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I. X-RAY POWDER DIFFRACTION DATA

2 0 3 0 4 0 5 0 6 0 7 0

1 . 0

2 . 0

3 . 0

Int
en

sity
 (a

rb.
 un

its)

2 θ ( d e g . )

s p h e r i c a l  n a n o p a r t i c l e s    

b u l k  p o w d e r  

FIG. S1. Room temperature x-ray powder diffraction measurements with the wavelength of 1.54

Å of the bulk powder and spherical nanoparticles. The bulk powder data is offset for clarity.

II. RAMAN SCATTERING MEASUREMENTS

The most intense Raman mode around 692 cm−1 (A1g) is typically ascribed to characteristic

symmetric stretching motions of the oxygen in the octahedral units [1–4], although some

ambiguity exists in the assignation of this peak and different scenarios have been suggested

[5]. A hypothesis that the A1g mode could involve both symmetric Mtet–O stretching of the

oxygen in the tetrahedral site and deformation of the Moct–O bond in the three octahedral

sites nearest to each oxygen [6] was also put forward and this would depend on the Co2+ and
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FIG. S2. Comparison of as-recorded Raman spectra for the three samples obtained via excitation

wavelengths of (a) 532 nm and (b) 785 nm. Note that the spherical nanoparticles yield in both

cases the highest Raman scattering intensity for the strongest A1g symmetric vibration. A slight

red-shift of the A1g and F2g modes, respectively located at high and low wavenumbers, is seen in

(a) together with a clear broadening of all the peaks only for the spherical nanoparticles, while no

peak shift and broadening is otherwise observed in (b).

TABLE S1. Positions and approximate FWHM of the various Raman peaks obtained upon

excitation via a 532 nm laser wavelength. The peak position and FWHM were obtained from

the fit of the peaks with a Gaussian function. All units are in cm−1.

Sample F2g Eg F2g F2g A1g

Position FWHM Position FWHM Position FWHM Position FWHM Position FWHM

bulk 197.3(5) 4.0(1.0) 483.6(2) 6.4(3) 522.6(1) 7.5(2) 620.8(4) 5.7(7) 692.4(1) 6.5(1)

cubic 197.5(4) 4.4(8) 483.4(2) 6.3(3) 522.5(1) 7.1(2) 620.9(4) 5.9(8) 692.4(1) 6.5(1)

sphere 196.2(7) 5.2(1.4) 482.6(2) 7.5(4) 522.5(3) 11.2(5) 619.6(9) 12.5(1.9) 690.9(1) 8.2(1)

Co3+ occupations. The Eg and F2g modes in the 450-650 cm−1 range are possibly related to

combined vibrations of the tetrahedral site and octahedral oxygen motions [1, 3, 7, 8]. The

F2g mode around 200 cm−1 is typically related to the movement of the tetrahedral sites and

was ascribed to a complete translation of the tetrahedral unit within the spinel lattice [2, 5].
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TABLE S2. Positions and approximate FWHM of the various Raman peaks obtained upon

excitation via a 785 nm laser wavelength. The peak position and FWHM were obtained from

the fit of the peaks with a Gaussian function. All units are in cm−1.

Sample F2g Eg F2g F2g A1g

Position FWHM Position FWHM Position FWHM Position FWHM Position FWHM

bulk 196.8(1) 4.5(1) 484.2(1) 4.7(2) 523.2(2) 5.9(4) 621.9(1) 4.9(2) 693.5(1) 5.4(1)

cubic 196.7(1) 4.6(1) 484.1(1) 5.3(2) 523.2(2) 6.3(4) 621.9(1) 5.8(2) 693.5(1) 6.1(1)

sphere 196.4(1) 4.7(2) 484.2(1) 5.2(2) 523.3(4) 7.9(8) 621.9(1) 5.6(3) 693.4(1) 6.2(1)

III. RIETVELD AND PDF REFINEMENTS RESULTS

TABLE S3. Summary of the Rietveld and PDF refinements of averaged and local (r=1.5-10 Å)

crystal structures at 10 K.

Rietveld PDF

sample Spher. Cubic Bulk Spher. Cubic Bulk

a,b,c (Å) 8.0753(1) 8.0865(5) 8.0863(3) 8.0744 (8) 8.0800(9) 8.0791(8)

m (µB) 2.756(5) 2.883(4) 3.00(4)

Rp 4.30% 4.97% 5.30%

GOF 4.98 2.68 2.94

Rwp 15.2% 12.8% 11.5%
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TABLE S4. The Rietveld and PDF refinements (r=1.6-20 Å) results for all samples at 10 K.

Rietveld

Spherical Cubic

Atom x y z Occ. Uiso(Å
2) x y z Occ. Uiso(Å

2)

Co1 0 0 0 0.92(2) 0.0076(4) 0 0 0 1.0 0.0040(6)

Co2 0.6250 0.6250 0.6250 0.93(2) 0.0076(5) 0.6250 0.6250 0.2500 1.0 0.0040(6)

O 0.3881 0.3881 0.3881 0.92(2) 0.0076(5) 0.3881 0.3881 0.3881 1.0 0.0039(4)

Bulk

Atom x y z Occ. Uiso(Å
2)

Co1 0 0 0 1.0 0.0018(5)

Co2 0.6250 0.6250 0.6250 1.0 0.0018(5)

O 0.3881 0.3881 0.3881 1.0 0.0018(5)

PDF

Spherical Cubic

Atom x y z Occ. U11,22,33(Å
2) x y z Occ. U11,22,33(Å

2)

Co1 0.1250 0.1250 0.1250 0.87(3) 0.0020(7) 0.1250 0.1250 0.1250 0.97(4) 0.0034

Co2 0.5000 0.5000 0.5000 0.98(2) 0.0016(4) 0.5000 0.5000 0.5000 0.94(5) 0.0041(4)

O 0.2635 0.2635 0.2635 1.0(4) 0.0042(2) 0.2635 0.2635 0.2635 1.0(5) 0.0048(6)

Bulk

Atom x y z Occ. U11,22,33(Å
2)

Co1 0.1250 0.1250 0.1250 1.0 0.0027(4)

Co2 0.5000 0.5000 0.5000 1.0 0.0015(3)

O 0.2635 0.2635 0.2635 1.0 0.0039(2)

5



IV. DIFFUSE NEUTRON SCATTERING

(c)(a) (b)(b) (c)

FIG. S3. (a) Expanded view of the neutron powder diffraction data collected at 10 K for the

spherical nanoparticles, with experimental data as blue open circles, the calculated pattern in red,

and the difference curve in green. (b) The fit of the difference curve from (a) using a Gaussian

function centered at 4.7 Å. (c) The same as (b), but for the cubic nanoparticles at 10 K.

V. RESULTS OF PDF DATA REFINEMENTS

Bulk 10 k

(c)(a)(b)(a)

FIG. S4. (a) Temperature dependence of the lattice constant for all samples obtained from PDF

data refinements. (b) Calculations of the partial PDFs for Co-O, Co-Co and O-O pairs based on

the bulk structure of Co4O4 at 10 K. (c) Refined neutron PDF data at 10 K for the bulk powder.
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VI. CNCS DATA

This data was collected at CNCS spectrometer at Spallation Neutron Source in Oak

Ridge National Laboratory.
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FIG. S5. CNCS data at 15 and 150 K for cubic nanoparticles. The solid lines are guides for the

eye.

VII. MODELLING OF INELASTIC NEUTRON SCATTERING DATA

The bosonic Hamiltonian in the momentum space can be obtained as

H = −1

2

∑
q

ψ+
q Hqψq

where,

ψ+
q =

(
a+q1a

+
q2a

+
q3a

+
q1b

+
−q−1b

+
−q−2b

+
−q−3b

+
−q−4

)
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H = S



A B C D E F G H0

B∗ A D C F E H0 G

C∗ D∗ A B G H0 E F

D∗ C∗ B∗ A H0 G F E

E∗ F ∗ G∗ H∗
0 A B C D

F ∗ E∗ H∗
0 G∗ B∗ A D C

G∗ H∗
0 E∗ F ∗ C∗ D∗ A B

H∗
0 G∗ F ∗ E∗ D∗ C∗ B∗ A


with

A = 4JAFM − 12JFM − 2DS

B = JAFM (eiπqy+iπqz + e−iπqy+iπqz + e−iπqy−iπqz + eiπqy−iπqz)

C = JFM (e−iπqx+iπqz + eiπqx+iπqz + eiπqx−iπqz + e−iπqx−iπqz)

D = JFM (e−iπqx+iπqy + eiπqx−iπqy + e−iπqx−iπqy + e−iπqx+iπqy)

E = JAFMe
−0.5iπqx+0.5iπqy−0.5iπqz

F = JAFMe
−0.5iπqx−0.5iπqy+0.5iπqz

G = JAFMe
0.5iπqx+0.5iπqy+0.5iπqz

H0 = JAFMe
0.5iπqx−0.5iπqy−0.5iπqz

FIG. S6. Calculated spin-wave dispersion relation of Co3O4 over the Brillouin zone of its cubic

lattice.
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VIII. ADDITIONAL INS DATA AND SIMULATIONS

(a) (b)

FIG. S7. The scattered intensity I(Q,E) at 5 K for the (a) bulk powder at 25 K and (b) spherical

nanoparticles at 5 K, measured with the high-resolution mode (Ei = 3.4 meV) at TOFTOF

instrument.

(a) (b)

FIG. S8. The scattered (a) and calculated (b) intensity I(Q,E) at 5 K for the cubic nanoparticles.
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IX. BOXCAR REFINEMENTS OF PDF DATA

(a) (b)

FIG. S9. (a) Co-O and (b) O-O bond lengths obtained from PDF data boxcar refinements at 10

K, as a function of rmax.
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