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WARRANTY

STAR CryoelectronicsLimited Warranty

STAR Cryoelectronics warrants this product for a period of twelve (12) months from date of
original shipment to the customer. Any part found to be defective in material or workmanship
during the warranty period will be repaired or replaced without charge to the owner. Prior to
returning the instrument for repair, authorization must be obtained from STAR Cryoelectronics
or an authorized STAR Cryoelectronics service agent. All repairs will be warranted for only the
unexpired portion of the original warranty, plus the time between receipt of the instrument at
STAR Cryoelectronics and its return to the owner.

This warranty is limited to STAR Cryoelectronics products that are purchased directly from
STAR Cryoelectronics, its OEM suppliers, or its authorized sales representatives. It does not
apply to damage caused by accident, misuse, fire, flood or acts of God, or from failure to
properly install, operate, or maintain the product in accordance with the printed instructions
provided.

Thiswarranty isin lieu of any other warranties, expressed or implied,
including mer chantability or fitnessfor purpose, which are expressly
excluded. Theowner agreesthat STAR Cryoelectronics' liability with
respect to this product shall be as set forth in thiswarranty, and
incidental or consequential damages ar e expressly excluded.

SAFETY PRECAUTIONS

Do remove product covers or panels except for modifications as specified in this manual.
Do not operate without all covers and panels in place.

Do not attempt to repair, adjust, or modify the instrument, except for modifications as specified
in this manual. This could cause nullification of any warranty. For service, return the instrument
to STAR Cryoelectronics or any authorized representative.

Do not operate this instrument in a volatile environment, such as in the presence of any
flammable gases or fumes.

Theliquid nitrogen dewar provided with Mr. SQUID® is accompanied by instructions from
the dewar manufacturer. The user isresponsible for the observance of the manufacturer’s
directions, warnings and restrictions.
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Congratulations!

You have just purchased the world's first high-temperature superconductive electronic system
product: Mr. SQUID®, originally developed by Conductus and now offered exclusively by
STAR Cryoelectronics. Contained within its cryogenic probe is an integrated circuit chip
incorporating a high-temperature superconducting quantum interference device (SQUID). This
affordable instrument system will allow you to observe several of the unique features of
superconductivity without the complications of liquid helium cooling and without specialized
equipment or facilities. In addition, Mr. SQUID® will allow you to learn about the operation of
SQUIDs by following a series of experiments that can be readily performed in undergraduate
laboratories.

Mr. SQUID® isaFirst

e Mr. SQUID" is the first electronic instrument on the market that incorporates high-
temperature superconductor (HTS) thin film devices.

e Mr. SQUID" is the first commercial use of liquid nitrogen cooled SQUID technology.

e Mr. SQUID" is the first instrument for the demonstration of the quantum effects of
superconductors designed for undergraduate laboratories.

About ThisManual

Mr. SQUID" is designed to assist in the education of young scientists in training. Every effort
has been made to try to make this manual as readable and accurate as possible. All of the
experiments were performed multiple times before their manual sections were written.
Considerable effort has been made to make this product and manual as valuable and easy to use
as possible. Just as in performing cutting edge research, however, difficulties performing the
experiments in this manual can arise and the apparatus may become uncooperative. We
encourage you to contact us if you encounter problems that appear to be insurmountable, or to
make suggestions or to point out errors so that we may improve this product and this manual.
The best way to contact usis by email at info@starcryo.com. Other means of contacting us
about this product are described in the troubleshooting section of this manual.
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1 INTRODUCTION

What isMr. SQUID®?

Mr. SQUID® is a dc Superconducting QUantum Interference Device (SQUID) magnetometer
system incorporating a high-temperature superconductor (HTS) thin film SQUID sensor chip,
normal metal coils for modulation and external coupling, a cryogenic probe with a removable
magnetic shield, a cable to hook up the probe, and a battery-operated electronic control box
containing all the circuits needed to operate the SQUID. The probe is designed to be immersed
in a liquid nitrogen bath in the enclosed dewar flask. The user must supply the liquid nitrogen.
The only additional equipment required for the basic operation of Mr. SQUID" is either an
oscilloscope or an x-y recorder to display the output signals from the control box.

What's I nside the Probe?

At the heart of Mr. SQUID" is a small integrated circuit chip whose main components are a dc
SQUID and two modulation coils. The SQUID is made of yttrium barium copper oxide

(Y Ba,Cus07, sometimes called YBCO or “1-2-3 after the ratio of the metals in the compound)
that is fashioned into a ring containing two active devices called Josephson junctions. The
devices and structures on the chip are created using the same photolithographic steps that are
used in the integrated circuits (IC’s) that dominate today’s conventional electronic devices.

What does Mr. SQUID® do?

Mr. SQUID® is an HTS dc SQUID magnetometer and can therefore be used to detect small
magnetic signals if they are properly coupled to the SQUID. Because its modulation coils are
not superconducting, Mr. SQUID® does not have the sensitivity of high-performance laboratory
SQUIDs and cannot be used to detect truly minute signals such as those generated by the human
brain. On the other hand, Mr. SQUID® is designed to demonstrate all the principles behind
SQUID applications. In this user's guide, we describe a number of experiments — some simple,
others more complicated — that allow you to explore the operation and the uses of SQUIDs.

The Basic Functions

The Mr. SQUID" control box contains the necessary amplifiers, current drivers, and switches to

allow you to observe and investigate two basic phenomena of SQUIDs and Josephson junctions

without any additional experimental apparatus apart from an output device (an oscilloscope or x-
y recorder) and a supply of liquid nitrogen.

1) Voltage-current characteristics: The Mr. SQUID® control box will allow you to observe
the voltage-current (V-I) characteristics of the SQUID (which consists of two Josephson
junctions connected electrically in parallel). Without liquid nitrogen cooling, the V-I
characteristic of the SQUID will be a straight line, because the junctions behave like
ordinary resistors. Once the junctions are cooled, the non-linear shape you will see on
the oscilloscope screen or x-y plotter indicates the presence of a resistanceless current
through the Josephson junctions. The details of the shape are described later in this user's
guide. In this mode, Mr. SQUID® allows you to observe directly the dc Josephson effect,
the basis of many circuit applications of superconductivity.

2) Voltage-flux characteristics: The Mr. SQUID" control box also will allow you to
observe the voltage-flux (V-®) characteristics of the SQUID. As we will explain in detail
later, applying an external magnetic field to a dc SQUID causes the voltage across the
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SQUID to change periodically as the field is varied. The periodicity of the voltage
modulation is governed by a fundamental quantity known as the magnetic flux quantum
or "fluxon." Briefly, the voltage undergoes a complete cycle of modulation each time a
quantum of flux passes through the superconducting loop that comprises the SQUID.
Since magnetic flux is the product of magnetic field times area, the magnetic field period
of these voltage oscillations is determined by the geometry of the SQUID. This is a
fundamental property of superconducting rings and SQUIDs that Mr. SQUID" allows
you to investigate. The Mr. SQUID® control box allows you to apply an external
magnetic field to the SQUID and to vary that field in a way that is convenient for display
on an oscilloscope or x-y recorder.

Obtaining the V-1 and V-® curves are the essential elements of SQUID operation and are the
starting point for working with Mr. SQUID®. Later in the user's guide, in Section 7, we will
outline a series of more advanced experiments using Mr. SQUID"® that demonstrate how
SQUIDs can be used for a variety of applications as well as for observations of the properties of
materials. Until Mr. SQUID®, the only superconducting property that was easy to demonstrate
was magnetic flux expulsion using a levitated magnet. Now, with Mr. SQUID®, other aspects of
superconductivity can be observed in any laboratory.

Demonstrating the Hallmar ks of Super conductivity

Superconductivity is a unique property of certain materials that gives them remarkable
advantages as electric conductors, magnetic shields, sensors, and as elements of advanced
integrated circuits. The three primary hallmarks of this phenomenon are:

1) Zero resistance to the flow of dc electrical current,
2) The ability to screen out magnetic fields (perfect diamagnetism),

3) Quantum mechanical coherence effects — magnetic flux quantization and the Josephson
effects.

Until 1987, none of these effects could be observed without a liquid helium-cooled cryostat and,
in general, fairly elaborate instrumentation. This was because all known superconductors
became superconducting only at temperatures below 23 K (-250 °C) and more typically below 10
K. In 1987, the startling discovery of superconductivity in a class of copper oxide-based
compounds raised the operating temperature of superconductors to 90 K and beyond. Suddenly,
superconducting experiments cooled by liquid nitrogen at 77 K (-196 °C) were possible. The
first and easiest demonstration of superconductivity consisted of floating a small magnet above a
cooled disk of superconductor. This effectively demonstrates the ability of the superconductor to
screen out magnetic fields, one aspect of a property known as the Meissner Effect.

By attaching wires to a superconducting sample, one can just as easily demonstrate the zero
resistance property of superconductors that gives them their name. A standard experiment is to
monitor the electrical resistance of the sample as the temperature is lowered from room
temperature. When the superconducting transition temperature (T¢) is reached, the resistance
plummets abruptly to zero.

STAR Cryoelectronics, LLC 2
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The quantum mechanical coherence effects in superconductors — which are of great significance
both for our theoretical understanding of the phenomenon of superconductivity and for electronic
device applications — are more difficult to demonstrate. Until now, there was no simple way to
do it with liquid nitrogen cooling. Mr. SQUID® is the first commercially available system for
the convenient investigation of the quantum effects of superconductors, and is a particularly
effective system for demonstrating these effects in undergraduate laboratory facilities.

A Guideto the Guide

The User's Guide to Mr. SQUID® is designed for users with a wide range of expertise in
superconductivity, quantum physics, electronics, and related topics. For people new to these
subjects, a great deal of background information is provided, although the Mr. SQUID® User's
Guide is not intended as a substitute for a textbook on SQUID operation and applications.
Several such textbooks are listed in the References (Section 10)of this Guide.

Section 2, Setting Up Mr. SQUID®, provides a detailed description of the components of the Mr.
SQUID® system and instructions on how to set up the system for operation. All users should
familiarize themselves with the information contained in this section.

Section 3, Getting Started with Mr. SQUID® (New Users), is a step-by-step guide to the main
functions of Mr. SQUID®. It will show you how to observe both the V-l and V-® characteristics
of the SQUID. Very little knowledge is assumed on the part of the user apart from the operation
of either an oscilloscope or x-y recorder. Some knowledge of superconductivity and SQUIDs
would be helpful, but is not essential. If you are entirely new to these subjects, you may want to
read Section 5 of this Guide (An Introduction to Superconductivity and SQUIDs) before
proceeding. Section 5 covers these topics in some detail and ranges in level from very
elementary to rather sophisticated. Depending on your own background, portions of this section
may either be too simple or too advanced to be useful. We suggest you use it as a starting point
for your inquiries into the scientific topics related to SQUIDs.

Section 4, Getting Started with Mr. SQUID®™ (Advanced Users), provides a “quick—start”
exposure to the Mr. SQUID® system for users who are already familiar with SQUID operation.
Later on, other users may want to use this section as a reference on various functions of the Mr.

SQUID" system.
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Section 5, An Introduction to Superconductivity and SQUIDs, contains background material
describing the phenomenon of superconductivity with an emphasis on explaining how Mr.
SQUID® works. In it, you will find discussions of superconducting rings, phase coherence, the
Josephson effects, magnetic flux quantization, and basic SQUID operation, as well as a history
of SQUIDs and a brief description of the methods used to make the SQUID in your Mr. SQUID"
system.

Section 6, Troubleshooting and Getting Help, is provided to help you deal with some common
problems encountered in SQUID operation. It also provides information on how to contact
STAR Cryoelectronics with problems that you cannot solve yourself.

Section 7, Advanced Experiments, contains information on advanced experiments that are
possible using Mr. SQUID® in conjunction with other instruments and materials, some
background about STAR Cryoelectronics, the developer and manufacturer of Mr. SQUID®;
technical specifications and schematics for Mr. SQUID®, and a reference section that lists some
useful books on superconductivity and SQUID operation.

We anticipate that the Advanced Experiments in Section 7 will be periodically updated as
worldwide experience with the Mr. SQUID® system grows. Registered owners will have access
to updated versions of the Advanced Experiment Guide.

The Mr. SQUID® User's Guide is intended to be a complete reference for the Mr. SQUID®
owner providing operating instructions, background information, and suggestions for additional
experiments for the advanced user. We invite your contributions and comments to the Guide.

STAR Cryoelectronics, LLC 4
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2 SETTING UP MR. SQUID®

2.1 What You'll Need

The first step in operating Mr. SQUID® is to be sure you have all of the necessary equipment.
Figure 2-1 shows the components that are provided with Mr. SQUID®. They are as follows:

e Electronic control box (two 9 V batteries are included),
e Probe with the SQUID sensor,
e Cable to interconnect the electronics box and the probe, and

e Liquid nitrogen dewar.

Mr. SQUID

[N
W covpdms &

Figure 2-1 Mr. SQUID® system components.

Apart from the parts included in the Mr. SQUID® package, there are several items that the user
must supply in order to operate the system:

e An output device — either a 2-channel oscilloscope (capable of x-y display) or an x-y
chart recorder. There are advantages to having both on hand, if possible.

e BNC coaxial cables for connecting the electronics box to the output device. These are
standard items for any laboratory using electronic instruments.

e Liquid nitrogen. The dewar included with Mr. SQUID® holds about 1 liter of liquid
nitrogen, which should last for several hours. There are hazards associated with the use
of liquid nitrogen and with vacuum vessels used to contain it.

STAR Cryoelectronics, LLC 5
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DIRECT SKIN EXPOSURE TO LIQUID NITROGEN CAN CAUSE
SEVERE BURNS. Personnel experienced in the use of cryogenic liquids
should be on hand for all experiments involving the use of liquid nitrogen
and appropriate cautions must be taken. A special caution: when removing
the Mr. SQUID® probe from the nitrogen dewar, be careful not to handle the
cold end until it warms up completely (the frost will disappear when it has
war med completely).

2.2 Assembling the Mr. SQUID® System

In this section, we explain how to assemble the various parts of Mr. SQUID®. The set-up
instructions refer to the various controls and connectors on the Mr. SQUID® electronics box with
the numbers shown in Figure 2-2 below:

STEP 1. Battery check

The first step is to check the batteries by pressing the power switch (9) downward to the “BATT
CHK” position. Ifthe batteries are functional, the red LED (8) will light; otherwise, you should
open the battery compartment through the underside of the electronics box and replace the
batteries with two 9-Volt batteries. To maximize the lifetime of the batteries, make sure the
power switch is in the OFF position any time that Mr. SQUID® is not in use.

FLUX  CURRENT
BIAS BIAS AMPLITUDE  OUTPUTS

G@@@SX

o . o= Mr.SQUID
OZFAT@CHK' @ conDyéTus® @ ¥

Figure 2-2 Front panel of the Mr. SQUID" electronics box.

STEP 2: Add liquid nitrogen

Eye protection and gloves are advisable for anyone working with liquid nitrogen. Under all
circumstances, be sure to follow the safety regulations of your laboratory. If you are uncertain
about handling the liquid nitrogen, check with responsible people in your laboratory. The dewar
supplied with Mr. SQUID" is manufactured specifically to handle liquid nitrogen, but it contains
a glass vacuum vessel that can shatter if mishandled. Fill the dewar about 3/4-full with liquid
nitrogen. If you will be using the system for a long time (more than a few hours), the liquid
nitrogen level in the dewar will decrease due to evaporation. If the liquid level dips below that
of the SQUID sensor, simply refill the dewar to its original level with more liquid nitrogen.

STAR Cryoelectronics, LLC 6
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STEP 3: Cooling down the probe

Carefully lower the sensor end of the probe into the dewar, as shown in Figure 2.3 below. The
foam cap to the Mr. SQUID® dewar has a hole and a slot in it to support the Mr. SQUID® probe.
It will take several minutes for the SQUID sensor on the end of the probe to reach a stable
temperature of 77 K. You should wear eye protection and gloves during this procedure as the
liquid nitrogen may splash as the probe is introduced into the dewar. The critical temperature
(Te) for the YBCO superconductor in Mr. SQUID" is approximately 90 K. It is important to cool
the SQUID into the superconducting state with a minimum of external magnetic fields present.
This will reduce the effects of a phenomenon known as magnetic flux trapping, which will
adversely affect the performance of the SQUID. To cool the SQUID in the lowest ambient field,
it is best to shut off any nearby electrical devices, such as radios or computers. It is also
advisable to leave the probe cable unconnected until after cooldown. We will discuss the
consequences of flux-trapping later.

Figure 2-3 Mr. SQUID" inserted into liquid nitrogen dewar.

STEP 4. Connecting the probe.

After cooling the probe, attach one end of the connection cable provided with Mr. SQUID® to
the warm end of the probe and the other end to the SQUID Input connector (10) on the back of
the electronic control box shown in Figure 2-4 below. The cable can be connected in one
orientation only.

STAR Cryoelectronics, LLC 7
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SQUID INPUT  EXT. COIL

00000
10 © n

Figure 2-4 Rear panel of the Mr. SQUID" electronics box.

STEP 5: Connect the Output Device

Connect the BNC coaxial cables to the output connectors labeled X (5) and Y (6) on the front
panel of the control box. The free end of the X cable should be attached to the horizontal input
or x-axis of your display device (either a 2-channel oscilloscope or an x-y recorder.) Likewise,
the free end of the Y cable should be connected to the vertical input or y-axis. While either
display device is quite sufficient for Mr. SQUID® operation, using both an x-y chart recorder and
an oscilloscope can be convenient for viewing and plotting the output of Mr. SQUID®™. Since
there are a variety of display devices available in laboratories, we cannot specify the optimal
configuration of the controls here. Therefore, please refer to the manufacturer's instructions for
proper operation of the display device you have chosen to use.

STAR Cryoelectronics, LLC 8
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At this point, the Mr. SQUID® system is ready for operation. Your set-up should look more-or-
less like that shown in Figure 2-5 above, except perhaps for the replacement of the oscilloscope
with an x-y recorder.

The basic operation of Mr. SQUID® is outlined in the following sections. If Mr. SQUID®
represents your first experience with superconductive electronics, we suggest that you follow the
Getting Started instructions for New Users (Section 3). This is in the form of a primer that
discusses the phenomenon of superconductivity, and includes a simple theory of SQUIDs. It
details the step-by-step demonstration of the basic SQUID experiments possible with Mr.
SQUID®. On the other hand, if you are already familiar with SQUID operation, or you have
already used Mr. SQUID® and merely need to refresh your memory with the details of its
operation, you can use the Getting Started instructions for Advanced Users (Section 4). These
two versions cover the same material but are quite different in approach.

STAR Cryoelectronics, LLC 9
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3 GETTING STARTED WITH MR. SQUID® (NEW USERS)

The directions that follow assume that you have some familiarity with the basics of
superconductivity including zero resistance, flux quantization, and the Josephson effect. If not,
you may wish to read some of Section 5, An Introduction to Superconductivity and SQUIDs,
before going any further.

The Mr. SQUID® chip contains a dc SQUID made with thin film YBCO superconductor. The dc
SQUID is a simple circuit that can be schematically represented like this:

Figure 3-1 Schematic representation of a dc SQUID.

The dc SQUID is simply a ring of superconductor containing two Josephson junctions, which are
marked by the X's labeled J; and J; in the circuit diagram above. The Josephson junctions can be
thought of as weakened areas of the superconductor, which nevertheless still allow a certain
amount of resistanceless current to flow. The simplest experiment to perform with this circuit is
to pass current "l" from left to right across the ring and to measure the voltage "V" that appears
across the ring. If the two junctions in the SQUID are identical, in the absence of any magnetic
field, the current will divide evenly and half of it will pass through each junction before
recombining at the right side.

The Mr. SQUID® control box allows you to perform this experiment quite easily. If you have set
up the system according to the instructions in the previous section, you are ready to try this
voltage-current experiment.

3.1 Setting Up the Output Device

Once again, we assume that you are familiar with the operation of your oscilloscope or x-y
recorder. For initial settings, try an x sensitivity of 0.2 volts per division (or whatever value is
closest to this on your instrument) and a y sensitivity of around 50 millivolts per division. You
may want to adjust these values as needed later. Now refer to the diagram of the Mr. SQUID®
control box (Figure 3-2) below.
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FLUX  CURRENT
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Figure 3-2 Front panel of the Mr. SQUID® electronics box.

STEP 1:

If you are using an oscilloscope, set the oscillator frequency toggle switch (7) to the OSC (high-
speed) position. If you are using an x-y recorder, use the X-Y (low-speed) position.

STEP 2:

Before turning on the power, make sure the amplitude control (4) is at its minimum (fully
counter-clockwise) position and set the flux bias control (2) and the current bias control (3) to
their 12-o'clock (straight up) positions.

STEP 3:

Make sure the function switch (1) is in the V-I position. In this position, the BNC cable
connected from the X output on the front panel (5) reads the current being fed through the
SQUID. The cable connected to the Y output (6) reads the voltage across the SQUID. Set the
power switch (9) to the ON position. On an oscilloscope, there should be a small bright spot on
the center of the screen. On an x-y recorder, the pen should be stationary in the middle of the
page. You may have to adjust the offset controls on your display device to achieve this in either
case.

3.2 Varyingthe Current Bias

The current bias control (3) varies the current being sent through the SQUID. Slowly turn this
knob in either direction. The spot on the oscilloscope screen or the plotter pen will move in
response to the changing current. As you turn the knob back and forth, you will trace out a curve
representing the relationship between the current fed through the SQUID and the voltage across
the SQUID. This curve is called the V-I curve for the SQUID.

3.3 Varying the Amplitude of the Current Sweep

Return the current bias control to the 12 o'clock position and now slowly turn the amplitude
control (4) in the clockwise direction. This function sweeps the current through the SQUID back
and forth between preset values, thus automating the procedure you performed by hand using the
current bias control. A solid curve should now appear on the oscilloscope screen; alternatively,
the pen on your plotter will repeatedly trace out the curve on the page.
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If you now turn the current bias control, the center point of the curve being traced on the screen
or page will move. The current bias control sets a single value of current being passed through
the SQUID and the amplitude control sweeps the current back and forth about that set value.

3.4 Calculating the Current

Your output device acts like a voltmeter. The sensitivity settings on it determine how much
voltage corresponds to a division on the screen or on the page of graph paper. The current output
on the Mr. SQUID® box (5) actually represents the voltage across a 10,000 Q resistor in the
electronics box. According to Ohm's Law (I = V/R), the current flowing through the resistor is
therefore equal to the voltage across it divided by 10,000 Q.

The typical voltage levels from the SQUID are small enough that we have provided
amplification in the Mr. SQUID® control box. Thus, to calculate the actual voltages across the
SQUID, the measured value on the oscilloscope or x-y plotter should also be divided by 10,000.

3.5 TheV-l Curve

If the settings on the Mr. SQUID®™ box and your output device are correct, and if the SQUID is
behaving properly, you will see a curve that looks more-or-less like this on the screen or page:

Figure 3-3 Typical Mr. SQUID® V-I characteristic.

It is important that there is a flat region in the center of the curve as shown above, although its
width may vary from device to device. If what you see looks like a straight line, as in Figure 3-4
below, then either you don't have enough liquid nitrogen in the dewar, you have not let the probe
get cold, or there may be trapped magnetic flux in the SQUID. The latter is a very common
occurrence because the SQUID is very sensitive to external magnetic fields. Refer to the
discussion on trapped flux in Section 6.3, Magnetic Flux Trapping in SQUIDs, if this appears to
be the problem. Assuming you see the proper curve, how can we understand its shape?
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Figure 3-4 A linear V-| characteristic.

What you are looking at is the V-I characteristic of two Josephson junctions connected in parallel
with one another. Assuming they are identical junctions (in practice, they are at least very
similar), the V-I characteristic you see is the same as for a single junction. The most important
feature of the curve is the flat spot in the middle, called the critical current. In this region, there
is current flowing with no voltage — it is a supercurrent. This is the dc Josephson effect: a
resistanceless current that flows through a superconductor Josephson junction.

A Josephson junction consists of two regions of superconductor that are weakly coupled
together. The meaning of this statement is that the junction behaves like a superconductor but
can only carry a small amount of resistanceless current before it becomes resistive. Any
superconductor has the same property: it ceases to be resistanceless as soon as the current it is
carrying exceeds a maximum value called the critical current. A Josephson junction is a weak
link between two regions of superconductor, and this weak link carries far less resistanceless
current than the superconductor on either side. The maximum supercurrent that can flow
through a Josephson junction is called the critical current of the junction.

At this point, you might want to adjust the flux bias control (2) on the control box. This control
feeds current into a small gold coil placed above the SQUID and this current applies a magnetic
field upon the loop the SQUID. As explained in Section 5, a magnetic field will modulate the
critical current in the SQUID in a very specific manner. By turning the flux bias control knob,
the critical current in the junction will change visibly on the oscilloscope screen or on your
plotter page. At this point, try to adjust the flux bias current such that the flat region of the V-I
curve is widest. The response to these changes may be quite sensitive; it may take some practice
to tune the critical current to its maximum value. This procedure may be especially useful if
some small amount of magnetic field was already present in the SQUID loop. A zero applied
field will yield the largest critical current through the junction.
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Critical Current

Figure 3-5 Determining the junction parameters from the V-I characteristic.

You can determine the critical current of the junctions in Mr. SQUID® by measuring the width
(in volts) of the flat part of the V- curve and dividing that number by 10,000 Q to convert your
answer into amperes of current. If the flat region is 1 volt wide, for example, then the
corresponding current is 100 microamps. However, you are looking at the current through both
of the junctions in the SQUID, not just one. Therefore, assuming the junctions are identical, the
current through one junction is half the value you are measuring (in our example, 50
microamps). Is this the critical current of the junction? Not quite. The curve you are looking at
drives the current symmetrically about zero (marked in the drawing). The current you have
measured is actually composed of a contribution in the positive direction and a contribution in
the negative direction. If the curve is symmetric, they are equal. As a result, the real critical
current of the junction is half the value you infer from the measurement. Thus, in our example,
the critical current is 25 microamps, 1/4 of the original measurement. The flat region on the
curve corresponds to 4 times the junction critical current.

Apart from the critical current of the junction (usually written as |¢), there is also a parameter of
the junction known as the normal—state resistance or Ry. You can determine it by measuring the
slope of the V-I curve out at the ends where it is essentially a straight line. To obtain a
resistance, you must convert the x-axis value into amperes from volts and take into account the
amplification of the y-axis signal. This is all very simple since the conversion factor for each
axis is the same value of 10,000. Remember that the dc SQUID contains two junctions in
parallel, so that the measured resistance corresponds to half the resistance of a single junction
(assuming they are identical.) Thus, simply taking the slope numbers in volts off your
oscilloscope or x-y recorder will give you one-half the normal—state resistance in ohms. The
product of the critical current and the normal state resistance (IcRy) is a voltage that is an
important parameter for the operation of a SQUID. Make a note of it now for use later. Note
that |:Ry for one of the junctions has the same value for the SQUID, which has two junctions in
parallel. For the junctions in Mr. SQUID®™ operating in liquid nitrogen, you will probably obtain
a value between 10 and 100 microvolts. This value sets the maximum voltage change in the
SQUID by an individual magnetic flux quantum, and is discussed later in this section.
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As you observe the properties of the Josephson junctions in Mr. SQUID®, realize that such an
experiment just a few years ago required the use of liquid helium and several pieces of
sophisticated electronic instrumentation. In this era of high-temperature superconductivity,
Josephson electronics is becoming a far more accessible technology.

3.6 Observing V-® Characteristicsusing Mr. SQUID®

Up to this point, we have been looking at the properties of Josephson junctions. Now we will
turn our attention to the properties of the dc SQUID itself. The dc SQUID has the remarkable
property that there is a periodic relationship between the output voltage of the SQUID and
applied magnetic flux. This relationship comes from the flux quantization property of
superconducting rings that is discussed in detail in Section 5. The Mr. SQUID® control box will
allow you to observe this periodic relationship in the form of V-® characteristics on your
oscilloscope screen or x-y plotter page.

You have already observed the effects of a magnetic field on the V-I characteristics of the
SQUID by adjusting the flux bias control current. The V-® characteristics are basically an
automatically plotted version of this behavior. The physics underlying the V-® curve is
discussed in Section 5.

3.7 Modulating the Critical Current of the SQUID

As we saw before, in the V-I operating mode one can apply a magnetic field to the SQUID using
the flux bias control. This dial controls a current that is applied to the “internal” modulation coil,
simply a 3/4 turn gold or silver coil that creates a magnetic field inside the loop of the SQUID, as
shown in Figure 3-6. The second coil shown in the photograph is the “external” modulation coil
that allows you to couple other sources of current to the SQUID. The labels “internal” and
“external” refer to the accessibility of the coils to the Mr. SQUID" user. Electrical connections to
the “external” coil are made through the BNC connector on the back of your Mr. SQUID®
electronics box. The “internal” coil is used by the Mr. SQUID® electronics to apply flux to the
SQUID, and is not directly accessible to the user.

If you slowly turn the flux bias control knob, you will see the change in the critical current and
the changing V-I curve that occurs as the magnetic flux threading the loop of the SQUID is
varied. Another way to see the sensitivity of the SQUID to external fields is to rotate a small
horseshoe magnet slowly in the vicinity of the dewar. If you experiment carefully with the flux
bias control, you will see that the critical current of the SQUID oscillates between a maximum
value (the flat region of the V-I curve is at its widest) and a minimum value at which point the
V-| curve may be more-or-less linear.

The Mr. SQUID® control box allows you to view the periodic behavior of the SQUID in a
convenient, automated way. To obtain the V-® plot, the bias current is set so that the SQUID
voltage is most sensitive to changes in applied magnetic field. This occurs at the "knee" of the
V-| curve, the area highlighted in Figure 3-7 below.
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Figure 3-6 Photograph of the Mr. SQUID® version 8 chip showing the two modulation coils.
See Sec. 9.2 for Mr. SQUID® specifications.

To find this point, first adjust the flux bias control (2) (for numbering, see page 14) so that the
critical current is at its largest value. Then, turn down the amplitude control (4) all the way so
that only a point is visible on the oscilloscope screen or so that the pen is stationary on the plotter
page. In this mode, you can then sweep the point up and down the V-1 curve by adjusting the
current bias control (3), as you did initially. Set the current bias level so that the point rests at
either knee in the V-l curve. Now turn the flux bias control (2), which controls the amount of
magnetic flux through the hole in the SQUID loop. You should see the point move back and
forth vertically on the screen or page. This periodic motion arises because the screening currents
in the SQUID body depend on the applied magnetic flux in a periodic manner. The period is
determined by the magnetic flux quantum (®y). This phenomenon is a manifestation of the
macroscopic quantum nature of superconductivity.

\

Figure 3-7 The “knee” in the V-I characteristic.
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To automate this procedure, switch the function switch (1) from V-I to V-®. In this new mode,
all of the controls on the Mr. SQUID® control box work the same way as before, except for the
amplitude control (4). Instead of controlling the sweep of the drive current through the SQUID,
it now controls the amplitude of the current through the modulation coil, which is linearly related
to the magnetic field applied to the SQUID. To view as many V-® periods as possible, turn the
amplitude control (4) in the clockwise direction. Depending on the particular SQUID and coil in
your probe, you should be able to see at least four or five periods of oscillation, as shown in
Figure 3-8.

Figure 3-8 A typical Mr. SQUID® V-® characteristic. The maximum AV may range from 10 to
30 uV or higher.

The voltage change that occurs due to the influence of the magnetic field appears now on the
vertical axis of your display device. The voltage amplification provided by the Mr. SQUID® box
is unchanged from before. To determine the actual voltage across the SQUID, you must divide
by 10,000. However, since the SQUID modulation signals are smaller than the junction voltages
you examined earlier, you will need to increase the sensitivity of the vertical scale on your
display device. The maximum peak-to-peak voltage swing of the SQUID modulation in Mr.
SQUID® (AV) typically is between 10 and 30 uV (or 100 to 300 mV output from the front panel
of the Mr. SQUID® control box). Depending on the setting of the amplitude control, you may
wish to change the x sensitivity to more conveniently view the oscillations of the SQUID.

In addition, it may be necessary to use the position knob on your output device to center the
curve. If your oscilloscope can be operated in an AC-coupled mode on the vertical channel, you
can use this mode for more convenient viewing of the V-® curve (never use the AC mode to look
at the V-I curve, or it will be completely distorted on the oscilloscope screen.) You should see a
curve that resembles the one shown in Figure 3-8. Depending on the particular device and on the
settings on the control box, you may see many more periods than shown here. At this point, you
can try to maximize the signal by fine-tuning the current bias control (3) to the most sensitive
part of the V-I curve (just keep your eye on the V-® curve as you "tweak" the current bias control
until you get the maximum modulation). There will be some setting of the current bias control
that gives the largest modulation amplitude.
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Notice the effect that the flux bias control (2) has on the V-® curve. It allows you to set the
central value of applied flux about which the amplitude control sweep varies. In other words,
this control allows you to apply a static magnetic field to the SQUID on top of the oscillating
field applied with the amplitude control. Turning the flux bias control will therefore allow you
to move left and right along the V-® curve and thereby explore more of it than the amplitude
sweep permits. You can accomplish the same thing in a less controlled manner by waving a
small permanent magnet near the probe. Another way to see the effect of an additional applied
field is to rotate the entire dewar. This rotates the SQUID with respect to the earth's magnetic
field and causes a shift. Actually, the magnetic shield on the probe screens out most of the
earth’s field, but the amount of field that gets by the shield is quite enough to move the V-®
pattern noticeably on the screen.

Later on, you may want to warm up the probe to room temperature to remove the magnetic
shield from the bottom of the probe. This may be done by loosening the small setscrew that
supports the shield. Set both the shield and the screw aside in a safe place so that they can be
reinstalled later. If you now cool down the probe and set up the V-® measurement, you will find
that the SQUID is tremendously more sensitive to its environment. In fact, you may have a great
deal of difficulty in getting a good V-I curve without flux trapping (see the discussion in Section
6). Assuming you succeed in observing the V-® curve without the magnetic shield (which may
be impossible in many environments), you will find that almost any magnetic disturbance
anywhere near the dewar will be visible on an oscilloscope screen. Try swiveling a metal chair,
for example!

The most sensitive mode of operating a SQUID is to "flux-locked” the SQUID using closed loop
feedback electronics. In the flux-locked loop (FFL) mode, a feedback current is used to
counteract any change in external magnetic field. By measuring the amount of feedback current,
it is possible to detect magnetic fields corresponding to a tiny fraction of the characteristic field
required to produce a quantum of flux on the SQUID. This experiment is detailed in Section 7,
Advanced Experiments.

3.8 Additional SQUID M easurements

Now that you can measure a variety of properties of the SQUID in the Mr. SQUID® probe, you

can determine a key parameter of the device, namely the By parameter. This is defined by
21.L

Egn. 3-1
q BL o,

where L is the inductance of the SQUID loop.

Earlier we mentioned that the maximum modulation voltage depth AV as measured from the V-®
curve is related to the IRy product that can be determined from the V-I curve. As we will
discuss in Section 5, this relationship can be expressed simply in terms of the B, parameter.

4Ry

Egn. 3-2
q BL AV

The above expression provides a simple way to determine the | parameter empirically (i.e.,
without knowing the inductance L of the SQUID). This expression is strictly correct only if the
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critical currents of the two junctions are equal and only if thermal noise effects are negligible.
Both of these are approximations for the junctions in your Mr. SQUID".

The inductance of the Mr. SQUID® chip may be written as the sum of four terms,
L =L, +L,+Lg+L,, where Ly is the inductance of the SQUID washer, Lg is the inductance of

the long slit in the washer, Ly is the small kinetic inductance of the washer (arising from the
“inertia” of the electrons'), and L; is the inductance of the Josephson junction bridges, which also
includes a small kinetic inductance contribution. For a square washer with outer side length D
and a square hole with inner side length d such that d/D < 1, L, = 1.24 pod. Using d = 24 pm for
the Mr. SQUID® washer, L, = 37.7 pH. For the washer, the slit inductance per unit length is 0.38
pH/um (it would be slightly less if the modulation coils were superconducting rather than normal
metal). The slit in the Mr. SQUID® washer is 33 pum from the inner hole to the outer edge of the
washer. Then, Lg = 12.5 pH. The kinetic inductance of the washer is more difficult to determine
precisely but is estimated to be about 2 pH. The inductance of the Josephson junction bridges is
estimated to be about 8 pH, which includes the kinetic inductance contribution (the inductance
per unit length of the bridges is much higher than 0.38 pH/um because of the narrow width of the
bridges). Thus, the total inductance is approximately L = 60 pH.

In general, for an N-turn coil integrated on top of the Mr. SQUID® washer, the mutual
inductance is given by

Eqn. 3-3 M = N|L, + L, +0.5(Ly +L,)]

For Mr. SQUID®, the single-turn modulation coil actually goes around only three quarters of the
washer (see Figure 3-6). Then, using N = 0.75 as a rough approximation along with the
inductance values given above, M =37 pH.

The horizontal axis of the V-® curve measures the current through the modulation coil, and this
is linearly related to the magnetic flux in the SQUID. The current gain in the Mr. SQUID®
control box is 10,000 V/A (i.e., 1 Volt = 10" Amperes). The period of the modulation of the
magnetic flux in the Mr. SQUID® loop is the flux quantum, @, (2.07x10"° Wb in MKS units.)
By measuring the amount of current (Al) in the coil that is required to produce a change of one
fluxon through the hole of the SQUID, you can determine the mutual inductance (M) of the
SQUID, using the following formula:

Eqn. 3-4 M = —0

You can find the value of B, for the SQUID in your Mr. SQUID® probe using Eqn. 3-1, your
measurement of |, and L = 60 pH. From the measured values of I and AV, you can calculate 3,
using Eqn. 3-2. Compare these two values. Do they agree?

The fact that the values calculated using Eqn. 3-1 and Eqn. 3-2 do not agree was a mystery for a
number of years after the 1986 discovery of high-T. materials, as these equations worked quite
well for SQUIDs made using traditional low-T. materials. This lack of agreement was resolved

1 Priciples of Superconductive Devices and Circuits, T. Van Duzer and C.W. Turner (Elsevier, New York, 1981) pp
114-116.
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in 1993 with the recognition that thermal effects were playing a large role in the behavior of
high-T; SQUIDs. 2 The lack of agreement between Eqn. 3-1 and Eqn. 3-2 is in large part due to
the fact that the Mr. SQUID® is at a relatively high temperature where thermal energies (ksT)
are no longer small compared to the energy of a flux quantum (®; / L ). The relationship between

the observed voltage modulation and 3 at a nonzero temperature T changes Eqn. 3-2 to:

Jk,TL
Eqn. 3-5 B, :M[l—&ﬂLJ—l

TAV

0

Figure 3-9 illustrates the differences between the B values calculated using Eqn. 3-1, Eqn. 3-2,
and Eqn. 3-5.
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Figure 3-9 Values of B = 2l.L/®, versus measurements of B based upon |;R\/AV for 44 Mr.
SQUID® probes.

As one can see from Figure 3-9, the method of calculating B, that takes thermal effects into
account agrees quite well with the inductive B measurements.

On the following page, we include a data sheet for your SQUID. You may wish to use it (or
better still, a photocopy) to enter your measurements on Mr. SQUID®. An interesting and
important issue for SQUID applications is how the SQUID sensor varies with age. You can
track this with Mr. SQUID® by filling out a copy of the data sheet each time you use the system.

2 K. Enpuku, Y. Shimomura, and T. Kisu, “Effect of thermal noise on the characteristics of a high T,
superconducting quantum interference device”, J. Appl. Phys. 73, 7929 (1993)
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3.9 Summary of Basic Experiments

By going through the previous set of experiments, you should have been able to observe the
fundamental properties of Josephson junctions and SQUIDs and calculate the values of these key
parameters:

Critical current of the SQUID, I,
Normal-state resistance, Ry,
Characteristic voltage of the SQUID, IRy,
Maximum voltage modulation depth, AV,
Inductance of the SQUID, L, and

Modulation parameter B, determined using two methods.

More advanced experiments with SQUIDs, including those that use the external modulation coil,
can be found in Section 7, Advanced Experiments.
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Mr. SQUID® Data Sheet

SQUID Serial Number:

Date:

Parameter Units Measured Value
Critical Current | LA

Normal-state Resistance Ry Q

Characteristic Voltage | Ry [TAY

Modulation Depth AV [TAY

SQUID Inductance L pH

BL from Modulation Depth:

BL from Inductance:
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4 GETTING STARTED WITH MR. SQUID® (ADVANCED USERS)

This section is meant to give a quick explanation of the procedures for operating Mr. SQUID®
and the features of the Mr. SQUID® control box, and assumes a previous knowledge of
superconductivity and SQUIDs. The same information is provided in far greater detail in
Section 3.

The Mr. SQUID® probe contains a planar washer dc SQUID fabricated using thin-film YBCO
technology. The Josephson junctions are made with the bicrystal grain boundary junction
process described at the end of Section 5. Flux is coupled to the SQUID via two separate single-
turn gold coils situated above the SQUID on top of a thin film dielectric layer. Input to the
modulation coil is made directly through the main cable in the system; the flux biasing current is
supplied by the Mr. SQUID" control box. Input to the external coil is at the discretion of the
user. Terminals are available both at room temperature (through a BNC connector on the back
of the control box) and at low temperature through terminals at the bottom of the probe. The
probe is equipped with a removable p-metal magnetic shield to attenuate external magnetic
fields. The SQUID chip itself is encased in an epoxy capsule that protects it from water vapor
and ensures that it is cooled and warmed relatively slowly.

The Mr. SQUID® control box is designed to provide all the electronics necessary to observe the
basic functions of a dc SQUID system. Included is a low-noise amplifier section for the output
voltage of the SQUID, current driver circuits for biasing the SQUID and driving the modulation
coil, and the switching required for the various functions. The current triangle waves are
available at two different frequencies to optimize them for both oscilloscope and x-y recorder
presentation of the data. The box is battery operated to minimize levels of 60 Hz in the circuits
(the SQUID modulation voltage is of the order of 10 puV).

4.1 Electronics Box Front Panel

The front panel controls and connectors on the Mr. SQUID® control box are referenced by the
numbers shown in Figure 4-1 below.

FLUX  CURRENT
BIAS BIAS AMPLITUDE  OUTPUTS

®®®®5X

o Mr. SQUID
#© % ®  connglrusc @

BATT CHK X-Y

Figure 4-1 Front panel of the Mr. SQUID® electronics box.

(1) Function switch: Selects between V- mode and V—® mode.

e In V-l mode, a triangle wave current is made available directly to the input of the
SQUID.

STAR Cryoelectronics, LLC 23



Mr. SQUID User’'s Guide

e In V-® mode, a triangle wave current is made available to the normal metal modulation
coil that is inductively coupled to the SQUID.

(2) Flux Biascontrol: Applies a fixed dc current to the modulation coil. In the 12 o'clock
position, this current is approximately zero. Turning the knob in either direction applies a fixed
current (and thus an applied magnetic field).

This control is used to modulate the critical current of the SQUID manually by the application of
an external magnetic flux by varying the current in the modulation coil.

(3) Current Biascontrol: Applies a fixed dc current to the SQUID. In the 12 o'clock position,
this current is approximately zero. Turning the knob in either direction applies a fixed current to
the SQUID in either of two directions.

This control is used to current bias the SQUID manually at a chosen fixed drive current.

(4) Amplitude control: Sets the amplitude of the current triangle wave in either the V- or the
V-® mode.

In either mode, use the amplitude control to set the width of the current sweep. In the V-I mode,
the current triangle wave is applied to the terminals of the SQUID. In the V-® mode, the current
triangle wave is applied to the gold modulation coil.

(5) X Output: A BNC female connector providing the x (current) output of the Mr. SQUID®
box. The voltage appearing at this terminal is developed across a 10-k€ resistor through which
the current flows. To determine the current, divide the measured voltage by 10 kQ.

e In the V- mode, the x output represents the bias current through the SQUID (the sum of
the triangle wave plus the fixed bias current set by the Current Bias control).

e In the V-® mode, the x output represents the current through the modulation coil (the
sum of the triangle wave plus the fixed modulation current set by the Flux Bias control).

(6) Y Output: A BNC female connector providing the y (voltage) output of the Mr. SQUID®
box. Voltages coming from the SQUID are amplified by a factor of 10,000 at this output (i.e., 10
uV SQUID modulation voltage = 100 mV at the y output).

(7) Oscillator Frequency: Sets the frequency of the current triangle wave in both V-I and V-®
mode. In the high-speed position (up), the frequency of the triangle wave is 15 Hz, making it
suitable for oscilloscope use. In the low-speed position (down), the frequency of the triangle
wave is 0.07 Hz, making it suitable for x-y recorder use.

(8) Battery Check Light: Indicates whether the batteries for the electronics box are functional.
If the batteries are functional, the LED will illuminate when the power switch (9) is pressed
down in the "BATT CHK" position.

(9) Power: A three-position switch that selects between power on to the system (up), power off
to the system (center), and a momentary-contact position to test the system batteries (down).

4.2 Electronics Box Rear Pandl

The rear panel of the control box (Figure 4-2) contains the input connector for the main cable
(10), and the BNC female connector input to the external modulation coil (11). Battery
replacement is through a panel in the bottom of the box.
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Figure 4-2 Rear panel of the Mr. SQUID" electronics box.

4.3 Basic Operation
The following discussion assumes that you have set up Mr. SQUID® as described in Section 2.

To observe the V-1 curve of the SQUID, cool down the probe without connecting or turning on
the control box in order to minimize flux-trapping effects. Set the oscillator frequency control to
suit your display device.

Typical sensitivities we suggest for the display device (oscilloscope or x-y recorder) are
approximately 0.2 V/div for the current (x) axis and 50 mV/div for the voltage (y) axis. You
may wish to adjust these initial settings as you go along.

Zero the flux bias and current bias controls (set them at 12 o'clock) and turn up the sweep
amplitude. The V-I curve should appear on your output device. The current bias control can be
used to symmetrize the trace, if necessary. In addition, the flux bias control should be adjusted
to maximize the critical current. A typical Mr. SQUID® V-I curve looks like this:

Figure 4-3 A typical Mr. SQUID®™ V-I characteristic.

If the critical current is far less apparent than in Figure 4-3, the likely cause is flux trapping. Try
thermally cycling the probe with the control box off to restore the maximum critical current.
Under some circumstances, several attempts may be necessary. We discuss this problem in some
detail in Section 6, Troubleshooting and Getting Help.
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Mr. SQUID® displays a V-I curve for convenience in switching over to the V-®@ curve. If you
prefer to view the more traditional I-V curve, with the current on the vertical axis, feel free to
exchange the x and y cables.

The junctions in Mr. SQUID® may generally be represented by the RSJ model with considerable
noise rounding at 77 K. The critical current of Mr. SQUID® typically is between 5 and 150 pA.
The IRy product for these junctions and SQUIDs is a few tens of microvolts at 77 K.

44 V-® Characteristics

To obtain the V-® characteristics for Mr. SQUID®, turn down the amplitude control and use the
current bias control to bias the SQUID just above the critical current (at the "knee" of the V-I
curve). This will be the most sensitive point in the curve. You can now manually modulate the
SQUID with the flux bias control. The point on the oscilloscope screen (or plotter pen) will
oscillate up and down in response to changing the flux bias.

Now switch the function control to the V-® position. The amplitude control will sweep the
current through the modulation coil, which is linearly related to the magnetic field applied to the
SQUID, and the familiar V-® curve should appear on your output device. The modulation depth
is smaller than the voltages you were measuring before, so increase the y sensitivity of your
oscilloscope or plotter at this time. Also, if your output device can be AC coupled, using this
mode to view the vertical axis may be helpful. You may also want to "tweak" the current bias
control to maximize the modulation depth. Adjusting the flux bias control will allow you to
select a region of the V-® curve for observation.

A typical Mr. SQUID® voltage-flux characteristic appears in Figure 4-4. Depending upon the
particulars of the individual SQUID and coil in your probe, you should be able to see at least
four or five oscillations on your output device.

Figure 4-4 A typical Mr. SQUID® V-® characteristic.

You may wish to calculate B3| for your SQUID at this point using techniques outlined in Section
3. A form for recording this and other data is provided in that section as well. A variety of other
experiments designed around the Mr. SQUID" system (including those that use the external coil)
are discussed in Section 7, Advanced Experiments.
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5 ANINTRODUCTION TO SUPERCONDUCTIVITY AND SQUIDS

5.1 A CapsuleHistory of Superconductivity

Superconductivity was first discovered in 1911 in a sample of mercury metal that lost its
resistance just four degrees above absolute zero. The phenomenon of superconductivity has been
the subject of both scientific research and application development ever since. The ability to
perform experiments at temperatures close to absolute zero was rare in the first half of this
century and superconductivity research proceeded in relatively few laboratories. The first
experiments only revealed the zero resistance property of superconductors, and more than twenty
years passed before the ability of superconductors to expel magnetic flux (the Meissner Effect)
was first observed. Magnetic flux quantization — the key to SQUID operation — was predicted
theoretically only in 1950 and was finally observed in 1961. The Josephson effects were
predicted and experimentally verified a few years after that.

SQUIDs were first studied in the mid-1960’s, soon after the first Josephson junctions were made.
Practical superconducting wire for use in moving machines and magnets also became available
in the 1960's. For the next twenty years, the field of superconductivity slowly progressed toward
practical applications and to more profound understanding of the underlying phenomena. A
great revolution in superconductivity came in 1986 when the era of high-temperature
superconductivity began. The existence of superconductivity at liquid nitrogen temperatures has
opened the door to applications that are simpler and more convenient than were ever possible
before. Nevertheless, the product you have in your hands today was made possible by many
aspects of the 80 years of discovery that preceded it.

5.2 Superconductivity: A Quantum M echanical Phenomenon

There are certain materials — actually, many thousands of them by now — that exhibit a
remarkable transition in their ability to pass electrical currents: when they are cooled down to a
sufficiently low temperature, their electrical resistance vanishes completely. How this behavior
comes about was a mystery that occupied the minds of theoretical physicists for nearly half a
century after it was first observed. The answer turned out to be tied to the quantum-mechanical
nature of solids, in particular, to the tendency of electrons to become paired. These "Cooper
pairs" behave cooperatively in certain materials and form a single quantum-mechanical state.

In the following discussions, we can only explain these concepts briefly and without theoretical
rigor. This user's guide is not intended to be a textbook on quantum mechanics or on
superconductivity. Fortunately, many such books exist and we refer you to some in the
References in Section 10. What this guide will try to do is give you some idea of the underlying
physical principles behind Mr. SQUID®.

5.3 The Superconducting State

A fundamental aspect of physical systems is that they naturally seek a state of lowest energy. An
example of this is that a ball will roll to the lowest spot on an uneven surface (the lowest
potential energy). An external source of energy (such as kicking the ball) is required to raise it to
a higher spot (energy level). Similarly, systems of particles, such as the electrons in a metal, will
occupy a lowest-energy state known as the ground state, unless they are excited by some
external source of energy. In certain materials, it is possible for electrons to achieve a ground
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state with lower energy than otherwise available by entering the superconducting state. What is
this state?

The Nobel Prize in Physics was awarded for the development of the theory that describes this
state. Simply put, the superconducting ground state is one in which electrons pair up with one
another such that each resultant pair has the same net momentum (which is zero if no current is
flowing). In this ground state, all the electrons are described by the same wavefunction. What
does this mean?

In quantum mechanics (also called “wave mechanics”), physical entities such as electrons are
described mathematically by wavefunctions. Like ordinary waves in water or electromagnetic
waves such as light waves, quantum mechanical wavefunctions are described by an amplitude
(the height of the wave) and a phase (whether it is at a crest or a trough or somewhere in
between). When you are describing waves of any kind, these two parameters are all that is
necessary to specify what part of the wave you are discussing and how large it is. Moving waves
oscillate both in time and in space. If we sit at one point in space, the wavefront will move up
and down in time. If we look at one moment in time, the wavefront undulates in space. The
quantum mechanical wavefunction is a mathematical entity that describes the behavior of
physical systems such as electrons and light waves. A unique property of quantum mechanics is
the interchangeability of particles and waves in describing physical systems.

Generally, there will be a unique wavefunction required to describe each particle in a physical
system. In the usual or “normal” state, the wavefunctions describing the electrons in a material
are unrelated to one another. In a superconductor, on the other hand, a single wavefunction
describes the entire population of superconducting electron pairs. That wave function may differ
in phase from one place to another within the superconductor, but knowing the function in one
place determines it in another. Physicists call such a wavefunction a “many-body
wavefunction.” Strictly speaking, electrons are indistinguishable particles; there is no way to
keep track of an individual electron in the population and it in fact has no meaning to speak of
one. The pairs of electrons that comprise the superconducting state are constantly forming,
breaking, and reforming such that the wavefunction that describes the superconducting state
remains the same. As we will see, it is the existence of this coherent wavefunction that accounts
for the phenomena associated with superconductivity.

54 TheQuantum of Flux

Quantum mechanics is the modern theory of physical world in which matter and energy at their
most fundamental levels occur in discrete chunks called quanta rather than being continuously
divisible. We are familiar with this concept with respect to electrical charge, for example. To
our knowledge, all electrical charge (excluding quarks for the moment) occurs in units of
1.6x10°19 coulombs, the charge on a single electron. Therefore, nothing in nature has 1.5 times
this charge, for example. Electromagnetic energy is quantized in units called photons, whose
magnitude is set by the product of the frequency of the radiation times a fundamental constant
called Planck's constant (written simply as “h”). In general, quantization is only readily apparent
when we are dealing with microscopic objects. Macroscopic objects are composed of enormous
numbers of elementary particles whose complicated interactions and chaotic thermal motion
completely masks the discrete nature of the microscopic world.

Superconductivity offers a unique opportunity to observe the quantization of a physical quantity
in a macroscopic, readily observable system. The reason for this is that closed superconducting
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circuits can only contain discrete units of magnetic flux known as fluxons. More precisely, the
product of the magnetic field times the area of a closed superconducting loop must always be
some multiple of h/2e, where h is the aforementioned Planck's constant and 2e is the charge on
an electron pair. In other words, a physically observable property of a macroscopic system must
occur in units defined entirely by fundamental physical constants. This is not only a profound
observation to be made from a simple measurement; it also has profound implications about the
nature of superconductivity. This fundamental flux unit is generally written as @, the flux

quantum.

5.5 Superconducting Rings

The closed superconducting ring is a particularly convenient system to study for understanding
the properties of superconductors. It is also the basis of the SQUID. Consider the following
experiment. We cool a ring of superconductor in a small magnetic field that corresponds to one
flux quantum threading the ring. We now have a superconducting ring threaded by a single flux
quantum. Suppose we now turn off the applied field. According to Faraday's Law of Induction,
the moment that we change the field lines that thread the ring, a current flows in the ring. The
current induced tries to oppose the change in magnetic field by generating a field to replace the
field we removed. In an ordinary material, that current would rapidly decay away. In the
superconductor, something entirely different happens. If the induced current decreased just a
little bit in the ring, then the flux threading the ring would be a little less than a flux quantum.
This is not allowed. The next allowable value of flux would be zero flux. Therefore, the current
would have to abruptly cease rather than decay away. Because the superconducting state is
composed of an enormous number of electrons that are paired up and occupying the same
quantum state, a current reduction of the sort needed would require all the electrons to jump into
another state simultaneously. This is an extraordinarily unlikely event. Practically speaking, it
will never happen. As a result, the current induced in a superconducting ring will flow
indefinitely. People have actually tried this experiment for years on end. As long as the ring is
kept cold, the current flows without resistance.

Thus, the concept of flux quantization gives us an insight into why superconductors pass current
without any resistance. How can we understand flux quantization itself? The answer lies in the
long-range coherence of the superconducting wavefunction. As we said before, the value of the
wavefunction in one place in a superconductor is related to the value at any other place by a
simple phase change. The case of a superconducting ring places special restrictions on the
superconducting wavefunction. The wavefunction y at the point marked by the black dot on the
ring in Figure 5-1 must be the same wavefunction obtained by traveling around the ring one full
circuit — it is the same spot. The phase change for this trip must be 27 in order for the
wavefunction to have a single value at a given point in space. In ordinary wave language, if the

wave was at a crest at the starting point, it must be at a crest 360° (2r) around the circle.
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Figure 5-1 A superconducting ring.

According to electromagnetic theory, applying a magnetic field to a superconductor induces a
change in the phase of the wavefunction. For those of you who have studied quantum
mechanics, this comes from the relationship between phase and canonical momentum (p - €A,
where p is the mechanical momentum and A is the vector potential.) A given amount of
magnetic field creates a specific phase change in the wavefunction. Since the phase change
going completely around the ring must be some multiple of 2w in order to maintain the single-
valuedness of the wavefunction, the amount of flux contained within in the ring can only assume
certain discrete values. This quantum mechanical property is the origin of flux quantization.

Thus we see that there is an intimate connection between flux quantization and the zero
resistance property of superconductors. There is one more aspect of superconductivity that we
need to know a bit about in order to work with Mr. SQUID®: the Josephson effect.

5.6 Josephson Junctions

The Josephson effect is yet another manifestation of what we call the long-range quantum
coherence of superconductors. The simple picture of this effect is as follows:

Figure 5-2 Schematic diagram of two superconducting regions separated by a thin gap.

Two regions of superconductor are placed very close to one another as in Figure 5-2. The
quantum mechanical phase on the left is ¢ and the phase on the right is ¢». In an ordinary
material, the phases at two different spots are unrelated. In a single piece of superconductor, the
phases at two different places have a specific relationship to one another. This arrangement
assures a lower energy ground state that results in superconductivity. In the picture above, what
will the phases do? The surprising answer — which also resulted in a Nobel Prize in Physics — is
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that if the two regions of superconductor are close enough together, their phases will also be
related. In other words, they will act like a superconductor. Functionally speaking, electrical
currents can flow between the two regions with zero resistance. Such currents are called
Josephson currents and physical systems composed of two regions of superconductor that
exhibit this property are called Josephson junctions. Strictly speaking, the resistanceless currents
that flow in a Josephson junction are a manifestation of the dc Josephson effect; a second
property of junctions by which the current oscillates at high frequencies is called the ac
Josephson effect. A discussion of the ac Josephson effect and a description of an experiment to
observe it may be found in Section 7.

Any weak coupling between two regions of superconductor — such as tiny constrictions,
microscopic point contacts, weakly conducting layers, or certain crystallographic grain
boundaries — exhibit the Josephson effect. All of these structures can be called “Josephson
junctions,” and are more typically called “weak-links.” The Josephson junctions in Mr. SQUID"
are grain boundary weak-link junctions. The term “weak-link” comes from the fact that
Josephson junctions generally have a much lower critical current (l¢), which is the maximum
current that can be carried before resistance begins to appear, than that of the two
superconducting regions that it connects.

Josephson junctions are the essential active devices of superconductive electronics, much as the
transistor is the essential active device of semiconductor electronics. Junctions can be used in a
variety of electronic circuits as switching devices, as sensors, as variable inductors, as oscillators
(because of the ac Josephson effect), and for other applications. People have built Josephson
electronic circuits that contain up to tens of thousands of junctions. At the opposite extreme, one
of the most useful circuits made from Josephson junctions is the dc SQUID, which contains only
two junctions.

5.7 Thedc SQUID

The dc SQUID is actually a rather simple device. The device operation is essentially the same
regardless of whether the SQUID is constructed using low-temperature superconductor (LTS) or
high-temperature superconductor (HTS) materials. It consists of two Josephson junctions
connected in parallel on a closed superconducting loop. As we have said, a fundamental
property of superconducting rings is that they can enclose magnetic flux only in multiples of a
universal constant called the flux quantum. Because the flux quantum is very small, this
physical effect can be exploited to produce an extraordinarily sensitive magnetic detector known
as the Superconducting QUantum Interference Device, or SQUID. SQUIDs actually function as
magnetic flux-to-voltage transducers where the sensitivity is set by the magnetic flux quantum
(2x10-15 Wb). In practical terms, the magnetic field of the earth passing through the area of a
typical HTS SQUID sensor corresponds to over 100 flux quanta. This is why the small fraction
of the earth's field that is not attenuated by the magnetic shield on the Mr. SQUID® probe is
sufficient to shift the V-® curve by several flux quanta.

The previous comment is based on the fact that the output voltage of a SQUID is a periodic
function of applied magnetic flux, going through one complete cycle for every flux quantum
applied. While it would be possible to obtain quite a sensitive measure of a magnetic signal
simply by counting flux quanta, practical SQUID systems involve control electronics that
interpolates between whole numbers of flux quanta and greatly enhances their ultimate
sensitivity. SQUID sensitivity is finally limited by the intrinsic noise in the device, which in
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4.2 K niobium dc SQUIDs, for example, typically approaches a millionth of a flux quantum
(corresponding to a few billionths of the earth's field passing through a 100-um diameter
SQUID).

The inherent periodicity of the SQUID implies that it cannot distinguish between zero applied
field and any other field that generates an integral number of flux quanta. This allows the
dynamic range of the SQUID to be extended almost indefinitely by re-zeroing the SQUID in a
controlled way. It also means that in order to measure the absolute value of an applied field, it is
necessary to reset the SQUID in a known field, or to rotate the SQUID with respect to the field.
Nevertheless, it is very often the case that only changes in field are of interest, in which case no
special measures are necessary.

5.8 Detailsof dc SQUID operation

So far we have discussed what it is that SQUIDs do, namely: SQUIDs convert magnetic flux,
which is hard to measure, into voltage, which is easy to measure. Now we will describe how
SQUIDs work. As we have said, a dc SQUID is a superconducting loop with two Josephson
junctions in it. Suppose we pass a constant current, known as a bias current, through the SQUID.
If the SQUID is symmetrical and the junctions are identical, the bias current will split equally,
half on each side. A dc SQUID is generally represented schematically as shown in Figure 5-3.

Ibias

Figure 5-3 A schematic representation of the dc SQUID.

A supercurrent will flow through the SQUID, as long as the total current flowing through it does
not exceed the critical current of the Josephson junctions, which as we discussed earlier, have a
lower critical current that the rest of the superconducting ring. The critical current is the
maximum zero—resistance current which the SQUID can carry, or the current at which a voltage
across it develops. You could measure the critical current of a SQUID by ramping the bias
current up slowly from zero until a voltage appears, then reading the current with an ammeter.
The value of current determined in this way is the critical current of the SQUID.

When the two junctions in the SQUID are identical, the loop is symmetrical, and the applied
field is zero, both junctions will develop a voltage at the same time. So the critical current of the
SQUID is simply twice the critical current of one of its junctions. If the critical current of each
junction is 5 microamps, for example, then the critical current of the SQUID is 10 microamps.
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The voltage-current characteristic, or V-I curve, of a SQUID, looks very much like the
V-| curve of a bulk superconductor, except the value of the critical current is smaller. A typical
V-I characteristic for Mr. SQUID® is shown in Figure 5-4

Figure 5-4 A typical Mr. SQUID® V- characteristic.

Now imagine what happens if a magnetic field is applied to the SQUID. First, let’s bias the
SQUID with a current well below its critical current. Then, if we apply a tiny magnetic field to
the SQUID, the magnetic field wants to change the superconducting wave function. But the
superconducting wavefunction doesn’t want to change — as discussed earlier, it must maintain
an integral number of wavefunction cycles around the loop. So the superconducting loop does
what you would expect: it opposes the applied magnetic field by generating a screening current
s, that flows around the loop (see Figure 5-5). The screening current creates a magnetic field
equal but opposite to the applied field, effectively canceling out the net flux in the ring.

Vv
Ibias/2
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Ibias/2
Figure 5-5 A dc SQUID in the presence of an applied magnetic field.

The applied magnetic field has lowered the critical current of the SQUID — in other words, it
has reduced the amount of bias current we can pass through the SQUID without generating a
voltage. The reason is that the screening current superimposes itself on top of the bias current.
Suppose the critical current of each junction is 5 microamps and the screening current is
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1 microamp. Since the junction on the left has to carry 1 microamp of screening current, it can
now carry only 4 microamps of bias current before it becomes resistive. It doesn’t distinguish
between bias currents and screening currents; it just detects the flow of the electron pairs. When
it carries a total of 5 microamps, it becomes resistive.

When the junction on the bottom goes normal, all the current goes through the junction on the
top, which makes it go normal. That means both paths are now resistive, so a voltmeter will
register a voltage across the SQUID.

As we increase the applied magnetic flux, the screening current increases. But when the applied
magnetic flux reaches half a flux quantum, something interesting happens. The junctions
momentarily go normal. The continuity of the superconducting loop is destroyed long enough
for one quantum of magnetic flux to pop inside the loop. Then superconductivity around the
loop is restored. (This is illustrated in Figure 5-7.) Thus, the junctions serve as gates that allow
magnetic flux to enter (or leave) the loop. The voltage read with an oscilloscope or x-y recorder
is the average voltage across the SQUID. Although the experimenter observes a non-zero dc
voltage (hence the SQUID appears “resistive” just above I as shown in Figure 5-4 and the left
side of Figure 5-8) the instantaneous voltage across the SQUID and the circulating current are
actually oscillating at high frequencies in the microwave range in response to an applied
magnetic field.

The phenomenon is not so surprising, if you notice that it makes things easier for the SQUID.
Consider what happens to the screening current. Rather than generating enough screening
current to keep 0.51 flux quanta out, now all the SQUID has to do is generate enough screening
current to keep 0.49 flux quanta in, which is, of course, a little easier (that is, lower in energy.)
Of course, the screening current has to change direction, as shown in Figure 5-6 below.
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Figure 5-6 The screening current | has reversed its direction.

If we consider the behavior of the screening current as more and more magnetic flux is applied,
we would obtain the plot shown in Figure 5-7. As you see, the screening current changes sign
(really, it changes direction), when the applied flux reaches half of a flux quantum. Then, as the
applied flux goes from half a flux quantum toward one flux quantum, the screening current
decreases. When the applied flux reaches exactly one flux quantum, the screening current goes

3 An article which describes this is Ryhénen et al, "SQUID Magnetometers for Low-Frequency Applications,"
Journal of Low Temperature Physics 76, 287 (1989).
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to zero. At that point, the magnetic flux inside the loop and the magnetic flux applied to the loop
are equal, so there's no need for a screening current. If you increase the applied magnetic flux a
little more, a small screening current starts to flow in the positive direction, and the cycle begins
again. The screening current is periodic in the applied flux, with a period equal to one flux
quantum.

S

Figure 5-7 Relationship between screening current and applied magnetic flux.

Since you already know these two facts:
e The screening current of a SQUID is periodic in the applied flux, and
e The critical current of a SQUID depends on the screening current,

it makes sense that a SQUID’s critical current is also periodic in the applied magnetic flux. The
critical current goes through maxima when the applied magnetic flux is an integer multiple of the
flux quantum, because that’s when the screening current is zero. It goes through minima when
the applied magnetic flux is an integer of the flux quantum plus one half, because that’s when the
screening current is largest. Because the critical current of the SQUID is periodic in the way you
just saw, the V-1 curve of a SQUID oscillates periodically between two extremes as shown in
Figure 5-8.

P=(n+1/2) P

1
4 : bias J ‘

Figure 5-8 Periodic dependence of the SQUID voltage on applied flux.
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First, look at the left plot in Figure 5-8. The rightmost V-| curve is what you see when the
applied magnetic flux is a multiple of one flux quantum. The V-I curve on the left is what you
see when the applied magnetic flux is a multiple of one flux quantum plus one half. As you
increase the magnetic flux continuously from zero, the SQUID V-I curve oscillates continuously
between these two extremes with a period of one flux quantum. You will see this oscillation on
your oscilloscope when you experiment with Mr. SQUID®.

To make a magnetometer, or magnetic field detector, we operate the SQUID with a constant bias
current slightly greater than the critical current, so the SQUID is always resistive. Under these
conditions, there is a periodic relationship between the voltage across the SQUID and the applied
magnetic flux, with a period of one flux quantum. Note that, at fixed bias current, the voltage
across the SQUID is a maximum when the critical current is a minimum, and vice versa. The
relationship between the input flux and the output voltage across the SQUID looks like the right
side of the diagram on the previous page. This is the phenomenon scientists and engineers
exploit to create the world’s most sensitive magnetic field detectors. This flux vs. voltage curve
will appear on your oscilloscope or x-y recorder page during your experiments with Mr.
SQUID".

Although the model of SQUIDs we just discussed is not rigorous, it is true as far as it goes, and it
will give you a feeling for how SQUIDs work without delving into the deeper aspects of
quantum mechanics. The main weakness of the model is that it doesn’t really convey the
phenomenon of quantum interference. A SQUID is a Superconducting QUantum Interference
Device. The curve showing how the critical current of the SQUID varies with applied flux is an
interference pattern, analogous to an optical interference pattern. If you shine coherent light
through two slits on a screen, you see maxima and minima of intensity (bright and dark spots) as
you move from left to right, because the two sources of light interfere with each other. If you
pass a current through a dc SQUID, you see maxima and minima of critical current as you raise
or lower the applied flux, because the macroscopic quantum wave functions at the two junctions
interfere with each other. The analogy is very close.

5.9 SQUID Parameters

With a little device modeling, we can quantify some of the SQUID behavior discussed in the
previous section.

In a real dc SQUID, the non-ideal characteristics of the Josephson junctions play a significant
role in the behavior of the device. The shunt resistance of the junctions (which is intentionally
added to tunnel junctions but occurs intrinsically with weak-links) prevents unwanted hysteresis
in the V-I characteristics of the device. The loop with the junctions and resistors has a total
inductance L, and has a total magnetic flux through it of ®. The details of the junction
construction determine the effective R’s and C’s, and the details of the loop construction
determine the effective L. A schematic of a dc SQUID is shown above. Once the parameters are
known, a great deal can be predicted about the resultant SQUID performance.
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Figure 5-9 A more complete model of a dc SQUID.

The theory of dc SQUIDs and rules that help with their design and the predicting of their
performance are well established [see the references at the end of the Guide]. The following
discussion is of an advanced nature and is provided only for users interested in the details of
SQUID design. The basic parameters of a SQUID, as shown in Figure 5-9, are the critical
currents of the junctions I, the junction capacitances C, the shunt resistances R and the SQUID
inductance L. It is a fair approximation to ignore differences between the parameters of the two
junctions in a dc SQUID. We begin by specifying the values of these parameters that are needed
to produce a practical SQUID. Several considerations must be addressed.

In order to produce a functioning SQUID, the first requirement is that the Josephson coupling
between the two sides of the junction should not be destroyed by thermal fluctuations. This can
be quantified by an expression of the form

| D
Eqn. 5-1 <055k, T,
2n

where kg is Boltzman’s constant (ks = 1.38 °x 10-23 Joule/°K). This determines a desirable
minimum value for |.. The second requirement is that thermal fluctuations in the flux in the
SQUID should not exceed a fraction of a flux quantum. This can be quantified in the following
form:

2
Eqn. 5-2 %L > 5k,T,

which puts an upper limit on the inductance of the SQUID. The unavoidable capacitance of any
junction tends to make its current-voltage characteristic hysteretic. This complication can be
avoided by making the shunt resistance small enough. This condition can be met by limiting the
value of a parameter known as the “McCumber parameter” B¢, given by:
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Eqn. 5-3
q B. o,

<1

For B¢ < 0.7, the junctions are non-hysteretic, and this fixes the maximum resistance that can be
used for a given capacitance and critical current. This capacitance is usually determined, for a
particular junction technology, once the critical current has been set. The final design parameter
is the modulation parameter defined by the expression

2L,

Egn. 5-4
q BL @,

This parameter determines the maximum extent to which circulating current in the SQUID can
shield the applied flux, and is a factor in determining the flux-to-voltage transfer ratio of the
SQUID. In Section 3of the User's Guide, two procedures for determining this parameter for the
SQUID in the Mr. SQUID® system are outlined.

In addition to these theoretical parameters, there are some restrictions that are determined by the
superconducting technology used in the SQUID. In the case of the YBCO grain boundary
junctions used in Mr. SQUID®, the most important restriction arises from the fact that, as well as
allowing Cooper pairs to pass, the junctions also allow a large current of single electrons to pass.
This current behaves like the current that would flow through an intentionally added parallel
resistor. One consequence is that the condition on P is always satisfied: the junctions are not
hysteretic. A less welcome consequence is that the product IRy is a constant determined by the
nature of the grain boundary (and the temperature). The size of IRy is important because, along
with B, it determines the voltage that the SQUID generates in response to a change in flux. It
has been shown [see the reference by Tesche and Clarke] that, at the optimum bias current, the
change in SQUID voltage when the applied flux changes from zero to ®(/2 is approximated by

the expression*

Eqn. 5-5 AV =

Extensive calculations and experiments have shown that a value of B = 1 is a good choice for
low noise operation.

In the Mr. SQUID" experiments, it is possible to calculate B using the measured values of | and
L and Eqn. 3-1. Then, one may compare the predicted voltage modulation using Eqn. 5-5 and
Eqn. 3-5 with the value determined experimentally.

5.10 SQUID Operation

If a bias current less than the junction critical current is injected through the loop, then, as a
consequence of the dc Josephson effect, th