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Investigation of the Evolutional Processes of HTCS RF-SQUID Made from Tl2223 and Operated at 77 K
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Abstract. This paper presents a record of the miscellaneous transfer function patterns displayed during the evolutional processes of forming an RF-SQUID with a bulk Tl2Ba2Ca2Cu3O10+ High Temperature Superconducting (HTSC) material. These special physical phenomena connected with HTC superconductivity, showed observable regularity. From our observations we conclude that these patterns are due to multi-quantum transitions. Variational patterns continued until the critical size of the weak link (~ 0.05 mm) was reached where only one single flux quantum period was present. Study of such regularity on pattern change could be helpful towards the understanding of HTSC RF-SQUID. It is worth mentioning that we are the first to report this behavior for SQUIDs made from Thallium compounds.

PACS No. 75.50+r, 85.25Dg

Introduction
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Superconducting QUantum Interference Devices (SQUIDs) are the most sensitive available detectors of magnetic flux. The SQUID is a flux-to-voltage transducer, providing an output voltage that is periodic in the applied flux with a period of one flux quantum, 
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. The High Temperature Superconducting (HTSC) SQUID (RF or DC) is generally able to detect an output signal corresponding to a noise level as small as 
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 if the flux receiving area is as large as 0.8 mm2. This provides a sensitivity of 
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 [1]. SQUIDs combine two physical phenomena, flux quantization: (the fact that the flux in a closed superconducting loop is quantized in units of  [2] ) , and Josephson tunneling [3]. There are two types of SQUIDs available, dc-SQUID operated with a steady current bias, and RF-SQUID operated with a radio frequency flux bias. In the latter, a single Josephson junction interrupting the current flow around a superconducting loop is used. The HTSC RF-

SQUID itself may take different shapes: magnetometer where only one hole is used; first order gradiometer where two holes are used; and higher order gradiometers with more holes. We are going to focus on the two hole RF-SQUID gradiometer.

The RF-SQUID Principle of Operation 


The basic principle of operation of the RF-SQUID is that when a superconducting loop containing a Josephson junction is coupled to a tuned circuit driven by an RF current source and the applied flux is changed, there is a periodic variation of the loading on the tank circuit and, therefore, of the RF voltage across the tank circuit, and by the SQUID loop as a function of the applied flux [4]. When a Cooper pair of electrons tunnel through the junction they maintain phase coherence in the process. The applied current I controls the phase difference 
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between the phases of the two parts of the superconducting loop on both sides of the junction. If flux i passes through the loop due to applied external field e , the flux produced by the current through the loop is just the difference between e and i. Hence,
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where L is the loop inductance. The phase difference can be expressed as:
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The voltage across the junction is given by Faraday's Law, 
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A high-quality tunnel junction has a hysteric current-voltage (I-V) characteristic. As the current is increased from zero, the voltage switches abruptly to a non-zero value when I approaches the critical current IC, but returns to zero only when I is reduced to a value much less than IC. This hysteresis must be eliminated for SQUIDs operated in the conventional manner, and this can be achieved by shunting the junction with an external shunt resistance R. The junction has a self-capacitance C parallel to R. The equation of motion can then be expressed as: [See Fig. 1 for the equivalent circuit]
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Where we ignored the thermal noise current. Combining equations (1) to (4) we find 
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IC is the maximum current a small junction can survive before it looses its superconductivity. Thus, for all I < IC; no voltage can build up across the junction. Hence, both V and its derivative, namely the last two terms in (5) are zero.


Equation (5) then leads to: 
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There are two different modes of operation of the RF-SQUID which can be defined in terms of the solutions of equation (6). One is called hysteretic or dissipative mode and the other is called non-hysteretic or dispersive mode [5]. Conventional RF-SQUIDs usually work in a dissipative mode with a working range of:
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The working principle is based on the quantum transitions between metastable states. The thermal excitation lifetime  of the metastable states is given by Kurkijärvi [6] as: 
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Here 
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 is of the order of R/L, the barrier height 
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 is less than the coupling energy 
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 of the junction, and KB is Boltzmann’s constant. For the typical values, ring inductance 
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, normal-state resistance of the junction 
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, and T = 77 K, one finds  < 10-10 sec [5] which is less than the RF driving period (1/19 MHz) at 77 K. The other mode takes place for cases when > 1.


The HTSC RF-SQUID consists of a small superconducting ring containing a weak link. The ring is coupled inductively to an inductance LT of a RF resonant tank circuit. From the equivalent circuit, Fig. 1, the effective impedance of the ring, L, is a sensitive periodic function of the applied flux i through the ring. For a given RF current i flowing in the tank circuit, an output voltage VT will appear across the tank circuit. Through the interaction between the tank circuit inductance and the superconducting ring, thereby, the voltage VT will also be sensitive periodic function of the external flux e through the ring [7].


When there is a RF current iT flowing in the inductance LT , the net flux in the ring is given by
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where M is the mutual inductance between L and LT such that 
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 where  is the coupling coefficient. The SQUID electronics measure the e and feedback current if which in turn generates a feedback flux f  in the SQUID ring maintaining the total flux in the ring constant.
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Hence, from the feedback current if , we can obtain the external flux e .

Experimental

It is quite easy to fabricate the HTSC RF-SQUID with polycrystalline bulk material [4]. In fabricating a point contact in the conventional low temperature RF-SQUID, one has to be very accurate when adjusting the point of contact so as to form a suitable weak link. The weak link must be adjusted in size so that a critical current IC of approximately 2 mA is obtained. Before IC reaches this value, no patterns of any kind can be observed [8]. The situation is different with regard to the HTSC RF-SQUID, as it was found that there is a wide range of suitable critical currents and that during the entire carving processes, many observable patterns exist. 

In this experiment, Thallium based Tl2Ba2Ca2Cu3O10- (TC = 125 K) polycrystalline material was used. The ceramic material was prepared by a typical solid state reaction method. The samples were pressed at about 12000 kg m-2 in order to form pellets of about 7 mm in diameter and 3 mm in thickness. The pellets were then heated, in an oxygen atmosphere, according to the following steps: The temperature was raised from room temperature to 890 oC in 17 minutes. It was then kept at this level for 40 hrs. After that, the pellets were cooled down to 650 oC in 4 hours and were kept at this temperature for additional 10 hrs. They were then slowly cooled to room temperature. Two parallel holes of 1 mm in diameter were then drilled inside each pellet. The connecting region between the holes was reduced by a knife until a constrictive weak link remained [4]. Our experimental setup is shown in Fig. 2. The SQUID signal was observed and recorded when the diameter of the weak link was ~ 0.3 mm or less. Patterns were observed by gradual reduction of the bridge size. After each carving they were recorded until the single o periodic SQUID pattern was finally obtained when the link was about 0.1 mm in diameter.
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A coil of 40 turns, made of 36 swg enameled copper wire of about 0.88 mm in diameter, was placed inside one of the holes. A capacitor of 220 pf was placed parallel to the coil to make up the RF resonant tank circuit. The RF amplitude VT was then measured. The Model 330 SQUID Electronics made by BTi Inc. and its HF head operated at 19 MHz were used as measuring equipments. All of our measurements took place at liquid nitrogen temperature (77K). 

This paper details our recorded processes. When we carved the SQUID we observed the transfer function patterns VT ~ e where VT is the radio frequency voltage amplitude established in the resonant tank circuit and e is the external flux through the SQUID ring hole. The transfer function curve reflects the dependence of the RF impedance of the SQUID-ring on the external magnetic field. Inductance and resistance are related to the weak link critical current and normal dissipative rate respectively [5]. In our experiment, the resonant frequency of the tank circuit was determined from the driving frequency, so that the variations of VT reflected changes in the bridge critical current or dissipative rate. 

Evolutional processes 

As mentioned above the RF-SQUID consists of a superconducting loop with a weak link or microbridge. To get the bridge in its final size one has to carve it using a wire saw or more advanced techniques like laser pulses. Before carving a bridge, the device is called bulk SQUID. At the bulk SQUID stage it is possible to see a quasi-periodic RF-SQUID phenomenon in HTSC ring, provided the polycrystalline material used is porous [8]. Its period is two or three orders longer than the flux quantum o through the ring hole. While preparing the bridge to its final critical size, we noticed that several patterns other than the usual RF-SQUID pattern were displayed on the oscilloscope. The figures in this work were photographed from the face of the oscilloscope which has 10 divisions along the x-axis and 8 divisions along the y-axis. 


When the bridge was large, we could see a sort of quasi-periodic wave form, as shown in figure 3a. This was the beginning of a transition from bulk SQUID towards a single o periodic SQUID. When we gradually curved the bridge to a smaller dimension, the period of the pattern got smaller and smaller. We estimated it to be in the range 5-10o (figures 3b and 3c). As we continued carving, the amplitude of the wave form became larger but the period remained the same. The oscilloscope pattern showed overlapping of different phases of the wave form (figure 3d). Further carving made the phase differences between patterns more obvious, though they were equal in period which was in the range of 2 to 5o . These patterns were unstable and had a relatively large amplitude (see figure 3e).  

Upon further carving, we observed a new pattern, where all the quasi-periodic and periodic wave forms disappeared and we only saw a pulse (positive or negative) located behind the turn of the external scanning flux, (see figure 3f). At this stage, we could see miscellaneous VT ~ e patterns by turning on and off the RF cable which connects the UF head to the resonant tank circuit. This means that a triggering signal with enough amplitude can change the weak link state of the SQUID. We obtained stochastically different VT ~ e patterns (figures 4b-4h) with the same external flux scanning signal (figure 4a). This figure shows peak amplitude of 200o and a period of 3.3 msec. The signal of this figure 2a was chosen in such a way that it allows studying the SQUID at different states of the applied signal e, namely, (
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). Figures 4b-4h show sudden changes of VT corresponding to the turning points on figure 4a, except that these changes have different  amplitudes, which means that the critical current of the bridge would experience a sudden change when triggered by a small (
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) signal, but that it would not be sensitive to e or (
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). If external dc flux was slowly added to the flux bias signal, the pattern would not be changed notably. 



Figure 4h shows some random sub-waves with a period of ~ 4o located at the lower part of the picture. They are sensitive to the external flux e. However the sudden steps mentioned above are not sensitive to e, and are determined by (
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). Therefore, when we slowly changed e, we could see that the sub-waves pattern moved while the steps remained steady.

By further cutting, only a straight line was observed, (Fig. 5a). After we carved a little more, we started to see a wave form with a period of magnitude equal to (or just a little larger than) o , but this wave form was random and unstable, (Fig. 5b). Further cutting resulted in a clearer period than that of the previous stage, except that it showed a dual wave pattern (Fig. 5c). 

A little more carving of the bridge lead to a period that was obviously equal to o in magnitude, producing a good HTSC RF-SQUID signal, (Fig. 5d). If we continued carving beyond the previous stage, the SQUID pattern amplitude would become smaller and smaller until it vanishes altogether.

Discussion

This experiment must be performed very carefully. In observing wave forms, we recorded the results every time we cut a very small amount of dust (hardly observable by naked eye), for it would otherwise be easy to pass these stages without noticing them. Before reaching the final stage of the SQUID, we noticed that the shape of pattern was unstable and does not always have the same shape. We therefore recorded typical processes and neglected many different wave forms which also could occur between the recorded stages. 

We were also able to observe these recorded processes by raising the SQUID temperature very slowly. Some of these processes could be observed in the same sequential form outlined above. Since raising the temperature leads to a reduction in the critical current of the weak link (IC), its effect is similar to carving. For example when the pattern of Fig. 4f was present, and the temperature was raised, we observed that patterns shown in Fig. 5a, 5b, 5c and 5d followed one after the other. Depending on this result, we could then predict what would happen when we carve the bridge further.  Other researchers observed only variation in amplitude of SQUID signal with temperature [9, 10].

It has been shown by others [5, 6] that thermal fluctuations could affect the SQUID output at a drift of T=dS/dT where S is the spectral noise density and T is the temperature. This quantity could be as large as 500 mo/K. Our results showed that the SQUID quantization loop was formed randomly inside the bridge.

If the damping parameter (eq. 7) of the weak link is larger than some critical value 
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 where l is the basic SQUID parameter, the inertia of the system becomes so large that instead of one-quantum transition, multi-quantum transitions would occur [10]. This is the case when the critical current of the SQUID is very high. The SQUID dynamics can be described by the simple harmonic balance equation [12]. For RF current amplitudes higher than critical, one finds a linear dependence of the tank voltage amplitude on the RF current amplitude [12]:
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Where (  is the detuning of the RF current frequency from the tank circuit resonant frequency and Q is the quality factor of the tank circuit. For RF current amplitudes smaller than IC, this dependence is also linear (linear tank circuit) but has the slope
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. According to our wave forms, some of them have periods larger than the usual SQUID single quantum period namely o. If the RF current amplitude or the amplitude of the low frequency flux through the tank circuit coil were increased, the result is an unstable quasi-periodic wave with periods larger than one flux quantum. From our observations we conclude that these wave forms were due to multi-quantum transitions. This situation continues until the critical size of the weak link is reached where upon only one single flux quantum period is present.

Conclusion

During the evolutional processes of fabricating a RF-SQUID with a polycrystalline HTSC material, a number of various and interesting patterns were observed. It was thought that these phenomena were not merely related to the flux quantization, but also to the trapping of magnetic flux in the bridge region. Our results indicate that they are probably related to the HTSC RF-SQUID principle of operation, as well as its low frequency noise and its instability. We hope that researching these phenomena will possibly lead to methods for improving SQUID performance, e.g., reducing the low frequency noise and enhancing its stability. 

To achieve good SQUID pattern a true microbridge must have a length of the order of the coherence length of the material. Also one has to take the effect of Josephson Effect between grains of the bridge themselves.

Studying the performance of the RF-SQUID can be used to understand fluxion movement. For example, figures 4(b) to 4(h) showed that (
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) term was the most important in driving fluxions which resulted in a sudden change of the weak link critical current. These evolutional processes can also be useful as a progress chart for a reference of fabricating a practical HTSC RF-SQUID. 
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تحضير مجس فائق التوصيل مصنوع من مركبات الثاليوم 

يعمل عند درجة حرارة 77 كلفن

ناصر بن صالح الزايد

قسم الفيزياء، كلية العلوم، جامعة الملك سعود، الرياض، المملكة العربية السعودية
(قدم للنشر في 28/7/1422هـ؛ وقبل للنشر في 22/12/1423هـ)

ملخص البحث. نعرض في هذا البحث سجلاً لنماذج موجية مختلفة تم رصدها أثناء الخطوات المتتابعة لتحضير مجس كمي راديوي RF-SQUID من مادة فائقة التوصيل (سكويد) مصنوعة من مركبات الثاليوم ذات الطور 2223. وقد لوحظ أن تلك النماذج تتكرر كلما أعيدت نفس الخطوات.  كما لوحظ أن نفس النماذج أو بعضها على الأقل يمكن الحصول عليها بتغيير درجة حرارة المجس. وتبين ملاحظاتنا أن الجسر الصغير المشكل للسكويد يمر بفترات تشتمل على تحولات كمية متعددة بدلاً من التحول الكمي الفردي المرتبط عادة بالسكويد القياسي والذي يتم الوصول إليه فقط عندما يتم تحقيق الحجم المثالي لذلك الجسر.  عندما يتحقق هذا الشرط نصل إلى السكويد النموذجي حيث يصبح بإمكان كمة واحدة فقط من الفيض المغناطيسي 
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 أن تمر من خلال فتحة المجس في نفس الوقت. ونأمل من مراقبة هذه النماذج ودراستها أن يمكن الوصول إلى فهم أعمق لظاهرة جوزيف صن ومن ورائها إلى فهم ميكانيكة المجس الكمي الراديوي. وللمعلومية فإن هذا البحث هو الأول من نوعه فيما يتعلق بخواص السكويد المصنوع من مركبات الثاليوم.
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Fig. 1. Equivalent circuit for the RF-SQUID.
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Fig. 2. A Block diagram of our experimental setup.
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Fig. 3. Transfer function patterns VT ~ e :  Characteristics of 2-hole RF-SQUID through a gradual carve of the bridge (see text). (a), (b), (c) and (d): x-axis = 12 o /div ; y-axis = 4 v/div. (e) and (f): x-axis = 12 o /div , y-axis = 4 v/div.
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Fig. 4. Miscellaneous patterns occur at the same operating conditions, except that the RF cable was switched on and off once for each pattern. 


(a) External scanning flux e wave form (x-axis = 0.5 msec/div; y-axis =100 o /div)


  (b) to (h) transfer function patterns VT ~ e displayed with the same external scanning flux e wave form (figure 2a) on the same device ( x-axis = 0.6 o /div , y-axis = 4 v/div). 
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Fig. 5. Transfer function patterns VT ~ e (see text for details): (a) to (d) x-axis = 0.6 o /div; y-axis =4 v/div.
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