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TEM images of Fe3O4 NPs with various sizes and SEM image of Fe;O4 bulk standard.

Histograms for size distribution of the NPs. For each panel, statistics were calculated with the sample size
of 40-60 NPs.

Magnetization curves of 40 nm Fe;O4 NPs with different heating/cooling rates. All measurements are done
at an external field of 100 Oe and magnetization is normalized.

Magnetization curves of 7 pum and 16 nm samples without oxidation and after oxidation. All measurements

are done at an external field of 100 Oe.

Multiple peak fitting results of RIXS spectra shown in Fig. 3c. Symbol mark is experimental data, red line

multiple peak fitting result, and blue area extracted low energy excitation peak.

M(H) curves of Fe;O4 NPs and bulk standard. Blue and red symbols indicate the data measured at 300 K
and 20 K, respectively.
Mossbauer spectra of Fe;O4 nanoparticle with the size of 42 nm and bulk sample with the size of 7 um.

Mossbauer data for Fe;O4 nanoparticle with the size of 42 nm and bulk sample with the size of 7 um.
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Scheme S1. Schematic illustration of the kinetics of phase transition with increasing particle size.



Supplementary Figure S1 Transmission Electron Microscopy (TEM) images of Fe3O4 nanoparticles (NPs)
with various sizes and Scanning Electron Microscope (SEM) image of Fe3O4 bulk standard.
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Supplementary Figure S2 Histograms for size distribution of the NPs. (a)-(h) For each panel, statistics was

calculated with the sample size of 40-60 NPs.



Fe;O, 42 nm

YW-V-V-V-V-V-V-V-V-V-V-V—V-WYVVYVVV

110K | ¥ 121K

I 1

V-V VY7 V7V V7V 7V VY7 7V V7-YWWYYY YV
A dh-AA- 40 b 4 4b AA A LA
- M—A—A—A—A—A—A——A-A—A—A—A—A—M'

109.6K | | 119.9K

i L)

w

A —hA-bh-b —hd A-h—dh-h-b— A A AL |

N f’"—i#%ﬂmw. -
9-0-0-0-0-0—0-0-0—-0-0-0-0—0- I

_ 109.8K | | 120K ;

M (a.u.)

e

o—0-0-0-0—00-0 ow—-oo-o-o—o-oo.n.:.d

1196 K —a— 0.1 K/ min |

EN-E-B—H-H-B-B-B-B-BE-H—-E—Nm-
—e— 1 K/ min

I 1119 K
- —A— 5 K/ min

f— l—l4bl—I—IJ—I—I—IJ~I—I—II—II--L-‘i _#'__10I(Inﬂn —
' | ' | — 1 b |
0 50 100 150 200
Temperature (K)

~——~0—n

Supplementary Figure S3 Magnetization curves of 42 nm Fe3O4 NPs with different heating/cooling rates.
Four different heating/cooling rates which range from 0.1 to 10 K min™! were selected as shown in the legend
of Fig. S3. Both Verwey transition temperature (Tv) and hysteresis width from heating/cooling curves didn’t
change within error bars. All measurements are done under an external field of 100 Oe.



12 T T T T T T T T T

7 um - no oxidation

16 nm - no oxidation Coo

—
o

M (emu/g)
co

g === i ! [p— i - :
T T T T T T : : T T T T T T : T
100 110 1120 130 80 el 100 1110 120
8- i 14 - S ' -
7 um - oxidation " 16 nm - oxidation X
g " .
; i e
y | aguaneAilasna
f {4
5 "
S 6
&
L
=
ey s "'\_._.u i i
T T T ' T I T : T
100 110 120 130 80 90 100 110 120
Temperature (K) Temperature (K)

Supplementary Figure S4 Magnetization curves of 7 pm and 16 nm samples after oxidation. 7 pm bulk
standard sample was oxidized under air at 200 °C for six days and 16 nm samples in ambient air at room
temperature for four days. Tv decrease for both samples similar result with the previous study on off-
stoichiometry effect!. Thermal hysteresis of bulk standard (7 pm) sample change from 1 to 0.3 K and that of
16 nm sample was reduced from 4.6 to 0.7 K.
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Supplementary Figure S5 Multiple peak fitting results of Resonant Inelastic X-ray Scattering (RIXS)
spectra shown in Fig. 3c. Symbol mark is an experimental data, red line is a multiple peak fitting result, and
blue area is an extracted low energy excitation peak. To fit the spectra, we used three Gaussian functions for
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elastic peak, low energy excitation at around 0.2 eV and broad hump centered near 1.0 eV.
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Supplementary Figure S6 M(H) curves of Fe3O4 NPs and bulk standard. Blue and red symbols indicate the
data measured at 300 K and 20 K, respectively.
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Supplementary Figure S7 Méssbauer spectra of Fe;04 nanoparticle with the size of 42 nm and bulk sample
with the size of 7 um. The spectra were recorded at room temperature (RT) of 295 K. The black circle is the
experimental data and the black dashed line is the total fitting line. The black, red and blue solid lines are the
fitting line which represent the tetrahedral A (Fe*"), octahedral B (Fe*") and Bz (Fe*") site of Fe3O4 cubic
inverse spinel structure, respectively.



Size Site H, . (kOe) E,(mm/s) A (mm/s) A (%)

42anm A’y 488.17 0.00 0.16 35.23

| | B,(Fe') 46095 001 049 3142

| B 45917 001l 06l 3335
Tum  AF)  490.47 0.00 0.15 34.06

| | B,(Fe') 4220 001 048 3260

| | B,(Fe') 46176 004 063 334

Supplementary Table S1 Mdssbauer data for Fe3;O4 nanoparticle with the size of 42 nm and bulk sample
with the size of 7 um. Hinr = Magnetic hyperfine field, Eq = Electric quadrupole shift, A = [somer shift and A
= Relative absorption area ratio. The errors of each parameter are +1.00 kOe for Huf, £0.001 mm/s for Eq and
A and £0.01 % for A.
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Supplementary Scheme S1 Schematic illustration of the kinetics of phase transition with increasing
particle size”.
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