Room-temperature polar metal stabilized under high pressure
J.-J. Gao a,b, S.-Y. Fuc, K. Yamaurad,e, J.F. Linc, J.-S. Zhoua*
a

Materials Science and Engineering program, Mechanical Engineering, University of Texas at Austin,
TX 78712, USA.
b
Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621900, China
c
Department of Geological Sciences, The University of Texas at Austin, Austin, Texas 78712, USA
d
Research Center for Functional Materials, National Institute for Materials Science, 1-1 Namiki,
Tsukuba, Ibaraki 305-0044, Japan,
e
Graduate School of Chemical Sciences and Engineering, Hokkaido University, North 10 West 8, Kitaku, Sapporo, Hokkaido 060-0810, Japan

LiOsO3 synthesized under high pressure in recent years is a rare metal since it undergoes a nonpolar to polar phase transition at Ts=140 K. Forming a polar axis through a phase transition in a
metal seems against common sense. It is also not clear whether the transition to a polar phase in
the oxide fits the mechanism predicted by Anderson and Blount in1965. As monitored by an
anomaly of resistivity in LiOsO3 at Ts reported recently, Ts increases under pressure. The
structural study under high pressure could give us a useful clue for understanding how dipoles
form in this metallic oxide. Here we report the identification of a polar phase of LiOsO3 at room
temperature under high pressure by using both the in-situ probes of Raman and synchrotron Xray diffraction. In the Raman study, the pressure-induced new modes and their response to the
polarized light, the linewidth change, the peak profile change, and the mode softening have been
directly compared with the corresponding changes of LiOsO3 on cooling through Ts at ambient
pressure. Whereas a complete set of Raman modes from the R3c phase can be found at P ≥ 15.5
GPa, a Raman mode of the R3c phase appears in the R3-c phase at 4.11 GPa. A significant drop
of the linewidth occurs at 12.6 GPa that coincides with the critical pressure for the phase
transition to the polar phase detected by X-ray diffraction. Fitting the peak profile of a Raman
mode to the Fano formula also indicates a clear change of electron-phonon coupling at 16 GPa.
In contrast to a sharp structural transition to the polar phase at Ts under ambient pressure, our
results reveal all the structural ingredients to facilitate the polar phase over a broad range of
pressure. The bond valance sum analysis has been introduced to reveal the local structural
instability under pressure. The transition to the polar phase in metallic LiOsO3 is solely caused
by optimizing the local structure in order to make the bond valance sum close to the formal
valance of Li ion.

1

Almost all ferroelectric materials are insulators. In a metal, free electrons screen the long-range
Coulomb interactions to prevent the formation of ferroelectricity. Anderson and Blount 1
postulated the possibility of forming a “ferroelectric” metal through a second order phase
transition where a polar axis can be formed. The key idea is that free electrons in a compound do
not interact very strongly with the transverse optical (TO) phonons, and the Lorentz local fields
lead to “ferroelectricity”. The synthesis of LiOsO3 in recent years,2 has revived interest in the
idea of a “ferroelectric” metal. By using the ultrafast spectroscopy, Laurita et al. 3 provided
evidence of a weak electron-TO phonon (WETP) coupling in LiOsO3. However, it is still unclear
whether the WETP leads to the polar transition or it is the consequence of the transition. New
developments on understanding the mechanism of a polar transition in a metal indicate that polar
instabilities are driven by optimizing the local bonding environment,4 5 specifically, the Li ion
bonding with out-of-plane oxygen atoms to form the LiO6 octahedra in LiOsO3.6 7 Gu et al.8
have shown recently a correlation between a ferroelectric displacement and an octahedral-site
rotation (OR), which rationalizes ferroelectricity in the oxides with LiNbO3 (LNO) structure.
Verification of these ideas is critically important for the design of new polar metals. In this
Letter, we report that the transition temperature to the polar phase of LiOsO3 can reach to room
temperature at 16 GPa. More importantly, our study reveals in detail all the structural ingredients
to facilitate the polar displacement in the metallic LiOsO3.
The detailed information of a Raman experiment, synchrotron X-ray diffraction with a diamond
anvil cell (DAC), the results of Rietveld refinement, and the equation of state are provided in the
supplementary material (SM).9 Raman spectra from Sample1 at several pressures are shown in
Fig.1(a); the Raman spectra at all pressures are shown in Fig.S1 together with the results on other
three samples. The Raman spectra are highly repeatable. At P=0.44 GPa, the observed four
Raman active modes labeled with 1Eg, 2Eg, 3Eg, 4Eg match perfectly that at room temperature and
ambient pressure reported in the literature.10 At P ≥ 4.11 GPa, a shoulder appears at the higher
energy side of the 2Eg peak. By taking the advantage of single crystal samples, a polarization
analysis of the spectrum helps to determine the symmetry of the phonon modes involved as
shown in Fig.S2; this character matches precisely that of the 3A1 mode of the polarized-light
Raman spectrum in the polar phase below Ts at ambient pressure.10 By using the same procedure,
we can uniquely identify new peaks shown in the spectrum at 19.74 GPa in Fig.1(a); these new
peaks can be assigned to 1E, 3E, 4E, 2A1. The onset pressure for these new peaks is as low as
15.48 GPa in Fig.S2. Intensity of the Raman scattering becomes weak through a DAC, which
makes it difficult to discern weak peaks in spectra above 600 cm-1. Nevertheless, at P ≥ 15.48
GPa, the number of Raman peaks below 600 cm-1 and how the peak intensity changes in
responding to the polarized light match perfectly the modes in the polar phase at ambient
pressure.
Lattice vibrations are strengthened under high pressure in a solid.11 In the nonpolar phase of
LiOsO3, although d/dP > 0 can be found for all four Raman peaks in Fig.1(b), where is the
mode frequency, the magnitude of d/dP for 1Eg and 2Eg, is sharply lower than that for 3Eg and
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Eg. The mode-Gruneisen parameters  calculated from the d/dP and the bulk modulus for the
non-polar phase of LiOsO3 are 2.01 (1Eg), 0.65 (2Eg), 2.42 (3Eg), and 1.3 (4Eg) which are
comparable to that of LaxSr2-xMnO4.12 Relative to the mode frequencies in the R3c phase below
Ts at ambient pressure, the pressure-induced new modes of the polar phase at P ≥15.48 GPa must
have higher frequencies. On the assumption that the d/dP for 1E, 3E, and 2A1 is close to that for
1
Eg, the onset frequency of 1E, 3E, and 2A1 at 15.48 GPa can be closely projected by the dashed
lines in Fig2(b). The same is true for 4E mode based on the d/dP for 4E. From both the
polarization analysis and the pressure dependence of frequency for the new modes, appearing at
P > 15.48 GPa, the high-pressure phase of LiOsO3 is identical to the polar structure below Ts at
ambient pressure.
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Vibrations in LiOsO3 with the LNO structure include the relative motions between Li and OsO6
octahedron and internal motions of OsO6 octahedron. The four A1 modes in the structure become
Raman and IR active only with the site symmetry C3v.10 The 3A1 mode refers to the octahedral
rotation around the c axis of the rhombohedral cell.10 The 3A1 mode appearing at P=4.11 GPa
implies that the locate site symmetry is reduced to the C3v in a matrix of the R3-c phase. A larger
d/dP in LiOsO3 crystal is obtained for the vibrational modes associated with either changing of
Os-O bond length or the rigid rotation of OsO6 octahedra, i.e. 3Eg 4Eg, 3A1 modes. In the Raman
study at ambient pressure, all 1-4Eg modes continue on crossing the non-polar to polar phase
transition and show a mode softening at Ts.10 Based on the extrapolation of the ordinary
temperature-dependent phonon frequency in the non-polar phase to the lowest temperature, a
frequency reduction / =-0.012 for 1Eg, -0.005 for 2Eg, and -0.022 for 3Eg is obtained due to
the transition to the polar phase at ambient pressure. As shown in Fig.1(b), The pressure-induced
mode strengthening has a rate /0.5 over 40 GPa for the 1-2Eg modes. The mode softening
at a critical pressure for these two modes must be negligible in comparing with the
overwhelming mode strengthening under pressure. The 3Eg mode shows an obvious softening at
Ts. The mode is also most sensitive to pressure at P < 15 GPa and exhibits obvious softening for
P > 15 GPa; which is consistent with the pressure-induced transition to the polar phase.
Since multiple peaks are developed near positions of 1Eg and 2Eg for P > 20 GPa, fitting the peak
to the Fano formula has been only done up to 20 GPa for these two modes and the result is
displayed in Fig.1(c). The linewidth reduction of the 1Eg and 2Eg modes upon increasing pressure
resembles the linewidth reduction as temperature decreases in the R3-c phase at ambient
pressure.10 However, the effect of non-hydrostaticity in the pressure medium normally broadens
the linewidth in a high-pressure Raman study.11 In our case, the pressure medium neon becomes
a solid at 4.7 GPa 13 and it is reasonable to attribute the linewidth broadening at P > 5 GPa.
The 3Eg mode is the in-plane vibration of Li ion relative to OsO6 octahedra, which is coupled to
the out-plane, IR active mode A2u of Li vibration along the direction of polar displacement.10 As
the A2u mode softens, the Li moves into a LiO6 octahedron. The change of local bonding
environment reflects in the most dramatic change in both mode frequency and the linewidth of
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the 3Eg mode as seen from the Raman study at ambient pressure.14 In order to get detailed
information of the linewidth change of the 3Eg mode under pressure, we fit the normalized
linewidth change of the 1Eg mode under pressure to a polynomial function and subtract it from
the raw data of the 3Eg linewidth versus pressure; see Fig.S3 for the detail. Fig.1(d) displays the
background-corrected linewidth of the 3Eg mode versus pressure; the linewidth increases with
pressure and exhibits an abrupt drop at P 12.6 GPa, which is stunningly similar to the linewidth
change on cooling through Ts at ambient pressure.14 The linewidth drop at 12.6 GPa implies a
pressure-induced disorder-order transition similar to the change at Ts. The critical pressure 12.6
GPa from Fig.1(d) coincides with the pressure for a phase transition detected by X-ray
diffraction as discussed below. Fitting the peak profile of the 3Eg mode to the Fano formula also
gives the asymmetry factor ǀ1/qǀ, which is an indicator of electron-phonon coupling. The pressure
dependence of ǀ1/qǀ in Fig.1(d) looks like an  shape in contract to a step-like change on cooling
through Ts. The electron-phonon coupling becomes sharply weak in the polar phase as seen from
a reduced ǀ1/qǀ. It should be noted that the ǀ1/qǀ peaks out at P  16 GPa where all Raman modes
of the R3c phase appear. The tail of ǀ1/qǀ on the high-pressure side goes well into the pressure
range for the polar phase. This result implies a much-enhanced electron-phonon coupling in the
R3-c phase near the boundary to the R3c phase. A weak electron-phone coupling is the
consequence of the phase transition to the R3c phase, not a driving force.
Fig.2(a,b) display synchrotron X-ray diffraction patterns collected under 1.8 GPa and 18.5 GPa
and the refinement results with R3-c and R3c structural models. The patterns under all pressure
points in Fig.S5 look similar and can be refined reasonably well with either the R3-c or the R3c
phases. The reliable factors Rp and 2 are useful to determine if X-ray diffraction can indeed be
helpful to distinguish these two structures. As displayed in Fig.S6, the overall fitting reliability is
good below 21 GPa. The shearing stress causes a much enhanced Rp or 2 at P > 21 GPa. The
following structural analysis is limited at P ≤ 21 GPa. Both Rp and 2 from the refinement with
the R3-c model are consistently smaller below P ≤ 12.66 GPa, whereas they are consistently
smaller for the refinement with the R3c model at P ≥ 12.66 GPa. This observation confirms the
phase transition to the polar phase at P=12.66 GPa. At 12.66 GPa, refinements with both models
yield the identical Rp and 2 . The determination of crystal structure at this pressure point relies
on the analysis of bond valance sum (BVS) discussed below.
For the R3-c phase, the angle  of OR can be calculated through the formula tan=3-x12,15
where x is the oxygen position (x, 0, 0.25). For the polar R3c phase, the oxygen is at (1/6-u,
1/3+, 1/12) and  is calculated through the formula =u/(3/16).16 From the data at ambient
pressure, 2 the OR jumps from = 24.21° to 27.04° on crossing the transition from the R3-c to
R3c phase on the assumption that the temperature dependence of  is negligible. As shown in
Fig.2(c), obtained at P= 0.44 GPa is close to the value at ambient pressure; itincreases slightly
with pressure to 8 GPa followed by a jump to = 27.3° at 10 GPa. It is important to know that
while LiOsO3 is still in the R3-c phase the OR becomes as large as that in the R3c phase. From
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the BVS analysis below, an increased OR and the consequent bond length change are the
precursor for the pressure-induced phase transition to the polar phase. At P=12.6 GPa, the
refinement with the R3-c and R3c phases give different OR values. The Li polar displacement
can be obtained from the refinement with the R3c phase at 12.6 GPa and the displacement
increases monotonically as pressure further increases. The Li displacement appears to correlate
with the increase of the OR.
Li in the R3-c phase of LiOsO3 is located in the triangle plane with oxygen atoms as illustrated in
the inset of Fig.2(d); Li forms three short bonds (SB) to oxygen in the triangle plane and six long
bonds (LB) to oxygen on the neighboring two OsO6 octahedra. The calculation by Benedek and
Birol (BB) indicates that the SB decreases while the LB increases as the OR increases for both
the R3-c and R3c phases.6 Due to the Li polar displacement, the R3c phase has a longer SB and
shorter LB than that in the R3-c phase at a given OR. The authors have argued that the R3c phase
is stabilized by the consideration of the bond valence. The local structure can be tuned with
pressure in this picture, which could help to identify the driving force for the polar transition.
The SB and the LB of LiOsO3 at  = 23° for P=1.8 GPa in Fig.2(d) are extremely close to the
bond lengths at ambient pressure calculated by BB. Corresponding to the pressure-induced
increase of OR in the R3-c phase, the SB changes in a rate SB/  -0.5 (Å/deg) (estimated
from the dashed lines in Fig.2(c,d)); a similar rate is obtained for the jump of  and the
associated drop of SB from 8 GPa to10 GPa. In contrast, the calculation by BB gives a SB/
 -0.029 (Å/deg). From the geometry of the LNO structure, the SB reduces as the OR increases.
In the circumstance of applying high pressure, the SB subjects to a uniform reduction in addition
to the reduction due to an increased OR, which is the origin for a larger SB/ under high
pressure. The pressure-induced reduction of the LB must compensates the increase of the LB due
to the OR, so that the LB remains pressure-independent in the R3-c phase. On the R3c side in
Fig.2(c,d), while the OR increase slightly with pressure, the SB is nearly pressure-independent.
A dramatic reduction of the LB in the R3c phase indicates that the pressure effect is to move the
Li toward the center of the LiO6 octahedron. These pressure-induced local structural changes
must convey useful information leading to the driving force for the phase transition.
Since the band structural calculations show that electrons at the Fermi energy are primarily from
the Os:5d and O:2p bands in the OsO6 octahedra,7,17 the localized electron picture such as bond
valance sum (BVS) could be a suitable parameter to describe the structural stability in Li-O
polyhedra. As a test to this thought, we calculated the BVS of Li in the Li-O polyhedra for both
R3-c and R3c phases at ambient pressure based on the result from the neutron diffraction study; it
is 1.195 for R3-c and 1.166 for R3c, very close to the formal valance of Li ion. The difference
between the BVS and the formal valance provides a measurement of the structural instability,
called the global instability index (GII). The GII closer to zero, the structure more stable. The
pressure-induced local structural changes presented in Fig.2(c,d) allow us to make the structural
instability analysis. Fig.S8 displays the BVS of the LiOx cluster versus pressure together with the
results at ambient pressure. The deviation of the BVS from 1 for the Li ion increases slightly to
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8GPa; but the deviation remains in the same range of the data at ambient pressure. At 10 GPa,
the deviation jumps abruptly. We have calculated the BVS for the cluster LiO9 (LB +SB) and
LiO3 (SB) in Fig.S8. A jump of BVS from 8 GPa to 10 GPa is primarily due to the dramatic
shortening of the SB at 10 GPa. At 12.66 GPa, although the XRD pattern can be refined equally
good with the R3-c and R3c phases, the BVS from these two structures are significantly
different. At 12.66 GPa whereas the deviation of the BVS from 1in the R3-c phase is
significantly high, the deviation in the R3c phase is back in the range for the phases at ambient
pressure. We can conclude that the R3c phase is more stable at 12.66 GPa. The BVS remains
close to 1 for P > 12.66 GPa.
The BVS analysis clearly reveals the local structural instability as the driving force for the Li
displacement. One may still argue that the antiparallel displacement could be a solution for the
global structure instead of the parallel displacement. BB have compared the R3c and the R-3 with
the antiparallel displacement. They can rationalize the greater stability of the R3c phase versus
the R-3 phase by the Pauling’s third rule.6 Xiang has also shown that the system energy is
lowered to move Li into an octahedron to bond with three oxygen on the LB in the R3c phase.7
In conclusion, the polar phase can be stabilized at room temperature in metallic LiOsO3 under
15.8 GPa. The driving force for the pressure-induced phase transition to the polar phase is solely
the structural origin. Pressure creates a super compacted LiO3 triangle plane in the structure that
makes the R3-c phase unstable in terms of the bond valance of the Li bonding with oxygen. The
Li displacement to form LiO6 octahedra is a solution to optimize the local structure in order to
reduce the BVS back to the formal valence of Li ion. A weak electron-TO phonon interaction
associated with the Li vibration is the consequence of the structural transition. This result offers a
practical route to the design of new polar metals.
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Fig.1 (a) Room-temperature Raman spectra at several pressures; (b) the pressure dependence of
Raman modes in LiOsO3; solid symbols for the R3c phase at ambient pressure are after ref.10;
(c) the pressure dependence of linewidth for 1Eg and 2Eg in the R3-c phase; (d) the pressure
dependence of linewidth and the asymmetric factor for 3Eg on crossing the phase transition from
R3-c to R3c. Error bars are smaller than symbols if not specified.
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Fig.2 (a,b) Room-temperature synchrotron X-ray diffraction patterns of LiOsO3 at 1.8GPa and
18.5 GPa and results of Rietveld refinement. (c) Pressure dependences of the rotation angle of
the OsO6 octahedron and the Li displacement and (d) the Li-O bond length in the LiOx
polyhedron in LiOsO3. Error bars are smaller than symbols if not specified. Dashed lines are
guide to the eyes. Inset: the structural models of atoms surrounding Li in the R3-c and R3c
phases. Arrows point to the direction of shifting the oxygen position in the R3-c model and
shifting the Li position in the R3c model under high pressure.
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