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ABSTRACT 
Simulation of a theoretical model for the real and imaginary parts of part 

susceptibility of superconducting thin disk as a function of temperature at 

different perpendicular applied magnetic field were effectuated. Matlab codes 

were written to compute this model. During these calculations, the critical 

current density was assumed independent of the applied magnetic field (that is 

according to Bean critical state model). The susceptibility parts as a function of 

temperature were calculated at different disk thickness and at different applied 

perpendicular magnetic fields. It was found that the temperature 

corresponding to the peak of the imaginary part of the susceptibility 

(Irreversibility temperature) nonlinearly increases as the disk thickness 

increases. From the temperature dependent susceptibility at different applied 

magnetic field, the Irreversibility line (         ) was obtained and found to 

follow the expression                     
 . The results of using the ac 

susceptibility model showed agreement with experimental works by others. 
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لمخط اللاعكوس لغشاء ناقل فائق رقيق بشكل  نموذج نظريمحاكاة 

 في حقول مغناطيسية عمودية عمى سطحهقرص 
 

 (1)معن سميم
 32/23/3202الإيداع  تاريخ

 2015/05/28  قبل لمنشر في

 

 الممخص
نم وذج نظ ري لمقس مين الحقيق ي والتخيم ي لمطواعي ة المغناطيس ية المتناوب ة لمنواق ل ال ائق ة  ت محاك اةتم 

   راء إم  ن ل   ل عم  ى س  طحه   ةعمودي   ةمغناطيس  ي ولوف  ي حق  بدلال  ة در   ة الح  رارة  عم  ى ش  كل ق  رص رقي  ق
 كُت   ،ا المب دلوف ق ذ ذ ،القسمين الحقيقي والتخيمي لمطواعي ة المغناطيس ية المتناوب ة لمنواق ل ال ائق ة حسابات

لقس   مين الحقيق   ي والتخيم   ي لمطواعي   ة المغناطيس   ية ل ري   ت حس   ابات اع   دد م   ن الك   ودات بمغ   ة الم   اتلا   
بع دذا ب رض لن كثافة التيار مستقمة عن الحقل المغناطيسي المطبق )نم وذج ب ين    المتناوبة لمنواقل ال ائقة

در   ة لقس  مين الحقيق  ي والتخيم  ي لمطواعي  ة المغناطيس  ية المتناوب  ة لمنواق  ل ال ائق  ة بدلال  ة حس  ابات ا لُ ري  ت
    ومن ل ل حقول مغناطيسية مختم ة مطبقة معامدة لسطح العينة ،الحرارة من ل ل ثخانات مختم ة لمقرص

د لاعكوس  ة  ت  زداو   د لن در   ة الح  رارة الموافق  ة لقم  ة القس  م التخيم  ي لمطواعي  ة المغناطيس  ية )الح  رارة ال
من تابعية الطواعية لدر ة الح رارة ف ي حق ول مغناطيس ية مختم  ة ت م الح  ول لاخطياً بزيادة ثخانة القرص  و 

                    وو د لنه يتبع العلاقة:  ،عمى الخط اللاعكوس
لخي راً و  د لن النت ائ     
 توافق مع النتائ  الت ريبية المنشورة تالتي تم الح ول عميها باستخدام ذذا النموذج 

 
الطقا ياااا   محاكااااا الخاااالا الس لااااقل للفقاقاااا  ال ا  اااا    محاكااااا  :الكلماااالم الميةل  اااا 

المغفاطيسااي   اءاااي  قيااش  لااص ناال  قاا،  قاقاا   ااا ش    اا  

لسطح الفاق  ال ا ش  كثا   التياا  الحا،   بايعيا   مغفاطيسي معامد

 الطقا ي   لص هفدس  العيف .

 

 

                                                           
 مدرس، قسم الفيزياء، كمية العموم، جامعة دمشق، سورية.  (1)
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Introduction 
The ac susceptibility technique has been used widely for 

characterizing superconducting materials. This can be used to 

determine the critical temperature, penetration depth, irreversibility 

line, providing important information about the mechanism of vortex 

dynamics, flux penetration, flux motion, intergranular as well as 

intragranular contributions. This technique also is classified as a non-

destructive method for measuring critical current density. The 

measured susceptibility at superconducting state is originated from the 

circulating persistent shielding currents and to the magnetic properties 

of the material. Therefore, the real part of the susceptibility is a 

measure of the screening ability however the imaginary part of the 

susceptibility is a measure of the power loss due to flux flow.  

Irreversibility line 
Müller, Tagashige and Bednorz have introduced the “Irreversibility 

line (IL)” in high temperature superconductors (HTS) that is on a 

polycrystalline sample of La2BaCuO4-y [1]. They showed that this 

line exists between     and     in the H-T magnetic phase diagram 

for HTS as shown in Figure (1). The mixed state region in the H-T 

plane of the HTS phase is divided into two parts by the IL. These parts 

are the irreversible region (Abrikosov Lattice phase) below IL and the 

reversible region above IL. The magnetic flux in the irreversible 

region is pinned and the reversible region corresponds to the melting 

of the Abrikosov lattice into a flux line liquid (Vortex liquid). This 

melting transition can take place more easily in the HTS materials due 

to the higher temperatures that are available for measurements [2]. 

Some authors refer to the IL as a depinning line or melting line due to 

its definition. The IL was also discovered in low temperature 

superconductors and was interpreted as a melting line [3-4]. The 

irreversible magnetic field      in low temperature superconductor is 

very close to     thus measurements need to be carried out carefully 

in order to distinguish      and     from each other [3-4].  

In order to determine the IL, the AC susceptibility versus temperature 

is often used [5-6-7]. At the irreversibility temperature,     , the out-

of-phase susceptibility,    , shows a maximum. The maximum of      
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or (    peak) will occur in the transition regime between almost 

reversible flux flow above      and strong irreversible screening due to 

flux pinning below     . In the range       , flux lines are depinned 

by thermal activation, a process called thermally assisted flux flow 

(TAFF) to discriminate it from the flux creep with vortex pinning that 

occurs at       . Müller, Tagashige and Bednorz [1] found that by 

increasing the applied magnetic field, the irreversible temperature 

shifts to the lower temperatures following the scaling law 

                 (1) 

where t is the reduced temperature        and q=3/2 for La-Ba-Cu-

O, a is constant. Recent experiments found that the IL exists at low 

temperature T>4.2 K for single crystal of Bi2Sr2CaCu2O8+ that obeys 

the exponential function [8],                       , Where Biro 

and T0 are fitting parameters. Morello et al [9] observed the IL of Bi-

2201 single crystal in the temperature range 0-4 K and they found out 

that the IL follows                   below T=0.5 K. Anderson and 

Kim [10] have explained the vortex behaviour above and below the 

irreversibility line in terms of various vortex phases such as flux creep 

model. Using the concept of the Anderson and Kim model, the giant 

flux creep model was introduced by Yeshurun and Malozemoff [11] to 

describe the form of the IL. Matsushita [12] has generalised the form 

of the IL given by Yeshurun and Malozemoff by taking into account 

the pinning strength. The collective pinning theory was introduced by 

Larkin and Ovchinnikov [13] followed by thermally assisted flux flow 

introduced by Dew-Hughes [14], then vortex glass phase introduced 

by Fisher et al [15] that is all to explain the nature of IL. 
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Figure (1): Typical magnetic phase diagram for High Temperature 

Superconductors. 

Results and Discussions 
The branches of the hysteresis magnetic moment    and   in 

increasing and decreasing magnetic filed are given as [16],[17], [18], 

[19],[20]: 

            (
     

 
)                                        

           (
     

 
)                                            

Where    is the ac magnetic field and is given by              , 
which it can be written in terms of complex components as       
          for the real part and                 for the imaginary 

part,   . is the field magnitude and   is the phase. The magnetic 

moment of a circular disk of radius   and thickness         in 

transverse magnetic filed is given by [21]: 

              
 
 

 
 (     

 

        
 

    | |

        
)                    

With        , where          is the critical magnetic field for 

the superconducting disk, and    is the critical current density of the 
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disk. From equation (3) and for the type II superconducting samples, 

the maximum real part magnetic moment corresponds to       
hence                , therefore the real part of equation (3) 

can be written as: 

                                                                                
On the other hand, since there is a 90 degree phase shift between the 

in- and out-of-phase, the phase for the imaginary part of the magnetic 

moment is      hence              , therefore using 

equation (3) the imaginary part of the magnetic moment can be 

written as: 

             (
  

 
)                                                       

Substituting equation (4) into equations (5) and (6) and using the 

expression                 ; one can calculate the real and 

the imaginary parts susceptibility respectively as follows 

           and            . Where        is the disk 

volume. Hence the real and imaginary part susceptibility is given re 

spectively by: 
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Where        , and         , and            . Equations 

(7) and (8) give the theoretical model for the real and imaginary parts 

of the susceptibility of superconducting thin disk as a function of 

perpendicular applied magnetic field. Taking into account the 

temperature dependent critical current density one can derive 

equations (7) and (8) to be temperature dependent. The temperature 

dependent critical current density       is often given by the following 

expression: 
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                           (9) 

Where    is the critical current density at zero temperature,    is the 

critical temperature, and   is order number. Substituting equation (9) 

into          and    into         hence substituting   into 

equations (7) and (8) gives temperature dependent the real and the 

imaginary parts of the susceptibility of superconducting thin disk in 

perpendicular magnetic field. Two matlab codes were written in order 

to calculate the susceptibility parts as a function of temperature. First 

code used to calculate the susceptibility as a function of temperature at 

different disk thickness and the second code used to do the calculation 

at different applied magnetic field. The value of    was given the 

value of                and the value of   was given the value 

of    . These values were used in running both codes.   

Using equations (7), (8), and (9), figure (2) shows the calculated real 

and imaginary part of the susceptibility as a function of temperature 

and at different disc thickness. The values of d from left to the right 

are 100nm- 200nm- 300nm- 400nm- 500nm- 600nm- 700nm- 800nm- 

900nm- 1000nm. The critical temperature was taken        , and 

the applied magnetic field was          . From this figure, the 

imaginary part of the susceptibility peaks shift to higher temperature 

as the film thickness increases. As mentioned above the temperature 

corresponding to the peak in the imaginary part of the susceptibility 

represents the depinning temperature or irreversible temperature     . 

Where below this temperature the flux creeps (vortex pinned) and 

above this temperature the flux flow (vortex unpinned). Hence 

plotting the values of disk thickness as a function of the depinning 

temperature     . (figure (3) and figure (4)) gives nonlinear 

relationship between d and     . The difference between figure (3) and 

figure (4) is that figure (3) presents values of disk thickness up to 500 

nm but figure (4) display values of d up to 70000 nm. Note figure (2) 

shows only few results, and the rest of results were used to take the 

temperature corresponding to the position of the imaginary part peaks 

     as a function of disk thickness (see figure (3) and figure (4)). 

From theses figures it can be concluded that the depinning 
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temperature increases as the disk thickness increases or in the other 

words the vortices pinning decreases as the disk thickness increases. 

 
Figure (2): The real and the imaginary part of the susceptibility as a 

function of temperature and at different film thickness (Bean 

Model). The values of d from left to the right are 200nm -

300nm - 400nm - 500nm - 600nm - 700nm - 800nm- 900nm- 

1000nm,              ,         ,         

 
Figure (3):The disk thickness as a function of temperature 

corresponding to the imaginary part of the susceptibility 

peaks, the disk thickness was in the range from 10 nm to 

500 nm,              ,          ,         
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Figure (4): The disk thickness as a function of temperature 

corresponding to the imaginary part of the susceptibility 

peaks, the disk thickness was in the range from 500 nm 

to 70000 nm,              ,          , 

        

 

Using equations (7), (8), and (9), figures (5), (6), and (8) show the 

calculated real and imaginary parts of the susceptibility as a function 

of temperature and at different applied magnetic fields   . The range 

of the applied magnetic field was from 0.04 A/m to 1000 A/m, the 

critical current density at zero temperature was given the value of 

             , the disk thickness was         , and the 

critical temperature was        . Figure (7) magnify the imaginary 

peaks and was taken from figure (6). From these figures it is obvious 

that the peak in the imaginary part of the susceptibility shift to lower 

temperature as the applied magnetic field increases. This is consistent 

with published work by others [5]. 
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Figure (5): The real and the imaginary part of the susceptibility as a 

function of temperature and at different applied magnetic 

fields   . The values of   . from right to the left are (0.04, 

0.12, 0.2, 0.28, 0.36, 0.44, 0.52, 0.6, 0.68, 0.76, 0.84, 0.92, 1) 

A/m,              ,         ,         

 
Figure (6): The real and the imaginary part of the susceptibility as a 

function of temperature and at different applied magnetic 

fields   . The values of   . from right to the left are (1, 10, 

20, 30, 40, 50, 60, 70, 80, 90, 100) A/m,              , 

        ,         
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Figure (7): The imaginary part of the susceptibility as a function of 

temperature and at different applied magnetic fields   . 

The values of   . from right to the left are (1, 10, 20, 30, 

40, 50, 60, 70, 80, 90, 100) A/m,               ,  

        ,         

 
Figure (8): The real and the imaginary part of the susceptibility as a 

function of temperature and at different applied magnetic 

fields   . The values of    from right to the left are (100, 

200, 300, 400, 500, 600, 700, 800, 900, 1000) A/m,      
        ,         ,         
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Figure (9) shows the irreversibility line of superconducting thin disk 

in a perpendicular applied magnetic field, where      is the depinning 

temperature that corresponded to the peak in the imaginary part of the 

susceptibility at the applied magnetic field     . The data of this line 

was taken from figures (5), (6), (7), and (8). Fitting this curve with 

equation(1) (               ) gives                     
 . 

From figure (9) it can be concluded that the depinning temperature 

decreases as the applied magnetic field increases. This is consistent 

with published work by others [5], [7]. 

 
Figure (9): The magnetic field of full penetration as a function of 

temperature and at different applied magnetic fields   . 
The values of    was in the range from 0.04 A/m to 1000 
A/m.              ,         ,         

Conclusion 
Simulations of a theoretical model for the real and imaginary parts of 

the susceptibility of thin superconducting thin disk as a function of 

temperature at different perpendicular applied magnetic field were 

effectuated. Matlab codes were written to compute this model. The 

irreversibility temperature (      ) was found nonlinearly increases as 

the disk thickness increases. The Irreversibility line (         ) was 

obtained and found to follow the expression              
        

 . The results of using the ac susceptibility model showed 

agreement with experimental works by others. 
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