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Introduction: 
      In this work measurements of the interaction fields in doped barium ferrite powders have been mad by measuring the minor hysteresis loops. Minor hysteresis
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loops were first observed by Ewing (Ewing, 1889). Measurements of minor loops were made at negative fields after initially saturating the sample in a positive field. The minor loops (or eye effect) were observed when sweeping the field between negative recoil field (H1) and H2 =zero, i.e. H2>H1 always. 

      The presence of the minor loops in various materials have been attributed to different reasons such as, the presence of soft phase or variation in interaction fields (Feutrill et al: 1996) (O’Grady and Greaves: 1995). O’Grady reported that even when the sample is in a negative field, when reduced to zero they observed an increase in the irreversible magnetisation in a positive sense, i.e., the magnetisation increases with time while the applied field is negative. Such behaviour was attributed to positive local interaction fields being sufficiently large to overcome the applied negative field, (O’Grady et and Greaves: 1994).
      Previous studies of the samples examined in this work have shown the presence of the minor hysteresis loops in these systems. Moreover, the behaviour of reduced remanance magnetization with saturation magnetization was attributed to the presence of two dipolar interactions, one is magnetizing (positive) and the other is demagnetizing (negative).

Experiment: 

      In this work, the samples examined were in the form of a substituted barium ferrite powder (BaFe12-2xCoxTixO19) with x=0.82. These powders were prepared by the conventional glass crystallization method. Detailed preparation process, geometric and magnetic characterization of these systems were reported by (El-Hilo et al: 1994), were it was shown by the electron microscopy that the powder contains particles with an average diameter of 53.3 
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6 nm and average thickness of t = 15 
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1 nm. Samples with different concentrations were prepared by mixing the original powder with a nonmagnetic host (Glucose). The mixture was ground using a pestle and mortar until it became homogeneous and was then compressed at 10 tons/sq inch into disks, 1cm in diameter. Some of the basic measurements of the samples examined in this work are shown in Table 1.

Table 1: Basic measurements of the samples.
	Concentration
	Saturation magnetization
	Saturation moment 
[image: image3.wmf]s

m

(emu)
	Mass
	BaFe : Glucose
	Sample

	
[image: image4.wmf]0

'/

ss

MM

e

=


	
[image: image5.wmf]s

M

 (emu/g)
	
[image: image6.wmf]±

5
[image: image7.wmf]m

emu
	
[image: image8.wmf]m

 (g)
	
	

	1.0000
	Ms0=58.868
	0.3120
	0.0053
	1 : 0
	A1

	0.5326
	31.3514
	0.1160
	0.0037
	1 : 1
	A2

	0.1560
	9.4161
	0.1290
	0.0137
	1 : 5
	A3

	0.0868
	5.1073
	0.1190
	0.0233
	1 : 10
	A4

	0.0410
	2.4163
	0.0563
	0.0233
	1 : 20
	A5

	0.0163
	0.9585
	0.0623
	0.0650
	1 : 50
	A6

	0.0091
	0.5379
	0.0610
	0.1134
	1 : 100
	A7

	0.0058
	0.3386
	0.0493
	0.1456
	1 : 150
	A8

	0.0043
	0.2505
	0.0463
	0.1848
	1 : 200
	A9

	0.0030
	0.1781
	0.0342
	0.1920
	1 : 250
	A10

	0.0024
	0.1424
	0.0382
	0.2682
	1 : 300
	A11

	0.0020
	0.1155
	0.0335
	0.2900
	1 : 350
	A12


      All magnetic measurements were made at room temperature using an ultra sensitive vibrating sample magnetometer (VSM model MicroMagTM 3900 of Princeton Measurement corporation) with a noise base of 5x10-6emu.

      In order to measure the inflection field (Hinf), a scanning of the minor hysteresis loop with time dependence of magnetization at different field points on the upper and lower branches have been made (Figure 1.). Measurements procedure for time dependence at the lower branch of minor hysteresis loops at a fixed recoil filed H1 was as follow: 

· Positive 10 k Oe field was applied to the sample in order to reach the saturation state.

· Negative field (recoil filed, H1) was applied to the sample.

· The negative recoil field was lowered (with a step equal 10 % of H1) to H2=0 Oe.

· At each field point in the above steps the field sweep stopped and the magnetization was measured for a 600 second period.

      For the upper branch, time dependence measurements conditions were the same as described above except that the field changed from H2=0 to H1. It should be noted that H1 varied from about -400 Oe to -1900 Oe for all samples examined.

Results and discussion:

      Figure 2 shows the time dependence of magnetization at different field points on the lower section of the first minor loop for A3 sample using a recoil field H1=-1100 Oe. These data (Fig 2. a) show that for field points close to H1, the magnetization decreases with time as expected since the applied negative field is sufficient for magnetization reversal toward negative saturation. As the applied negative field is reduced back to zero, the data in (Fig 2. b) show that at a particular applied field H=-380 Oe, the magnetization initially decreases then increases with time. For further reductions in H, the magnetization increases with time despite the fact that the, applied field is still negative (Fig 2. c). The increase in M with time can only take place if the local field is positive. Hence the field at which an inflection point occurs in the M versus time behavior, i.e., at H=-380 Oe, can be considered as the field point where the applied negative field is balanced by the local positive interaction field. Thus the interaction field associated with an average magnetization level on this branch of the minor loop is Hint=380 Oe. 

      Figs. 3 shows the time dependence of magnetization at different field points on the upper section of the first minor loop for A3 sample using a recoil field H1=-1100 Oe. The data in Fig. 3 (a) show that at fields close to zero, M again increases with time since the local positive field dominates the applied negative field. For further increase in the applied field to H=-700 Oe, the rate of magnetization changes sign again and at this field point the applied negative field is balanced by the local positive field in the upper branch Fig. 3 (b). Hence the interaction field associated with the average magnetization level on this branch is Hint=700 Oe. For further increase in the applied negative field, M decreases with time as shown in Fig. 3 (c). This type of behavior in the time dependence of magnetization along the lower and upper branches of the minor loop was observed for every recoil field and for all samples examined.

      If we start with the fact that the field at which the variation of average reduced magnetization with time among the upper or lower branches of minor loops is equal to the local interaction field, then we can study the variation of the inflection field as a function of the magnetization of the system. Figure 4 shows the variation of the local magnetizing interaction field (inflection field) with the average reduced magnetization 
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 deduced from lower and upper sections of the minor loops for A7 and A12 samples. In general the variation of interaction field with average reduced magnetization can be expanded in terms of 
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 by the following equation: (El-Hilo et al: 2000): 
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      where (0, (1, (2, ….. are interaction field factors. Figure 4 (a and b) shows that the variation of Hint with average reduced magnetization is almost linear, so we can neglect the higher orders in the expansion and use the first two terms in the expansion to study the interaction behaviour. The data can be fitted to the following equation: 


[image: image12.wmf](

)

int1

2

O

HM

aa

=+


      where (0 is positive and (1 is negative. In this case the first term in equation (2) represents the interaction strength due to the contribution of positive dipolar interactions, while the second term will be connected to the demagnetization factor as we will see later. The positive dipolar interactions arise from the stacking of particles since the barium ferrite particles have a platelet shape, as shown in Figure (5) which represents a schematic diagram for a stack of particles.

      It is well known that the dipolar field arising from a neighboring dipole is given by (Griffiths 1999):
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      where Msb is the saturation magnetization of the bulk material (for doped BaFe is about 320 emu/cc) and V is the particle volume which is equal to 
3.4x10-17 cm3 ). According to the particle arrangement in a stacked column as shown in figure 5, the dipolar field is due to the first nearest neighbors is: 


[image: image14.wmf](

)

0

3

2(2)(;.)4

4

sb

dip

MV

Hupieitispositive

d

m

p

=


       (two particles are the nearest neighbors for any particular particle within the column and (=0 for both particles. From the value of (0 which represent the positive coefficient of dipolar field and From equation (4) we can estimate the separation between particle surfaces within the column ( Xs= d – t ). The results are shown in Table 2.

Table 2: Estimated particle separation within the column.
	Xs=

d – t, (nm)
	d, (nm)
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2.1
	19.4 
	591
	A12

	4.5
[image: image17.wmf]±

2
	19.5
	588
	A11

	4.3
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2.3
	19.3
	605
	A10

	4.7
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2.3
	19.7
	566
	A9

	4.3
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2.3
	19
	629
	A7

	4.1
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2.1
	19.1
	622
	A6

	3.9
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2.4
	18.9
	640
	A5

	4.2
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2.4
	19.2
	610
	A4


      As we can see from Table 2, the separation between particles surfaces does not change with concentrations and has an average value of 4.2 nm. It should be noted that the variation of 
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 are due to the experimental uncertainty. This means that the mixing of barium ferrite powder with nonmagnetic materials (Glucose) does not enlarge the distance between the particles of barium ferrite in the same column because of the stacking effect in this material. The mixing process in this case seams to enlarge the distance between stacked columns, so that the short range interactions will be effective even for the lowest concentration (1: 350).

      The negative contribution of the dipolar field arises from those particles located in the plane of a particular particle, as we can see in the schematic representation in Figure (6). According to the particle arrangements shown in Figure (6), and according to equation(3), the dipolar field arising from in plane or off line particle will be negative, i.e acting down if the moments point upwards. This is clearly shown by the particles on the equator where 
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), i.e the dipolar field from particles in plane will be acting in the opposite way to dipoles inside the stack. Hence their contribution to the dipolar filed will be negative. This is consistent with a mean field term where the interaction field is usually given to be proportional to the average magnetization. Usually in mean field model on interaction effects the interaction field is given by (Ribeiro 1991):
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      where Nd is a demagnetizing factor and M is the magnetization. Hence according to equation (2), the negative interaction coefficient (1 represents Nd(Msb). The obtained values of the demagnetizing factor are shown in table 3. The maximum demagnetizing field factor across a spherical cavity is Nd =4(/3, however since we have a platelet like cavity the factor will be close to 4(/3. Thus the obtained value for Nd is reasonable.

Table 3: Estimated values of demagnetization factor.
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	3.55
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0.34
	1137
	A12

	3.65
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0.35
	1168
	A11

	3.91
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0.38
	1252
	A10

	3.73
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0.36
	1194
	A9

	4.09
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0.39
	1310
	A8

	3.72
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0.34
	1192
	A7
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0.36
	1280
	A6

	4.2
[image: image39.wmf]±

0.4
	1350
	A5

	4.09
	1310
	A4


      The behaviour of equation (2) was observed in all samples examined except those of high concentrations. This can be explained since with highly packed system we would expect a non linear behaviour of interaction field with magnetization so that the higher order in the expansion (equation 1) cannot be ignored. 
Conclusion: 
      Study of the interaction fields as a linear function of the magnetization of the system shows a presence of staking effect in barium ferrite powders, so that the short range interactions will be effective even for the lowest concentrations. Also the obtained demagnetization factors for the samples are reasonable which enhance the method of studying the interaction fields as a linear function of the magnetization.
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Fig.(1): Minor loops at different recoil fields for A2 sample. In the insert an enlarged view of part of minor loop at a recoil field H1= 1000 Oe, points indicates the fields where time dependence were measured.

Fig.(2): Time dependence of magnetization at different field points on the lower section of the first minor loop for A3 sample using a recoil field H1=-1100 Oe.
Fig.(3): Time dependence of magnetization at different field points on the upper section of the first minor loop for A3 sample using a recoil field H1=-1100 Oe.
Fig.(4): The variation of the interaction field (inflection field) with average reduced magnetization for lower and upper sections of the minor loops for: a- A7, b- A12 samples.

Fig.(5): Schematic diagram for a stack of particles.

Fig.(6): Schematic diagram for a stack of particles including first neighbors located in plane of particulate particle.
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Figure (2)
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Figure (3)
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Figure (4)
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Figure (5)

Figure (6)

ملخص


       تم في هذا البحث تحضير عينات من مسحوق الباريم فرايت الذي تم خلطه مع مادة غير مغناطيسية و ذلك للحصول على عينات ذات تراكيز مختلفة. من خلال قياس و دراسة حلقات المغنطة الثانوية تم الحصول على مجالات التفاعل لجميع العينات التي تمت دراستها كدالة خطية لمغنطة النظام. وقد بينت النتائج أن الباريم فرايت يتكتل في مجموعات حتى في أقل التراكيز وبالتالي فإن التفاعلات المؤثرة على المدى القصير تبقى ذات فاعلية و لا يجب إهمالها حتى في أقل التراكيز. و قد تم أيضا في هذا البحث قياس مجال إزالة المغنطة في أنظمة مساحيق الباريوم فرايت.


Abstract


      The samples examined in this work, were prepared by mixing barium ferrite powder with a nonmagnetic host to get samples with different concentrations. Measurements of the interaction fields have been made by measuring the minor hysteresis loops. The interaction fields were studied as a function of the magnetization of the system. The results show the presence of staking effect in such materials which lead to strong recommendation to consider the short range interaction even for the lowest concentrations. Also the demagnetization factor was determined for these systems.
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