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LiOsOj is the first example of a new class of material called a ferroelectric metal. We per-
formed zero-field and longitudinal-field uSR, along with a combination of electronic structure
and dipole field calculations, to determine the magnetic ground state of LiOsO3. We find that
the sample contains both static Li nuclear moments and dynamic Os electronic moments.
Below =~ 0.7 K, the fluctuations of the Os moments slow down, though remain dynamic down
to 0.08 K. We expect this could result in a frozen-out, disordered ground state at even lower
temperatures.
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1. Introduction

The theoretical model of a ferroelectric metal was first postulated by Anderson and Blount
in 1965 [1], despite it being previously thought that the conduction electrons in metals would
inhibit the electrostatic forces required to facilitate a ferroelectric instability [2,3]. Several
promising candidates for a ferroelectric metal have been synthesised [4-6], but it was not until
the observation of a ferroelectric-like structural transition in LiOsOgz [7] that the existence
of this new class of materials was confirmed. Around 140 K, a centrosymmetric (R3c) to
noncentrosymmetric (R3c) phase transition occurs in LiOsOg (which is equivalent to the
ferroelectric transition in LiNbOg and LiTaOs3 [8,9]), involving a shift in the mean position
of the A-site Li [10]. There have been several competing explanations for the mechanism
behind this transition, including that it may be fundamentally order-disorder-like [7,11] or
alternatively that it is caused by the hybridization of electronic orbitals [12,13].

Resistivity measurements performed on single crystal samples show metallic behaviour
over a very wide temperature range [7]. Electronic structure calculations predict either metal-
lic [7] or semiconducting behaviour [14]. Although the ty, band is half-filled, metallic be-
haviour may emerge either as a consequence of hybridization (which produces a highly asym-
metric density of states) or due to Li vacancies. Though the experimental sample in Ref. [7]
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had formula Lip9gOsOs, it has been argued that the Li-vacancy level may need to be closer
to a Lip.94OsO3 composition in order to allow the ferroelectric metallic phase to exist [14].
It has also been suggested that strong electron-electron correlations bring LiOsOg close to a
Mott-Hubbard transition, but these are not strong enough to produce insulating behaviour
[12,13].

Experimental evidence for the magnetic nature of LiOsOg remains limited. The suscepti-
bility shows Curie-Weiss-like behaviour below the structural phase transition suggesting the
presence of localised paramagnetic moments, but there is no indication of a magnetic order-
ing transition. Neutron powder diffraction measurements place an upper limit of ~ 0.2 up
on the size of any ordered magnetic moments [7]. Theoretical studies have ruled out Slater
antiferromagnetism due to the nesting of Fermi levels [12]. The true magnetic ground state of
LiOsO3 has not yet been ascertained by experiment, with Density Functional Theory (DFT)
calculations in Ref. [12] indicating the presence of magnetic correlations and an instability
towards G-type magnetic order. Reference [14] provides an alternative scenario, in which
LiOsO3 has a G-type antiferromagnetic (AFM) ground state. This prediction can be recon-
ciled with the experimental observations through the introduction of Li defects, which reduce
the Os magnetic moment and may be responsible for the destruction of magnetic order. In
high-defect structures, it is possible that magnetism may be destroyed entirely. In the case
that the ferroelectric transition were to be caused by band hybridization, however, the AFM
state is disfavoured as it would result in an insulating ground state instead of a metallic one
[13].

In this paper, we present the results of muon-spin relaxation (uSR) experiments on a
powder sample of LiOsOsg, in order to determine its magnetic properties. We then calculate
the muon site using DFT+p [23] and model the magnetic field experienced by the muon
through dipole field calculations. Our results show the coexistence of disordered static Li
nuclear moments with dynamic Os electronic moments. We also find that the Os electronic
moments begin to slow down markedly at around 0.7 K, with some dynamics persisting down
to 0.08 K. It is reasonable to expect that the dynamics may eventually freeze out completely
at even lower temperatures, resulting in a ground state consisting of static, disordered Li
nuclear moments and static, disordered Os electronic moments.

2. Experimental details

The polycrystalline sample of LiOsOg3 used in the experiments reported in this paper was
the same as that studied previously by neutron diffraction [7]. Details of the high pressure
synthesis and physical characterisation of the sample are described in Ref. [7].

SR experiments [15, 16] were performed using a dilution refrigerator mounted on the
MuSR spectrometer at the ISIS pulsed muon facility (Rutherford Appleton Laboratory, UK)
[17]. Zero-field (ZF) and longitudinal-field (LF) measurements were carried out in order to
test for magnetic phases in the sample. Preliminary experiments were carried out using the
low temperature facility (LTF) and general purpose spectrometer (GPS) at the Swiss Muon
Source. All of the data were analyzed using WiMDA [18].

3. pSR experiments

ZF measurements were carried out between temperatures T of 0.08 K and 1.4 K, and
example spectra are shown in Fig. 1(a). No oscillations were seen in the forward-backward
asymmetry spectra, and there were also no discontinuous jumps in either the initial or the
baseline asymmetry, which suggests there is no long-range order inside the sample. There are
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Fig. 1. (a) Sample ZF-uSR spectra above and below the transition in LiOsOg. Fits as in Eq. 1 are

also plotted. The simulated low-T muon asymmetry, calculated as in Sec. 4 is given by the dashed
line. (b) ZF- and LF-uSR spectra at 0.08 K showing the suppression of relaxation. The temperature
dependences of the relaxation parameter A in ZF, 0.5 mT, and 1 mT are shown in (c), (d), and
(e) respectively. (f) Electrostatic Coulomb potential of LiOsOscomputed with DFT. The potential is
shown on the surface of the unit cell up to 1.0 eV below its maximum value, and a green isosurface
is plotted within the unit cell at 0.5 eV below the maximum.

also no large discontinuities in the observed relaxation, ruling out a transition to long-range
order with a field distribution out of the range resolvable by the experiment. The data were
fitted to a function A(t) containing a zero-field Kubo-Toyabe function [19] with an additional
Lorentzian relaxation, given by

1 2

where Ay and Apaee are the initial and baseline amplitudes. This function is well-suited to
describe systems with a mixture of static and dynamic spins [20], where the static spin
distribution is characterised by a width A /v, (7, = 27 x 135.5 MHzT ! is the gyromagnetic
ratio of the muon) and the dynamic distribution by a relaxation A = QA?Iyn /v where Agyn /7,
is the width of the field distribution giving rise to the dynamic relaxation and v is the spin
fluctuation frequency.

It was found through fitting these parameters that the static portion of the relaxation
remains constant with a frequency width given by A = 0.167(4) us~!, corresponding to a field
width of ~ 0.2 mT. The dynamic relaxation, on the other hand, increased significantly below
T =~ 0.7 K, as shown in Fig. 1(c), either due to a widening of the dynamic field distribution
or the slowing down of fluctuations. In a preliminary experiment, we determined that the
form of the relaxation is unchanged between 1.4 K and 120 K.

As the static relaxation is Kubo-Toyabe-like with a small A, it is likely that these fields
arise from nuclear moments [21], namely from Li with g &~ 3ux where py is the nuclear
magneton. Previous uSR experiments on osmate compounds have observed fast fluctuating
osmium spins which freeze out at low temperature [22]. Therefore the dynamic component
likely arises from Os’* electronic moments (5d3, S = 3/2).

To further probe the nature of the ZF relaxation, LF measurements were made in which
an external magnetic field is applied along the direction of the initial muon spin polarization.
LF-uSR is often used to distinguish between the static and dynamic fields experienced by the
muon, as a longitudinally applied field of order A/~, rapidly quenches any static relaxation

(1= &%) 8% ) N s,

}
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[16]. Fields of 0.5 mT and 1 mT were applied between temperatures of 0.08 K and 1.4 K, and
sample spectra are shown in Fig. 1(b). The data were fitted to a LF Kubo-Toyabe function
[21] with an additional Lorentzian relaxation.

It is clear in Figs. 1(b), (d), and (e) that the muon’s polarization becomes decoupled in
a longitudinal field, indicating the presence of static moments in the sample. From the value
of the decoupling field it can be deduced that the static fields experienced by the muon are
on the order of 0.1 mT (as the longitudinal field Bygp > 10Bjyternal for decoupling to occur
[21]). Tt should be noted, however, that the onset of the freezing in A persists even at 1 mT
(see Fig. 1(e)), which suggests this transition is caused by unquenched dynamic moments.

4. DFT+pu and dipole field calculations

We have carried out simulations to explore the effect of magnetism from the Li and Os
at the muon site. In order to establish the potential muon stopping sites, we employ DFT
calculations to map out the electrostatic Coulomb potential of LiOsO3 throughout its unit
cell. The maxima of such a potential map have been a reliable approximation to the muon
sites in previous more in-depth DFT+p calculations [23-25]. Additionally, we carried out
relaxation calculations which allow for local distortions of the lattice caused by the presence
of the muon.

The DFT calculations were conducted using the plane-wave program Quantum Espresso [26],
and utilized the generalized gradient approximation (GGA) for the exchange-correlation
functional [27]. The ions were modelled with ultrasoft pseudopotentials [28], while a norm-
conserving hydrogen pseudopotential was used to model the muon. The energy cutoffs for
the wavefunction and the charge density were set to 80 Ry and 800 Ry, respectively, and the
integration over the Brillouin zone was carried out using a 3x3x3 Monkhorst-Pack k-space
grid [29]. These parameters were found to yield well-converged results that predicted atomic
positions and lattice parameters of the bulk material within 1.5% of the experimentally ob-
served values [7]. The electrostatic Coulomb potential was computed from the converged
electron density and the resulting three-dimensional visualisations were created with the
Vesta software [30].

The Coulomb potential of LiOsO3 obtained through the DFT calculations is plotted in
Figure 1(f) with respect to the global maximum of the potential. Large values of the Coulomb
potential correspond to low energies needed to add a positive charge (such as the muon).
Therefore, the local maxima of the potential can be used to identify likely stopping sites for a
muon. Relaxation calculations, in which all the ions were free to move until the forces on them
had converged to less than 1073 Ry/a.u., resulted in a single muon site at (0.195,0.338,0.319)
and a 1 A O-H like bond with the nearest O. This is in line with the approximate position
we identified from the electrostatic potential. Furthermore, the relaxation calculations show
that the muon induced distortions are negligibly small (< 0.09 ;1) on the Os positions and
only significantly affect the nearest Li ion, which is displaced by approximately 1 A.

Using this muon site 7,, it is possible to calculate the expected field width A as given
in the Kubo-Toyabe function in Eq. 1. For a system of randomly oriented nuclear spins with
nuclear quantum number [ at positions 7,

2 1o\ 2 1
A? = 24242 (52) I(T 4 1)R? —_— 2
i () 104003 o, 2

where yuua is the gyromagnetic ratio of the nuclei [16]. By considering both Li and “Li
nuclear spins and taking a weighted average of their individual A values, we find A =

0.172 ps™', which is consistent with the experimental value. As Eq. 2 does not consider

L
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quadrupole moments, we conclude that there is a very weak muon-induced electric field
gradient at the nearest-neighbour Li sites. It should be noted that A is very sensitive to
the position of the muon and the nearest Li ions, and the quoted result is for the positions
obtained from the DFT+pu calculations of structural relaxation around the muon site.

By considering a system containing static Li nuclear moments and dynamic Os electronic
moments, we calculated the resulting static and dynamic dipolar field distributions at the
muon site. For high fluctuation rates v, the resulting muon polarization spectrum is modelled
by a product of the relaxations from the static and dynamic field distributions, as described
by Eq. 1. This relaxation function was calculated by simulating the fields at the muon site
resulting from randomly oriented static Li nuclear moments, along with randomly oriented
Os electronic moments of size ~ 1.5up [14] which were then subject to fluctuations. It was
found that the experimental data is well-modelled by such a system, with the simulated low-
T ZF asymmetry plotted in Fig. 1(a) almost coincident with the fit to Eq. 1. From these
simulations, it can be concluded that the field at the muon site is likely from static, disordered
Li nuclear moments, and dynamic Os electronic moments with a field width Aqyn /v, =~ 0.1 T
and fluctuation rate v ~ 10> MHz. We also find that an increase in this fluctuation rate
models the high-T" data well, supporting the notion that the increase in ZF and LF relaxation
rates below 0.7 K is caused by the slowing down of fluctuations of the Os electronic moments.
From these simulations, we confirm that the relaxation observed in the experimental data is
not due to long-range order in the sample.

5. Conclusions

We have carried out ZF- and LF-uSR measurements on a powder sample of LiOsOg
and obtained new information on the magnetic character of the ground state. The ZF data
indicates the presence of both static and dynamic magnetic moments, with the dynamic fluc-
tuations slowing below 0.7 K. The LF measurements support this notion, with the transition
persisting in a field of 1 mT. Using DFT+pu, we calculated the muon site and computed
the dipole fields at this point. We find that it is likely the muon experiences a static field
originating from randomly oriented Li nuclei, as well as fluctuating fields from Os electronic
moments, where the fluctuation frequency decreases below 0.7 K but remains non-zero at
0.08 K. At even lower temperatures, these fluctuations are likely to decrease further, which
would result in a ground state likely consisting of static disordered nuclear Li moments, as
well as frozen-out, disordered Os electronic moments.
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