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The hysteresis loop of internal friction associated with 
magnetic flux pinning in YBa2Cu30,, superconductors 

Y T Went, T S Et, H G Bohn#, H Soltner# and W Schilling# 
, t Laboratory of Internal Friction and Defects in Solids, Institute of Solid Sfate Physics, 

Academia Sinica, Hefei 230031, Pmple's Republic of China 
# lnstitut filr kstkijrpulolsehung der Forschungsznlrum, 5170 Jiilich, Federal Republic 
of Germany 

W i v e d  28 August 1991, in final form 2 January 1992 

Abslmt. T k  hysteresis loops of infernal friction associafed wiul Ihe magnefic flux 
pinning in high-?: bulk and 6lm YBazCuOr-, superconductors were investigated by 
the v i b r a t i n g d  technique. When a cyclic magnetic field is applied, both the internal 
friction QE' and the resonant frequency f, exhibit a hysteresis loop. This is explained 
on the basis of the Bean model. It is considered that the variation in the Q;' hysteresis 
loop reflecks the different mobilities of the flux lines at diierent positions of the pinning 
potential well. The critical current density J, and the bulk pinning force density Pv 
were estimated from the Qgl hysteresis loop for the film spsimen. 

1. Introduction 

In 1986, the vibrating-reed technique was introduced for the study of magnetic flux 
pinning [l, 21. Since then this technique has been successfully used to investigate 
the magnetic flux pinning for normal and high-T, superconductors [3-8]. The exper- 
imental results presented by Gregory er a1 [9] demonstrated that the vibrating-reed 
technique is also suitable for the study of magnetic flux pinning of superconducting 
film. 

Previous studies were concentrated on the measurement of the variation in inter- 
nal friction Q-' and resonant frequency f, with temperature T and applied magnetic 
field B,. In another paper [lo], we reported the amplitude effect of the internal fric- 
tion and resonant frequency. 

Among the techniques for measuring the magnetic flux pinning of superconduc 
tor?., an important method is the measurement of the hysteresis loop of magnetization. 
From this loop the pinning force and the critical Current density can be obtained. 

In this paper, we present the experimental results of the hysteresis loop of internal 
friction and resonant frequency measured when a cyclic magnetic field is applied. 
The variation in the loop with amplitude and maximum applied magnetic field was 
systematically studied. 

2. Experimental technique 

The experimental apparatus used is an electrostatically driven and modulated 
frequency-detected vibrating reed with a cryostat (1C-300 K) and an electric mag- 
net (0-1.5 T). The magnetic field is in the longitudinal direction of the vibrating reed. 
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It is controlled by an IBM PUAT computer. The vibration of the specimen at a 
constant amplitude is driven by a self-exciting loop. The amplitude A?, can be varied 
by gain adjustment of the loop and is given by an arbitrary unit with an error of 
about 5%. By estimation, A,,, = 1 corresponds to an amplitude of ahout 100 nm. 

The internal friction Q-' and resonant frequency f, were measured by the free- 
decay method. The precision of Q-' is better than 1%. The precision of f, depends 
on the magnitude of Q-l and is better than Q-'/100. 

The internal friction can be expressed by 

where Q;' is the internal friction of the specimen itself and is called the background 
internal friction, and Qg' is produced when a magnetic field is applied and is called 
the internal friction of magnetic flux pinning. The variation in the squared frequency 
is 

where fo is the resonant frequency when Ea = 0. 
A sintered YBa,Cu,O,-, superconductor was prepared by the solid phase reac- 

tion method. The size of the specimen is 15 mm x 25 mm x 0.24 mm. At room 
temperature, the resonant frequency f, 1.4 kHz and the background internal fne 
tion Q;' z 3 x lod3. The YBa,Cu,O,-, film specimen with T, = 90 K was made 
by a DC sputtering method [ll] on a single-crystal MgO substrate. The thickness of 
the film is 800 nm. The effective size of the vibrating reed for the film specimen is 
6.5 mm x 3 nun x 0.23 mm. This smaller size gives a higher resonant frequency 
(about 10 ICHZ). 

Before measuring the hysteresis loop of Q;' and d f:, the cyclic magnetic field 
was applied several times so that a stable state of the flux lines was established in the 
specimen. 

3. Experimental results 

Figure 1 shows the magnetic hysteresis loop of the internal friction Q;' and the 
resonant frequency df,? for the sintered specimen. It is seen that the values of 
Qgl and d f: corresponding to descending E, are larger than that corresponding to 
ascending B,. 

The hysteresis loop of Q;' is complex 

(1) At first, Qkl increases monotonically with increasing E,. 
(2) When E, begines to decrease, Q-' continues to increase to a maximum value. 
(3) Then Qg' deneases with deneasmg E,. 
(4) When E, decreases to zero, Qgl becomes close to zero. 

The loop of d f,? is simple. df,? increases monotonically with increasing E, and 
decreases when B, decreases. 

Figure 2 shows the hysteresis loops of Qg' and df,? for the film specimen. Similar 
to the case of the sintered specimen, Qg' and df,? with decreasing E, are larger 
than those with increasing E,. The shape of the df,2 loop is similar to that of 

B. 
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Figure 1. Hysteresis loops of 8,' and df: for the sintered specimen (T = 10 K: 
A,,, Y 3). Ihe a m  show the increasing and deneasing magnetic fields 
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Figure Z Hysteresis Imps of 8;' and d f: for the film specimen (T = 19.8 K). The 
a m  show the increasing and decreasing magnetic fields 

the sintered specimen. On the contrary, the Q;l loop of the film specimen with 
decreasing B, cannot be divided into several step. The hysteresis loops of Qgl and 
df; are small with hysteresis values of Bs and Qg' of only several tens of gausses 
and respectively. 

It should be pointed out that Qg' is strongly dependent on the amplitude A,, 
and this will be reported in another paper [lo]. 

Figure 3 shows a set of hysteresis loops of QE' with different amplitudes for the 
sintered specimen. At small A,, the Q;' has a large hysteresis area and exhibits 
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several steps as described above. When A, increases gradually, the level of the QL' 
loop drops, and the area of the loop decreases; the second step of the loop becomes 
small and finally disappears. When A,,, is very large, the loop becomes very narrow. 
Thus the QE' loop of the sintered specimen is strongly dependent on A,. 

Figure 4 shows a set of hysteresis loops of df,? with the same conditions as 
figure 3. When A, varies from 1 to 16, there is no change in the shape and the level 
of the df; loop. Therefore, the df; loop is independent of A,. 

Y T Wen et a1 

F@m 3. Amplitude eEea ai  the Q,' Imp for thc s h t d  specimen (T 

units. 

13.4 R 
= 7.25 kG): 0, A ,  = 1;  0, A,  = 2.5: & Am = 16. A, is in arbitlaly 

Fignm 4. Amplitude eiiecI of the d f," Imp for the sintaed specimen. The conditions 
arc the same as in Bgurc 3. The arrow show the increasing and decreasing magnetic 
fields 

A change in A, may change the dynamic distribution of the magnetic flux density 
in the superconductor. The amplitude effect of the Q;' loop described above may 
reflect the fact that Qi' is dependent not only on the applied magnetic field but also 
on the distribution of the magnetic flux density and the moving state of the magnetic 
flux lines in the pinning barrier. Then the hysteresis value of the Qg' loop may 
reflect the gradient of the magnetic flux density. There is a larger gradient of the 
magnetic flux density when A, is small. 

Figure 5 shows a set of curves of Qgl and df: for a sintered specimen for 
several maximum applied magnetic fields E,,,. It is seen that the loops for smaller 
B,,, are enclosed in the loops for larger Emu. When E,, is small, the 8;' loop 
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exhibits steps (I), (2) and (4). With increasing B,,, step (2) becomes larger and 
finally saturates, and step (3) appears gradually. 

Let us define the variation in step (2) of the 9,' loop as dQ;'. Figure 6 shows 
the Variation in dQ;l with Bmw. The variation in dQ;' from zero to a saturated 
value reflects the fact that the flux l i es  gradually penetrate into the superconducting 
specimen. 

&wtsteresir loop of intemalfricrin in YBaaCusO,-, 
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P$om 5. Hysteresis Imp of Q;' and d e  with s e r a l  B,. for the sintered specimen 
(T = 33 K; A ,  2 1). The anow shau lhe increasing and d d n g  magnetic fields 

Fignm 6. Plot of dQF1 mus for the shierul specimen (T = 13.4 K; A,  1). 

A set of QE' hysteresis loops for the film specimen was measured within the 
temperature range from 10 to 70 K. Assume d B  to be the hysteresis value of the 
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applied magnetic field corresponding to the same Q;'. Figure 7 shows the relation 
between d B  and the temperature T. The decrease in dB with increasing T reflecls 
the fact that the pinniig force decreases with increasing temperature. 

Y T Wen et al 

4. Discussion 

The Bean model has been widely applied to explain the results of electric and mag- 
netic measurement of magnetic flux pinning. The distribution of the magnetic flux 
density inside the specimen has been generally considered to be linear as shown in 
figure 8. In figure 8, it can be seen that the areas under the l i e  BA, indicating at B 
the distribution of the magnetic flux density on increasing magnetic field, and the line 
DC, indicating at D the distribution on decreasing magnetic field, are the same. Since 
this area is proportional to Q;', this means the same Q;' value can be obtained by 
different increasing and decreasing applied magnetic fields corresponding to B and D 
which has the ditference d B  as indicated in figure 8. Therefore, the Bean model of 
linear distribution of magnetic nux density can aptly explain the Q;' loop without 
step (2) as shown in figure 2(a) and figure 3. However, the situation is rather complex 
in the cases when step (2) occurs. It can be shown that in such cases the gradient of 
the distribution of magnetic flux density varies from the surface to the centre of the 
specimen. The displacement of the magnetic flux l i e s  or the mobility of the flux lines 
during the vibration of the specimen is dBerent in regions with different gradients of 
the distribution of magnetic flux density. In regions with smaller gradients, the flux 
lines lie near the centre of the pinning well. Then the mobility of flux lines is large, 
giving rise to a large energy dissipation. When the applied magnetic field begins to 
drop from its maximum value, regions with very small gradients will be created in the 
demarcation between the decreasing flux density and the flux density at the maximum 
magnetic field. The mobility of the flux lines is very large in such regions with very 
small gradients so that the energy dissipation is large. Consequently Q;' increases 
when the applied magnetic field begins to drop from its maximum value and leads to 
the occurrence of step (2) in the Q;' loop. 

Flgure 7. Plot of d 3  vmus T determined from the Qgl Imps for the film specimen. 

When the amplitude is large, the flux l i e s  begin to depin in the course of 
increasing applied magnetic field so that the gradient of the distribution of flux density 
is correspondingly small. Consequently, when the applied magnetic field begins to 
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Figmm 8. I h e  Bean model with a Linear distribution of magnetic flux density: -, 
distribution of magnetic Elor density with increasing applied magnetic field; - - -, distri- 
bution of magnetic flux density with deaeasing applied magnetic field. d is the Ihicknes 
of Ihe film. 

drop from its maximum value, the change in the gradient is small so that QS' will 
not increase at decreasing magnetic field and step (2) will not appear in the QS' 

Now let us calculate the critical current J, and the volume pinning force density 
Pv from the hysteresis loop of Q;'. The relation between J, and the gradient 
a B / B X  of the magnetic flux density is 

loop. 

Jc = (1/Pn)(aB/aw 

where p,, is the vacuum permeabaity. Experimental data for the film specimen will 
be used in the calculation in order to avoid the diEiculhj introduced by the variation 
in BB/BX at various locations in thicker specimens The hysteresis value dB  of 
the QB' loop is referred to the difference between the Ba values at increasing and 
decreasing magnetic fields giving the same QE' . Since dB  Varies with B,, the 
value of d B  used in the calculation is that corresponding to (dQ-'),,,= which is the 
difference between the Qg' values at decreasing and increasing magnetic fields. The 
h e a r  extent corresponding to dB is one half of the specimen thickness, Le. d / 2  
(figure 8). Thus we have 

aB/aX U d B / ( d / Z )  

and 

Jc e ( l /~o)[dB/(d/Z)l .  
The volume pinning force is given by 

Pv = J,B. 

For estimation, E can be substituted by B,. 
From figure 7 which shows the temperature dependence of d B  in the temperature 

range from 10 to 70 K, the J, value estimated for the film specimen 800 nm thick 
varies from 8 x lb9 to 4 x lo9 A m-* in this temperature range. 

The assumption of a linear distribution of magnetic flux density is invalid for bulk 
specimens. Furthermore, the effect of particle size and the weak linking between par- 
ticles on the Qg* loop is not clear. Also the Q;' loop then shows a strong amplitude 
effect Further research is necessary for the clarification of all these problems. 
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