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Abstract
An isostructural phase transition and a cubic to tetragonal phase transition in spin-
frustrated pyrochlore Dy2Ti2O7 (DTO) at 35 GPa and 46 GPa, respectively, were detected 
by x-ray diffraction (XRD) and Raman spectroscopy studies at room temperature under 
high pressure. The band gap of DTO gradually increased with the increasing pressure up 
to 20 GPa, after which it narrowed significantly around 35 GPa, and further manifested 
with a slight discontinuity around 46 GPa. Below 35 GPa, the evolution of band gap with 
pressure maintained a close relationship with the Ti–O bond length and the distortion of TiO6 
octahedron. The remarkable narrowing of the band gap around 35 GPa implied the changes of 
the band structure and confirmed the isostructural phase transition. These findings provide an 
in-depth understanding of the evolution of the structure and the band gap of DTO under high 
pressure.
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1. Introduction

Pyrochlores with the general formula of A2B2O7 (both A and 
B cations form two distinct interpenetrating sublattices of 
corner-sharing tetrahedra) are usually considered as geometri-
cally-frustrated magnetic materials [1]. Due to their numerous 
compositions and structural flexibility, pyrochlores are widely 
used as electrolytes in solid oxide fuel cells and also as 
advanced nuclear materials for immobilization of actinides 
and inert matrix fuel [2, 3]. Some novel ground state proper-
ties including spin ice state, spin liquid state, spin glass state, 
superconductivity, and metal–insulator transition have been 
discovered in these materials [1, 4–6].

In an ordered pyrochlore structure, all atoms occupy spe-
cial positions except the oxygen site at 48f . The structural 
stability of pyrochlore mainly depends on the ratio of cation 
radii (rA/rB) [1]. An ordered pyrochlore is generally formed 
when rA/rB is greater than 1.46, whereas a disordered fluo-
rite structure can be obtained when rA/rB is smaller than 1.46. 
Furthermore, ordered pyrochlore structures are sensitive 
to some extreme conditions, such as low temperature, high 
temperature, high pressure, and high radiation. An ordered 
pyrochlore structure is often transformed into a disordered 
fluorite structure (amorphous state) under a high-radiation 
field [7, 8]. Moreover, the anion disorder transition is gener-
ally observed in cubic pyrochlore structures under high pres-
sure [9, 10]. Saha et  al [11] studied the effects of pressure 
on Gd2Ti2O7 through Raman scattering and x-ray diffraction 
(XRD) and observed that two Raman modes became negli-
gibly small beyond 9 GPa, indicating the pressure-induced 
subtle distortion of the lattice. Zhao et al [12] observed a pres-
sure-enhanced insulating state with the trigonal distortion and 
relaxation in Eu2Sn2O7. These rare-earth pyrochlores usually 
experience lattice deformation in their cubic pyrochlore phase 
due to the variation in fractional parameter (x) of O48f  under 
high pressure.

DTO has attracted tremendous scientific interests due to 
its ‘spin-ice’ magnetic ground state [13] and flexible struc-
tural stability at extreme conditions. Low-temperature Raman 
spectr oscopy and XRD studies reveal a ‘subtle’ structural trans-
formation in DTO near 110 K [14]. High-pressure (HP) XRD 
studies reveal that DTO undergoes an ordered to dis ordered 
phase transition (from cubic pyrochlore to orthorhombic 
cotunnite (Pnma)), and transition pressure maintains a close 
relationship with the existing defects in the starting material 
[15, 16]. However, it is very difficult to determine whether the 
final material possesses a cotunnite structure as its all peaks 
are almost identical to those of a cubic pyrochlore at high 
pressure [17]. Therefore, the HP structure of DTO has not yet 
been explored. In the present work, the structural evolution of 
DTO at room temperature under high pressure was revealed 
by XRD and Raman spectroscopy. In addition, the variation in 
the band gap of DTO under high pressure was investigated by 
UV–vis absorption spectroscopy.

2. Experimental details

High-quality DTO samples were grown in an optical floating-
zone furnace equipped with four 1000 W halogen lamps 
(Crystal System Incorporation, Japan) [18]. The samples 
were loaded into a diamond anvil cell (DAC) inside a tung-
sten gasket and ruby chips were used for pressure calibra-
tion. Neon was used as the pressure medium for XRD and 
Raman spectroscopy studies, whereas silicon oil was used for 
UV–vis measurements. XRD patterns were collected on the 
4W2 beamline of the Beijing Synchrotron Radiation Facility 
(BSRF) at a monochromatic wavelength of 0.6199 Å. Raman 
measurements with a resolution of 1 cm−1 were performed in 
a Renishaw Raman spectrometer with a laser excitation wave-
length of 532 nm. UV–vis absorption spectra were measured 
by the UV–vis spectrometer with a UV–VIS-NIR light source, 
absorption optical system and a CCD detector which can 
receive the signal with a wavelength from 180 nm to 850 nm.

3. Results

3.1. XRD of DTO under high pressure

The structural stability of DTO was investigated at room 
temperature under high pressure. Figure  1(a) displays the 
detected XRD patterns of DTO. At lower pressures, XRD 
patterns of a stable cubic pyrochlore structure were observed. 
All diffraction peaks shifted toward higher angles with the 
increasing pressure up to 45.9 GPa (no peaks disappeared 
or no additional peaks appeared). However, at 45.9 GPa, a 
small peak appeared near the (2 2 2) peak at 2θ  =  13.22°, thus 
implying the formation of a HP phase. With further compres-
sion, three more peaks appeared between the (1 1 1) and the 
(3 1 1) peaks, and it indicates the degeneration of the cubic 
phase. The diffraction patterns near the (1 1 1) and the (2 2 2) 
peaks are presented in figure 1(b). A clear splitting of these 
two peaks was noticed, and the pyrochlore structure almost 
disappeared and transformed into a HP phase at 58.3 GPa. 
An orthorhombic structure (a  =  13.1332 Å, b  =  5.5985 Å, 
c  =  5.4454 Å) and a tetragonal structure (a  =  b  =  6.5712 Å, 
c  =  9.7314 Å) could be indexed by the new peaks at 58.3 GPa. 
We compared these two phases with XRD pattern at 58.3 GPa 
in figure  S1 (stacks.iop.org/JPhysCM/32/215401/mmedia) 
and it can be seen that the tetragonal structure matches well 
with the XRD pattern. In our studies, we used the x-ray with 
a longer wavelength of 0.6199 Å than 0.4133 Å in previous 
studies [17] which increases the diffraction resolution so the 
diffraction rings could be separated and some possible over-
lapped peaks could be distinguished clearly. Furthermore, 
the maximum pressure in our XRD study is higher than in 
previous studies [17] so the phase transition is almost com-
plete. Therefore, a different phase transition from previous 
studies in DTO was observed and the high pressure phase 
was suggested to be with the tetragonal structure. This cubic 
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to tetragonal phase transition was reversible when the pres-
sure was released (figure 1(a)).

The XRD patterns of DTO below 45.9 GPa were well 
refined with the cubic structure in the GSAS program based 
on the Reitveld method (figure 2(a)). Although the cubic 
pyrochlore structure remained stable up to 45.9 GPa, the 
pressure-induced variation in d-spacing of diffraction pat-
terns displayed a change in the slope at about 35 GPa (marked 
by red and blue lines) (figure 2(b)). The third-order Birch–
Murnaghan equation  of state was used to fit the pressure 
versus volume data obtained below 35 GPa, and the values of 

B0 and B′
0 were calculated as 144 GPa and 14.9, respectively. 

The large B′
0 may be due to the different distortions of TiO6 

octahedron at different pressures and this abnormal com-
pressibility of pyrochlore under high pressure has also been 
reported in Eu2Sn2O7 with a B′

0 of 8 [12] and Gd2Ti2O7 with 
a B′

0 of 6.9 [11]. But when the fitting curve was extended to 
50 GPa, the experimental data deviated from the curve obvi-
ously from 35 GPa to 45.9 GPa (figure 3(b)). We also use the 
third-order Birch–Murnaghan equation of state to fit the pres-
sure versus lattice parameter before 35 GPa and extend the 
fitted curve to 50 GPa, and similar change was observed above 

Figure 1. (a) Selected XRD patterns of Dy2Ti2O7 at high pressures. The cubic pyrochlore structure can be stable below 45.9 GPa. Above 
45.9 GPa, a tetragonal high pressure structure starts to form and this phase transition is almost complete after 58.3 GPa (peaks marked with 
the star are from neon). The structure of quenched sample agrees with the cubic pyrochlore structure. (b) Detail changes of peaks (1 1 1) and 
(2 2 2) above 45.9 GPa.

Figure 2. (a) Plots of refined XRD patterns of Dy2Ti2O7 measured at 2 and 44 GPa, respectively. The difference between the observed 
(black-open cirle) and the calculated (red-solid line) data is shown below the plots in a green line; (b) Pressure dependence of d-spacings of 
(1 1 1), (3 1 1), (2 2 2) and (4 0 0).
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35 GPa (figure 3(a)). As these XRD patterns were obtained 
using neon as the pressure medium which provided a satisfac-
tory hydrostatic pressure condition in the proposed pressure 
range, it can be speculated that these observed changes imply 
an isostructural phase transition at about 35 GPa.

3.2. Raman spectra of DTO under high pressure

In situ Raman measurements were executed to understand 
local structural changes in DTO. Figure 4 exhibits the Raman 
spectra of DTO under high pressure. Six Raman modes at 
213 cm−1 (F2g), 310 cm−1 (F2g), 325 cm−1 (Eg), 518 cm−1 
(A1g), 547 cm−1 (F2g), and 701 cm−1 (F2g) were observed at 
0.9 GPa [19, 20]. As the pressure increased, the modes at 
213 cm−1, 547 cm−1, and 701 cm−1 (corresponding to the 
interactions between Ti and O48f ) gradually became weaker 
and, finally, disappeared at high pressures. When the pressure 
reached 27.1 GPa, a broad and weak peak (marked by stars) 
appeared at about 700 cm−1 was attributed to distortions to 
the oxygen positions of the TiO6 octahedron [13]. Moreover, 
three more peaks (marked by triangles) appeared at around 
200 cm−1 above 35 GPa and shifted slowly with the further 
increase in pressure. From the Raman studies of DTO at low 
temperatures [19], they revealed that the mode near 200 cm−1 
was commonly assigned as F2g phonon and a disorder-
induced Raman active mode involving Ti4+ vibrations [19]. 
Therefore, these changes are related with TiO6 octahedron 
and indicate the local structure change of TiO6 octahedron 
(without any change in lattice periodicity), thus confirming 
the isostructural phase transition at 35 GPa. With further 
compression above 42.4 GPa, more Raman modes started to 
appear. Furthermore, above 45.7 GPa, two bands at 400 cm−1 
and 600 cm−1 corresponding to the O′–Dy–O′ bending mode 
and the Dy–O′ stretching mode, respectively, lost their inten-
sities significantly and became comparable with other Raman 
modes at high pressures; it indicates that DTO started to lose 
its cubic pyrochlore structure. Hence, the weakening of the 

O′–Dy–O′ bending mode and the Dy–O′ stretching mode and 
the appearance of new Raman modes provide evidence of 
phase transition in DTO. When the pressure was released to  
1 atm, DTO went back to its cubic structure, thus suggesting a 
reversible phase transition.

Figure 3. Variation of the (a) lattice parameter and (b) the unit cell volume with pressure. The red lines are the fitting results of pressure 
versus lattice parameter and volume by 3rd Birch–Murnaghan equation of state.

Figure 4. Raman spectra of Dy2Ti2O7 at different pressures 
during compression. The top spectrum is collected at the ambient 
pressure after decompressing from 54.4 GPa. Raman peaks marked 
with triangles and stars represent the phonon modes involving 
the vibrations of Ti4+ ions and the distortion of TiO6 octahedron, 
respectively.

J. Phys.: Condens. Matter 32 (2020) 215401
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3.3. The evolution of band gap of DTO under high pressure

The band gap of DTO under high pressure was measured by 
UV–vis absorption spectroscopy. Theoretical studies suggest 
that the valence and the conduction bands of DTO are gen-
erally separated by a direct band gap with the band extrema 
located at the Γ point [21]. The Tauc plots of the absorption 
spectra were used to determine the band gap at high pressures. 
Theoretical studies reveal that the optical absorption strength 
depends on the difference between the photon energy and the 
band gap can be described as [22]

αhν = B(hν − Eg)
n,

where B is the slope of the Tauc plot in the linear region, α 
is the absorption coefficient, hʋ is the photon energy, and Eg 
is the band gap. n possesses different values corresponding to 
different electron transitions, and n  =  1/2 and 2  are usually 
used for the direct and indirect electron transitions, respec-
tively. Figure 5(a) displays the UV–vis absorption spectrum 
of DTO during compression. Absorption edges manifested 
with a blue shift with the increasing pressure up to 20.8 GPa, 
signifying an increase in band gap. After 20.8 GPa, absorp-
tion edges followed a red shift up to 54.2 GPa; hence, it 
suggests a decrease in band gap with the increasing pres-
sure. Interestingly, a sudden shift of the absorption edge was 
observed from 36.5 GPa to 39.4 GPa due to the iso-structural 
transition, thus implying a close relationship between the 
iso-structural phase transition and the band structure. The 
variation in the band gap under high pressure is plotted in 
figure  5(b). Below 36.5 GPa, the absorption edge was very 
steep, thus suggesting the presence of a direct band gap in 
DTO. The evolution of band gap below and above 20.8 GPa 
occurred due to the change in the Ti–O48f  bond length and the 
distortion of TiO6 octahedron. After 36.5 GPa, the absorption 
edge became sluggish; it implies a direct to indirect transition 
of the band gap due to the distortion of the local structure [23]. 

In the present work, the indirect gap model was used to fit the 
spectrum above 36.5 GPa, the fitting results of Tauc plots were 
shown in figure S2. It is discernible from figure 5(b) that the 
band gap had an obvious narrowing of 1.26 eV from 36.5 GPa 
to 38.2 GPa. Moreover, the direct model was also used to 
fit the spectrum (figure S3), and the band gap manifested a 
narrowing of 0.7 eV from 36.5 GPa to 39.4 GPa. Hence, the 
narrowing of the band gap expresses the electronic structural 
transition in DTO at about 35 GPa. With further compression, 
a slight change in the band gap was observed at about 46 GPa.

4. Discussions

Structural changes in DTO around 35 GPa (the changes in 
lattice parameters, the appearance of the Raman modes, and 
the narrowing of the band gap) could be a sign of the Lifshitz 
transition (an isostructural phase transition corresponding 
with the electronic structural transition) [24]. In order to 
explore the mechanism of this isostructural phase transition, 
the relationship between the structural parameters and the 
band gap of DTO under high pressure was investigated. In 
the cubic pyrochlore structure, Ti atoms occupied the 16c 
(0, 0, 0) positions and formed TiO6 octahedron with six 
equivalent O48f  atoms, whereas Dy atoms occupy the 16d 
(1/2, 1/2, 1/2) positions, which were surrounded by eight 
O (6O48f   +  2O′) atoms. The bond length of Dy–O48f  was 
found to be much longer than that of Dy–O′. Therefore, 
the cubic pyrochlore structure was composed of two alter-
nating 3D networks—corner-shared TiO6 octahedron and 
Dy–O′–Dy zig-zags (figure 6(a)). Theoretical calculations 
revealed that the direct band gap of DTO was located at 
the Γ point. The Ti 3d states hybridized with the O48f  2p  
states formed conduction bands near the Fermi level, and 
above these bands, the Dy 5d states hybridized with the O′ 
2p  states also formed other conduction bands. At the same 

Figure 5. (a) UV–vis absorption spectra of Dy2Ti2O7 during compression. (b) Optical band gap as a function of pressure derived from the 
absorption spectra. Direct and indirect gap model are used to fit the absorbtion spectrum before and after 36.5 GPa, respectively.
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time, the O48f  2p  states are contributed to valence bands 
near the Fermi level (figure 6(b)) [21]. Hence, the inter-
actions between Ti and O48f  atoms manifested great influ-
ences on the band gap of DTO. Moreover, the distortion 
of TiO6 octahedron and the Ti–O bond length maintained a 
very close relationship with the band gap of DTO. A strong 
distortion of TiO6 octahedron and a large Ti–O bond length 
resulted in a small band gap. As all atoms of the cubic pyro-
chlore structure occupied their specific positions (except for 
the x parameter of O48f  atoms), the distortion of the TiO6 
octahedron was reflected by the variation in the x parameter. 
Based on the results of GSAS refinement, the x parameter 
of O48f  atoms and the Ti–O and Dy–O bond lengths of the 
cubic pyrochlore structure below 45 GPa were analyzed.

It is observable from figure S4(a) that the x parameter of 
O48f  atoms decreased from 0.338 to 0.328 below 6 GPa and 
then started to vibrate around a value of 0.334 below 20 GPa. 
When the value of x was equal to 0.3125, TiO6 attained a 
perfect octahedronl structure. Under high pres sure, the  
x parameters of DTO were larger than 0.3125, thus indicating 
the distortion of TiO6 octahedron. The changes in x param-
eter below 20 GPa signify that the distortion of TiO6 gradu-
ally became weaker during compression. It is also noticeable 
from figure S4(b) that the Ti–O bond length decreased first 
below 6 GPa and then reached a relatively stable value below 
20 GPa, thereby resulting in an increase in the band gap of 
DTO. In the proposed pressure range, Ti atoms were sur-
rounded by six equivalent O48f  atoms, and the lengths of six 

Ti–O bonds were equal; therefore, the states of the Ti 3d 
orbital were highly degenerative. Above 20 GPa, the band 
gap of DTO started to decrease with the increasing pressure. 
The x parameter and the bond length of Ti–O48f  increased 
in the pressure range of 28 to 35 GPa, whereas the band gap 
of DTO decreased gradually, and this change of band gap 
under high pressure still agrees with the theoretical studies. 
Above 35 GPa, although the x parameter and the bond length 
of Ti–O48f  increased gradually, the band gap of DTO expe-
rienced a sudden drop. This abnormal change of band gap 
implied the electronic structural transition in DTO under 
high pressure. Besides, the changes of Raman spectra around 
35 GPa also indicate the local structural change in the cubic 
structure corresponding to the isostructural phase trans-
ition. From figure 4, it can be noted that the Raman modes 
associated with the vibration of Dy and O′ atoms gradually 
weaken above 46 GPa and additional Raman modes appear, 
revealing the occurrence of the cubic to tetragonal phase 
transition. This mechanism is completely different from pre-
viously reported phase transitions, in which pyrochlore com-
pounds underwent an ordered to disordered phase trans ition 
(from cubic to an amorphous, defected fluorite, or cotun-
nite structure), and no site preferences for different species 
of cations occurred by the distortion of cations [3, 9, 25].  
The as-described phase transition in DTO has been also 
observed in some pyrochlore materials at low temperatures. 
Ruff et al [26] studied the structural behavior of Tb2Ti2O7 at 
low temperatures and noticed a continuous broadening of the 

Figure 6. (a) Crytal structure of Dy2Ti2O7. The structure can be viewed as two alternate 3D networks, consisting of corner shared TiO6 
octahedron and Dy–O′–Dy zig-zags. (b) The sketch band gap of Dy2Ti2O7 at ambient pressure.
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Bragg peaks below 20 K due to a cubic to tetragonal phase 
transition.

5. Conclusions

In summary, in situ XRD and Raman spectroscopy studies 
were performed in the present research to analyze the phase 
transitions of DTO under high pressure. An isostructural 
phase transition and a cubic to tetragonal phase transition 
were observed around 35 GPa and 46 GPa, respectively. Both 
these phase transitions were reversible, and DTO regained its 
cubic phase structure when the pressure was released. The 
band gap evolution of DTO under high pressure was inves-
tigated by UV–vis absorption spectroscopy. The band gap of 
DTO increased with the increasing pressure below 20.8 GPa 
and then started to decrease on compression up to 54.2 GPa. 
The band gap of DTO had a clear narrowing due to the iso-
structural phase transition. With further compression, the 
interaction between Dy and O48f  was enhanced that led to the 
cubic to tetragonal phase transition. The analysis of the bond 
lengths of Ti–O48f  and Dy–O48f  revealed that the distortion of 
TiO6 octahedron and also the hybridization between the 3d 
orbital of Ti and the 2p  orbital of O48f  had profound influ-
ences on the band gap of DTO below 35 GPa. As the pressure 
exceeded 35 GPa, the band structure was changed, which led 
to the remarkable narrowing of band gap. These results pro-
vide an in-depth understanding of the evolution of the struc-
ture and the band gap of DTO under high pressure.
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