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ABSTRACT: A light-switchable hard magnet/soft magnet composite is described for which light irradiation breaks the exchange 

coupling between the two components. Heterostructure composites composed of nanometer scale particles of the hard magnet cobalt 

ferrite with the soft magnet manganese ferrite show a coherent response in magnetization vs applied field measurements, consistent 

with exchange coupling, which is disrupted upon illumination causing an inflection at low fields corresponding to the soft magnet 

manganese ferrite.  The light-induced decoupling of the exchange coupled magnets can be attributed to the selective demagnetization 

at the surface of the ferrite nanoparticles, breaking the interferrite coupling. 

Larger magnetic data storage densities require smaller 
bit sizes, but even as smaller objects are realized, areal den-
sities become limited by the ability to focus the magnetic 
write head.  To overcome the limitations of write-head fo-
cusing, heat-assisted magnetic recording (HAMR) 1-3 was 
developed whereby a laser is used to locally heat the re-
cording media and lower its energy product to enable re-
cording on strongly anisotropic media.  Manipulation of 
magnetization solely with light, or all-optical switching 
(AOS), has also been demonstrated for a growing list of po-
tential recording media.4  In AOS, femtosecond laser 
pulses heat the magnetic system to near the Curie temper-
ature leading to magnetization switching dictated either 
by the choice of circular polarization or by magnetic sub-
lattice structure.4  With these methods, magnetic infor-
mation size becomes determined by standards of technol-
ogies such as plasmonic focusing or near-field optics, ra-
ther than by the ability to focus a magnetic field.  However, 
a potential limitation of these technologies is thermal heat-
ing and cycling, which can cause component degradation.2   

These drawbacks could be overcome if the energy prod-
uct of a magnet can be lowered without the need for bulk 
heating. In this work, a light-switchable hard/soft ex-
change-coupled magnet is described, demonstrating a new 
concept with potential application in energy-assisted mag-
netic recording or switchable microwave absorption.  Ex-
change-coupled magnets are nanocomposites with poten-
tial applications in diverse fields spanning from energy to 
biomedicine.5-9 Exchange-coupling between a ferromagnet 
and antiferromagnet generates an extra source of anisot-
ropy due to the component interface and a consequent in-
crease in the thermal stability of the magnetization.10,11  In 

another variation, when a hard permanent magnet is ex-
change coupled with a soft magnet having higher magnet-
ization, the energy product of the composite is enhanced.  
The soft phase becomes enslaved to the hard phase and the 
composite responds coherently to temperature and ap-
plied magnetic field.6,12,7,13

   Studies have shown exchange-
coupled magnets represent an effective approach to tack-
ling the competing technical demands associated with 
miniaturizing magnets while at the same time maintaining 
viable properties, such as thermal stability of magnetiza-
tion and coercivity, both of which decrease as magnetic 
particles approach the superparamagnetic limit.3,8,10  

The concept for a light-switchable exchange coupled 
magnet derives from the fact that exchange coupling de-
pends on interactions between moments at the interface 
between the two coupled materials.6  If exchange at the in-
terface is broken, the soft component reverts and the en-
ergy product of a hard magnet/soft magnet composite de-
creases.  Therefore, a light-based process to selectively al-
ter the interface coupling would eliminate the need for 
thermal heating of the bulk material.  The recent observa-
tion of light-induced demagnetization in some cobalt fer-
rite and manganese ferrite nanoparticles provides an op-
portunity to demonstrate the concept.  Cobalt ferrite na-
noparticles were shown by Giri et al.14,15 to undergo light-
activated decrease in coercivity.  A more recent study re-
vealed white light irradiation also decreases high field 
magnetization.16 The light-induced demagnetization ef-
fects were attributed to decoupling of the surface spins 
leading to a change in volume of the magnetically ordered 
domains.  The broken symmetry and reduced numbers of 
exchange pathways mean the surface spins decouple on a 



 

different energy scale than the bulk.17,18,19-22 A key observa-
tion was larger effects are seen for aggregates of particles 
relative to isolated nanoparticles, indicating the light pro-
cess also reduces interparticle coupling.16  If the same pro-
cesses are applied to a composite material pairing a hard 
magnet with a soft magnet, a light-switchable exchange 
coupled magnet should result, providing a mechanism to 
amplify the effect of the light.  

Figure 1. (a) TEM micrographs of Co0.94Fe2.06O4, 1. The par-
ticle size distribution within larger aggregates is 12 ± 4 
nm (see supporting information for histogram).  (b) Mag-
netization vs field hysteresis for 1 in the dark and light 
states at 10 K with an expanded view as an inset. 

Examples of cobalt ferrite-based exchange-coupled mag-
nets are known with core-shell heterostructures, for exam-
ple FePt@CoFe2O4,23 ZnFe2O4@CoFe2O4

24 and 
MnFe2O4@CoFe2O4

8. In this study, manganese ferrite was 
chosen as the soft magnet to couple with cobalt ferrite, 
building on our earlier work.16  Good epitaxy is expected as 
the two ferrite materials have a relatively small lattice mis-
match of around 1.7 %.25  Using surfactant-free coprecipi-
tation methods, cobalt ferrite, 1, and two cobalt fer-
rite/manganese ferrite particle composites, 2 and 3, were 
prepared, as described in detail in Supporting Information.  
The cobalt ferrite (Figure 1), with average size of 12 ± 4 nm 
within aggregates of average size 250 ± 70 nm, analyzed for 
Co0.94Fe2.06O4 by ICP.  These cobalt ferrite particles were 
used as seeds to generate a core-shell-like heterostructure 
of cobalt ferrite@manganese ferrite, 2, following addition 
of the shell material precursors to a suspension of the seed 
particles. The resulting aggregates (Figure 2) have a size of 

270 ± 80 nm and are composed of nanoparticles with aver-
age size 16 ± 4 nm.  The ICP-AES analyses indicate the two 
ferrites are present in a 1:1 ratio, consistent with precursor 
amounts used in the synthesis.  The small difference in the 
electron density of the two materials means there is no 
contrast between the two components in TEM micro-
graphs, although energy dispersive X-ray spectroscopy line 
scans (Figure 2) reveal the elements Co, Mn and Fe are 
uniformly detected across the particle aggregates, indicat-
ing the Mn0.94Fe2.06O4 precipitates over the preformed 
Co0.94Fe2.06O4 seeds.   In contrast to 2, which may be 
thought of as a core-shell-like heterostructure, 3 is a more 
intimate mixture, prepared by simultaneous precipitation 
of the two ferrites.  For 3, the aggregates average 250 ± 70 
nm and the nanoparticles within the aggregates are some-
what smaller, with average diameter of 4 ± 1 nm, Figure 3.  
The 2:1 cobalt:manganese ratio used in the synthesis is re-
flected in the 2:1 cobalt ferrite:manganese ferrite ratio de-
termined by ICP-AES analyses of the products.   Although 
the separate ferrites cannot be discerned in the electron 
microscopy and some degree of ion mixing cannot be ruled 
out, observation of the two components in magnetic meas-
urements and fitting of the powder XRD pattern (support-
ing information) confirm 3 is best described as a hetero-
structure composite rather than a solid-solution. 

 

 

Figure 2. TEM image and magnetometry data for 2.  (a)  
TEM micrograph showing the aggregate on which the 
electron beam was scanned to obtain corresponding EDS 
line scans (particle size histogram and complete EDS 
scans appear in supporting information, Figure S2).   (b) 
Magnetization vs field hysteresis for 2 in the dark and 
light states at 10 K swept +/- 70 kOe.   (c) Expanded view 
of the +/- 20 kOe region from (b). 

Magnetization vs field plots for 1 at 10 K are shown in 
Figure 1 with and without white light irradiation.  The dark 
state coercivity of 12.17 ± 0.04 kOe decreases to 9.43 ± 0.09 
kOe with light and is accompanied by a reduction in the 
remnant and high field magnetization values.    This be-
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havior with light is consistent with earlier reports14-16 on co-
balt ferrite nanoparticles and has been attributed to decou-
pling of surface spins on the nanoparticles resulting in a 
reduction of magnetic volume and changing interparticle 
interactions within the aggregates.16 Similar magnetization 
vs field plots with and without light for the core-shell-like 
2 are presented in Figure 2.  The hysteresis loop in the ab-
sence of light indicates a coherent response of the two 
components to the applied magnetic field, consistent with 
an exchange-coupled system.  The lack of contrast between 
the core and shell material in the TEM analyses does not 
clearly discern the shell component, however the magnet-
ization vs field response provides an upper limit to the 
thickness of the manganese ferrite shell.  For an exchange-
coupled system to coherently respond to temperature and 
field, the thickness of the soft phase should be less than 
twice the domain wall width of the hard magnet.23,26,13 The 
domain wall width of cobalt ferrite has been calculated to 
be 8 nm indicating the manganese ferrite should be no 
thicker than 16 nm to give a coherent response.8  The 
change in particle size upon precipitating the manganese 
ferrite is less than 16 nm, which is within the expected re-
quirements for an exchange coupled heterostructure.   Just 
as for cobalt ferrite, the coercivity of 2 decreases with light. 
The dark state coercivity of 10.50 ± 0.01 kOe decreases to 
8.28 ± 0.08 kOe, with a change of ΔHc = 2.74 ± 0.10 kOe, 
which is comparable with the change seen for 1.  However, 
in contrast to 1, there is a small inflexion in the light state 
plot for 2 near 1 kOe.  Although the magnitude of the 
change is small, this low-field feature in the hysteresis loop 
indicates magnetic decoupling.      

Exchange coupling in nanocomposite heterostructures 
depends critically on component dimensions and interface 
coupling,27 and one-pot syntheses to increase contact be-
tween components has often resulted in better magnetic 
response.28-30   This approach was used for the synthesis of 
3, in which the hard and soft ferrites were coprecipitated 
forming an intimate mixture of the two compounds.  While 
magnetometry and PXRD confirm two components, TEM, 
EDS and EELS analyses could not discern the separate fer-
rites, so individual compositional domains are no larger 
than a few nm.  As for 2, magnetization vs. field plots for 3 
show a coherent magnetic response with a coercivity of 
15.01 ± 0.01 kOe at 10 K, Figure 3, again indicating an ex-
change-coupled mixture of cobalt ferrite-manganese fer-
rite.  While the value of the coercive field for 2 was smaller 
than for the pure cobalt ferrite, 1, the coercive field for 3, is 
larger.  The behavior parallels observations by Song et al.8 
for exchanged coupled CoFe2O4@MnFe2O4 nanoparticles 
prepared by thermal decomposition techniques, where the 
coercive field first increased upon addition of a thin, ~1 nm, 
manganese ferrite shell but then decreased for successively 
thicker shells. Once again, upon irradiating with white 
light the coercivity decreases, Figure 3.  For 3, the change, 
ΔHc = 3.80 ± 0.01 kOe, is even larger than seen for the pure 
phase cobalt ferrite.  However, the most striking feature is 
a significant inflection in the light state at low field result-
ing from magnetic decoupling of the cobalt ferrite and 
manganese ferrite with light.     

Magnetization vs. field of 3 was measured at different 
temperatures in the dark to confirm the presence of ex 

 

 

Figure 3.  TEM image and magnetometry data for 3.  (a) 
TEM micrograph (Particle size histogram and EELS anal-
ysis appear in supporting information, Figure S3).   (b) 
Magnetization vs field hysteresis for 3 in the dark and 
light states at 10 K swept +/- 70 kOe.   (c) Expanded view 
of the +/- 20 kOe region of (b). 

 

change-coupled ferrites and explore the thermal require-
ments needed to break the exchange-coupling.  At 10 K the 
system is exchange-coupled, but with increasing tempera-
ture an inflection appears at low field, corresponding to the 
soft magnet, Figure 4.  The system is effectively decoupled 
by 50 K, which is expected to be above the blocking tem-
perature of manganese ferrite nanoparticles.8  Based on 
work on other materials using the same light source and 
temperature control, we estimate the temperature change 
of the sample caused by the light source is ≤ 0.5 K for tem-
peratures below 50 K. Nevertheless, to verify the observed 
light-induced behavior is not caused by bulk heating of the 

(a)



 

sample, the light-activated changes in the coercivity, rem-
nant and high field magnetization, and magnetization at 
70 kOe of 3 were compared to the dark state values at dif-
ferent temperatures in Figure 4.  The light state values of 
the coercivity and remnant magnetization at 10 K were 
comparable to their respective dark state values at ~25-30 
K, corresponding to a temperature jump well outside ex-
perimental control.   Furthermore, high field magnetiza-
tion in the light state at 10 K is significantly smaller than 
the high-field value, even at 50 K, providing further evi-
dence the light-state response is not a result of bulk heat-
ing.   

 

Figure 4. (a) magnetization vs field hysteresis for 3 in the 
dark at different temperatures. (b-d) Comparisons of the 
light-activated changes of coercivity, remnant magneti-
zation, and magnetization at 70 kOe for 3 at 10 K to the 
dark state values of the same sample over the tempera-
ture range 10 K – 50 K. 

The light-induced decoupling of the exchange coupled 
magnets can be attributed to the selective demagnetiza-
tion of the surface spins of the ferrite nanoparticles, as was 
recently described for single-phase cobalt ferrite and man-
ganese ferrite.16  For the single phase ferrites, the light-in-
duced decreases in magnetic coercivity and high-field 
magnetization can be attributed to changes in magnetic 
volume as irradiation decouples the weakly coupled sur-
face spins of the high surface-to-volume ratio nanoparti-
cles.16 The likely explanation for the surface selectivity is 
effective heating of the electronic reservoir near the surface 

mediated by skin-depth absorption.  At low temperatures 
the electronic reservoir can be effectively decoupled from 
the macroscopic lattice limiting the light-induced thermal 
jump to the surface spins, which experience weaker mag-
netic coupling than the bulk because of surface disorder 
and lower number of nearest neighbors.  For the previously 
studied cobalt ferrite, the light-induced effects were larger 
for aggregates than for nanoparticles isolated by surfactant 
coatings as the surface spin decoupling also weakened in-
terparticle coupling.  In exchange coupled heterostruc-
tures selective demagnetization of the surface spins is suf-
ficient to break the exchange coupling while maintaining 
the bulk magnetization of the two constituents, as ob-
served for compositions 2 and 3.   

The present study takes advantage of the concept of us-
ing light-induced changes in surface magnetization to de-
sign an exchange coupled magnet that can be switched 
with light.  At the same time, the results on the cobalt fer-
rite/manganese ferrite heterostructures validate the re-
cently proposed explanation for the light-induced demag-
netization in ferrite nanoparticles, upon which the current 
study was based.16  The results provide a new mechanism 
for designing light-switchable magnetic materials.  Using 
light to decouple exchange coupled magnets is a potential 
route to decreasing the energy product of a magnetic bit 
and enabling magnetic recording at lower write head mag-
netic fields.  Since it is only necessary to influence the sur-
face spins, bulk laser heating of the magnetic medium is 
not required, which could have a great impact on potential 
applications. 
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Synthesis and Methods 

Samples were synthesized using a coprecipitation method as described in the literature.S1  

Cobalt ferrite particles, 1, Co0.94Fe2.06O4.   Cobalt chloride, CoCl2·6H2O (5 mmol), and ferric 
chloride, FeCl3·6H2O (10 mmol), were dissolved in 50 mL of nanopure water. This solution was 
added dropwise (using an addition funnel) to a solution prepared by dissolving NaOH (0.15 mol) 
in 100 mL nanopure water. After complete addition, the mixture was heated at 90° C for 1.5 
hours. After cooling to room temperature, the black solution was added to six 50 mL centrifuge 
tubes and filled with nanopure water up to the 30 mL mark and centrifuged for 10 min @ 9000 
rpm. After decanting the supernatant, the remaining reaction mixture was added to the existing 
centrifuge tubes, and after filling the tubes with water up to the 30 mL mark centrifugation was 
performed as before. After decanting the supernatant, the black residue from the centrifuge 
tubes was transferred to one tube and nanopure water was added up to a volume of 45 mL, and 
this suspension was stored in the refrigerator and treated as the core stock solution. High 
resolution powder X-ray diffraction pattern of the sample was indexed to a spinel ferrite phase, 
Fd-3m (JCPDS PDF#221086).  ICP data: (Co:Fe) = 1.00: (2.18 ± 0.03).  Particle size is 12 ± 4 nm 
within 250 ± 70 nm aggregates. 

Cobalt ferrite/Manganese ferrite core@shell-like particles, 2.  Co0.94Fe2.06O4/Mn0.94Fe2.06O4.  

The seed particle suspension (5 mL) was added to 195 mL of nanopure water in a 1000 mL round 
bottom flask. An aqueous solution (100 mL) of MnCl2·6H2O (0.2 mmol) and FeCl3·6H2O (0.4 mmol) 
and an equal volume of solution containing NaOH (0.03 mol) were simultaneously added 
dropwise to the core suspension using a peristaltic pump at an addition speed of 10 mL/hour. 
After complete addition, the reaction mixture was heated at 90º C for 1.5 hours. The black 
precipitate obtained was washed with nanopure water and acetone and dried under nitrogen. 
High resolution powder X-ray diffraction pattern of the sample was indexed to two components, 
each with a spinel ferrite phase, Fd-3m (JCPDS PDF#221086).  ICP data: Assuming the Co:Fe ratio 
within the cobalt ferrite component is unchanged relative to the seed particles, ICP yields (Mn:Fe) 
=1.00:(2.26 ± 0.03) and a CoFe2O4/ MnFe2O4 ratio of 1:1, consistent with the precursor amounts 
used in the synthesis.  Particle size is 16 ± 4 nm within aggregates of 270 ± 80 nm. 

 
Cobalt ferrite/Manganese ferrite mixture, 3.  Manganese chloride, MnCl2·6H2O (1.67 mmol), 
cobalt chloride, CoCl2·6H2O (3.33 mmol), ferric chloride, FeCl3·6H2O (10 mmol), were dissolved in 
100 mL of nanopure water. This solution was added dropwise (using an addition funnel) to a 
solution prepared by dissolving NaOH (0.375 mol) in 100 mL nanopure water. After complete 
addition, the mixture was heated at 90° C for 1.5 hours. The reaction mixture was washed with 
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nanopure water and acetone to obtain a black powder upon drying under nitrogen. High 
resolution powder X-ray diffraction pattern of the sample was indexed to two components, each 
with a spinel ferrite phase, Fd-3m (JCPDS PDF#221086).  ICP data:  (Mn:Co:Fe) =1.00:(1.91 ± 0.05): 
(5.66 ± 0.15), consistent with a 1:2 manganese ferrite/cobalt ferrite ratio of the precursors.  
Particle size is 4 ± 1 nm within aggregates of 250 ± 70 nm. 
  
Structural Characterization  

Inductively coupled plasma atomic emission spectroscopy recorded on a Perkin-Elmer 
Optima 3200 instrument was used to determine the Co:Fe ratios in the samples.  Transmission 
electron microscopy (TEM) and associated energy dispersive spectroscopy (EDS) was used to 
study the structure and composition of the particles.  A JEOL 2010F operating at 200 kV was used 
for bright-field TEM (BF-TEM) imaging to assess particle shape.  Additionally, a JEOL ARM200cF 
(CS-corrected in scanning mode) equipped with a Gatan GIF Quantum SE energy filter was used 
to perform high-angle annular dark-field scanning TEM (HAADF-STEM) imaging and electron 
energy loss spectroscopy (EELS) mapping.  High resolution powder X-ray diffraction patterns were 
collected using beamline 11-BM at the Advanced Photon Source (APS, Argonne National 
Laboratory, Argonne, IL).  
Magnetic Characterization 

The dc magnetic properties were investigated using a commercial superconducting 
quantum interference device (SQUID) magnetometer (Quantum Design MPMS-XL7). The optical 
measurements were performed with a homemade quartz optic sample rod attached to a 
tungsten halogen lamp via a fiber optic patch cable (400-2200 nm). The power at the sample 
calibrated outside the squid magnetometer was approximately 4 mW. The samples were 
prepared by dispersing the cobalt ferrite nanoparticles (1% by weight) in an optical grade epoxy 
(Stycast 1266). The sample dimensions were approximately 0.12 cm x 0.13 cm (r x h). As an 
alternative approach, nanoparticles can also be spread as a thin layer between two pieces of 
transparent tape; however due to the high absorption of cobalt ferrite, the amount of material 
strongly influences the magnitude of the photomagnetic effect. The dilution of cobalt ferrite is a 
critical step in the investigation of its photomagnetic properties, so samples mixed with epoxy 
were used in this work. The magnetization vs. field/temperature dependence in the dark state 
was measured after field cooling the sample in 0.01 kOe from room temperature. Irradiation 
experiments at a particular temperature were performed in a field of 0.01 kOe after field cooling 
the sample from room temperature. After achieving saturation, the magnetization in the light 
state was measured under constant irradiation.   
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Figure S1. Particle size distribution for Co
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, 1, corresponding to Figure 1 in the text. 

 

 

 

Figure S2. Characterization of cobalt ferrite/manganese ferrite core@shell-like particles,  2.  
TEM image with corresponding EDS linescans for manganese (green), cobalt(blue) and iron 
(red) and particle size histogram. 
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Figure S3. Particle size distribution for 3, corresponding to Figure 3 in the text.  TEM image 
(scale bar is 10 nm) and corresponding EELS maps for Mn (red), Co (yellow) and Fe (green) 
within an aggregate of 3. 
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PXRD Refinement for 3.  

To determine whether 3 is better described as a heterogeneous composite of as a solid solution 
Rietveld analysis was performed on PXRD data collected at the APS. The Rietveld method1 is 
generally a powerful technique for determining the macroscopic and microscopic properties of 
polycrystalline materials. In this case, though, due to the small difference in the scattering 
strengths of manganese, iron, and cobalt, a good fit to the two-phase model is insufficient 
evidence without simultaneous, independent rejection of the alternative, a single-phase solid 
solution model. Here, Pawley (‘structure-free’) refinements were performed first to determine 
the best possible profile fit and the values of the non-structural parameters, followed by 
Rietveld refinement to elucidate the sample composition.2 Fitting was performed first 
considering sample 3 as a two-phase mixture, then the fitting was restarted, this time 
considering sample 3 to be a single-phase solid solution. The quality of the fit and the chemical 
plausibility of the results were then used as evidence to support the presence of two chemically 
distinct phases. 

Rietveld refinements proceeded using a structural model determined through analysis of the 
CoII 2p3/2 and FeIII 2p3/2 peaks and the parameters obtained from the Pawley fits.3 Fitting was 
performed using GSAS-II (v. 3788).4 Restraints were needed to damp the rate of composition 
change during the refinement; these restraints had an initially high weight (106) which was 
slowly reduced to a very small value (0.01). The background, crystallite sizes, microstrain (if 
applicable), and lattice parameters were refined periodically during this process, and all were 
refined simultaneously at the end of the refinement. The obtained compositions and sample 
parameters are listed in Table 2. Uiso was set to 0.01 for all atoms and was not refined, as this 
variable has a strong correlation with site occupancy.2 Fourier difference maps were generated 
for each phase at the end of the refinement which each show a maximum electron density 
difference of less than 1 e/A3. 

The results of the Rietveld refinements are compared graphically in Figure S4, and the 
parameters characterizing each fit are provided in Table S1. In general, the two-phase model 
provides a more satisfactory fit to the observed data than the solid solution model. 
Additionally, in order to produce a moderately commensurate fit using the solid solution 
model, background peaks needed to be introduced which were not observed in the empty 
capillary pattern,5 and peak broadening corrections due to anisotropic microstrain were 
necessary.6 These corrections have a questionable physical basis in our sample which lends 
further support to the two-phase model as the better representation.  

The phase compositions from the two Rietveld refinements, and other sample parameters, are 
listed in Tables S2 and S3. For the fit using the single-phase solid solution model, despite 
starting the refinement with a 1 : 1.91 Mn:Co ratio, the best agreement with the data is a 
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model which contains only cobalt and iron. The composition of this cobalt ferrite phase is 
consistent (within error) with that of the cobalt ferrite phase obtained in the two-phase 
Rietveld refinement. In the two-phase refinement, the manganese ferrite is present as a series 
of broad peaks at the base of the much sharper cobalt ferrite peaks, and these broad lines are 
absorbed into the background in the solid-solution refinements. It is clear the solid solution 
model yields a poor fit to the data and can be rejected as a candidate. 

Focusing now on the two-phase refinement, by comparing the phase fractions and site 
occupancies for each element to the elemental ratios obtained from ICP-AES, it is estimated 
that only approximately 70% of the cobalt in the sample is accounted for by the cobalt ferrite. 
The remainder may contribute to the broad peaks assigned to the manganese ferrite, providing 
a possible explanation for the relatively small manganese ferrite lattice parameter compared to 
single-phase manganese ferrite (a = 8.50 Å). The lattice parameter for the cobalt ferrite is also 
shifted with respect to the single-phase sample (a = 8.35 Å), however, this change is in good 
agreement with the expected increase due to the higher cobalt fraction relative to the single-
phase sample.7,8 Finally, a summation of the nominal charges on each ion over all of the sites in 
the unit cell yields a result which seems to violate charge neutrality, however, the charge-
neutral composition is within the combined error of the composition determinations. 

In summary, through the application of the Rietveld method to synchrotron powder X-ray 
diffraction data, the two-phase model has been shown to provide a satisfactory fit, while the 
alternative, a single-phase solid solution model fits the data poorly, yielding physically 
unrealistic sample parameters, and is therefore rejected. 
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Figure S4. Rietveld refinements for sample 3, using a) two-phase model and b) solid solution 
model. 

 

a) 

b) 
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Table S1. Fit statistics for Rietveld refinements using two-phase and solid solution models. 

Model Rwp χ2 RF, cobalt 
ferrite 

RF, manganese 
ferrite 

RF, cobalt 
manganese ferrite 

Two-phase 7.72% 1.78 2.05% 1.43% - 

Solid solution 10.20% 2.38 - - 6.65% 

 

Table S2. Refined parameters for two-phase model. 

Phase a Crystallite 
size 

Composition Phase 
fraction 

Cobalt ferrite 8.39 Å 26 nm (Co0.4Fe0.5)[Co0.48Fe0.54]2O4.0 27.4% 

Manganese ferrite 8.40 Å 3 nm (Mn0.3Fe0.6)[Mn0.3Fe0.6]2O4 72.6% 

 

Table S3. Refined parameters for solid solution model. 

Composition a Crystallite 
size 

S400 S220 

(Mn0.0Co0.5Fe0.4)[Mn0.0Co0.5Fe0.5]2O4.0 8.40 Å 31 nm 0.0172 0.0016 
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