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Abstract: 

The polycrystalline Fe3O4 thin films are grown on Si(100) substrate by reactive DC sputtering 

at different oxygen partial pressure (���) for controlling the growth associated density of 

antiphase boundaries (APBs). The micro-Raman analyses were performed to study the 

structural and electronic properties in these films. The growth linked changes in the APBs 

density are probed by electron-phonon coupling strength (λ) and isothermal magnetization 

measurements. The estimated values of λ are found to vary from 0.39 to 0.56 with the 

increase in ���  from 2.2×10-5 to 3.0×10-5 Torr, respectively. The saturation magnetization 

(saturation field) values are found to increase (decrease) from 394 (5.9) to 439 (3.0) emu/cm3 

(kOe) with the increase in ��� . The sharp Verwey transition (∼120 K), low saturation field, 

high saturation magnetization and low value of λ (comparable to the bulk value ~0.51) clearly 

affirm the negligible amount of APBs in the high oxygen partial pressure deposited thin 

films. 
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Introduction 

Magnetite (Fe3O4) is a cubic spinel ferrimagnetic system which shows intriguing structural, 

electrical and magnetic properties[1]. By virtue of its half-metallicity, 100% spin 

polarization, and higher Curie temperature (TC ∼ 860 K), Fe3O4 is a strong candidate for 

spintronics application such as spin valves and magnetic tunnel junctions[2][3][4][5]. 

However there are formation of certain defects like stacking faults at ionic sublattices during 

film growth are responsible for local anti-ferromagnetic ordering of the spins which leads to 

the formation of antiphase boundaries (APBs) which are dominantly antiferromagnetic 

coupled between adjacent domains in Fe3O4 thin films [6][7]. The APBs decrease half-

metallic nature (spin polarization) and degrade electric and magnetic properties of the 

sputtered Fe3O4 thin films. The formation of APBs results in the reduction of saturation 

magnetization, delay in saturation field, increase in resistivity, broadening or disappearance 

of Verwey transition [8][9]. The formation of APBs in sputtered films is highly process 

dependent and strongly depends on growth parameters such as growth temperature, oxygen 

partial pressure, and nature of substrate [10][11].  The APBs form during coalescence of 

nuclei in the initial stage of film growth, and can be reduced at higher growth temperature 

since density of APBs is thermally diffusive in nature. Its perceived cause is the limited 

surface ad-atom mobility of growing film. Hence, to reduce APBs, it is therefore preferable 

to work at higher growth temperature which increases the ad-atom mobility. High growth 

temperature not only reduces the density of APBs but also expected to enhance the structural 

quality and magnetic features [9]. Thin films of Fe3O4 have been grown by different 

techniques including sputtering [12], molecular beam epitaxy [13], electron beam evaporation 

[14], and pulsed laser deposition on various substrates such as MgO, MgAl2O4, SrTiO3, and 

sapphire etc[15]. There are several reports on reduction of APBs by tuning the growth 

temperature while preventing interfacial diffusion, and by applying the electric field during 



  

3 

 

growth [9][10][16]. In this work, we systematically investigated the effect of substrate 

temperature on the phase formation and impact of oxygen stoichiometry on the growth of 

pure phase and the density of APBs in the sputtered magnetite (Fe3O4) thin films. Electron-

phonon coupling parameters in conjunction with isothermal magnetization measurements 

were used to examine the density of APBs in polycrystalline Fe3O4 thin films. Further, the 

Verwey transition (TV) temperature using magnetization and electrical transport measurement 

was analysed in detail. 

1. Experimental methods 

The Fe3O4 thin films were grown by reactive pulsed DC magnetron sputtering using pure iron 

target (99.99%) with fixed oxygen partial pressure (���) of 3.0×10-5 Torr at different 

constant temperature such as 400°C, 500°C, and 600°C on Si(100) substrate to optimize the 

growth temperature. After the optimization of  growth temperature, i.e., 500°C, the Fe3O4 thin 

films of constant thicknesses were deposited at different ���  of 2.2, 2.5, 2.8 and 3.0×10-5 

Torr, respectively. The samples were named as F2.2, F2.5, F2.8 and F3.0, based on their ��� . 

The base pressure in the chamber was maintained better than 2.0×10-6 Torr and sputtering 

was done using Ar gas at a working pressure of 1.9 mTorr. The thicknesses of the films were 

measured using surface profilometry employing a Bruker Dektak XT profiler system 

(Billerica, MA, USA) and found to be 68nm. The X-ray diffraction (XRD) patterns were 

recorded using PANalytical X’Pert-Pro X-ray diffractometer in glancing angle mode at 1° 

using Cu Kα (1.541 Å) radiation. The phase purity of the samples was analysed by Renishaw 

Invia reflex micro-Raman spectrometer using air-cooled Ar-ion laser (514 nm) of 50 mW 

power. All Raman spectra were recorded at room temperature. Saturation magnetization and 

the thermo-magnetization measurements were performed by the vibrating sample 

magnetometer (VSM) module of the Quantum Design make Physical Property Measurement 
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System (QD PPMS-VSM) Evercool-II. The electrical transport (resistivity vs. temperature) 

measurements were performed in four probe geometry in QD PPMS using AC transport 

option. 

2. Results and discussion 

3.1 X-ray diffraction 

Figure 1 shows the x-ray diffraction patterns of Fe3O4 thin films grown at various oxygen 

partial pressures (���) at 500°C substrate temperature. In the sample F2.2 peaks 

corresponding to (311) (400) and (440) crystallographic orientation were observed which 

indicate the polycrystalline nature of Fe3O4 thin films. The broadening observed in the peaks 

corresponding to the (400) and (440) crystallographic orientations in lowest ���  = 2.2×10-5 

Torr grown sample indicates poor crystallinity and the possibility of partial existence of other 

Fe-O phase(s) [17]. On increasing ���  past 2.2×10-5 Torr, the (440) peak disappears in all the 

samples which is a signature of texture improvement. Further increasing the ���  to 2.8×10-5 

Torr (sample F2.8) results in preferred oriented film growth with (400) crystallographic 

orientation whereas sample deposition at ���  = 3.0×10-5 Torr results in diminishing of the 

preferred crystallographic growth. These results clearly indicate the ���  induced changes in 

the crystallographic orientations of the grown thin films. Thus the crystalline quality of the 

films was improved on increasing the ���  under controlled way, and the optimum ���  was 

found to 2.8×10-5 Torr (F2.8) where only (400) crystallographic orientation was observed. 

The lattice parameters were calculated using Bragg’s diffraction relation and found to vary in 

the range of 8.102-8.384 Å for all the samples which are comparable to the bulk value 

(8.396Å) of Fe3O4.  The observed variation in the lattice parameter values have 

understandably resulted from the different ���  induced changes in the crystallographic 

orientations in the samples. The average crystallite/grain size of these films have been 
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calculated using the Scherrer formula [18] and is found to be ~23 nm. It is important to 

mention here that the estimated crystallite/grain sizes might lie in the range of the 

superparamagnetic (SPM) limit reported in nanoparticle samples [19]. However, the presently 

studied samples are thin films and the magnetization measurements (M-H and M-T) did not 

exhibit any signature of the SPM behaviour (which is discussed in the forthcoming section). 

Therefore, the possibility of grain sizes linked SPM feature in the thin film samples is ruled 

out. It may also here be pointed out that although the analysis of XRD peaks indicating our 

thin films are truly Fe3O4, the occurrence of γ-Fe2O3, however, cannot ruled out due to the 

fact that all Bragg diffraction peaks of Fe3O4 and γ-Fe2O3 which appears at nearly same 2θ 

positions. Therefore, to confirm the presence of Fe3O4 pure phase, the Raman measurements 

were performed on all the samples at room temperature.  

3.2 Raman Analysis 

This technique is highly sensitive to differentiate all the different phases of any compound 

such as iron oxides; Fe3O4 (magnetite), α-Fe2O3 (hematite), γ-Fe2O3 (maghemite), FeO 

(wustite) [6]. Theoretically, magnetite exhibits 14 vibrational modes (3A1g  + 3Eg + 8T2g), and 

out of 14 modes 5 mode are Raman active at room temperature according to group theory 

[20]; 669cm−1(A1g); 410cm−1(Eg); 193cm−1(T2g(1)); 538cm−1(T2g(2)); and 307cm−1 [T2g(3)]. 

However, four modes(experimentally) at 668, 538, 306, and 193 cm-1 out of five 

(theoretically) predicted Raman active modes are observed at ambient conditions in non-

polarized spectrum of magnetite thin films[2]. It is to be noted that the A1g mode arises due to 

symmetric stretching of oxygen atoms along Fe-O bond which is link to the structural 

properties of Fe3O4 thin films and T2g modes arise due to the symmetric and asymmetric 

bending of oxygen with respect to Fe ions are linked to the electronic properties of the 

magnetite(Fe3O4) thin films.  
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Figure 2(a) shows the Raman spectra recorded for the sample grown at different 

temperatures, 400°C to 600°C in step of 50°C, keeping ���  (3.0×10-5 Torr) fixed. It has been 

observed that the sample deposited at 500°C exhibit very strong A1g and T2g modes compared 

to other samples. The observed Raman spectra does not exhibit any signature of γ-Fe2O3 

phase for which the peaks are expected to observe at 350, 500 and 700 cm−1. Thus, the 

sputtered Fe3O4 thin films are of pure single phase nature. Therefore, the optimum growth 

temperature is 500°C for further growth of Fe3O4 thin films. After optimization, the Fe3O4 

thin films were prepared at different ���  ranges from 2.2 to 3.0×10-5 Torr keeping 500°C 

growth temperature fixed.  Fig 2(b) shows the Raman spectra recorded at room temperature 

on F2.2, F2.5, F2.8 and F3.0 samples. The increment in the intensity of A1g mode with the 

increase in ��� 	indicates the improvement of the crystalline quality of Fe3O4 thin films. The 

least intensity of A1g in F2.2 indicate the minimum formation of Fe3O4 which may show large 

Ms low Hc (which is discussed in the forthcoming section). 

The presence of certain growth defects, like stacking faults at ionic sites, create the 

magnetic disorder which is known as anti-phase boundaries (APBs) in this system. These 

APBs cause anti-ferromagnetic (AF) couplings in polycrystalline (inter and intra grain) and 

epitaxial (intra grain) films by the super-exchange interactions at cationic/ionic sites. The 

strength of these AF interactions is found to be dependent on the angle of orientation between 

the two neighbouring crystallites. Since APBs are associated with magnetic disorder, 

therefore, the electron-phonon coupling interaction in the crystal lattice can be used to probe 

these boundaries indirectly. In order to estimate the density of APBs in thin films, the 

electron phonon coupling ‘λ’ has been used to evaluate using T2g (3) mode line shape 

parameters. Figure 3(a) and 3(b) show the A1g and T2g Raman mode peaks respectively, fitted 

(red line) using Lorentzian function. The extracted line shape parameters are shown in 
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Table.1. Subsequently the electron-phonon coupling constant strength for the A1g and T2g (3) 

modes was evaluated using Allen’s formula [6], 
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where mΓ  is the FWHM, ω  frequency is the frequency, ( )FN E = 3 states/eV (density of 

states at Fermi level) and mg  is the degeneracy of the mth mode.  

As ���  is increased, the peak position of A1g mode can be seen to be shifted towards higher 

values which indicate the crystallinity improvement/variation in these thin films as the 

oxygen content in the plasma varied is also evident from the XRD spectra. The values of λ 

were obtained for T2g (3) mode which varies from ~0.472 to ~0.592 for the variation of ���   

from 2.2 to 3.0×10-5 Torr, respectively, which are comparable to the bulk value (λ = 0.51) of 

Fe3O4 [20], except F3.0 sample, though the difference is negligible, which might be due to 

the excessive oxygen induced surface oxidation of the grown film. We would like to 

emphasize that the method for estimating the density of APBs based on the electron-phonon 

coupling coefficient is rather indirect. However to conclude the reduction of APBs in our 

samples we have to look for magnetization measurements because reduction of APBs results 

the decrease in magnetization saturation field, decrease in magnetization, and sharpness of 

Verwey transition.  

3.3 Magnetization (M-H) and Thermo-Magnetization (M-T) Analysis 

Figure 4 shows the in-plane magnetization hysteresis (M-H) loops on the samples grown at 

different ��� ; F2.2; F2.5; F2.8; F3.0. It is inferred from M-H measurements that the 

saturation fields (HS) decreases from 5.9kOe to 3 kOe on increase the ���  from 2.2 to 3.0×10-

5 Torr, respectively. Further, the saturation magnetization (Ms) values are found to be 

663±12, 394±8, 439±9, and 422±9 emu/cc for F2.2, F2.5, F2.8, and F3.0 samples, 
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respectively. The observed value of Ms in F2.2 is found to be greater than the bulk value of 

Fe3O4 single crystal [9]. This enhancement in the Ms value could stem from the lower oxygen 

���  induced growth of this sample compared to other films, which might result unoxidised Fe 

and/or formation of paramagnetic FeO phase along with Fe3O4 phase. Due to the presence of 

Fe atoms possibly either at interface and/or in the inter-granular regions, some of the 

exchange interactions are broken in Fe3O4 matrix which can result in the uncompensated 

magnetic moment. These uncompensated moments along with lower ���  prompted formation 

of traces of paramagnetic FeO phase which might be responsible for the increase in the 

magnetization with an increase in the applied magnetic field in F2.2 sample [21]. The 

significant decrease in the coercivity (Hc) value from 314 Oe to 298 Oe is also evident with 

the decrease in the ��� . The smallest Hc is found to be 298 Oe for F2.2 sample which is 

relatively low compared to the optimum value of F2.8 in perfect Fe3O4 phase [22]. Further, 

Raman spectra revealed that the intensity of structurally active A1g mode peak is lowest in 

F2.2 sample compared to those in the other samples, a feature which is also analogous and 

consistent to the XRD findings (see Fig. 1). These results indirectly indicate the presence of 

unreacted Fe and/or paramagnetic FeO phase along with the Fe3O4 phase in this F2.2 sample. 

The early saturation field observed in higher ���  deposited samples F2.8 and F3.0 compared 

to F2.2 and F2.5, indicates less density of APBs in these thin films. The optimum Ms value of 

the sample F2.8 was found to be 439±9 emu/cc which is close to bulk value (~450 emu/cc) 

for Fe3O4 thin film [12].  

The APBs prominently affects the equilibrium magnetization behaviour in these 

Fe3O4 thin films, thus, the temperature dependent magnetization (M-T) i.e., zero field cooled 

(ZFC) and field cooled (FC) magnetization behaviour has been examined in detail. Fig. 5 

shows the ZFC and FC curves (measured at 200Oe) for all the samples grown in various ���  

environments. The M-T fall in the range of 120-128K in all the sample is associated to the 
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metal-insulator transition in Fe3O4 also known as Verwey transition. The Verwey transition 

temperature (Tv) value for the single crystal is ~120K [8][20]. The Verway transition is 

accompanied by the change in crystal symmetry from cubic to rhombohedrically distorted 

monoclinic phase, and is very sensitive to the stoichiometry parameter and also on the density 

of APBs. A minute stoichiometry variations (Fe3-δcO4; δc ~ 0.0117) and presence of the APBs 

can significantly broaden/diminish the Verwey transition as reported in Ref. [11]. The 

broadening is attributed to the presence of ionic vacancies at octahedral sites which basically 

reduce the exchange interaction among the octahedral ionic sites and therefore responsible for 

the formation of APBs. These ionic vacancies induce strain in the lattice and result in the 

suppression of orthorhombic/monoclinic deformation (structural transition from cubic to 

orthorhombic/monoclinic) at Verwey transition. The APB induced strain not only broadens 

T� but it also shifts the transition point towards lower temperature. To understand the effect 

of different ���  on the grown Fe3O4 thin films with regards to the Verwey transition 

temperature, the dM/dT of field cooled warming M-T profiles have been evaluated for all the 

samples. Figs. 6 (a)-(d) shows the change in T� from 128 to 120 K with the increase in ���  

from 2.2 to 3.0×10-5 Torr. It may be noted that T� of single crystal Fe3O4 is 120 K [23]. 

However, the observed ∆TV values of F2.2, F2.5, F2.8 are found to lie in the range of 20-25K 

which is comparable to the previous reported results on nearly APBs free Fe3O4 thin films 

[9]. Although, the sample F3.0 exhibit significant broadening (∆TV) compared to other 

samples suggests the presence of magnetic disorder which might be formed due to the 

excessive oxygen flow induced chemical disordering within the unit cell of Fe3O4. This is 

also consistence with the estimated value of λ which is higher in this F3.0 sample compared 

to others as shown in Table 1. Furthermore, the isotropic transition temperature (TK) at which 

easy axis changes from (111) to (100) is almost similar (~130K) for all the samples. 

3.5 Electrical transport (R-T) 
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Figure 7 shows the resistivity ρ(T) vs. temperature behaviour for all the samples. The 

observed resistivity values are coinciding with the reported results on thin films having low 

density of APBs [11]. The Verwey transition temperature is plotted in Figs. 7(a)-(d). The 

significant rise in resistivity below TV, in respective samples, exhibits metal-insulator 

transition. The observed values of TV i.e., 128 K, 126 K, 126 K, and 120 K for F2.2, F2.5, 

F2.8, and F3.0 samples, respectively, matching with the values observed from M-T data for 

respective samples. The higher value of resistivity below TV in F2.8, and F3.0 sample 

compared to others implies better metal-insulator transition (Verwey transition). This finding 

is in agreement with Raman results which exhibit the sharp intensity of A1g mode i.e., better 

Fe3O4 phase formation in F2.8 and F3.0 sample. The observed Verwey transition in our 

samples is comparatively sharp compared to recently reported results on polycrystalline 

Fe3O4 thin films [24][25]. Above discussion concludes that sample F2.8 and F3.0 are better 

quality compared to F2.2 and F2.5 samples. The low value of λ, higher value of MS, low 

value of HS, sharp value of ∆TV, large drop in magnetization ∆MV at Verwey transition 

affirm that the sample F2.8, grown at 2.8×10-5 Torr, exhibits reduced density of APBs. 

3. Conclusions 

Fe3O4 thin films were deposited on Si(100) substrate at different constant oxygen partial 

pressures ranges from 2.2 to 3.0×10-5 Torr at optimized growth temperature (500°C). X-ray 

diffraction patterns demonstrate the polycrystalline nature of all different constant oxygen 

partial pressures grown Fe3O4 thin films. The phase purity of the samples was confirmed by 

using Raman. X-ray diffraction and Raman spectra analysis confirm the improvement of the 

crystalline quality of the samples with the increase in oxygen partial pressures. The 

magnetization hysteresis loops, magnetization versus temperature, and resistivity versus 

temperature measurements in conjunction to extracted low value of electron-phonon coupling 

constant confirm the reduction in APBs in higher oxygen partial pressures deposited Fe3O4 
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thin films. The thermo-magnetization and electron-transport behaviour confirm the 

occurrence of sharp Verwey transition in all the samples. 
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Table 1. The calculated values of line shape parameters and electron phonon coupling 

constant (λ) of A1g and T2g (3) vibrational mode.  

 A1g T2g 

Sample ω (cm-1) Г (cm-1) λ ω (cm-1) Г (cm-1) λ 

F2.2 664.94 38.06 0.111 304.75 34.10 0.472 

F2.5 665.31 37.47 0.114 302.70 32.57 0.457 

F2.8 664.78 39.49 0.116 303.35 32.37 0.452 

F3.0 666.53 38.73 0.111 302.59 42.20 0.592 
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Figure Captions: 

Fig. 1 XRD patterns of Fe3O4 thin films grown at various ���  range from 2.2 to 3.0×10-5 

Torr at 500°C substrate temperature. 

Fig. 2 Raman spectra recorded at room temperature on the samples grown (a) at various 

substrate temperatures (400°C-600°C) in the environment of fixed ���  (3×10-5 Torr) 

and (b) at various ���  on the optimum substrate temperature (500°C). 

Fig. 3 Raman spectra recorded at room temperature and their fits with the symmetric-

antisymmetric Lorentzian curves for (a) A1g and (b) T2g (3) modes for all samples. 

Fig. 4 In-plane magnetization hysteresis loops measured at room temperature on the samples 

grown at various ��� . 

Fig. 5 Thermo-magnetization curves recorded in zero field and field cooled (Ha =200Oe) 

warming for (a) F2.2, (b) F2.5, (c) F2.8, and (d) F3.0 samples. 

Fig. 6 The dM/dT plots for (a) F2.2, (b) F2.5, (c) F2.8, and (d) F3.0 samples. The Verwey 

transition (Tv) and isotropic temperature (Tk) for all the samples are noted therein. 

Fig. 7 Resistivity vs. temperature plots for (a) F2.2, (b) F2.5, (c) F2.8, and (d) F3.0 samples. 
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Highlights 

• Fe3O4 thin films grown at various ���  on Si(100) by DC magnetron sputtering. 

• APBs has been probed using Raman, magnetization and electron-transport 

measurements. 

• Sharp Tv and low e-p coupling constant observed for higher ���  grown thin film. 

 


