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Abstract 
The classical model of Heisenberg Hamiltonian was successfully employed to 
investigate the easy axis orientation of barium ferrite with hexagonal structure. First 
the magnetic dipole interaction energy between spins of Fe+3 ions was calculated for 
the barium hexaferrite film. Then the average values of in plane and out of plane spin 
components were determined using the energy of the ferrite film, which was obtained 
by means of Heisenberg Hamiltonian. Finally, the variation of these average spin 
components with temperature was plotted in order to investigate the temperature at 
which these average spin components approach zero. The experimental value of the 
temperature (1000 oC), at which the easy axis of barium hexa-ferrite films deposited 
on MgO and Al2O3 substrates by thermal spray technique orients in the plane and 
out of plane of the film, could be explained using this model. The Heisenberg 
Hamiltonian without perturbation terms was considered in this manuscript.   
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1. Introduction: 
 Barium ferrite belonging to the M-type ferrites category has a hexagonal structure. It is a 
uniaxial hard ferrite material with easy axis oriented along the C-axis of the hexagonal cell. Because 
of these unique properties of hexagonal ferrite materials, they are prime candidates in the 
applications of magnetic memory devices and microwave devices. Thin films of hexagonal ferrites 
have been fabricated using rf sputtering 1, 2, isothermal dipping method 3, targets facing type 
sputtering 4 and thermal spray 6. In plane 1 and out of plane 4 easy axis oriented hexagonal ferrite 
films have been synthesized 6. The orientation of easy axis vastly depends on the substrate 
temperature 1. However, the orientation of easy axis depends on the orientation of substrate 5, 6, type 
of sputtering gas, sputtering pressure, separation between the substrate and target, and annealing 
conditions too. The easy axis orientation of cubic structured ferromagnetic thin films such as CoPt3 
grown on WSe2 substrates and Fe-rich germanide films synthesized on Ge(001) substrates has been 
described using the classical Heisenberg Hamiltonian and the same theoretical approach by us 
previously 7.   
 Although the easy axis oriented hexaferrites find potential applications in magnetic memory 
and microwave devices, it is difficult to find detailed theoretical explanation of easy axis orientation 
of hexaferrites. For the first time, the orientation of easy axis of strontium ferrite thin films has been 
theoretically explained using Heisenberg Hamiltonian by us. First the matrix related to the dipole 
interaction energy between spins in hexagonal ferrite lattice was determined. Only the magnetic 
dipole interactions between Fe+3 ions were taken into account, because the magnetic moments of 
oxygen and Ba ions are zero due to the unavailability of unpaired electrons. As well as the 
interactions between spins within the same cell and the interactions between adjacent cells were 
considered in order to extend the investigation of dipole interactions for the whole ferrite film. 
Because the orientation depends on the type of the substrate, the simulations were carried out to 
explain the easy axis orientation of barium ferrite films experimentally grown on Al2O3 and MgO 
substrates 6. In addition, the magnetic energy of Ni ferrite films belonging to nonuniaxial soft 
magnetic category was determined for oriented 8, 2nd order perturbed 9 and 3rd order perturbed cases 
10.   
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2. Model: 
               The coordinates (x, y, z) of Fe +3 ions in the cell of barium ferrite can be given as below 11. 

Spin x y z 
up 0 0 1/4 
up 0 0 1/2 
down 2/3 1/3 0.525 
down 1/3 2/3 0.300 
up 1/3 1/6 0.400 

 
Table 1: Coordinates and orientations of spins Fe+3 ions in Barium ferrite lattice 
Then the magnetic dipole interaction energy between two spins can be found using following 
equation.   
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               Finally the total magnetic dipole energy of a Barium hexaferrite thin film with N cells is 
given by following equations after considering the magnetic dipole interactions within one cell and 
between two adjacent cells. 
 
 
 

Edipole =S2[N(88.3197sin2+11.3541sincos  -127.9435cos2 )    
              +(N-1) (93.0605 sin2+25.3002sincos-15.423cos2)]                      (3) 

              Here the magnetic dipole interactions between spins in adjacent cells were considered only 
when the separation between two spins is less than 0.7945, which is the maximum separation 
between two spins within one cell. S denotes the value of spin in one Fe+3 ion. 
                Then the total magnetic energy can be found by applying following Heisenberg 
Hamiltonian for the whole barium ferrite film. 
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              Within a single domain, M is parallel to the spin.  If stress is applied normal to the film 
plane, then m is the angle between the normal to the film plane and the local spin. So  is the angle 
between local magnetization (M) and the stress. Here the last term indicates the change of magnetic 
energy under the influence of a stress. Ks depends on the product of magnetostriction coefficient (s) 
and the stress  (. Ks can be positive or negative depending on the type of stress whether it is 
compressive or tensile. Integer m and n denote the indices of planes, and they vary from 1 to N for a 
film with N number of layers. First, second, third and fourth terms represent the spin exchange 
interaction, magnetic dipole interaction, second order anisotropy and fourth order anisotropy, 
respectively. H


 is the net internal magnetic field due to the surrounding spins. 

           The second term in equation (4) is given by equation (3). So finally the total magnetic energy 
given in equation (4) can be deduced to 
 
E() = 3NJ+5(N-1)J+[N(88.3197 sin2+11.3541 sincos -127.9435 cos2 )  
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This is the total magnetic energy per unit spin. Here 
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fourth order anisotropy constants in the whole film.  
 
3. Results and discussion: 
            The spin is assumed to be in the plane of y-z, and x component of the spin is assumed to be 
zero. The average value of out of plane spin component is given by 
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              By substituting the energy given in equation (5) into the equation (6), zS  can be found as a 

function of the temperature. According to our model, zS  is really sensitive to Hin, Hout, J,  and Ks, 

and it is  not sensitive to 
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)4( , Hin, Hout, and Ks for this Barium ferrite film, a reasonable set of 

values have been plugged into equation. This simulation was performed for J = 10-56 Joules, =10-

36 Joules, 
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)4( =10-42 Joules, Ks= 10-30 Joules, Hin=10-40 Am-1 and 

Hout=10-34 Am-1. zS  approaches zero at 1273 K as given in figure 1. Value of N used for all these 
simulations was about 1.2x105. This implies that barium hexaferrite film is not oriented below 1273 
K, and it’s easy axis is oriented in the plane of the film above 1273 K. So this model can explain the 
experimental data of barium ferrite synthesized on MgO substrate by some other researchers 6.  
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Figure 1: Graph of zS  versus temperature at Ks= 10-30 Joules. 
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              Spin reorientation temperature can be varied by changing energy parameters as given in 

figure 2. When J = 10-56 Joules, =10-40 Joules, 
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10-29 Joules, Hin=10-40 Am-1 and Hout=10-34 Am-1, zS  approaches zero at about 725 K. According to 

our model, spin reorientation temperature can be reduced by increasing Ks and by decreasing . Ks 
depends on the thermal expansion coefficients of film and substrate, and the Young’s modules of 
film 12, 13. 
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Figure 2: Graph of zS  versus temperature at Ks= 10-29 Joules. 

 
                 The average value of in plane spin component is given by 
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              Similarly by putting the energy in above equation, yS can be found as a function of 

temperature.  yS   is also really sensitive to J, Hin, Hout and Ks. This simulation was performed for 

J=10-31 Joules, =10-32 Joules, 
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Hin=10-30 Am-1 and Hout=10-33Am-1. yS  becomes zero at 1273 K as given in figure 3. This means 

that barium ferrite film is not oriented below 1273 K, and magnetic easy axis is oriented 
perpendicular to the plane of the film above 1273 K. So this model can be used to understand the 
experimental data of barium ferrite film synthesized on Al2O3 substrate 6. The spin reorientation 
temperature varies with energy parameters in this case too. When J=10-33 Joules, =10-32 Joules, 
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yS  approaches zero at 1023 K as given in figure 4. Decreasing J and increasing Ks reduce the spin 

reorientation temperature.   
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Figure 3: Graph of yS  versus temperature at J=10-31 Joules and Ks= 10-41 Joules. 

 
           According to our theoretical model, in plane and out of plane easy axis orientations occurs at 
1273 K for Ks= 10-30 and 10-41 Joules, respectively. Barium ferrite films with in plane and out of 
plane easy axis orientation can be fabricated at 1273 K on MgO and Al2O3 substrates, respectively 
6. According to some of our previous experimental data, the stress induced anisotropy (Ks) depends 
on the type of substrate 12, 13.   
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Figure 4: Graph of yS  versus temperature at J=10-33 Joules and Ks= 10-29 Joules. 

    
         Graph of spin reorientation temperature (Ts) versus Ks determined by investigating the 
variation of yS is given in figure 5. Here Ks-axis is given on a logarithmic scale in order to observe 

the variation of Ts clearly. When Ks varies from 10-28 to 10-41 Joules, Ts changes from 0 to 1273 K. 
Similarly, the spin reorientation temperature changes with J, Hin and Hout. According to our 
previous theoretical studies, the spin reorientation temperature of ferromagnetic thin films of CoPt3 
and Fe-rich germanide is also really sensitive to Hout and Ks 

7. When Ks varies from 10-28 to 10-29, Ts 
abruptly changes. However, in the range of Ks from 10-29 to 10-31, Ts slightly changes.  
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Figure 5: Graph of spin reorientation temperature versus Ks for yS . 

 
4. Conclusion: 
           The in plane and out of plane easy axis orientation of Barium ferrite films deposited on MgO 
and Al2O3 substrates could be explained using our modified Heisenberg Hamiltonian model. 
Average values of in plane and out of plane spin components in 2-D model were plotted in order to 
determine spin reorientation temperature. Energy parameters in Heisenberg Hamiltonian were 
varied to investigate the change of spin reorientation temperature of Barium ferrite films. In plane 
orientation was observed at 1273 K for Ks= 10-30 Joules. Out of plane orientation occurred at 1273 
K for J=10-31 Joules and Ks= 10-41 Joules. According to our model, spin reorientation temperature 
solely depends on J,  Hin, Hout and Ks. The spin reorientation temperature significantly varies 
from about 725 to 1273 K, as above energy parameters were changed. Because Ks depends on the 
type of substrates, the in plane and out of plane orientations could be observed at 1273 K for 
different values of Ks.  
 
References:  

1. H. Hegde, P. Samarasekara and F.J. Cadieu, J. Appl. Phys. (1994), 75(10),6640.     . 
2. I. Zaquine, H. Benazizi and J.C. Mage, J. Appl. Phys. (1988), 64, 5822. 
3. H.L. Glass and J.H.W. Liaw, J. Appl. Phys. (1978), 49(3), 1578. 
4. M. Matsuoka, M. Naoe and Y. Hoshi, J. Appl. Phys. (1985), 57, 4040. 
5. T.L. Hylton, M.A. Parker, K.K. Coffey and J.K. Howard, J. Appl. Phys. (1993), 73, 6257. 
6. Mei-Ni Chou, “Epitaxial growth of hexagonal ferrite films by thermal spray”, Stony Brook 

university publication, (2007), 26-29. 
7. P. Samarasekara and N.H.P.M. Gunawardhane, GESJ: Physics (2011), 2(6), 62.  
8. P. Samarasekara, Elec. J. Theo. Phys. (2007), 4(15), 187. 
9. P. Samarasekara, GESJ: Physics (2010), 1(3), 46. 
10. P. Samarasekara and William A. Mendoza, GESJ: Physics (2011), 1(5), 15. 
11. Yue Liu, Hong-bo Zhang, Ji-dong Duan, Ying Liu, Yu Gao, Li-li Wang and Yang Li, 

Advanced Mater. Res. (2011), 239-242, 3052. 
12. P. Samarasekara and F.J. Cadieu, Jpn. J. Appl. Phys. (2001), 40, 3176. 
13. P. Samarasekara and F.J. Cadieu, Chinese J. Phys. (2001), 39(6), 635. 

________________________ 
Article received: 2013-01-18 

 


