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Experimental details:

Stoichiometric proportions of LiMn,O, and ReO, oxides were ground thoroughly and packed into Pt
capsules, previous preparation of LiMn,O,4 as reported in ref [1]. The precursors were heated at 1100 °C
for 20 minutes under 5 (OIL) and 8 GPa (DPv), after what temperature was quenched and pressure was
slowly released. X-ray diffraction confirmed single phase compounds (Fig S1) and further structural
characterisation was performed in terms of neutron powder diffraction (NPD), much more sensitive to light
elements as Li and O and with a good contrast between all cations (scattering lengths -3.73, -1.9 and 9.2
fm for Mn, Li and Re respectively) thus allowing determination of accurate cation distribution and oxygen
positions. Degradation of Mn,LiReOg phases with time was found from NPD for the DPv phase.

Bulk magnetic properties were measured on pure samples checked from XRD immediately after high
pressure synthesis using a SQUID Quantum Design and a 9T PPMS-Dynacool magnetometers.
Magnetisation was measured in zero field and field cooled modes for both samples. Field dependent
magnetisation was measured at 2 K and every 20 K between 20 and 120 K for the DPv polymorph and at
2 K and 50 K for the OIL sample. Raw data showing the AFM matrix of the DPv sample are shown in Fig.
S2 for selected temperatures. These data were treated to extract the FM component as shown in Fig. 3b
in the main text. For that, the AFM contribution was linear fitted at high magnetic fields and subtracted from
the full data. Fig. S3 compares the low temperature loop for both polymorphs, where a similar data analysis
has been used for both to show the FM component only. The presence of a certain hysteresis in the OIL
phase reflects the presence of FM clusters only ordered at a short range. Derivative curves for these data
are included in the figure to confirm the high field feature is only observed in the DPv polymorph.

AC magnetisation was collected on fresh samples for the OIL polymorph between 30 and 60 K from 100
Hz to 10 kHz using an AC drive of 15 Oe to prove its cluster glass behaviour after no long-range magnetic
order was observed from NPD. Additional AC data were measured in the same frequency range below 140
K for a fresh DPv sample. These data, depicted in Fig. S4, show the magnetic transition at 109 K and a
plateau in the 20 - 70 K range, supporting the lower temperature anomaly reducing the magnetic moment
as observed from the hysteresis loops. Slight mismatches in the magnetisation in the temperature range
35— 50 K are due to the superposition of data sets collected at different experiments, with different sample
centring.

The total and partial density of states calculated by DFT+U (U= 5 eV) in a spin-polarised ferromagnetic
configuration of DPv-LiReMnOQg is shown on the Figure 2 of the main text. Focusing on the highest part of
the valence band (VB) between -7 eV and Ef, the mixed Re d and O p states occur between -6.5 and -4
eV, signing the dative covalent Re — O bonds from O electron donors. This is far below the main occupied
Mn d states, whose contribution range up to Er and shows two maxima at -4 and -0.5 eV respectively. Such
delocalised broad distribution of Mn d levels and O-p states is typical of the strongly distorted A-site MnOg
polyhedra (2.1 A < Mn — O < 2.8 &) with the upper contribution assigned to axial 6* Mn-O bondings. The
absence of any spin down () Mn d, (not shown) validates the Mn2* d® high spin state. The lowest “pocket”
of states in the conduction band (CB) starts at 0.65 eV above Eg. It has a minor Mn d contribution but
essentially consists of empty mixed Re d and O p states. This narrow band gap is consistent with the dark-
blackish colour of the sample, while the main empty Mn d states is shifted by the on-site U repulsion in a
higher CB second block, above 4 eV with prominent DOS above 6 eV. It hampers any easy Mn-Mn
electronic hopping in this compound.

Neutron powder diffraction (NPD) data were collected at D20 at the Institut Laue-Langevin using
wavelength A = 1.54 A for accurate structural characterisation at 300 K in high resolution mode in the



angular range 0 ° — 150 ° with a 0.05 ° step size. Data for magnetic structure determination were collected
at 3 Kand 140 K for the DPv polymorph and at 2 K and 150 K for the OIL phase using wavelength A = 2.41
A. The small amounts of sample, 30 mg and 40 mg respectively, required the use of difference data sets
for reliable refinements, where the signal of the empty sample holder was also subtracted. Magnetic
symmetry analysis was performed using Baslreps tool implemented in FullProf software. 1 For the DPv
polymorph, allowed irreducible representations (Irreps) and their basis vectors are summarised in Table
S1. All magnetic peaks can be indexed using propagation vector [0 0 0] and Mn?2* spins follow Irrep I'y, with
AFM collinear alignment into the ac plane and a FM contribution below the detection limit of our D20 data
allowed along b. Magnetic moments at 3 K refine to 2.4(1) yg with my and m, contributions 2.27 pg and 0.87
Mg respectively. No magnetic signal was observed in the low temperature data of the OIL polymorph, as
shown in the raw 2 and 150 K data (top panel) and their difference pattern (bottom panel) shown in Fig. S5.
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Fig. S1. Rietveld fits of the OIL (top) and DPv (bottom) structures against laboratory XRD data. 5% of
secondary MnQO, not observed in magnetisation or NPD, is refined from these data in the DPv sample.
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Fig. S2. Raw hysteresis loops of OIL (left) and DPv_Mn,LiReOg (right).
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Fig. S3. 2 K hysteresis loops after AFM contribution subtracted for OIL (red) and DPv (black) Mn,LiReOQs.
Derivative curves are plotted in the same respective colours.
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Fig. S4. Real (up) and Imaginary (middle) AC magnetisation of the OIL (left) and DPv_Mn,LiReOg (right).
The cluster glass behaviour of the OIL phase is clear from the frequency dependency and Vogel-Fulcher
fit as described in the main text. The magnetic transition of the DPv is clearly observed as a non-frequency
dependent signal at 109 K. A plateau in the 20 — 70 K temperature range with a further decrease at lower
temperatures supports the spin reorientation and the decreasing magnetic moment observed at 2K from
DC hysteresis measurements. Bottom, dx”’/dT vs T for OIL_Mn,LiReOs.
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Fig. S5. NPD data collected at 3 K (red) and 150 K/ 140 K (green) for the OIL (left) / DPv_Mn,LiReOg (right)
at D20, using A = 2.14 A. Their difference patterns (blue) are shown in the bottom panel. No magnetic peaks
are observed for the OIL, but only evidence for short range order as background undulation.

Table S1. Irreducible representations (Irrep) and basis vectors from the magnetic symmetry analysis of
DPv_Mn,LiReOg¢ (P21/n) with propagation vector [0 0 0]. Only real components are shown, since imaginary
components are 0 for all basis vectors. Magnetic moments at 3 K refine to 2.4(1) yg with my and m,
contributions of 2.3 yg and 0.9 yg respectively using I';.

Syrnrn Fl Fz F3 F4

X,y,Z 100 010 001 100 010001 100 010 001 100 010 001
-X+Y, yt+i, -z+% -100 010 00-1 -100 010 00-1 100 0-10 001 100 0-10 001

-X, -y, -Z 100 010 001 -1000-1000-1 100 010 001 -100 0-10 00-1
x+%, -y+¥%, z+%  -100 010 00-1 1000-10001 100 0-10 001  -100 010 00-1

Table S2. Magnetic frustration index, calculated as f=|6| / Ty, for all reported Mn,BB’Og ordered corundum

derivatives.
B B’ Structure Tn f ref
Fe Sb IL 260 1.8 [3]
Cr IL 60 3.3 [4]
Sc NTO 42 3.3 [5]
In OIL 38 4.2 [6]
Mn w NTO 58 4.8 [7]
Fe NTO 75 * [8]
Fe Nb LN 90 * [9]
Ta LN 80 2.6 [9]
Mo NTO 337 0.7 [10]
Mo OIL 229 * [11]
Li Re OIL 46 4.3 This work

* No 6 value reported.
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