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Figure S 1The XRD patterns of ferrites annealed under different conditions: (a) The heating rate 

was 6°C/min and the gas flow rate during annealing was 10 sccm; (b) The heating rate was 

10°C/min and the gas flow rate during annealing was 100 sccm. 

 

Figure S 2 The characterizations of Mn–Zn ferrites that were annealed at 1000°C for 10, 30, and 

120 min with gas flow rate of 150 sccm. (a) M–H loops; (b) XRD patterns; (c) The typical peak of 

FeγO <2 0 0>; and (d) The Mössbauer spectra. The annealing process was performed under the 

Ar gas flow rate of 150ml/min, and the heating rate was 6°C/min. 
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When the ramp rate was 6°C/min and the gas flow rate was 150 sccm, the saturation 

magnetization values of annealed ferrites were largely reduced at the annealing 

temperatures of 1000°C, as shown by the M–H loops in Figure S2-1a. The 

composition was identified as a mixture of spinel Mn–Zn ferrite and FeγO phase, as 

shown in Figure S2-1b. The γ is related to the composition of FeO, which is 

dependent on the ratio of Fe
2+

/Fe
3+

 in the phase. Notably, the occurrence of FeγO was 

less than 10 mins under 1000°C. The changes in the valence states and cation 

distributions of Fe ions after annealing were identified by the Mössbauer spectra, as 

shown in Figure S2-1d. The Mössbauer spectrum of the pristine Mn–Zn ferrite was 

well fitted by three sextets, which correspond to Fe
2+

/Fe
3+

 at B sites and Fe
3+ 

at A 

sites. The spectrum significantly changed for the annealed samples, where doublet 

appears and was continually enhanced by increasing the annealing time. The existence 

of doublet was owing to the formation of FeγO,
1
 which resulted in the largely reduced 

saturation magnetization of the pristine Mn–Zn ferrites. 

The fitting results of the Mössbauer spectrum are listed in Table S1. The doublet was 

characteristic for FeO in a paramagnetic state and fitted with two sites, which were 

ascribed to O1 and O2. The O1 site with the isomer shift of ~0.95 mm/s is typically 

ascribed to the Fe
2+

 atoms. The O2 site with IS ~0.30 mm/s represents the Fe
3+

 ions.
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The ratio of Fe
2+

 and Fe
3+ 

(O1/O2) can be estimated from the corresponding peak area. 

It is clear that the Fe
2+

 atoms are increasing with the annealing time, which is also 

consistent with the XRD measurements in Figure S2-1b. The detailed peak position of 

FeγO <2 0 0> in Figure S2-1c was shifted from 42.17° to 42.08° from 10 to 120 mins 

file:///E:/深圳大学/2015国基/课题进展/paper%201/ref/Unusual%20magnetic%20behavior%20in%20sputtered%20FeO%20and%20a-Fe2O3%20thin%20films.pdf
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annealing, indicating a subtle change of m from 0.9536 (PDF#741880) to 0.9646 

(PDF#741883). Furthermore, a state transition from Fe
3+

 to Fe 
2+

 can be observed in 

sample annealed with 30 mins where the <2 0 0> peak is relatively broader than the 

other ones. 

Table S1 Mössbauer Parameters of Mn–Zn ferrites annealed at 1000°C for 10, 30, and 120 min: 

Average Magnetic Hyperfine Field (H), Isomer Shift (IS), Quadrupole Splitting (QS), Width and 

relative area (Area) obtained by fitting Spectra. 

 

Table S1 lists the fitted Mössbauer parameters of Mn–Zn ferrites annealed at 1000°C 

for 10, 30, and 120 min. Owing to the large gas flow rate of 200ml/min during the 

annealing process, Mn–Zn ferrites partially changed into the FeγO phase. The amount 

of the FeγO phase increased with annealing time. When Mn–Zn ferrites annealed for 

30min, there was a transition state from Fe
3+

 to Fe
2+

, resulting in very broad sextet in 
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the Mössbauer spectra. Unlike the Fe ions at normal positions, the hyperfine magnetic 

field of the transition phase was much lower, ca. 15.69 T. 

 
Figure S 3 Characterizations of Mn–Zn ferrites annealing at 1200°C and 1400°C for 2h under the 

Ar gas flow rate of 20 sccm. (a) M–H loops of Mn–Zn ferrites before and after annealing at 1200°C 

for 2 h; (b) the corresponding XRD patterns; (c) The M–H loops of Mn–Zn ferrites annealed at 

1400°C for 2 h. The inset shows the coercivity and the remanence; and (d) the corresponding 

Mössbauer spectra. 

The phase structures and the magnetic properties of annealed Mn–Zn ferrites at 

1200°C (MZF1200-20) and 1400°C (MZF1200-20) under the Ar gas flow of 20 sccm 

were shown in Figure S3. The phase of α-Fe2O3 can be obviously observed in these 

two samples, as shown in Figure S3b. The M–H loops in Figure S3a showed the 

ferrimagnetism of MZF1200-20 with the saturation magnetization of only 28 emu/g, 
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while the paramagnetism of MZF1400-20 superimposed on low ferrimagnetism 

bearing 2.5 Oe coercivity and 0.012 emu/g remanence (the inset of Figure S3c). 

When compared with the pristine Mn–Zn ferrites, there are two significant changes in 

the Mössbauer spectra of MZF1400-20. First, the presence of the middle doublet with 

zero hyperfine fields indicated the appearance of a paramagnetic phase, which 

probably corresponded with the ZnFe2O4 phase.
4
 Second, the much narrower sextet 

peaks in Figure S3d indicated the much more homogeneous structures of the annealed 

nanocrystals. The Mössbauer spectra fitting parameters are given in Table S2 and 

provide more detail about the valence state of the Fe ions and their distribution. One 

of two sextets can be attributed to the α-Fe2O3 phase,
5
 which is consistent with the 

XRD phase analysis. There is another phase of spinel ferrite, as also observed in the 

XRD patterns. However, both Zn ferrite and α-Fe2O3, which were confirmed by XRD 

patterns and Mössbauer spectra, are paramagnetic at room temperature. The presence 

of low ferrimagnetism can only be caused by the formation of Mn ferrites. The 

stoichiometry in the annealed sample was ca. Mn0.06Zn0.31Fe2.63O4, as detected by 

EDS and ICP. The valence state of Mn was determined by analyzing the Mn3s spectra 

in Figure S4, where Mn
2+

 was confirmed according to the measured     (ca. 6 eV). 

Therefore, MnFe2O4 was another type of ferrite that coexisted with ZnFe2O4 in the 

oxidized sample. 

file:///E:/深圳大学/2015国基/课题进展/paper%201/ref/Experimental%20and%20ab%20initio%20study%20of%20the%20hyperfine%20parameters%20of%20ZnFe2O4%20with%20defects.pdf
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Table S2 Fitting Parameters of Mössbauer spectrum of Mn–Zn ferrite annealed at 1400°C with 20 

sccm Ar gas flow rate: Average Magnetic Hyperfine Field (H), Isomer Shift (IS), Quadrupole 

Splitting (QS), Width and relative area (Area) obtained by fitting Spectra. 

 

 

 

Figure S4 The Mn3s spectra of the annealed Mn–Zn ferrites (a) being oxidized (α-Fe2O3 included in 

the annealed product); and (b)being reduced (FeγO included in the annealed product). The Mn3s 

spectrum is used to estimate the valence state of Mn ions.      was measured to be 6 or 6.1 eV, 

as a result,                       . Thus the valence state of Mn is Mn2+. 
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