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The ability to tailor a material’s electronic properties using density driven disordering has emerged
as a powerful route to materials design. The observation of anomalous structural and electronic be-
havior in the rutile to CaCl2 phase transition in SnO2 led to the prediction that such behavior is
inherent to all oxides experiencing such a phase transition sequence.1 Here, the ultra-wide band gap
semiconductor GeO2 is confirmed to exhibit anomalous behavior during the rutile to CaCl2 phase
transition. A phase pure rutile GeO2 sample synthesized under high-pressure, high-temperature
conditions is probed using synchrotron diffraction and X-ray and optical spectroscopy under high
pressure conditions. Density functional theory calculations show that the enthalpic barrier to dis-
placing an oxygen along the B1g librational mode decreases with pressure leading up to the rutile
to CaCl2 phase transition. The band structure of the distorted state shows that such oxygen dis-
placements form small polarons.

I. INTRODUCTION

All group 14 dioxides can adopt a rutile structure,
though in the case of CO2 it is molecular,2 and the non-
molecular group 14 dioxides can undergo a high-pressure
rutile to CaCl2 phase transition.3–6 For SiO2, Landau
theory predicts an important variation in the elastic con-
stants leading to a substantial softening of the shear mod-
ulus about the rutile to CaCl2 transition which should
have a strong influence on SiO2’s sound wave velocity
and is of high relevance to interpret seismic reflectors in
the earth’s mantle.7,8 The rutile to CaCl2 transition in
GeO2 has been previously reported to occur at 26GPa,3
intermediate between that of SiO2 at 55GPa and SnO2

at 15.4GPa.1,3,4 The milder conditions for phase trans-
formations in GeO2 than SiO2 has long been exploited
by the Earth science community for systematic miner-
alogical substitution with silicate minerals.9 This anal-
ogy between silicates and germanates has helped to build
the mineralogical model of the Earth and constraining
the origin of seismological discontinuities in the deep
Earth’s mantle. For example, the transformation of the
spinel structure to post-spinel in the magneso-silicate
perovskite to identify the boundary between the upper
and lower mantle at 660 km depth.10

The rutile phase of GeO2 has been recently consid-
ered for its electronic properties in the burgeoning field
of ultra-wide bandgap semiconductors (UWBG).11 Its
4.680 eV bandgap12 is in the UV-C region of the electro-
magnetic spectrum, which is ideal for making solar-blind
photodetectors as well as light sources for pathogen inac-
tivation in food and water treatment.13,14 GeO2 has also
received attention as a potential passivator for Ge semi-
conductor technologies, but high temperature decompo-

sition into GeO has lead to complications in the manufac-
turing process.15 Thus, Ge based semiconductor devices
remain unpopular despite having superior bulk electron
and hole mobilities over Si, integral to improving device
performance as the physical size of modern transistors
are reaching a limit of scaling.16 Rutile GeO2 is also pre-
dicted to be ambipolarly dopable through first-principles
defect calculations by substituting group 13 cations in Ge
sites to serve as an electron acceptor with ionization en-
ergies in the 0.45 to 0.5 eV range.17 Such doping enables
p-type conduction through the impurity band, allowing
for a tuning of the bandgap and design of application-
tailored materials.

Recently, a four-fold increase in conductivity during
the rutile-type (P42/mnm) to CaCl2-type (Pnnm) tran-
sition was observed in the transparent conducting oxide
SnO2.1 The transition from the rutile to the CaCl2 struc-
ture is a ferroelastic, second-order phase transition typ-
ically accompanied by a continuous volume change, and
it can vary in pressure depending on the deviatoric stress
and temperature.7,18 The rutile to CaCl2 phase transi-
tion is driven by the softening of the Raman active B1g
octahedral librational mode, which with increased pres-
sure allows for larger energetically accessible octahedral
libration angles.8 The anomalous conductivity observed
during the rutile to CaCl2 transition in SnO2 is best at-
tributed to a disordered, pre-transition state with sin-
gle atom displacements of the oxygen sub-lattice enabled
by a reduced energetic barrier for displacement from the
softened B1g librational mode. The oxygen displace-
ments effectively decrease the band gap of the material
before the transition to the CaCl2 phase.1

This behavior is predicted to be universal in oxide ma-
terials experiencing this phase transition rather than in-
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herent to the chemistry of the charged species in the ma-
terial. Understanding and controlling this phenomena
will allow for a pressure mediated tuning of the opto-
electronic properties of materials. Here, we evaluate the
universality of the pre-transition disordered state during
the rutile to CaCl2 phase transition for GeO2 via spec-
troscopic, diffraction, and theoretical methods. We com-
ment on the how the defects affect the electronic proper-
ties of a rutile oxide.

II. METHODS

Samples of rutile GeO2 were synthesised in a large-
volume press under high-pressure and temperature con-
ditions. Static high-pressure experiments were conducted
using custom-designed diamond anvil cells (DAC). He-
lium was used as the pressure transmitting media (PTM)
and pressure was controlled via a membrane for fine pres-
sure resolution. Pressure was determined using the ruby
fluorescence scale.19. Raman spectroscopy experiments
were carried out on a home-built design, utilizing Opti-
grate volume Bragg gratings for low frequency measure-
ments.

X-ray absorption and diffraction measurements were
performed at HPCAT (United States, APS, sector 16),
and were acquired on the same sample sequentially at
each pressure. X-ray diffraction (XRD) was performed
axially, (λ = 0.3738 Å), through the diamond anvil us-
ing Boehler-Almax conical design diamonds to allow for
a 70◦ angle aperture. Diffraction data was integrated
using Dioptas software and Rietveld analysis was per-
formed using GSAS software. The calculated absorption
length for GeO2 was calculated by Hephaestus software,
and was matched by acquiring X-ray absorption (XAS)
measurements radially through the sample chamber by
using beryllium as the gasket material. XAS was ac-
quired on the Ge K-edge with energy scanned by 350 eV
before the white line of 11.103 keV and 1 keV after using
a bare silicon mirror to tune energy. Raw XAS data was
reduced and analyzed using Demeter and FEFF.20,21

XAS spectra were fit using a window of 2.8 to 13.7 Å−1,
using k weights of 1, 2, and 0.5 chosen to achieve a better
fit. S20 was determined by restraining the value to one
and fitting all data, and then fitting only the amplitude
reduction factor over all fits simultaneously. All data
was then refit using the optimized value in a two shell
fit, by fitting all values with the starting guess of ∆R=0,
MSRD=0.001, and ∆E=0. All variables were fit, and
then ∆R and MSRD values were fit for each shell. Finally
∆E was refined again. MSRD values were restrained to
be equal of greater than zero. Both 1 and 2 shell fits were
performed.

Ab initio density functional theory (DFT) simulations
using VASP (Vienna Ab initio Simulation Package) were
used for structural optimizations and to determine the
effect of pressure mediated defects.22–26 The strongly
constrained and appropriately normed (SCAN) meta-

GGA functional with Grimme’s -D3 dispersion correc-
tion was used throughout.25,27–29 Each simulation used
a Γ centered k-point grid with a 0.3Å−1 spacing.30 The
tetrahedron method with Blöchl corrections were used
to integrate the Brillouin zone due to its high degree
of accuracy for non-metals.31 Projector-augmented wave
(PAW) PBE pseudo-potentials were utilized for both
Ge and O with valence configurations of s2p2 and s2p4,
respectively.32,33 Energy and force convergence parame-
ters were set to a difference of 10−10 eV and 10−3 eV/Å,
respectively. Structural optimizations were performed as
two sequential optimizations then a final energy evalua-
tion resetting the plane-wave basis set between each step
to minimize the effect of Pulay stress. Band structure
plots were created by re-determining the bands along the
high symmetry points and lines of a simple orthorhom-
bic cell using a fixed, pre-converged charge density. Band
structure and density of states plots were made using the
sumo package.34

III. RESULTS AND DISCUSSION

The Landau free-energy potential with respect to the
motion of the B1g librational mode in rutile structures
is expected to soften as a function of pressure,8 thus a
defining feature of a group 14 dioxide’s rutile to CaCl2
phase transition should be the abrupt hardening of a pre-
viously softening B1g mode while the other vibrational
Raman modes harden.1 Figure 1a shows that the central
frequency of the A1g mode exhibits the expected hard-
ening by increasing linearly without any deviations from
1 to 30GPa. Likewise, the B1g mode exhibits the ex-
pected softening from the onset of compression until a
clear hardening is observed by 28.4GPa. A linear fit to
the softening range of the B1g mode remarks a transi-
tion pressure into the CaCl2 phase of 27GPa based on
where the deviation from linearity first occurs. DFT op-
timizations of the rutile and CaCl2 structures of GeO2

across the same pressure range show the CaCl2 phase
becoming the enthalpically favorable phase by ∼ 27GPa
(Figure 1b). According to the optimizations, the transi-
tion into the CaCl2 structure should be accompanied by
a small volume change, < 0.2Å3.

The XRD determined volume-pressure relation for
compressed GeO2 (Figure 2a) roughly follows a 3rd-
order Birch-Murnaghan equation of state (EOS) up to
33.7GPa. Closer inspection reveals the full data set EOS
fit is in very tight agreement with the experimental data
until 19.7GPa, after which noticeable deviations from the
fit occur (Figure 2a inset). As diffraction was collected
in a He PTM, it is unlikely these distortions are due to
non-hydrostaticity at these pressure conditions,36 but are
rather the system experiencing pre-transition disorder-
ing. By 29.6GPa the distortions appear to be relieved,
indicating the system has transitioned into the CaCl2
phase as confirmed by Rietveld analysis of the XRD data.
A table containing the Rietveld refined lattices as a func-
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FIG. 1. (a): The central peak position from fitting the A1g

and B1g Raman modes against pressure. Linear regressions
have been added to both series to help guide the eye, as well
as illustrate the B1g Raman mode’s deviation from linearity
around 27GPa. (b): The enthalpy per unit cell of the rutile,
CaCl2, and orthorhombiclly distorted rutile phase as a func-
tion of pressure. All enthalpies are normalized to that of the
rutile phase for a given pressure.

tion of pressure may be found in the Supplemental Mate-
rials.35 The transition into the CaCl2 phase is accompa-
nied by a smaller than predicted volume drop of ∼0.03Å3

according to a 3rd-order Birch-Murnaghan EOS fit of just
the undistorted rutile phase (0–19.7GPa).

Fitting an EOS up until any distortion is observed
(≤ 19.7GPa) and up until the CaCl2 phase is confirmed
by Rietveld analysis (≤ 28.0GPa), shows a marked 4%
drop in the determined bulk modulus despite the latter
fit encapsulating all of the data of the former (Table I).
Extending the region of the ‘pristine’ rutile phase out to
21.5GPa shows only a slight reduction to the fit bulk
modulus showing that while disordering may be present
by 21.5GPa it only becomes significant at higher pres-
sures. Oddly, the fit up to 28.0GPa shows a marked
increase in the derivative of the bulk modulus, and a fit
over just the ‘disordered’ region (21.5–28.0GPa) shows
an increase in the bulk modulus and a decrease in its
derivative. These ambiguities are likely artifacts of the
fit and can be alleviated by reducing the fit to that of
a 2nd-order Birch-Murnaghan equation of state with V0

TABLE I. Birch-Murnaghan equation of state fits across dif-
ferent pressure ranges. aThe fit was done by fixing V0 to that
of the undistorted rutile (0–19.7GPa) phase.

Order Pressure (GPa) V0 (Å3) B0 (GPa) B0’

3rd
0–19.7 55.45 231.83 6.46
0–21.5 55.45 231.18 6.55
0–28.0 55.47 221.91 7.95
0–33.7 55.43 234.78 6.55

21.5–28.0 55.45a 239.19 6.17

2nd

0–19.7 55.38 254.77
0–21.5 55.38a 255.85
0–28.0 55.38a 262.78
0–33.7 55.38a 264.37

21.5–28.0 55.38a 265.44

fixed to that of the pristine rutile phase (≤ 19.7GPa). In
doing so, the bulk modulus is actually seen to increase for
any set including data above 19.7GPa (Table I). There
is again only a slight difference if only the 21.5GPa pres-
sure point is included, but a much larger increase for the
whole region that is driven by the data in the region be-
tween 21.5 and 28.0GPa. Thus, there is a clear deviation
from a crystalline rutile phase after 19.7GPa, and disor-
dering is present in GeO2 by 21.5GPa persisting at least
until the transition into the CaCl2 phase.

The difference in scattering intensity for Ge and O is
small enough for reliable Rietveld identification of the
lighter anion atomic positions, enabling accurate track-
ing of the Ge–O bond lengths within a coordination oc-
tahedra as a function of pressure (Figure 2b). The GeO6

octahedra are initially irregular with an axial Ge–O dis-
tance of 2.01Å and an in basal plane distance of 1.79Å
at 2.46GPa. Only the basal Ge–O interactions are co-
valent according to covalent radii for Ge (1.20Å) and O
(0.66Å).37 In line with this, the Ge–O bonds in the basal
plane are seen to be very resistant to compression up to
20GPa, while the axial ones are not. At 19.7GPa, when
the EOS fit for the rutile phase begins to break down,
there is a clear indication of atomic disordering in GeO2

from the sharp deviation in the pressure response of the
bond lengths. As not all the oxygens are displaced in the
pre-transition disorded state, the result is an averaged
out picture resulting in erratic behavior that increases
as defect concentration grows but diminishes as the de-
fects saturate. This deviation persists until GeO2 has ac-
cessed the CaCl2 phase, wherein the axial bond lengths
increase and the basal lengths decrease with pressure.
However, the DFT predicted structures state both Ge–
O bond lengths should monotonically decrease with in-
creased pressure, so there are residual defects even after
the CaCl2 phase transformation.

Extended X-ray absorption fine structure (EXAFS)
spectroscopy probes the local coordination about an ex-
cited atom type providing complementary information
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FIG. 2. A figure containing all X-ray techniques performed on GeO2 in this study. (a) The pressure-volume response of the
sample with a third order Birch-Murnaghan equation of state fit across all data to guide the eye. Note, there are at least two
phases described by the data involved in said fit. The inset highlights deviations in the pre-transition disordered state. (b) The
average Ge–O bond lengths determined from Rietveld analysis. The error bars of both XRD panels are within the symbol size.
(c) The mean squared relative displacement as measured by EXAFS. The strong response between 17 and 27 GPa is attributed
to the pre-transition disordered state. (d) The average Ge–O bond length determined from EXAFS with the weighted average
crystallographic values.

to the equilibrium distances from electron densities dis-
cerned by diffraction. The average Ge–O distance within
the first coordination shell of GeO2 is obtained through
fitting an X-ray absorption spectra through a two shell
fit, and the resultant pressure response is shown in Fig-
ure 2d. The resolution of the EXAFS experiment is in-
sufficient to resolve bond lengths beyond ∼0.1Å, in line
with most modern EXAFS measurements, so axial and
basal distances were not differentiated within a coordina-
tion shell.38,39 In the rutile phase there is a trend of de-
creasing average bond length within the first coordination
shell with increasing pressure, in line with the diffraction
and DFT data (DFT tables in the Supplemental Infor-
mation). EXAFS shows an earlier onset of disordering
than XRD via the average bond lengths at 17.3GPa and
highlights disordering in the system. At 28 GPa EXAFS
shows a return to good agreement with the average crys-
tallographic bond length before diverging again at higher
pressures. The second cumulant of the EXAFS fit rep-
resents the mean squared relative displacement (MSRD)
of the atoms, which differs from mean squared displace-
ment (MSD) that can be obtained from XRD in that
the MSRD is relative to the atoms’ instantaneous mo-
tion from each other, rather than their deviations from
their crystallographic equilibrium position. This, while
a small distinction, is significant as phonons often trans-

verse in the same direction, however, this will not affect
the MSRD as it is only affected by deviations relative
to the scattering atom.40 The Uiso term from the XRD
Rietveld refinement was fixed at 0.02 for all atoms and
was not refined. Figure 2c shows the onset of disordering
with a nearly factor of 2 increase of the EXAFS MSRD
around 17.3GPa from 5GPa, which is in good agree-
ment of disorder with the half path length. Taken as a
marker of deviations of the perpendicular instantaneous
average bond lengths, the initial rapid rise of the MSRD
highlights the rapidly increasing librational angle as per-
mitted by a rapidly flattening enthalpy landscape. Both
EXAFS metrics indicate reordering following the initial
maximum at 17.3GPa.

The X-ray diffraction shows an abrupt return to the
projected trend of pristine rutile phase at 25.4GPa be-
fore deviating again. This indicates a return to an or-
dered state, driven by an increase in symmetrization in
the oxygen positions. DFT predicts an orthorhombically
distorted rutile phase to be stable around this pressure
(Figure 1b), yet the improvement in the statistical qual-
ity of fit metrics obtained by refining the XRD data
with that structure is not sufficient to justify assigning
the feature at 25.4GPa to an orthorhombic rutile phase.
Thus, at this pressure the difference between the rutile
and CaCl2 phases are at their minimum and will devi-
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FIG. 3. The relative change in the Ge K-edge energy as a
function of pressure. These energies were determined as the
first critical point of the GeO2 XAS spectrum.

ate from this pressure on. The anomalous behavior in the
EXAFS appears to quench around 28.0GPa, wherein the
average bond lengths return close to the rutile trend and
the MSRD drops below that of the rutile phase. The
EXAFS average bond lengths above 31GPa are still be-
low those anticipated by the average weighted crystallo-
graphic value determined by XRD. DFT predicts slightly
longer bond lengths in the CaCl2 phase, so these points
as well as the overly short XAS determined bond lengths
at 26.5GPa indicate residual defects are present after the
phase transformation.

The relative edge shifts of the XAS spectra (taken as
the first critical point of the spectra) can be compared
(Figure 3) to determine if any electronic response occurs
as the material disorders. From 2.4 to 21.5GPa there
is effectively no change in the edge energy indicating a
consistent chemical environment of the system. However,
there is a noticeable increase in edge energy at 23.5GPa
which persists to the highest pressure measured. Such an
increase in edge energy is typically interpreted as an in-
crease of the effective oxidation state of the target atom,
implying that the presence of defects is driving some of
the Ge atoms to a more ionic state. The increase in edge
energy peaks just before the transition into the CaCl2
phase at 28GPa, indicating a peak concentration of de-
fects in the sample. Following the transformation into
the CaCl2 phase the edge energy decreases while remain-
ing above that of the low pressure rutile phases. While
this is an expected effect as these types of oxides typically
become more ionic with pressure, the values at the high-
est pressures still exceed the 0.01 eV/GPa growth rate
of the edge energy observed up to 21.5GPa. Transport
measurements using an optometer were attempted to de-
termine if any other electrical responses manifested due
to the disordering (full details in the Supplemental Ma-
terials). Unfortunately, our setup is unable to detect in
the sub-picoamp regime, so no useful signal was measured
beyond 10GPa.

To understand the deviations observed in the X-ray
measurements, Figure 4 shows the enthalpic and band

FIG. 4. The response in (top) enthalpy and (bottom) band
gap associated with displacing an oxygen within its ab-plane
of a 3×3×3 rutile supercell of GeO2 at 20GPa (left) and
25GPa (right). Displacement by 11◦ relative to the rutile
position (within grid resolution) marked with a black x.

gap response for the proposed disordering mechanism
of displacing a single oxygen atom along the B1g libra-
tional mode within its respective ab–plane in a 3×3×3
supercell, ie. a 0.91% defect density. In no case is the
displacement more favorable than the base rutile struc-
ture, but at both pressures the oxygen can displace by
10-20% along its librational path and still be within a
potentially thermally accessible configuration with an
∆H ≤ 100meV/unit cell. Increasing the defect density
to 3.1% (a 2×2×2 supercell, plot in Supplemental Ma-
terials) transforms the potential landscape into a steep
well about the rutile position such that no significant
displacements would be accessible. This confirms there
is a low defect concentration at the outset of the disor-
dering as indicated by the equation of state analysis mea-
surements. Interestingly, increasing the pressure with a
0.91% defect density causes the well to become steeper
at the edges, whereas the 3.1% defect density poten-
tial landscape flattens when pressure is increased. This
shows that by 20GPa the quartic nature of the free en-
ergy is saturated for low defect concentrations while it is
beginning to transform away from a quadratic potential
for higher defect concentrations. Both increased defect
concentration and increased displacements are allowable
with increased pressure, but the effects will be in compe-
tition with each other. Therefore, the best explanation
for what is observed experimentally is that a low concen-
tration of defects with low displacements emerge around
20GPa, the magnitude of the displacements increase with
pressure, then at a certain pressure a several percent in-
crease in defect concentration can be achieved at the cost
of reducing the maximum displacement (∼26GPa), after
which the magnitude of the displacements increase with
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FIG. 5. (top) The charge density with an isosurface level of
0.05 e/a3

0 and (bottom) electron localization function with an
isosurface level of 0.5 for a 25GPa 3×3×3 supercell of (left)
pristine rutile GeO2 and (right) rutile GeO2 with a single 11◦

oxygen displacement as indicated in Figure 4. Only one unit
cell of the supercell is shown.

pressure until the CaCl2 phase change occurs.
Displacing an oxygen has some effect on the band

gap of GeO2, generally lowering it from its value in the
pristine rutile state. The effect is minimal with a low
defect concentration, not exceeding a 0.03 eV decrease
within the 100meV/unit cell window of configurations at
25GPa. The response is larger at a higher defect con-
centration, although it doesn’t exceed 0.07 eV at 25GPa.
Such a small predicted response coupled with GeO2’s ul-
trawide band gap explains why no meaningful transport
results were seen with our setup in the disordering region.

To evaluate if other phases could be responsible for the
response observed in the X-ray data, several perturbed
structures were optimized across 20–30GPa including ru-
tile supercells with single displaced oxygens, swapping
the atomic positions between the known phases, and
the known phases with small orthorhombic distortions.
Nearly all of the perturbed structures revert to either
the rutile or CaCl2 phase when optimized. However, dis-
placing an O in the ab–plane within a single rutile unit
cell leads to the orthorhombically distorted rutile struc-
ture mentioned earlier. The predicted orthorhombic dis-
tortion extends a and contracts b by similar amounts,
∼ 0.03Å at 25GPa. This orthorhombic phase has simi-
lar electronic properties to that of the rutile phase but
is slightly more dense, leading to its predicted enthalpic
favorability between 23 and 27.5GPa (Figure 1b). As
stated above, there is insufficient experimental evidence
to validate this proposed phase, leaving the structure
with a displaced oxygen atom as the leading model to
explain the experimental observations.

Having established that distortions along the rutile
phase’s B1g librational mode leads to changes in the elec-
tronic structure of GeO2, Figure 5 contrasts the total
charge density and electron localization function for a
25GPa pristine rutile supercell and one where the sin-
gle oxygen is displaced by 11◦ along the B1g librational
mode with a 0.91% defect density. This point is marked
with a black x in Figure 4, and it was chosen because
it is at the edge of the window of potentially accessi-
ble displacements with a ∆H of 101meV/unit cell. Note
that the octahedra in the CaCl2 structure are rotated
by 4◦ relative to the rutile structure. The charge den-
sity for the pristine rutile cell (Figure 5, top left) shows
a strongly polarized charge density about each oxygen
atom with lobes in the direction of the Ge atoms with
that oxygen in its basal plane, confirming the covalency
inferred by bond lengths and their response to compres-
sion. When the oxygen atom is displaced (Figure 5, top
right), its charge density becomes more spherical while
the charge density about the other oxygen atoms remain
largely unperturbed. The electron localization function
(ELF) of the rutile and displaced cell (Figure 5, bottom)
tell a similar story, where the distortion shifts towards an
increased charge localization on the perturbed oxygen.
Unlike the total charge density the distorted structure’s
ELF shows residual charge density (above the uniform
electron gas limit) on the Ge atoms the oxygen moved
away from. The atom projected charge density shows an
accumulation of 0.04e of charge on the displaced oxygen,
yet those neighboring Ge atoms with residual electron
localization loose 0.1e of charge a piece. Thus, the dis-
placement involves metal-to-ligand charge transfer, yet
the transferred charge density is more diffuse than the
displaced oxygen’s PAW sphere.

The band structure for a 3×3×3 rutile GeO2 supercell
with a single displaced oxygen atom (Figure 6) shows
that most of the individual bands within the valence and
conduction band don’t alter much from the rutile phase
beyond degeneracy breaking from the increased asymme-
try of the disordered state. The curvature of the bands
near the conduction band minimum (CBM) is largely un-
changed by the disordering, looking primarily like spilt
versions of the same bands. Near the valence band max-
imum (VBM), the split bands are flatter than their ru-
tile counterparts. If the defect is propagated further,
for instance with a 31◦ displacement in a 2×2×2 super-
cell, those effect is far more prominent with three nearly
flatten bands comprising the VBM (plot in the Supple-
mental Materials). These changes in curvature of the
VBM increase the effective hole mass of the material, in
turn effecting several of the material’s transport, optical,
and electron-phonon related properties.41 In particular,
the increase in effective hole mass along with the mostly
unchanged effective electron mass should increase con-
ductivity in disordered rutile materials, although these
simulations show the effect will depend heavily on the
concentration and magnitude of disordering defects.

The flatter bands at the VBM of disordered rutile
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FIG. 6. The band structure and projected density of states for
a 25GPa 3×3×3 supercell of (top) pristine rutile GeO2 and
(bottom) rutile GeO2 with a single 11◦ oxygen displacement
as indicated in Figure 4.

FIG. 7. Band decomposed charge densities for the (top) va-
lence band maximum and (bottom) conduction band mini-
mum for a 25GPa 3×3×3 supercell of (left) pristine rutile
GeO2 and (right) rutile GeO2 with a single 11◦ oxygen dis-
placement as indicated in Figure 4. All isosurfaces are at 0.001
e/a3

0 and show only the relevant portion of the supercell.

GeO2 can indicate spatial localization, which the band
decomposed charge density (Figure 7) confirms to be the
case even for the nearly rutile-like bands of the 11◦ dis-

placement in a 3×3×3 supercell. The VBM of the dis-
torted rutile phase shows the formation of a small po-
laron composed of a polarized p state on the displaced
oxygen with a strong coupling to p states on nearby oxy-
gen atoms. This is in contrast to the VBM of the rutile
phase which is a Bloch function of oxygen p states. The
formation of small polarons localized on the distorted
oxygen atom is in line with the increase in the Ge K-
edge energy observed when GeO2 defects, in that charge
density is localizing on the displaced oxygen and remov-
ing covalently shared density from the Ge. Polarons
such as these have previously been observed in rutile
materials via doping/vacancies42–46 (including GeO2)17
or photoinduction.46,47 Small polarons are known to fa-
cilitate electron transport via a hopping mechanism me-
diated through electron-phonon interactions,43,47,48 with
a tunneling probability pre-factor on the order of the
phonon frequencies and an average rate proportional
to the polaron concentration.49 Thus, pressure inducing
such defects offers an alternate means from doping to
create small polarons in rutile materials to tune their
electronic properties.

IV. CONCLUSIONS

In conclusion, X-ray and Raman measurements con-
firm disordering in the oxygen sub-lattice of rutile GeO2

just before the CaCl2 phase transformation, providing
further evidence for the universality of a disordered, pre-
transition state in rutile oxides. This pre-transition, dis-
ordered state is driven by oxygen displacements arising
from the softening B1g octahedral libration mode, with
ion identity affecting the stability window for a disor-
dered state. DFT simulations indicate that the disorder-
ing of an oxygen atom comes with an enthalpy penalty
which also lowers the band gap of the material. The
simulations also show the lowered band gap is due to an
emerging flat band near the Fermi level in the disordered
state which represent the formation of a small polaron
about the displaced oxygen atom.
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