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Extended Data Fig. 1 Independent diffraction and SMS evidence of simultaneous onset of the Charge-Ordered-I (C-O-I) phase and the Fe2 spin crossover in Fe4O5. a, Pressure evolution of the (112) diffraction peak across the transition. Insets show the corresponding two-dimensional detector images of the peak. Between 35.5 and 38.9 GPa the (112) reflection splits, revealing the coexistence of the Cmcm and C-O-I phases. The new reflection appears at higher 2θ angles, consistent with the volume collapse accompanying the onset of the Fe2 spin crossover. With increasing pressure the Cmcm reflection is progressively suppressed in favour of C-O-I. At 54.4 GPa only C-O-II remains, followed by C2/m at 61.8 GPa. b, Selected SMS spectra at the indicated pressures and room temperature. Between 34.1 and 37.2 GPa new components emerge (cyan arrows), including the central line near 0 mm/s of low-spin Fe on the octahedral Fe2 site (labelled LS), and progressively increase in relative absorption with pressure. The percentage bar in b indicates the relative absorptions. XRD and SMS data are from separate experiments; line colours pair patterns and spectra at comparable pressures.
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Extended Data Fig. 2 Pressure dependence of the average intensity of selected superlattice reflections from doubling of the lattice parameter a in hk2 reciprocal-lattice planes. The reflections are common to C-O-I and C-O-II phases. The intensity increase in C-O-I reflects both the growing C-O-I phase fraction and the evolving superstructure. The intensity collapses rapidly after the phase transition to C-O-II phase. The dashed line indicates the phase transition boundary at 54(1) GPa. The y-axis is on a logarithmic scale. Intensity uncertainties are smaller than the symbols.
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Extended Data Fig. 3 Isotropy subgroup relations between the parent Cmcm structure and the charge-ordered phases. The diagram summarizes the group–subgroup relations connecting the parent space group Cmcm to the three charge-ordered phases. Highlighted nodes correspond to distortion modes with significant refined amplitudes involving Fe displacements (Extended Data Table 2); other symmetry-allowed modes refine to amplitudes indistinguishable from zero. The emergence of the C-O-I phase is dominated by condensation of the Σ2(a,a) distortion mode, accompanied by a smaller  distortion. C-O-II is distinguished by the condensation of A1, Y1, and Σ1 modes, and the Σ2 order parameter rotates from (a,a) to (a,0), eliminating the group-subgroup relationship between the two structures. The Σ1, Σ2 and A1 modes correspond to periodicity doubling along the a and c axes, whereas the Y1 mode mostly involves displacements of O atoms along the c axis. The  and Σ2 modes in C-O-I and , Σ2 and A1 in C-O-II phases are coupled order parameters. For the C-O-III phase, the formal group–subgroup pathway follows the left-hand branch, corresponding to the formal symmetry reduction from monoclinic C2/m to triclinic P. As established from the C-O-I and C-O-II phases, the charge-ordering transitions are not associated with the  distortion of the C2/m structure. Because the triclinic distortion is extremely weak and the high-pressure diffraction dataset is incomplete owing to diamond-anvil-cell geometry, the structure was refined in P21/n with γ constrained to 90° (right-hand branch). This approximation preserves the charge-ordering distortion while avoiding overparameterization of the refinement.
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Extended Data Fig. 4 Pressure evolution of the unit-cell volume in Fe₄O₅ polymorphs. The volumes of the charge-ordered phases are given per Cmcm-equivalent cell, i.e. divided by the number of Cmcm cells contained in the respective supercell. The unit-cell volumes of the Cmcm and Charge-Ordered-I phase in the coexistence region below 50 GPa were estimated from clearly split peaks on azimuthally integrated single-crystal diffraction images. Cyan shadings indicate the spin crossovers at octahedral Fe2 and Fe3 sites. Data from ref. 21 are shown for comparison. The error bars are smaller than the symbols if not shown. 
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Extended Data Fig. 5 Local structural evolution associated with charge ordering transitions in Fe4O5. a, Parent Cmcm structure projected down the a-axis. Thin gray dashed lines indicate the unit cell edges. b, Projection of the D layer (black dashed ellipse in a) showing the C-O-III structure at 86(2) GPa. Short Fe–Fe contacts define isolated bent planar trimers composed of one Fe2 and two Fe3 ions. The numbers indicate the distances (Å) between neighboring Fe ions. c, Evolution of representative Fe-O-Fe bond angles across high-pressure phases. Formation of the C-O-III phase is accompanied by a collapse of these angles well below 90°, reflecting a distinct rearrangement of neighboring octahedra.


Extended Data Table 1 Crystallographic data for different phases of Fe4O5, obtained by single crystal XRD data analysis.
	P (GPa)
	5.2(2)
	51.6(10)
	54.4(10)
	60.0(10)
	86(2)

	Space group, No., Phases
	Cmcm, 63
	P2/c, 13, C-O-I
	P2/c, 13, C-O-II
	C2/m, 12
	P21/n, 14, C-O-III

	Z
	4
	8
	16
	4
	8

	a (Å)
	2.8635(5)
	11.519(14)
	9.3979(15)
	9.265(2)
	4.661(2)

	b (Å)
	9.7223(3)
	5.3189(3)
	5.3017(4)
	2.641(1)
	11.09(8)

	c (Å)
	12.4429(12)
	9.4620(10)
	23.00(5)
	11.41(3)
	10.183(3)

	β (°)
	90
	91.06(2)
	91.28(4)
	91.30(4)
	99.62(4)

	V (Å3)
	346.41(7)
	579.6(7)
	1145(3)
	279.1(7)
	519(4)

	Rint; R1 (I > 3σ, %); 
wR2 (I > 3σ, %)
	3.25; 5.22; 16.27
	4.65; 5.30; 17.57
	5.25; 7.16; 29.3
	6.34; 5.70; 15.75
	6.70; 7.76; 27.52


Z is number of formula units per unit cell; Rint is internal R factor; R1 and wR2 are conventional residual factor based on F and weighted residual factor based on F2, respectively. F is the structure-factor amplitude



Extended Data Table 2. The mode amplitudes for Fe4O5 polymorphs under pressure.
	Pressure (GPa)
	
	
	
	Σ1
	Σ2
	
	A1
	
	
	phases

	5.2(2)
	0.17(4)
	 -
	 -
	 -
	 -
	 -
	 -
	 -
	 -
	Cmcm

	51.6(10)
	0.95(2)
	 -
	0.22(7)
	 -
	0.422(14)
	 -
	 -
	 -
	 -
	C-O-I

	54.4(10)
	1.54(3)
	 -
	0.33(5)
	0.109(6)
	0.548(14)
	0.16(6)
	0.25(5)
	 -
	 -
	C-O-II

	61.5(10)
	0.79(3)
	 -
	0.19(5)
	 -
	 -
	 -
	 -
	 -
	 -
	C2/m

	86(2)
	0.87(9)
	0.05(3)
	 -
	 -
	 -
	 -
	 -
	0.19(4)
	0.30(3)
	C-O-III





Extended Data Table 3 Hyperfine parameters of different phases of Fe4O5
	P (GPa)
	Spectoral components
	CS1 (mm/s)
	QS2 (mm/s)
	2ε3 (mm/s)
	Bhf4 (T)
	Relative abundance (%)
	Assignment (spin state*); Phase
	Valence state

	0.0001
	sextet
	0.605(3)
	
	0.199(5)
	23.62(7)
	79(2)
	Octahedral Fe (HS); Cmcm
	Mixed valence

	
	doublet
	1.01(1)
	1.259(13)
	-
	-
	21(2)
	Prismatic Fe (HS); Cmcm
	Fe2+

	48.1(5)
	sextet
	0.569(8)
	-
	0.138(8)
	34.40(3)
	49(2)
	Octahedral Fe (HS); Cmcm and C-O-I
	Mixed valence

	
	sextet
	[bookmark: _Hlk172925813]0.801(15)
	-
	1.488(3)
	3.03(3)
	5(1)
	Prismatic Fe (HS); Cmcm
	Mixed valence

	
	sextet
	[bookmark: _Hlk172925827]0.962(10)
	-
	0.305(10)
	44.17(7)
	12(1)
	Prismatic Fe (HS); C-O-I
	Fe2+

	
	sextet
	0.723(6)
	-
	0.337(5)
	39.77(5)
	28(2)
	Octahedral Fe (HS); C-O-I
	Mixed valence

	
	sextet
	0.381(18)
	-
	0.578(18)
	47.88(13)
	5(1)
	Octahedral Fe (HS); C-O-I
	Fe3+

	
	singlet
	0.45(fixed)
	-
	-
	-
	1(1)
	Octahedral Fe (LS); C-O-I
	Mixed valence

	60(2)
	sextet
	0.600(10)
	-
	0.222(5)
	37.12(15)
	73(1)
	Octahedral Fe (HS); C-O-II
	Mixed valence

	
	sextet
	0.568(7)
	-
	0.966(8)
	46.66(3)
	18(1)
	Prismatic Fe (HS); C-O-II
	Mixed valence

	
	doublet
	0.207(12)
	0.829(10)
	-
	-
	6(1)
	Octahedral Fe (LS); C-O-II
	Fe3+

	
	singlet
	0.39(2)
	-
	-
	-
	3(1)
	Octahedral Fe (LS); C-O-II
	Mixed valence

	69(2)
	sextet
	0.571(6)
	-
	0.181(8)
	38.74(20)
	41(1)
	Octahedral Fe (HS); C2/m
	Mixed valence

	
	sextet
	0.580(23)
	-
	-0.187(27)
	38.15(21)
	5(1)
	Octahedral Fe (HS); C2/m
	Mixed valence

	
	sextet
	0.529(6)
	-
	0.849(6)
	47.87(28)
	17(1)
	Prismatic Fe (HS); C2/m
	Mixed valence

	
	sextet
	0.530(fixed)
	-
	0.087(5)
	47.37(28)
	5(1)
	Prismatic Fe (HS); C2/m
	Mixed valence

	
	doublet
	0.205(2)
	0.667(11)
	-
	-
	20(1)
	Octahedral Fe (LS); C2/m
	Fe3+

	
	singlet
	0.350(3)
	-
	-
	-
	12(1)
	Octahedral Fe (LS); C2/m
	Mixed valence

	88(2)
	sextet
	0.591(20)
	-
	0.05(2)
	40.6(2)
	9(1)
	Octahedral Fe (HS); C-O-III
	Mixed valence

	
	sextet
	0.806(14)
	-
	-0.176(14)
	45.2(1)
	13(1)
	Prismatic Fe (HS); C-O-III
	Fe2+

	
	sextet
	0.31(2)
	-
	-0.36(3)
	45.6(2)
	8(1)
	Prismatic Fe (HS); C-O-III
	Fe3+

	
	doublet
	0.254(4)
	0.51(4)
	-
	-
	47(7)
	Octahedral Fe (LS); C-O-III
	Fe3+

	
	singlet
	0.344(5)
	-
	-
	-
	22(8)
	Octahedral Fe (LS); C-O-III
	Mixed valence

	102(3)
	sextet
	0.492(49)
	-
	0.055(49)
	38.3(1)
	11(1)
	Prismatic Fe (HS); C2/m
	Mixed valence

	
	sextet
	0.562(7)
	-
	-0.51(7)
	42.8(2)
	12(1)
	Prismatic Fe (HS); C2/m
	Mixed valence

	
	doublet
	0.235(35)
	0.551(32)
	-
	-
	51(8)
	Octahedral Fe (LS); C2/m
	Fe3+

	
	singlet
	0.320(32)
	-
	-
	-
	26(8)
	Octahedral Fe (LS); C2/m
	Mixed valence


1CS, centre shift; 2QS, quadrupole splitting; 32ε, quadrupole shift; 4Bhf, the hyperfine magnetic field;
*HS and LS present high spin and low spin
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