phase decom-
positions in other titanate, zirconate, and hafnate pyrochlores 
have not been observed.

In addition to the previous experimental work on stannate 
pyrochlores at high pressure, a recent computational study on 
the suite of Ln2Sn2O7 pyrochlores modeled their behavior and 
structural parameters upon hydrostatic compression [20]. They 
found a small variation in bulk modulus of the stannates, from 
155 GPa (La2Sn2O7) to 175 GPa (Lu2Sn2O7). Additionally, the 
authors modeled the x48f parameter versus hydrostatic pres-
sure, and found that x48f increases with pressure.

Zirconate, titanate, hafnate, and stannate pyrochlore com-
pounds can undergo similar transitions under high pressure 
and ion irradiation [3–18, 25–27], and the behavior of many of 
the stannates relative to other pyrochlore compounds has not 
been explored at high pressure. Additionally, the behavior of 
stannates under pressure has been recently modeled compu-
tationally [20], and found compressibilities and bond-lengths 
versus pressure that differ from previous experimental studies 

on stannates, and from previous experimental studies on 
titanates, zirconates, and hafnates. In order to understand the 
behavior of lanthanide stannates under pressure, to compare 
their behavior to that of titanate, zirconate, and hafnate pyro-
chlores, and to compare their behavior to computationally 
predicted trends, we have investigated the pressure-induced 
structural transitions in lanthanide stannate pyrochlores 
(Ln2Sn2O7; Ln  =  Nd, Gd, Er).

Methods

Ln2Sn2O7 (Ln  =  Nd, Gd, Er) samples were synthesized by 
solid state methods [25, 38]. SnO2 and Ln2O3 powders were 
mixed in a stoichiometric (2:1) ratio, and calcined at 1400 °C 
for 24 h. The structures of the resulting powders were confirmed 
as pyrochlore via XRD. The samples were then uniaxially 
compressed at 25 MPa to produce 40 µm-thick wafers (~60% 
theoretical density), with grain sizes of several micrometers.

For in situ analysis at high pressure, small pieces of the 
Ln2Sn2O7 wafers were loaded into symmetric, Mao–Bell 
type diamond anvil cells (DACs). The diamonds had 300 µm-
diameter culets and diamond seats made of cubic boron nitride 
and tungsten carbide. The samples were contained within 
cylindrical sample chambers, 100 µm in diameter, drilled into 
stainless steel gaskets. In addition to the Ln2Sn2O7 wafers, 
each sample chamber included a ruby sphere to measure pres-
sure [40] and a 4:1 by-volume mixture of methanol and eth-
anol as the pressure-transmitting medium [41, 42].

For in situ Raman spectroscopy and XRD measurements, 
samples were incrementally compressed at 1–3 GPa inter-
vals to a maximum pressure of 50 GPa, and then decom-
pressed in two equal steps of ~25 GPa to ambient pressure. 
Measurements were performed at each pressure increment. 
In situ Raman spectroscopy measurements were collected in 
the Extreme Environments Laboratory at Stanford University 
using a Renishaw RM1000 Raman microscope and a 514.4 nm 
laser set at a power of 25 mW. Each measurement was col-
lected for 60 s, and Fityk software [43] was used for analysis 
and peak fitting.

Peak positions, intensities, and profiles were fit for each 
pressure using a pseudo-Voigt model, and mode Grüneisen 
parameters were calculated for the Raman-active modes 
in each composition [44]. The full-width at half maximum 
(FWHM) of the first F2g mode was measured as a function of 
pressure, yielding a qualitative measurement of compression-
induced disorder in the pyrochlore structure [14].

In situ high-pressure powder XRD measurements were col-
lected at beamline 12.2.2. of the advanced light source (ALS) at 
Lawrence Berkeley National Laboratory. A MAR345 detector 
was used, and an x-ray energy of 25 keV (λ  =  0.4959 Å)  
was used. The size of the beam on the sample was 25  ×  25 
micrometers; significant texturing effects from crystallite aver-
aging were not observed. Diffraction patterns were collected 
for 120 s at each pressure point. These data were analyzed and 
refined using Dioptas [45] and MAUD software [46]. For each 
pressure point, the pyrochlore unit cell parameter (a), atom 
site occupancies, and isotropic displacement parameters were 
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refined to an Rwp value of no more than 7% (tables S1, S2 and 
S3). As discussed in the Introduction, the data obtained from 
the cotunnite-like high pressure phase could not be refined, 
as in previous studies [3–14], due to the extent of diso rder in 
the phase and the coexistence of the pyrochlore phase and the 
cotunnite-like phase. Therefore, Rietveld refinement could 
not be used to quantify the percentage of each phase at high 
pressure. However, to qualitatively analyze the extent of the 
phase transition from the low-pressure pyrochlore phase to the 
high-pressure cotunnite-like phase, the relative intensities of 
the strongest diffraction maxima from the cotunnite-like phase 
to the strongest pyrochlore diffraction maxima (2 2 2) were 
measured as a function of pressure [14]. The compressibility 
of each composition was determined by fitting the refined 
pressure-volume data, collected during compression, to a 2nd-
order Birch–Murnaghan equation of state [47] using EOSFit7c 
software [48]. Because of the hydrostatic limit of the pressure 
medium used, methanol and ethanol in a 4:1 ratio [41, 42], 
only data from pressure points less than ~12 GPa were used for 
the 2nd-order Birch Murnaghan equation of state [47] fittings. 
Errors for the equation of state fits in V0 and B0 were prop-
agated from MAUD errors in the unit cell parameter.

Results

In situ XRD

Lanthanide stannates have XRD patterns of the pyrochlore 
structure (figures 2 and 3). The pyrochlore supercell diffrac-
tion maxima from the (1 1 1) and (3 1 1) are clearly present, 
confirming a pyrochlore-type long range structure, as is 
expected from the radius ratio of Ln3+/Sn4+ (table 1) [1]. 
The XRD data from each pressure point for each composi-
tion were indexed and refined using the Rietveld method. An 
example characteristic Rietveld-refined XRD pattern showing 
the observed data, calculated fit, and difference curve from 
Er2Sn2O7 at 4.7 GPa is shown in figure 2. Pyrochlore ordering 
at low pressure was observed in all samples.

In situ XRD patterns from compressed Nd2Sn2O7, 
Gd2Sn2O7, and Er2Sn2O7 at selected pressure points are 
shown in figure 3. A transformation to a high-pressure phase 
is evident, yet these transformations remain incomplete at the 
highest pressure measured, as indicated by the presence of 
peaks corresponding to the initial pyrochlore structure. The 
peaks corresponding to the high-pressure phase were indexed 
to the cotunnite-like phase that is commonly observed in 
pyrochlore hafnates, zirconates, and titanates under pres-
sure [3–15]. The onset of the phase transition for stannates 
is ~28 GPa for all compositions studied here, higher than the 
onset pressures reported for hafnates and zirconates, (~15–
25 GPa), and lower than that of titanates (~34 GPa) [3–15]. 
The stannates were decompressed from the maximum pres-
sure achieved (~50 GPa) in two steps of approximately 
~25 GPa. Upon decompression, the stannates slowly trans-
form from the cotunnite-like high pressure phase, which is 
present until decompression to ambient pressure. The XRD 
patterns of Gd2Sn2O7 and Er2Sn2O7 (figure 5) indicate that the 
decompressed material in ambient conditions exhibits both 
pyrochlore-structured and amorphous or highly disordered 
phases, as the (1 1 1) diffraction maximum corresponding to 
the pyrochlore superstructure is still present, yet the intense 
(2 2 2) peak is superimposed on a broad, diffuse scattering 
band. Typically, zirconate, titanate, and hafnate pyrochlore 
compositions compressed to 50 GPa then decompressed to 
ambient conditions will quench to a disordered defect-fluorite 
structure, rather than a pyrochlore structure [3–15]. However, 
a study on Eu2Sn2O7 to ~45 GPa also observed the retention 
of an ordered pyrochlore structure in the quenched phase [3]. 
Nd2Sn2O7 compressed to 50 GPa and quenched to ambient 
pressure shows an XRD pattern characteristic of a disordered 
defect-fluorite structure (figure 3). The retention of the pyro-
chlore structure following decompression from high pressure 
appears to be unique to Eu2Sn2O7 [3], Gd2Sn2O7 and Er2Sn2O7 
stannate pyrochlores.

Each compound begins to transform to the high-pressure 
cotunnite-like phase at ~28 GPa (±2 GPa). The onset of the 

Figure 2. Indexed and refined fit of Er2Sn2O7 pyrochlore at 4.7 GPa showing observed pattern (black), calculated fit (red), and difference 
plot (lower panel).
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transformation was determined by the appearance of peaks 
between the (2 2 2) and (4 0 0) peaks corresponding to the 
pyrochlore phase—the strongest of these, if the high-pressure 
phase were a true cotunnite structure, would correspond to 
the (1 2 0) cotunnite peak [9]. This compositional uniformity 
contrasts with zirconate, titanate, and hafnate pyrochlore 
compounds, which transform to the cotunnite-like structure 
at different pressures correlated with the cation radius ratio, 
rA/rB [3–15]. Because XRD data for the cotunnite-like phase 
could not be refined using the methods detailed here, the 
extent of the transition from pyrochlore to the high-pressure 
cotunnite-like phase was measured as a function of pressure 
using relative peak intensities (figure 4) [14]. Several pre-
vious studies on pyrochlore zirconates, titanates, and hafnates 
at high pressure have also used this method to qualitatively 
determine the extent of the phase transition versus pressure [4, 
14, 15]. By 50 GPa, a lower percentage of Er2Sn2O7 has trans-
formed to the cotunnite-like phase than Gd2Sn2O7. Nd2Sn2O7 
reaches a maximum cotunnite-like phase fraction at ~42 GPa, 
and does not progress further, even to 52 GPa. A sigmoidal 
trend is observed for Nd2Sn2O7 and Gd2Sn2O7, both of which 
exhibit an initial period of relatively sluggish transforma-
tion as a function of pressure below 35 GPa, and then rap-
idly progress through their transitions between 35 and 45 GPa 
(Nd2Sn2O7) or 43–50 GPa (Gd2Sn2O7). The transformation in 

Er2Sn2O7 proceeds in a relatively linear fashion, as a function 
of pressure, as compared with Nd2Sn2O7 and Gd2Sn2O7.

The bulk modulus, B0, of these stannates increases with 
decreasing radius ratio, with a nearly linear slope (figure 
5(b)). Similar inverse proportionality between the bulk moduli 
and cation radius ratios of the lanthanide hafnates have been 

Figure 3. In situ XRD of Nd2Sn2O7 (L) Gd2Sn2O7 (M) and Er2Sn2O7 (R) at selected pressure points between 0–50 GPa and quenched to 
ambient pressure.

Table 1. Ionic radius ratio, Ln3+ ionic radii, and 〈Sn–O〉 bond 
lengths [58] of stannate pyrochlore compositions in this study.

Composition rA/rB rA (Å) 〈Sn–O〉 (Å)

Nd2Sn2O7 1.61 1.109 2.06
Gd2Sn2O7 1.53 1.053 2.048
Er2Sn2O7 1.46 1.004 2.042

Figure 4. Normalized relative intensity of the strongest cotunnite-
like structure peak (this is the (1 2 0) in an ideal cotunnite structure) 
to the (2 2 2) pyrochlore peak versus pressure in Ln2Sn2O7 
materials. These are the two strongest features for each phase and 
qualitatively indicate the extent of the pyrochlore-to-cotunnite-like 
phase transition versus pressure.
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reported, yet this relationship was not linear with respect 
to radius ratio [14]. Rather, the bulk modulus of hafnates 
reflected an inverse correlation with radius ratio, and a dis-
continuity was observed at rA/rB of 1.45, where the hafnates 
adopted a defect-fluorite structure versus a pyrochlore struc-
ture [14]. The linear trend of B0 in stannates may reflect only 
a change in radius ratio, since all stannates adopt the pyro-
chlore structure. Inverse trends of bulk modulus with radius 
ratio have also been reported in pyrochlore zirconates. The 
bulk modulus, B0, of these stannates is inversely proportional 
to the 〈Sn–O〉 bond lengths as calculated by Liu et al (figure 
5(c)), however, this trend is nonlinear [20].

The P–V data up to ~12.5 GPa were fitted to 2nd Order 
Birch–Murnaghan equations of state (figure 5(a)). Only pres-
sures below 12.5 GPa were used in the calculation of the bulk 
moduli, as this is near the hydrostatic limit for the pressure 
medium used, methanol and ethanol in a 4:1 ratio [41, 42]. 
At pressures beyond ~12.5 GPa, the samples may experience 
deviatoric stress [41, 42]; bulk modulus (B0) is a parameter 
that assumes a hydrostatic stress state, therefore, higher pres-
sure points were not used to fit B0.

The bulk moduli from several experiments [3, 17, 18] on 
stannate pyrochlore are compared to the recent computational 
models of B0 in stannates by Liu et al (figure 6(a)) [20]. The 

Figure 5. (a) P–V data (points) for lanthanide stannates, and 2nd-order Birch–Murnaghan equation of state fits for each composition 
(lines). (b) Bulk modulus, B0, versus cation radius ratio of lanthanide stannates, (c) bulk modulus, B0, versus 〈Sn–O〉 covalent bond length 
[58].

Figure 6. (a) Compressibility of stannates from experimental studies and computational models (b) the experimentally-determined 
compressibility of stannate, hafnate, zirconate, and titanate pyrochlores versus ionic radius ratio from several studies.
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experimentally determined B0 data for Er, Tb, Gd, Eu, and Nd 
stannates vary linearly and inversely with ionic radius ratio of 
Ln3+/Sn4+; the slope is  −9.0733 GPa per .01 difference in the 
ionic radius ratio of Ln3+/Sn4+. A recent experimental study 
on La2Sn2O7 found a B0, 180 GPa, that is higher than expected 
for this trend [18]. The computational results from Liu et al 
also show an inverse trend with radius ratio, however the 
variation from Er2Sn2O7 to La2Sn2O7 is only 10 GPa (versus 
140 GPa based on the various experimental results) [20].

The experimentally determined bulk moduli of pyro-
chlore titanates, zirconates, hafnates, and stannates from sev-
eral studies versus ionic radius ratio are compared [3–18] in 
figure  6(b). Generally, pyrochlore stannates and zirconates 
show a linear relationship of bulk modulus versus cation 
radius ratio. The bulk moduli of pyrochlore zirconates, 
hafnates, and stannates show slopes of  −10.154, −13.437, 
and  −9.0733 GPa per 0.01 change in rLn/rB, respectively. In 
contrast, the bulk moduli of the pyrochlore titanates vary with 
a slope of approximately  −4.5608 GPa per 0.01 change in 
rLn/rTi.

The variation in the x48f parameter versus pressure was 
refined for Er2Sn2O7 (figure 7); the errors were too large 
for accurate refinement of this parameter in Nd2Sn2O7 and 
Gd2Sn2O7. The x48f parameter decreases with pressure from 
ambient pressure to 40 GPa. Below 25 GPa, the change in 
the parameter is ~0.01; at pressures higher than 25 GPa, con-
sistent with the onset of the phase transition, the x48f param-
eter decreases more sharply by ~0.02 over a span of 15 GPa. 
The decrease in the 48f parameter is likely due to a short-
ening of the cation-oxygen bond lengths, as well as increasing 
disorder from cation anti-site defects and anion Frenkel pairs 
[21–24]. The 48f oxygen, in a perfect pyrochlore, is coordi-
nated by two A-cations and two B-cations [1, 2]; as the pyro-
chlore disorders upon compression, the formation of defects 
and the compression of the structure causes a decrease in the 
48f parameter. The further decrease in the 48f parameter after 
the onset of the phase transition to the cotunnite-like struc-
ture indicates that the coexisting pyrochlore phase is able to 
compress more easily above ~25 GPa; this could be due to an 
intrinsic property of pyrochlore, which would be reflected in 
a bulk modulus measurement of pyrochlore at these pressures 

or to deviatoric stress on the material from the non-hydrostatic 
environment [41, 42].

In situ Raman spectroscopy

Raman spectroscopy provides information that is complemen-
tary to XRD data because it is more sensitive to changes on 
the anion sublattice than XRD, and it can elucidate changes to 
the local structure of pyrochlore [33]. Disordered A2B2O7 mat-
erials possess at least two distinct length scales of structure: 
the long-range, periodic scale (cubic), and the local scale less 
than 10 Å (orthorhombic) [25, 27]. The short-range structure 
of the mat erial has been shown in irradiated and composition-
ally dis ordered A2B2O7 compounds to be an orthorhombic 
weberite-type, which is only evident in neutron diffraction 
pair-distribution function analysis [27] or by Raman spectr-
oscopy [25]. The short-range weberite-type structure is unable 
to be resolved with conventional synchrotron XRD because it 
co-exists with the long-range average ‘defect-fluorite’ structure 
[27]; therefore unit cell parameters for the weberite-type struc-
ture are not presented.

The stannate pyrochlore compositions in this study each 
show Raman spectra typical of pyrochlore-structured oxides 
at ambient conditions (figure 8) [33]. Group theory analysis of 
the pyrochlore structure predicts six Raman active modes corre-
sponding to vibrations of the 〈A–O〉 and 〈B–O〉 bonds [33]:

Γcrys
Raman = A1g + Eg + 4F2g. (1)

Figure 7. The response of the x48f oxygen positional parameter to 
pressure in Er2Sn2O7. Errors are smaller than the data points.

Figure 8. Raman spectrum of Nd2Sn2O7 pyrochlore at ambient 
pressure, with labeled theoretical Raman-active modes: 
4F2g  +  Eg  +  A1g, and additional mode from BO6 octahedral 
distortion.

Table 2. Frequencies (cm−1) of Raman-active modes in Ln2Sn2O7 
pyrochlore in ambient conditions.

Composition
F2g 
(M1)

F2g 
(M2)

Eg 
(M3)

A1g 
(M4)

F2g 
(M5)

BO6 
(M7)

Nd2Sn2O7 303 339 409 497 529 720
Gd2Sn2O7 310 348 415 502 535 741
Er2Sn2O7 308 355 412 505 535 751
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Additionally, an extra mode is often evident in the Raman 
spectra of pyrochlore-oxides between 700–800 cm−1. This 
mode is attributed to the ‘breathing’ vibration of the BO6 
octahedra, and its presence indicates distortion from the ideal 
pyrochlore structure and coordination polyhedra [14, 33]. In 
an idealized pyrochlore structure, the B-site cations are coor-
dinated by six anions in a distorted octahedron. Specifically, 
the B-site cations are coordinated by the 48f oxygens, and the 
vacant 8b site is tetrahedrally coordinated by B-cations [1]. 
The appearance of the BO6 ‘breathing’ mode in stannates as 
well as other pyrochlore oxides—notably hafnates, titanates, 
and zirconates [3–15], reflects a deviation from the ideal pyro-
chlore 48f positional parameter (x48f  =  0.3125) and partial 
occupancy of the normally empty 8b site [1].

The Raman spectra of rare-earth stannate pyrochlore com-
positions at ambient pressure show sharper and more well-
defined peaks than hafnates [14] and zirconates [4, 15]; this 
may be due to the increased ionic radius ratio of stannates rel-
ative to hafnates and zirconates. The frequencies of the pyro-
chlore Raman-active modes M1–M5 and the BO6 ‘breathing’ 
mode at ambient pressure are shown in table 2. An accurate 
peak fitting for M6 could not be obtained. These positions are 
in good agreement with previous vibrational studies on rare-
earth stannates [33].

Clear differences are observed in the Raman spectra of the 
different stannate pyrochlores under compression (figure 9). 
In Nd2Sn2O7, the strongest peak at low pressures is the F2g 
mode, M1. However, for Gd2Sn2O7 and Er2Sn2O7, the most 
intense vibration is the A1g mode, M4. Additionally, Nd2Sn2O7 
shows a stronger contribution from the BO6 breathing mode 
at 8.2 GPa relative to Gd2Sn2O7 and Er2Sn2O7 at similar pres-
sures. Finally, the peaks are poorly resolved in Er2Sn2O7 at 
9.2 GPa, relative to Gd2Sn2O7 and Nd2Sn2O7. Nd2Sn2O7 still 
shows each mode as a well separated peak. Gd2Sn2O7 shows 

broad M1, M3, and M4 peaks, with M2 and M5 appearing as 
broad weak shoulders. Er2Sn2O7 shows clearly evident, but 
relatively broad, M1, M3, and M4 modes, but the M2 and 
M5 modes are convoluted. Overall, the Raman spectra of the 
stannates show increasing broadening, and therefore likely 
increasing disorder and defect concentrations, as the cation 
radius ratio decreases.

At pressures above where the transformation to the 
cotunnite-like phase begins, the spectra of these three com-
pounds clearly differ. In Nd2Sn2O7, new features between 
200–300 cm−1 are apparent (figure 10), which can possibly 
be attributed to the high-pressure cotunnite-like phase [4, 

Figure 9. In situ Raman spectra of Nd-, Gd-, and Er- stannate pyrochlore at selected pressures up to 50 GPa and quenched to ambient 
pressure. Peaks indicated by asterisks in Nd2Sn2O7 at 44.6 GPa are assigned to vibrations from the cotunnite-like high-pressure phase.

Figure 10. In situ Raman spectrum of Nd2Sn2O7 at 44.6 GPa, 
showing new features (denoted by asterisk) likely from the high-
pressure cotunnite-like phase.
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15]. The pyrochlore M1, M3, and M4 modes are still evi-
dent, but at reduced intensities. The highest-intensity fea-
ture in the spectra for Nd2Sn2O7 is a broad band between 
700 and 800 cm−1. These peaks may be a combination of 
the M5, M6, and BO6 modes in pyrochlore, broadened due 
to pressure-induced stress and disordering. The high intensity 
of this band, relative to the other modes, suggests that sub-
stantial distortion of the BO6 octahedra occurs in the high-
pressure phase. This contrasts with the spectra of Gd2Sn2O7 
and Er2Sn2O7, for which no features are evident between 700 
and 800 cm−1. Modes in the 200–300 cm−1 region are not 
apparent for Gd2Sn2O7 or Er2Sn2O7. However, the XRD data 
for Gd2Sn2O7 and Er2Sn2O7 clearly show a transition to the 
cotunnite-like phase; the absence of new modes in the Raman 
spectra may mean that the high-pressure phase of these two 
compounds is particularly disordered. For Gd2Sn2O7, the M4 
A1g mode is still the strongest mode at 51.8 GPa, but the other 
pyrochlore Raman-active modes are clearly present as well, 
indicating that the high-pressure local structure still partially 
retains pyrochlore-type ordering. This is consistent with the 
XRD data indicating that at the maximum pressure achieved 
and following decompression, Gd2Sn2O7 still exhibited a 
pyrochlore-structured phase, in addition to the cotunnite-like 
phase. In Er2Sn2O7 at high pressure, the pyrochlore Raman-
active modes are still present at 49.1 GPa, but the peaks have 
significant overlap and the M5 mode is significantly dimin-
ished relative to Gd2Sn2O7. The character of spectra from 
Er2Sn2O7 and Gd2Sn2O7 at ~50 GPa indicate the presence of 
pyrochlore-type order at the local level.

Spectra of these materials following decompression from 
~50 GPa show two broad features: one centered at ~350 cm−1, 
and one centered at ~680 cm−1. Additionally, the M4 pyro-
chlore mode, the most intense mode at ambient conditions, 
is still apparent in each spectrum, although it is weak rela-
tive to the broad bands. However, the relative intensities of 
the two broad features differ between the compositions. In 
Nd2Sn2O7, the feature at ~680 cm−1 is much more intense 
than that at ~350 cm−1. In pyrochlore-structured oxides, this 
feature corresponds to stretching and bending of the 〈B–O〉 

and 〈O–B–O〉 bonds, and the BO6 breathing mode. However, 
spectra of this type have been observed in irradiated stannate 
pyrochlore [25] and pressure-treated hafnate pyrochlore [14] 
and indicate a weberite-type local structure [49–51]. When 
considered with the quenched XRD pattern of Nd2Sn2O7 
(figure 3), which shows a defect-fluorite average structure, 
it is likely that Nd2Sn2O7 adopts the multi-scale structure of 
defect-fluorite and weberite-type seen in irradiated and com-
positionally-doped pyrochlore [25, 27].

The post-decompression spectra of Gd2Sn2O7 and Er2Sn2O7 
show a stronger contribution from the lower frequency fea-
tures, relative to Nd2Sn2O7. In Gd2Sn2O7, it is possible to dis-
tinguish individual peaks within the feature. Spectra of this 
type have been reported in Sm2Hf2O7 pyrochlore compressed 
to 50 GPa and decompressed to ambient pressure, and were 
attributed to a defect-rich pyrochlore structure at the local 
level [14].

In Nd2Sn2O7, M1, M2, M3, M4, and M5 increase nearly lin-
early with pressure between 0–45 GPa, with no discontinuities 
or changes in slope, even beyond the hydrostatic limit of the 
pressure medium (figure 11). M7, the BO6 ‘breathing’ mode 
shows similar behavior, but its frequency does not increase 
as abruptly after 15 GPa. This is likely not an artifact of the 
non-hydrostatic conditions in the sample chamber at 15 GPa 
[41, 42], because only M7 shows a slower rate of increase. 
Additionally, a similar change is not seen in Gd2Sn2O7 or 
Er2Sn2O7. However, similar behavior of the ‘breathing’ mode 
has been observed in the Raman spectra of lanthanide hafnate 
pyrochlores at high pressure [14]. The M7 mode corresponds 
to vibrations around the BO6 octahedra; the change may be 
due to distortion of the octahedra reaching a near maximum 
around ~15 GPa, or due to defect formation. Anti-site cation 
defects would cause some octahedra to be AO6, and Frenkel 
pairs would cause some of the polyhedral to increase in coor-
dination number. In Nd2Sn2O7, and in the previously reported 
hafnates [14], the change in the M7 mode slope may be due 
to a critical accumulation of the aforementioned defects in 
the structure causing a shift around the BO6 octahedra that 
does not yet affect the long-term average structure (which is 

Figure 11. Peak positions of pyrochlore Raman-active modes (and mode from cotunnite-like phase in Nd2Sn2O7) versus pressure in 
lanthanide stannates.
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why a phase transition is not seen in XRD data at these pres-
sures). Pyrochlores with larger cation radius ratios tend to 
have higher defect-formation energies than ones with smaller 
cation radius ratios [21–24], which may be why this effect is 
seen in Nd2Sn2O7 and previously in Sm2Hf2O7 [14], but not 
stannates and hafnates with smaller lanthanides. The Raman 
spectra of Er2Sn2O7 broaden and degrade at moderate pres-
sures. Above 5 GPa only the strongest modes—the M1, M3, 
and M4—could be accurately resolved, and they were fit to 
45 GPa. These three modes increase linearly with pressure 
with no discontinuities, as in the other compositions. Overall 
the frequency shifts as a function of pressure are similar in 
Nd2Sn2O7 and Gd2Sn2O7 even though the intensities of the 
peaks differ widely (figure 9). This suggests that similar pro-
cesses take place at the local level, particularly involving the 
〈B–O〉 bonds.

The mode Grüneisen parameter, γio [44], was calculated 
for each of the Raman-active modes in the compounds studied 
here (table 3); this parameter is a measure of compressibility 
on a local atomic level. The mode Grüneisen parameter is 
defined as:

γi0 = B0/νi0 ∗ (δνi0/δP)0. (2)

The average mode Grüneisen parameter increases with 
decreasing radius ratio. This is due in part to the increase in 
bulk modulus with the substitution of lanthanides of higher 
atomic number, but the average change in slope, (δνi0/δP)0 
also increases with decreasing radius ratio. This indicates that 
as the cation radius ratio decreases, and the cations become 
more similar in size, the Raman modes become more sensitive 
to compression. Raman-active modes in pyrochlore materials 
correspond to vibrations of the 〈A–O〉 and 〈B–O〉 bonds, indi-
cating that as rA/rB approaches 1, these bonds are more easily 
compressed and bent.

The relative FWHM of the low-frequency F2g mode, M1, 
was measured as a function of pressure and is plotted for each 
composition (figure 12). The FWHM of this peak is a qualita-
tive proxy for the extent of disordering on the cation and anion 
sublattices in pyrochlore-structured materials [14]. Raman 
spectroscopy is more sensitive to changes in the oxygen sub-
lattice than XRD, due to the weak scattering of x-rays by rela-
tively light oxygen. However, because changes to the cation 
sublattice will affect the vibrational environment around 
oxygen anions, cation- and anion-specific disordering can be 
decoupled only to a limited extent. Still, distinct composi-
tional trends can be seen. All of the materials studied exhibit 
immediate increases in FWHM with pressure, indicating 

that disordering begins at the onset of compression. Previous 
studies of pyrochlore compounds have postulated that this ini-
tial disorder is due primarily to atomic displacement on the 
anion-sublattice [15]. The rate of broadening of the FWHM 
is lowest in Nd2Sn2O7, and increases with decreasing cation 
radius ratio. This indicates that disorder proceeds more easily 
for stannate compositions with similarly-sized cations. This 
is consistent with results showing that the defect-formation 
energy for cation anti-site defects and anion Frenkel pairs in 
pyrochlore oxides is smaller for materials with a lower cation 
radius ratio [21–24]. Similar results have been seen in hafnate 
pyrochlores [14].

Discussion

While the stannate pyrochlores studied here show some simi-
larities to the pyrochlore hafnates, zirconates, and titanates 
[3–15], there are notable differences. In situ synchrotron XRD 
data indicated that rare-earth stannates begin to transform to 
a cotunnite-like structure at ~28 GPa. This pressure-induced 
transformation has been previously seen in lanthanide zir-
conates, hafnates, and titanates with pyrochlore and defect-
fluorite type structures under high pressure [3–15]. In hafnates, 
the phase transition to the cotunnite-like phase begins at less 
than 25 GPa [14]. In zirconates, the phase transition can begin 
as low as 16 GPa, and in titanates as high as 40 GPa [15]. The 
phase transition progresses furthest in stannates with larger 
lanthanides: Gd2Sn2O7 and Nd2Sn2O7. The phase transition 
extent versus pressure contrasts with the behavior of rare-
earth hafnates, zirconates, and titanates, which show a further 

Table 3. Mode Grüneisen parameters, γi0, for Raman-active modes 
in lanthanide stannate pyrochore.

Mode Nd2Sn2O7 Gd2Sn2O7 Er2Sn2O7

M1 0.51 2.01 1.22
M2 0.83 1.87 2.58
M3 0.52 1.47 1.53
M4 0.39 2.70 2.01
M5 0.49 2.87 1.84
M7 0.51 1.40 3.52

Figure 12. Relative FWHM of F2g (M1) Raman active mode versus 
pressure in lanthanide stannate pyrochlore. Relative FWHM of 
the F2g mode is a qualitative proxy for anion and cation sublattice 
disordering in pyrochlore.
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extent of phase transition in materials with smaller lanthanides 
[14]. Additionally, pyrochlore titanates and zirconates with a 
higher initial extent of disorder showed a further progression 
of the pressure-induced phase transition than those with less 
disorder [15]. This may be due to the extent of cation disorder: 
pyrochlore compositions with lower radius ratio are generally 
more susceptible to inherent cation-sublattice disorder [29–
31], which may hinder the pressure-induced phase transition. 
However, in stannates, the difference in disordering energy 
per formula unit is  <0.5 eV between Er2Sn2O7 (rA/rB  =  1.46) 
and Nd2Sn2O7 (rA/rB  =  1.61) [55]. In comparable zirconates, 
the difference in disordering energy is  >1 eV [55]. Therefore, 
differences in cation radius ratio may not play as large a role 
in compression-induced phase behavior in stannates versus 
zirconates, titanates, and hafnates. This trend in disordering 
energy could explain the identical phase transition onset pres-
sure in stannates of 28 GPa, regardless of Ln3+ size. In a com-
putational study on Y2B2O7 pyrochlore with either Zr4+, Ti4+, 
or Sn4+ as the B-site cation, Y2Sn2O7 had the highest anti-site 
defect formation energy, even though it has an intermediate 
cation radius ratio as compared with the other compositions 
[55]. This high defect formation energy was due to the greater 
covalency of the 〈Sn–O〉 bond [55]. The 〈Sn–O〉 bond cova-
lency may have a greater influence on compression-induced 
structural behavior in pyrochlore stannates with smaller Ln3+ 
size, since the energetics of defect formation in stannates are 
more constant across the lanthanide series than for zirconates, 
titanates, and hafnates [55].

The compressibility of pyrochlore stannates increases with 
decreasing Ln3+ ionic radius, a trend that is consistent with 
the observed behavior of pyrochlore hafnates, zirconates, 
and titanates [3–15]. Additionally, the range of values: 111–
251 GPa, compares well with pyrochlore titanates, zirconates, 
and hafnates [3–15]. The slopes of B0 versus rA/rB are more 
similar between zirconates, hafnates, and stannates, than titan-
ates (figure 6(b)). In previous computational studies of pyro-
chlores, the bulk modulus is thought to relate strongly to the 
size of the Ln3+ cation, rather than the B4+ cation [19]. From 
this work (figure 6(b)), it is evident that for a single B-site 
composition—titanate, zirconate, hafnate, or stannate—the 
size of Ln3+ affects the bulk modulus. Additionally, the zirco-
nates, hafnates, and stannates show similar trends when com-
pared versus rA/rB. However, the pyrochlore titanates have 
systematically higher B0 versus rA/rB than would be expected 
for either of the zirconates, hafnates, and stannates. The pyro-
chlore titanates are some of the most ionic of the ones com-
pared in figure 6(b), and additionally they have some of the 
largest cation radius ratios (rA/rTi  >  1.6).

Recent experimental work on La2Sn2O7 at high pressure 
showed an anomalously high B0, 180 GPa, when compared 
with other experiments on Eu2Sn2O7, Nd2Sn2O7, Gd2Sn2O7, 
and Er2Sn2O7 [3, 16–18]. However, the La2Sn2O7 pyrochlore 
behaved differently at high pressure than the aforemen-
tioned others; it began to decompose into a ternary oxide and 
metallic Sn at pressures of ~13 GPa. La2Sn2O7 did not show a 
phase transition to the cotunnite-like phase at high pressure. It 
is possible that in addition to Ln3+ size, the type of structural 

phase transitions undergone by pyrochlore oxides at high 
pressure influences the compressibility.

A recent computational study of stannate pyrochlore at 
high pressure modeled the compressibility across the lantha-
nide series [19] (figure 6(a)). The authors predicted B0 to vary 
between ~160–170 GPa between La2Sn2O7 and Er2Sn2O7, 
with the exception of Eu2Sn2O7, which is predicted to have a 
much lower B0 of 130 GPa. In comparing the compressibili-
ties in the recent computational study to the ones found in 
this study, as well as three other experimental studies [16–18], 
there is a much more dramatic variation in B0 across the lan-
thanide series. The values reported from experiments [16–18] 
vary between ~110–250 GPa (figure 6(a)). The values pre-
dicted computationally for Tb2Sn2O7 and Gd2Sn2O7 are close 
to experimentally recorded values, but for the other lantha-
nides, the discrepancy is larger than 20 GPa.

In addition to compressibility, the recent computational 
study by Liu et al predicted that the x48f parameter in stannate 
pyrochlore would increase as a result of hydrostatic compres-
sion [19]. The present work shows that for Er2Sn2O7 the x48f 
parameter decreased, rather than increased by 0.06 as predicted 
by Liu et al, upon compression. A decreasing x48f parameter 
versus pressure has also been observed exper imentally in 
Eu2Sn2O7 pyrochlore [17]. The 48f parameter is an indicator 
of polyhedral distortion in pyrochlore compounds; a smaller 
48f parameter reflects compression-induced distortion of the 
AO8 and BO6 polyhedra (figure 1(b)).

When stannates were decompressed from 50 GPa to 
ambient pressure, XRD patterns indicated a relaxation to the 
pyrochlore structure in Gd2Sn2O7 and Er2Sn2O7 as evidenced 
by the persistence of the (1 1 1) supercell diffraction maxima, 
as compared with the defect-fluorite diffraction maxima. This 
has not been observed previously in compressed pyrochlore 
oxides of the hafnate, zirconate, or titanate compositions, and 
may be unique to the stannates. A recent study on Eu2Sn2O7 at 
high pressure also found that the material reverted to a pyro-
chlore structure after decompression [19]. Nd2Sn2O7 adopted 
a defect-fluorite average structure after release of pressure 
(figure 3), which is typical of pyrochlore zirconates and 
hafnates [14].

The Raman spectroscopy of stannate pyrochlore composi-
tions at high pressure showed mostly pyrochlore-Raman active 
modes, except in Nd2Sn2O7, where high frequency modes 
between 700–800 cm−1 were dominant in the spectra above 
40 GPa. The behavior of Nd2Sn2O7 is typical of pyrochlore 
zirconates, titanates, and hafnates at high pressure [3–15]. 
However, the behavior of Gd2Sn2O7 and Er2Sn2O7 is unusual 
when compared with zirconates, titanates, and hafnates at 
high pressure [3–15]. When decompressed, all compositions 
still had the M4 mode typical of pyrochlore-structured oxides. 
Gd- and Er- stannate showed Raman spectra indicating a 
defect-rich pyrochlore, also seen previously in Sm2Hf2O7. 
Nd2Sn2O7 showed spectra more typical of defect-fluorite or 
weberite-type structures seen previously in irradiated stannate 
pyrochlore and compressed hafnate and zirconate pyrochlore.

The structural response of stannate pyrochlore to extreme 
environments such as ion irradiation has recently been of 

J. Phys.: Condens. Matter 29 (2017) 504005



K M Turner et al

13

interest [25]. The cation radius ratio, rA/rB, has been shown 
and proposed to be the governing parameter in the tendency 
of a pyrochlore to amorphize or disorder under ion irradia-
tion. Pyrochlores with smaller B-cations-e.g. titanates-tend to 
amorphize under ion irradiation, and pyrochlores with larger 
B-cations-e.g. zirconates-tend to disorder. However, until 
recently, this principle had been demonstrated primarily on 
pyrochlore zirconates and titanates [25]. Others have pro-
posed that bond covalency would also determine whether a 
pyrochlore would disorder or amorphize under ion irradiation 
[25]. Recent work on stannates under ion irradiation found 
that these materials are significantly more resistant to amor-
phization than lanthanide titanates, even though the 〈Sn–O〉 
bond is more covalent than the 〈Ti–O〉 bond [25]. Therefore, 
the response was consistent with cation radius ratio being the 
governing parameter determining response to irradiation even 
in a more covalently bonded pyrochlore.

Conclusions

The structural response of the pyrochlore structure to high 
pressure and ion irradiation is governed by the same factors. 
Pyrochlores that are more likely to amorphize as a result of 
compression and decompression should also amorphize 
under ion irradiation. The behavior of the stannates at high 
pressure demonstrates this principle. Overall, stannates show 
similar behavior to titanates, zirconates, and hafnates under 
high pressure: (1) the transition to the cotunnite-like high 
pressure phase (at ~28 GPa in stannates), (2) the inverse rela-
tion between compressibility and rA/rB, (3) the onset of local 
disordering on the anion sublattice at pressures as low as 
~0.3 GPa. The Sn4+ cation is close in size (0.69 Å) to Zr4+ 
(0.71 Å) and Hf4+ (0.72 Å); Ti4+ is considerably smaller (0.61 
Å). The trends in B0 amongst these four families of pyrochlore 
(figure 6(b)) show the effect of cation size—both A cation and 
B cation—dominates the compressibility. The compressibility 
of stannates, zirconates, and hafnates are more similar to each 
other than to the compressibility of titanates.

Under compression, stannates are resistant to amorphiza-
tion, like the zirconates and hafnates; they transform to either 
an ordered pyrochlore structure or the disordered multiscale 
defect-fluorite+  weberite-type structure upon compression 
to 50 GPa and subsequent decompression. Stannate pyro-
chlores under irradiation were also resistant to amorphization, 
and tended to transform to the disordered multiscale defect- 
fluorite+  weberite-type structure This behavior overall is con-
sistent with cation radius ratio being the dominant property 
that influences compression response, even in a covalently 
bonded pyrochlore. Furthermore, this is consistent with the 
observation that the structural response of pyrochlore mat-
erials to ion-irradiation and compression are governed by the 
same properties.
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