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; (superconducting components shown in biue)

1 8. SQUID Capsule with Magnetic Shield - 15.  Console Cabinet

2. Sample Rotator 9. Superconducting Pick-up Coil 16. Power Distribution Unit

3. Sample Transport 10, Dewar Isolation Cabinet 17.  Model 1822 MPMS Controller
4. Probe Assembly 11. Dewar 18. Gas/Magnet Control Unit

5. Helium Level Sensor 12. HP Thinkjet Printer 19. HP Vectra Computer

6. Superconducting Solenoid 13. Magnet Power Supply 20. Monitor

7. Flow Impedance 14. Model 1802 Temperature Controller
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Encyclopedia Brittanica, 15th Edition (1989)

This is a description of a commercial research instrument from the user’s perspective, and a discussion of its most frequently used applications.
The growing importance of magnetism in current research topics has drawn many practitioners into new and unfamiliar areas of experimental
technique. As a tool for the examination of matter, the study of fundamental magnetism continues to require highly sophisticated instrumentation
that performs sensitive measurements in a parameter space that can span a wide range of temperatures and magnetic fields. Given the range
of applications, from the screening of bulk supercogductbrs fo the study of atomic interactions in photosynthesis, the instrumentationalist can

never entirely escape the age-old challenge of creating an experimental environment that measures a physical quantity without artifact.

Professor Michael McElfresh’s monograph introduces some of these highly topical subjects in the context of a specific measurement tool,
the Model MPMS Magnetic Property Measurement System. Many pitfalls in the lab may be avoided by better understanding the design philosophy
of the instrument and the design trade-offs that are inevitable when any machine is created to be as versatile as possible. It is our hope that

our current users, regardless of their level of experience, will benefit from this very relevant discussion of sensitive magnetic measurements.

The specific experimental techniques discussed here have been developed after years of trying to understand the specific requirements of
various measurements, and then configuring the MPMS using various options and inherent features to meet those requirements. Mike's
background includes that hard-eamed experience in the lab, at JBM, Los Alamos and most recently at Purdue University. In addition, he has
participated in many informal discussions with Quantum factory personnel regarding existing design schemes and those changes or
enhancements that were required to meet the ever-changing needs of fundamental research. His unique proficiency was gained during a
particularly exciting, fast-paced time for condensed matter scientists: the on-going study of the properties of superconductors.b We at Quantum
Design owe users like Mike a debt of gratitude in that, as a manufacturer, we cannot possibly appreciate the real needs of research without
their input. Such constructive criticism and advice has allowed Quantum Design not only to remain in-step with important developments, but
to continue to increase the instrument’s overall utlity.

Many of the topics involving the MPMS itself are discussed in greater detail in Application Notes and Technical Advisories available from the
factory. 1 hope you find this material valuable, and would enjoy hearing your comments and suggestions. Give me a call at (800) 289-699%,
or e-mail at BARRY@QUANDSN.COM.

W. Barry Lindgren
President

Quantum Design, Inc.
San Diego, CA, USA.
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INTRODUETION

Quantum Design’s Magnetic Property Measurement System (MPMS) s a highly integrated instrument system, designed to be a primary research
tool in the complicated study of magnetism in matter. The magnetic signature of a material reflects its intrinsic spin and otbital angular momentum.
In the case of a material that would nommally be recognized as strongly magnetic, ie., the ferromagnets used in electric motors or the material
used on magnetic recording tape, determining a “magnetization curve” over a range of applied magnetic fields will help establish its commercial
value for a particular application. For other materials, those that might be characterized by most people as “non-magnetic,” a similar investigation
might reveal information about electronic structure, interactions between neighboring molecules or the character of a transition between two
phases of the material.

When first brought to market, the Model MPMS was unique in that it incorporated a high degree of integration and automation in an instrument
that represented the state of the art in superconducting technology. The principal components of this measurement system comprise the following:

1) Temperature Control System. Precision control of the sample temperature in the range 2 K (-271 °C) to 400 K (127 °C).

This requires controlling heat flow into the sample space and the active control of gas to provide cooling power.

2) Magnet Control System. Current from a power supply is set to provide magnetic fields from zero to positive and negative seven teslas.

The magnet can be operated in either persistent or non-persistent modes, and several charging options can be selected by the user.

3) Superconducting SQUID Amplifier System. The tf SQUID detector is the heat of the magnetic moment detection system.
It provides reset circuitry, auto-tanging capability, a highly balanced second-derivative sample coil array and EMI protection.

4) Sample Handling System. The ability to step and rotate the sample smoothly through the detection coils without transmitting
undue mechanical vibration to the SQUID is of primary importance. This facility allows for varied scan lengths and options as to

how data are acquired for a given measurement.

5) Computer Operating System. All operating features of the MPMS are under automated, computer control. The user interface at the
PC console provides the option of working under standard sequence controls, or diagnostic controls which will invoke individual

functions.

The Model MPMS sample magnetometer is currently used in research laboratories worldwide, and is specified for experimental and materials
characterization tasks that require the highest detection sensitivities over a broad temperature range, and in applied magnetic fields to seven teslas.
It is configured to detect the magnetic moment of a sample of material, from which the magnetization and magnetic susceptibility can be
determined. For the MPMS, superconductivity is the ctitical enabling technology that provides for both the production of large, very stable
magnetic fields, and the ability to measure changes in those fields which are 14 orders of magnitude smaller.

The superconducting state, first observed in mercury by Heike Kamerlingh-Onnes in 1911, is a phase in a material for which, below some
critical temperature T, the electrical resistance of that material falls abruptly to zero. Many metals exhibi this phase change at various temperatures
ranging from less than 1 K (-272 °C, 458 °F) for zinc to about 23 K (-255 °C, -427 °F) for an alloy of niobium and germanium (NbsGe). Unfortunately,
the only economical way to provide cooling to these temperatures is to immerse the material of choice in a vacuum-shrouded vessel of liquid
helium or liquid hydrogen (which have boiling points at standard atmospheric pressure of 42 K and 20.3 K, respectively), cryogens which are
both costly and difficult to handle.




The first and most obvious benefit of a superconducting material is that large amounts of electrical current can be passed through it without
dissipating energy in the form of heat. Many so-called large scale applications that require sizable magnetic fields such as metals separation
technology, medical Magnetic Resonance Imaging (MRI) and magnetic energy storage, become practical to implement with the availability of
superconducting wire. Also, the prospect of transmitting large amounts of electrical energy long distances without ohmic loss has continued

to be a topic of on-going debate and interest, as new materials and better refrigeration techniques become available.

Another extremely important part of small-scale superconducting technology is the Josephson junction, a device based on a Nobel prize
winning tunneling effect proposed in theory by B.D. Josephson in 1962, and observed experimentally in 1964 by Anderson and Rowell. Josephson
junctions have been long-studied in superconducting computing circuits and can perform as digital switching elements capable of changing states
in a few picoseconds. These remarkable structures allow direct observation of quantum electrodynamic phenomena. In one configuration, as

a series array of thousands of identical junctions, it is possible to construct 2 primary voltage calibration standard, based upon the ratio 2¢/j,.

A more common use of the Josephson junction is in a device called 2 SQUID (Superconducting QUantum Interference Device). A SQUID
device consists of a closed superconducting loop including one or two Josephson junctions in the loop’s current path. Because of the quantized
state of the superconducting ring, and the extraordinary non-linear behavior of the Josephson junction, the SQUID is capable of resolving changes
in external magnetic fields that approach 1015 tesla, vet can be made to operate in fields as large as 7 teslas. These powerful measuring devices,
which have been used in laboratory measurements for many years, were first introduced as commercial devices in 1970. They have been
configured as picovoltmeters, magnetometers to measure the small changes in the earth’s magnetic field and magnetic gradiometers sensitive
enough to measure the small magnetic fields around the human heart and brain. It is an f SQUID device which gives the Model MPMS its

extraordinary sensitivity to the magnetic moment of materials.

Beyond the niobium compounds that are now quite common in the construction of superconducting magnets and the thin film amplifiers
called SQUIDs, there is also now a new class of ceramic matertals — an example being the yittrium barium copper oxides — under intense scientific
investigation as the commercial superconductors of the future. These substances exhibit T¢'s in excess of 90 K (-183 °C, -298 °F), and therefore
begin to offer the promise of achieving zero resistance with advanced reftigeration techniques, rather than exotic liquid cryogens like liquid helium,
Interestingly, the Model MPMS, based firmly in low-T;, technology, provided the combination of sensitivity, automation and wide temperature

ranges necessary to study the higher-temperature characteristics of these remarkable new matetials.

Quantum Design, Inc.
San Diego, CA, USA.
May 1994




JDOCTION T0 THE MPMS

The MPMS system includes several different superconducting components:
* 2 superconducting magnet to generate large magnetic fields,
+ 2 superconducting detection coil which couples inductively to the sample,

* 2 Superconducting QUantum Interference Device (SQUID) connected to the

detection coil,
* 2 superconducting magnetic shield surrounding the SQUID.

The locations of the various components are shown in Figure 1 at the front of this

* primer.

THE SQUID

A SQUID is the most sensitive device available for measuring magnetic fields,
and, although the SQUID in the MPMS is the source of the instrument's remarkable
sensitivity, it does not detect directly the magnetic field from the sample. Instead,
the sample moves through a system of superconducting detectiol coils which are
connected to the SQUID with superconducting wires, allowing the current from the
detection coils to inductiVély couple to the SQUID sensor. When properly
configured, the SQUID electronics produces an output voltage which is strictly
proportional to the current flowing in the SQUID input coll. Hence, the thin film
SQUID device, which is located approximately 11 cm below the magnet inside a
superconducting shield, essentially functions as an extremely sensitive current-to-

voltage convertor.

A measurement is performed in the MPMS by moving a sample through the
superconducting detection coils, which are located outside the sample chamber and
at the center of the magnet. As the sample moves through the coils, the magnetic
moment of the sample induces an electric current in the detection coils. Because
the detection coils, the connecting wires, and the SQUID input coil form a closed
superconducting loop, any change of magnetic flux in the detection coils produces
a change in the persistent current in the detection circuit, which is proportional to
the change in magnetic flux. Since the SQUID functions as a highly linear current-
to-voltage convertor, the variations in the current in the detection coils produce
corresponding variations in the SQUID output voltage which are proportional to the
magnetic moment of the sample. In a fully calibrated system, measurements of the
voltage variations from the SQUID detector as a sample is moved through the
detection coils provide 2 highly accurate measurement of the sample's magnetic
moment. The system can be accurately calibrated using a small piece of material

| having a known mass and magnetic susceptibility.




The configuration and location of the second-order gradiomeier
superconducting detection coil. The coil sits ousside of the sample
space within the liguid helium bath.
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THE SUPERCONDUCTING SHIELD

Because of the SQUID's extreme sensitivity. to fluctuations in magnetic fields, the
sensor itself must be shielded both from fluctuations in the ambient magnetic field of
the laboratory and from the large magnetic fields produced by the superconducting
magnet. The requisite magnetic shielding is provided by the superconducting shield
which provides a volume of relatively low magnetic field in which the SQUID and its
coupling transformers are located. Proper operation of the SQUID does not
necessarily require that the magnetic field inside the shield be extremely small, but it
does require that any field inside the shield be extremely stable. Consequently, the
superconducting shield serves two purposes in the MPMS:

1. To shield the SQUID detector from the magnetic field generated by the super-
conducting magnet.

2. To trap and stabilize the ambient laboratory magnetic field present when the
SQUID and the superconducting shield are first cooled to liquid helium

. temperature.

The requirement for the superconducting shield can be more readily appreciated
when one considers the sensitivity of the SQUID detector. The magnetic flux
produced in the SQUID by a typical small sample is of the order of one-thousandth
of a flux quantum, where the flux quantum is 2.07 x 107 G-em?. For comparison,
the magnetic flux through a 1 cm? area in the earth's magnetic field corresponds to
about 2 million flux quanta.

THE SUPERCONDUCTING DETEGTION COIL

The detection coil is a single piece of superconducting wire wound in a set of
three coils configured as a second-order (second-detivative) gradiometer. In this
configuration, shown in Figure 2, the upper coil is a single tum wound clockwise,
the center coil comprises two turns wound counter-clockwise, and the bottom cofl is
a single tum wound clockwise. When installed in the MPMS, the coils are posi-
tioned at the center of the superconducting magnet outside the sample chamber
such that the magnetic field from the sample couples inductively to the coils as the
sample is moved through them. The gradiometer configuration is used to reduce
noise in the detection circuit caused by fluctuations in the large magnetic field of the

superconducting magnet.

The gradiometer coil set also minimizes background drifts in the SQUID detection
system caused by relaxation in the magnetic field of the superconducting magnet.
Ideally if the magnetic field is relaxing uniformly, the flux change in the two-turn
center coil will be exactly canceled by the flux change in the single-turn top and



bottom coils. On the other hand, the magnetic moment of a sample can still be
measured by moving the sample through the detection coils because the
counterwound coil set measures the local changes in magnetic flux density produced
by the dipole field of the sample. In this application a second-order gradiometer
(with three cofls) will provide more noise immunity than a first-order gradiometer
(with two coils), but less than a third-order gradiometer (which would employ

four coils).

It is important to note that small differences in the area of the counterwound coils
will produce an imbalance between the different coils, causing the detection coil
system to be somewhat sensitive to the magnetic field from the superconducting
magnet. In practice, it is never possible to get the coils exactly balanced against the
large fields produced by the magnet, so changes in the magnetic field will always
produce some current in the detection coil circuit. Over long periods of time and
many measurements, large persistent currents can build up in the detection coil,
producing noise in the s?stem when these large currents flow in the SQUID input
coll. The MPMS system prevents this from occutring by heating a small section of

the detection coil circuit whenever the magnetic field is being changed.

THE SUPERCONDUCTING MAGNET

The MPMS system efmploys a superconducting magnet wound in a solenoidal
configuration. An important feature of the MPMS is that the magnet is constructed as
a completely closed superconducting loop, allowing it to be charged up to a specific
current, then operated during a measurement in persistent mode without benefit of
an external current source or power supply. To charge the magnet up to a specific
current, ot to change the current in the magnet when 4 persistent current is already
flowing, the closed superconducting loop must be electrically opened by using a
persistent-current switch, formed by wrapping a small heater around a short segment
of the magnet's superconducting wire. When the heater is energized, the segment of
wire within the heater becomes nommal (no lor;ger superconducting), thereby
electrically opening the closed superconducting loop. By attaching a power supply
(which essentially functions as a current source) to each side of the switch, it

becomes possible to change the current in the superconducting magnet.

While the current in the magnet is being provided by the power supply, the
SQUID detection system in the MPMS will display a high level of noise. The
detection system noise arises from fluctuations in the magnetic field of the magnet
produced by current fluctuations in the current source. However, once the magnetic
field is at the desired level, the switch heater can be turned off allowing the switch

to retum to the superconducting state. In this condition, the current from the power




supply can be tumed off and the power supply completely discon-
nected from the system, while the supercurrent continues to flow in the
magnet, sustaining the desired magnetic field. This condition is typically
referred to as operating the magnet in the persistent mode. A schematic
diagram of the charging procedure with zero initial current in the
magnet is shown in Figure 3.

Sequence of steps involved in inisially seting the field in a superconducting
- magnet. i The persistent current switch is turned ‘on” opening the
superconducting loop. %) The curvent from the power supply to the magnet is ramped to the
desired level. T The persistent switch is tumed “off”. The superconducting loop is closed, but

the powser supply remains energized. 1 The curvent from the power supply is ramped to zero
leaving the curvent running in the closed superconducting locp.

Initial Ramping of a Superconducting Magnet
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After the power supply is disconnected and the magnet has been
placed in the persistent mode, additional time may still be required
before the field in the magnet becomes fully stable. During the
charging process, the magnet current is changing and the magnetic field
is forced to move through the superconducting windings, but when the
current in the magnet stops changing, further relaxation of the magnetic

Sequence of stgps involved in changing the field in a superconducting magner.

% The current from the power supply is zero and the supercurrens runs in the closed
Joap. e current from the power supply is ramped 1o the same level and polarity as that in
the magnet. 't} The persistent current switch is turmed ‘on” opening the superconducting loop.
1} The curvent from the power supply is changed to the new desired value. ; The persistent
curvent swiich is turmed “off". The superconducting loop s closed, but the current from the
power supply still runs. ¥ The current Jfrom the power supply is ramped to zero leaing the new
value of curvent running in the closed superconducting loop.

Changing the Field in Superconducting Magnet
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- field can occur due to residual magnetic forces on the magnetic flux pinned in the
magnet windings. This process is sometimes referred to as flux creep, and the
MPMS has a method for changing the field (a current oscillation mode) which helps
minimize these relaxation effects. The use of the “oscillate mode” is discussed

below.

If the field is to be changed when the magnet is in persistent mode, it is neces-
sary to first match the magnitude and direction of the current from the power supply
to the current flowing in the magnet. The field change sequence is shown in Figure
4. Tf the current from the power supply is considerably different from that flowing in
the magnet, there is a chance that the magnet will quench. When a quench occurs, -
a portion of the magnet becomes normal and the resistive loss in the normal
segment is converted into heat. The resulting heat normally causes an even larger
portion of the magnet to become normal, and the quench becomes a runaway
situation in which the entire magnet eventually becomes normal. Depending on the
field at which the quench occurs, and the size of the magnet, a significant quantity
of helium may be lost when the magnet quenches. There are diodes located both
in the MPMS console and on the magnet itself to protect the magnet from damage
during a quench, but since the primaty protection for the MPMS magnet is located in
the control console, the MPMS magnet leads should never be disconnected from the

probe when there is any persistent current stored in the magnet.

While a magnet qﬁench is normally viewed as an abnormal and undesirable
event, the MPMS actually employs a quench in an unusual application to eliminate
remanent magnetic fields in the superconducting magnet. Because the magnetic
field becomes trapped in the superconducting windings when the magnet is charged
to a high field, discharging the magnet to zero current does not actually remove all
of the magnetic field from the magnet. To purge the magnet of these trapped fields,
the MPMS uses a carefully controlled quench to warm the magnet above s

superconducting transition temperature for a short peﬁod of time, releasing the
trapped fields.

The sample space is made from a tube with 2 9 mm inside diameter, and is
maintained at a low pressure with static, helium gas. At the top of the sample space
is an airlock that can be evacuated and purged with clean helium gas (boil-off from
the liquid helium bath in the dewar). When the purge airlock button is dépressed,
this evacuate/purge cycle is repeated several times. The final step of the cycling
sequence brings the airlock to the low pressure maintained in the sample space.
The airlock and the sample space are separated by a ball valve, which, after

opening, makes the aitlock a continuous patt of the sample space.
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~ The output of the SQUID as a magnetic dipole is moved through the
second-order gradiomenter pickup coil. The vertical scale
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The lower portion (about 30 cm) of the sample space is lined with copper to
provide a region of high thermal uniformity. Two thermometers determine the
sample temperature and provide for temperature control. An extensive calibration
procedure in which a standard thermometer is placed in the sample position is uscd
to determine temperature controller constants, temperature gradients, and thermo-

meter calibrations,

SAMPLE TRANSPORT '
The sample is mounted in a sample holder that is atached to the end of a rigid
sample rod. The sample rod enters the sample space through a special type of
double seal (called a lip seal) designed to allow the rod to be actuated by a drive
mechanis located outside of the chamber. The component containing the lip scals
is clamped onto the top of the airlock with standard O-ting seals, forming the top of

the sample space.

The top of the sample transport rod is attached to a stepper-motor-controlled
platform which is used to drive the sample through the detection coil in a series of
discrete steps. It is possible to use discrete steps because the detection coil, SQUID
input coil, and connecting wires (see Figure 2) form a complete superconducting
loop. A change in the sample’s position causes a change in the flux within the
detection coil, thereby changing the current in the superconducting circuit. Since the
loop is entirely superconducting, the current does not decay as it would in a normal
conductor. During the measurement the sample is stopped at a number of positions
over the specified scan length, and at each stop, several readings of the SQUID
voltage are collected and averaged. The complete scans can be repeated a number

of times and the signals averaged to improve the signal-to-noise ratio.

The currents induced in the detection coil are ideally those associated with the
movement of a point-source magnetic dipole through a second-order gradiometer
detection coil. The spatial (position) dependence of the ideal signal is shown in
Figure 5. To observe this signal requires that the sample be much smaller than the
detection coil and the sample must be uniformly magnetized. Uniform magnetiza-
tion, however, is often not encountered with high critical-current-density (], )
superconductors. This and other kinds of nonuniform magnetization can be a
problem. In addition to this, the size and shape of a sample can also require special
consideration. If a sample is very long, extending well beyond the coil during a
scan, its motion in the gradiometer will not be observable, since there would be no
net change of the flux in the detection coil. This is the reason that a long uniform

tube can be used as a sample holder. In contrast to this, when the sample is short,




the current in the defection coil changes with sample position. This is because
different amounts of flux (the local induction B) exist in each loop of the detection
coll. So, it is important to realize that there is a limit on the length of a sample for
which accurate measurements can be made. Some accommodation for length is
made in particular computer fitting routines used to extract the value of the moment |
from the SQUID output. However, the safest procedure is to calibrate the MPMS
with standards having a size and shape similar to the samples to be measured.

QUTPUT SIGNAL ANALYSIS

 'The most accurate determinations of the moment from the SQUID output signal
are made using computer fits. Three different methods for analyzing the SQUID
output signal are provided. All of these methods are based on the response
expected for a magnetic dipole passing through a second-order gradiometer coil
The three different methods are 1) full scan, 2) linear regression, and 3) sterative
regression. In the full scan method, the area under the SQUID voltage versus
position curve is integrated, since this area is proportional to the magnetic moment.
This method requires that the sample be well centered and requires fairly long scan

lengths to get accurate results

The linear regression method makes a fit of the theoretical signal of a dipole
moving through a second-order gradiometer to the actual SQUID output signal using
a linear regression algorithm. A scan as short as 2 cm can be used, but this method
requires that the sample remain well centered. When the sample is measured over a
wide temperature range, the sample will change position due to changes in the
length of the sample transport rod. In this case, the sample will no longer stay
centered. Using software commands, the sample position can be changed within a
program but this process requires a precise knowledge of how the sample position
changes with temperature. Recent ﬁnprovements in the MPMS control software now
allow the user to select a tracking mode which keeps the sample properly centered
over the normal MPMS operating range of 1.9 K to 400 K.

The iterative regression method, on the other hand, can accommodate these
position offsets using additional variables within the computer program. However,
there are limitations to this method, particularly when a sample has a nonuniform
magnetization or the sample si;gnal is very small. Both regression methods have fit
parameters that help to accommodate deviations from ideal behavior (e.g., sample
size and shape). The MPMS reports the magnetic moment data in emu (electromag

netic units). A units conversion table is given in Appendix A




MODES OF OPERATION FOR THE MAGNET

The MPMS uses three different modes of magnet operation: no-overshoot,
oscillate, and hysteresis. In the no-overshoot mode the magnetic field is changed
monotonically from the initial field setting to the desired field setting. The field is
ramped rapidly early in the field change, but in the final approach the field changes
very slowly to avoid overshooting the target value. In the oscillate mode the
magnetic field value alternately overshoots and undershoots the desired field with
the amplitude of the overshoot and undershoot decreasing in every cycle. The
purpose of the oscillate mode is to minimize the amount of magnetic flux “settling”
characteristic of a field change in any superconducting magnet. High sensitivity
measurements can be run more quickly (with a minimal delay time for magnet
settling) after using the oscillate mode; however, oscillate mode should not be used
with samples exhibiting irreversible (hysteretic) magnetic behavior. Finally, in the
hysieresis mode the persistent-current switch is left on at all times. In this case, the
magnet is not in persistent mode, and the current supply is constantly part of the
roagnet circuit. This mode is particularly useful for making rapid measurements of
the magnetization as a function of field (‘hysteresis loops”) of a sample. However, il
can only provide good results on samples with moments of about 10> emu and
larger, and therefore, is not advised for high sensitivity measurements. The liquid

helium boiloff rate is also higher during hysteresis mode operation.

FURTHER INFORMATION

More information on the topics in this section can be found in the MPMS User's
Manual and in the Application Notes and Technical Advisories available from
Quantum Design.

When designing any system that more than one person will use, and that is
versatile enough for more than a single purpose, tradeoffs must be made. In this

section some of the rationale for the choices made in the MPMS are discussed.

THE SAMPLE CHAMBER

The choice of sample space size is a tradeoff between possible sample sizes and
desired sensitivity, since a larger sample space will result in deceased sensitivity.
The MPMS can measure a magnetic moment with a range of sensitivity from about
108 emu to 2 emu in the standard configuration and can measure over 300 emu
with the extended range option. Thus, measurements can be made over a range of

11 orders of magnitude for systems with the extended range option. Other methods

for measuring magnetic moments, including the extraction method and the vibrating




sample magnetométer (VSM), are about two orders of magnitude less sensitive.
Also, the sample space is usually smaller to obtain this sensitivity. The VSM is
especially useful at the highest magnetic fields (H > 7 T), where the SQUID

magnetometer begins to lose its sensitivity advantage.

THE DETEGTION COIL

The second-order gradiometer configuration for the detection coil also represents
a tradeoff. The second-order gradiometer provides a high level of noise immunity
compared to first-order gradiometers. Some older SQUID magnetometers used a
first-order gradiometer in combination with a superconducting shield/trap placed
outside the sample space and inside the magnet. While these magnetometers had a
little more overall sensitivity, operation with the superconducting shield was
considerably slower, less reliable, and required a very complex design that was very

expensive to build, maintain and repair.

As the gradiometer order increases, the complexity of the output signal also
increases. Although there is potentially more information in such a signal, there is
also an increase in the potential for errors in the analysis of the gignal. In any
magnetometer, it is important to consider the geometry of the sample with respect to
the background. An asymmetrically mounted sample and background can lead to a
distorted output signal thiat is far from the ideal dipole signal. To allow background
subtraction, the two dipole signals (those of the sample and the background) must
both have the same center. When these signals are properly positioned the
magnetometer will observe a simple sum of the two signals. However, if the two
signals are displaced a non-point-dipole output signal will be produced. Since all
types of magnetometers are designed to measure point dipoles, this is always an
important consideration. This issue is addressed in some detail in Quantum Design
Application Note #1 on sample mounting. A related problem is associated with
nonuniformly magnetized materials. In this case, the sample's magnetic field does
not approximate a point dipole, so that the value reported by any magnetometer will

be in error.

THE SUPERCONDUCTING MAGNET

I’ order to apply large magnetic fields (> 2 T), a superconducting magnet must
be used. There are numerous considerations associated with using a superconduct-
ing magnet. For instance, after the field is changed the magnetic field will decay
(telax) logarithmically in time. When making high-sensitivity measurements, it is
important to allow the field to relax long enough so that the flux changes observed
by the detection coil are those associated solely with the sample moving through the
coil rather than the decay of the magnetic field in the magnet. To accommodate this




field relaxation, a time delay (‘pause’ interval) proportional to the size of the field

change is advisable prior to beginning a-high-sensitivity measurement.

Another important consideration when using any superconducting magnet is the
remanent field. After the magnet is set to zero field by sensing the current from the
current supply, there will usually be some magnetic field trapped in the magnet.
This residual field is small (1 to 20 Oe) compared to the maximum field available
(10000, 55000 or 70000 Oe). However, to make measurements at the lowest fields, i
is important to determine the offset due to the remanent field. The MPMS has
several mechanisms available for reducing the remanent field value. One way to
reduce the remanent field (into the 1 to 3 Oe range) is to lower the field to zero
using the oscillate mode. There are other hardware options available to reduce the
field even further.

When a superconducting magnet is used to produce a wide range of magnetic
fields, there is a practical limit on the spatial uniformity of the field that can be
produced.  Uniformity can be improved by using a larger magnet, but this slows
operation, increases the physical size of the system, and increases the liquid helium
boiloff. When making measurements of materials with strongly hysteretic behavior
(to be discussed in Part ), it is important that the applied field at the sample not
change much as the sample moves through a scan. Since the field is not perfectly
uniform along its length, a longer scan length will lead to larger field deviations
during a measurement. Special features of the computer fits provided with the
MPMS make it possible to reduce the scan length to as litdle as 2 cm. For supercon-
ductors, which are the materials most sensitive to this effect, a scan length of 2.5 (o

3 cm is usually adequate to avoid problems.

Any magnetometer using a superconducting magnet will be vulnerable, to some

degree, to the considerations described above. In the case of the VSM, the sample

motion during measurement is restricted to a few millimeters, thus reducing the
chances of problems related to field uniformity. Extraction methods, on the other

hand, move the sample over a few centimeters.




PART I1: MAGNETIC UNITS OF MEASURE

* 'This section is meant to serve both 2s an introduction and as a reference section -

on magnetic units. The units of magnetism are complicated by the fact that over the
years they have been defined in several different ways. There has been a great deal
of reluctance for parts of the magnetics community to convert to ST units. S stands
for Systeme Internationale d’Unités, which are the official units of measure agreed
upon by most nations. However, the most common system of units used among
physicists, for reporting rﬁagnetic measurement results, is the Gaussian cgs system,
which staﬁds for “centimeter, gram, second.” To add to the complexity, most
physical properties can be reported in a variety of ways. For example, even in cgs
units, the magnetization might be given in emu/g, emu/cm3, emu/mole, emu/atom,
or any one of several other possibilities. Here, emu stands for electromagnetic unis.

We must first choose a definition for the different “fields” involved. We can
define three fields:

~ H, the applied magnetic field,
M, the magnetization, and

B, the flux density. : -

In cgs Gaussian units, the different fields are related by the equation

B=H+ M o

In our chosen definition, H is the field applied by the superconducting magnet
residing outside of the sample space. This field is determined by the electric
currents running in the magnet and, by our definition, it does not change when we

place our sample into the magnet.

One way to look at the definition in Eq. 1 is to think of B as the net local field,
H is the field from the magnet, and M is the field which changes the local field from
Hto B. The MPMS moves the sample through the pickup coils in order to change
B within the pickup coil, and thereby changes the current flowing in the pickup
coils. The amount of current induced is related to the total magnetic moment of the

sample.

The units of magnetic moment are emu (in cgs) and A-m? (in ST units, where A is
amperes and m is meters). The MPMS reports values of magnetic moment in emu.
We get the magnetization M by dividing the value of the magnetic moment by

volume, mass, or the number of moles in the sample.

The units for B are gauss (denoted G), in cgs units, and tesla (denoted T), in SI
units. There is 1 G in 104 T. The units for H are oersted (denoted Qe) in cgs units,

and A/m in ST units. An Oersted and a Gauss have the same dimensions, and gauss




is often used for both B and H in conversation. There is 1 Oe in 1000/4% A/m. From
Eq. 1 we expect that M might also be reported in units of G. It is the volume

magnetization, which is the magnetic moment of the sample divided by its volume
(emu/cm3), that can be reported in units of G. There is 1 emu/cm3 in 1000 A/m and
there is 1 emu/cmd in 41 G. We may also report M in units of emu/g, by dividing
the magnetic moment by the mass of the sample in grams, or in emu/mole, by
dividing the moment by the number of moles. Sometimes it is the magnetism
associated with a certain atom in the compound that is to be measured, in which
case we might report, for example, emu/Cu-atom where we divided the moment
measured by the number of moles of Cu atoms in the sample (similar units exist in
the SI unit system). A very useful table of units and conversions, compiled by R. B.
Goldfarb and F. R. Fickett of the National Institute of Standards and Technology in
Boulder, Colorado, is included as Appendix A.

Two other quantities frequently used in magnetism are the magnetic susceptibility
and the permeability. The susceptibility is given by 3 = M/H and the permeability by
ju=B/H. These quantities are often used incorrectly. If an M(H) curve is not linear
(a straight line), 3, will depend on the value of H. Some do not consider an
H-dependent ¥, value to be a legitimate quantity. However, whenever an
H-dependent ¥ is to be reported, it is important that the H value associated with the

¥ measurement be included. The proper use of these quantities will be discussed

further in later sections.




PART LII: TVYPES OF MAGNETIC BEHAVIOR

L

Every material exhibits some kind of magnetic behavior. However, the term
“magnetic” is usually used to refer-to something that will attract a piece of iron or a

o Y g P Magnetization (M) as function of applied magnetic field (H) for a
permanent magnet. This is a particular type of magnetism called ferromagnetism paramagnetic compound, LaCuly, at T=100 K. The squares are
data collected on increasing field, the x-symbols are data collected on

and is only one of the many types of magnetism. We use a magnetometer to decreasing fid, The cure s inar in H and esersible (e, the same cme

measure the magnetization (amount of magnetism) of a sample. By studying how i followed on. increasing and decreasing field.)
the magnetization changes with temperature and how it changes with the size of the 0.012 . . . . —
magnetic field we apply to the sample, we can determine the type of magnetism and oo L tacwos M ’ 1
important related parameters. ' e
o . 0.008 | R 1
There are two principal magnetic measurements: 5 M
M(H) - magnetization as a function of applied magnetic field, and g 0006 [ %/M 7
M(T) - magnetization as a function of temperature, = st
0004 [ L7 .
Here, H is the applied magnetic field which is the magnetic field applied to the o g
0.002 I , N
sample by the superconducting magnet coil. An M(H) measurement is made by Kt
fixing the temperature T and measuring M at a series of H values. An M(T) 0 X : : ' ' ‘
o 10000 20000 30000 40000 50000 60000
measurement is made by fixing the applied field H and measuring M at a series of T H (e)

values. There are other less common measurements, like magnefization as a
function of time M(), that will also be discussed later. There are many different
origins for the magnetic behavior observed in materials, and M(H) and M(T)
measurements provide valuable information about the different possible types of

magnetic behavior.

INTRODUGTION

Probably the simplest type of magnetic behavior is known as paramagnetism,
Shown in Figure 6 is a plot of M(H) for a typical paramagnet at a fixed temperature,
The key features are that 1) the curve is linear, 2) the line intersects zero, and 3) the
magnetization is reversible. Reversible means that the same curve is followed when
going up in field as when going back down in field. When the M(H) curve is linear,
the magnetic suscepiibility , which is given by y = M/H, is often an important
property. ’




£} Magnetic susceptibility () as a function of temperature (1) for a Curie.Type Paramagnetism
hypothetical material with nearly ideal Curie paramagnetic

function of T. The slope of the curve is proportional to 1/,

linear, two features are often used to determine the origin of the paramagnetism: the

R S magnitude of y and the temperature dependence of the susceptibility %(T). Shown
Atom with S=1/2 in Figure 7a is a plot of 4(T) for a Curie-type paramagnet, which is a type of
R 0% o 1 magnetism resulting from the presence of atoms with unpaired electrons. Curie-type
é o paramagnetism has a particular temperature dependence y(T) = C/T, where C is a
50-02 [ 1  constant. A plot of 1/ versus T, as shown in Figure 7b, is very useful for character-
= El izing Curie paramagnets. The slope of the curve is equal to 1/C and the Curie
oot | constant is given as |
C=bpe N,
0

0 5 100 150 200 250 300 950 400  where pegr is known as the effective magnetic moment, b is a universal constant, and

TK N is the concentration of magnetic atoms with that moment. Thus, the constant C

1200 —— T can be used to determine the product of the effective magnetic moment of an atom

=S

Atom with S = 1/2 and the number of magnetic atoms present. If the number of magnetic atoms is

1000 [~
“known (from 2 mass measurement, for example), it is then possible to determine peg

800 associated with the magnetic atom.

600

UNITS

When M(H) is linear and reversible it is possible to define the magnetic suscepti-

1/ (mole/emu)

400
bility asy = M/H. The MPMS reports the magnetic moment m in units of emu, a cgs
200 unit. If this s divided by the volume (in cm3) one will have the volume magnetiza-
tion M (in emu/cm3). Dividing this M by the applied field H (in Oe) gives the

volume susceptibility, which is dimensionless, but often expressed as emu/cm3 or

0 50 100 150 200 250 300 350 400

T emu/(cm3 Oe). Similarly dividing m by the mass in grams (g) gives the mass

magnetization My (or 6). Dividing My by H in Oe gives the mass susceptibility,
which is expressed as emu/g. Dividing m by the number of moles gives the molar
magnetization My, in emu/mole. Dividing this by H in Oe gives the molar suscepti-
bility, which is also expressed as emu/mole. These can be converted to SI units
using the table in Appendix A.

EXAMPLES AND ADVANCED TOPICS

Curie Paramagnetism

To determine the peg for a Curie-paramagnetic sample will first require calculat-
ing the molar susceptibility values (often denoted ¥ ). Next 1/y  is plotted as a
function of temperature, like the data shown in Figure 7b. If the M(H) curves are all

linear, the  , value at any magnetic field can be used. For a Curie paramagnet the

1/ 1 curve will intercept zero and have a slope 1/Cp, where Cp, is the molar Curie




units of emu-K/mole. To get pef from Cy, we use the complete formula
Cu=Wped) /3%

where N is Avogadro’s number (6.02 x 1023) and ks Boltzmann's constant
(138 x 1016 erg/K). Rearranging this gives
Peft = 3 £ Cy / N2

with pefr in units of erg/Oe. The effective moment is usually reported in units of

Bohr magnetons (denoted pig). Dividing by 0.927 x 1020 (erg/Oe)/ug will give pesr

in units of Ug. A shorteut to getting pefr (in pg ) from Cpy (in emu K/mole) is to use
peft = 282 C /2. ‘ )

The ¥ data in Figure 7b are in units of emu/mole. The slope of this curve is 2.66
and since the slope equals 1/Cy, this gives Cy, = 0.376. Using Eq. 2 we find that
Deff = 1.73 ip, which is the effective moment associated with spin s = 1/2 atoms like
those of Cu?*,

OTHER TYPES OF PARAMAGNETISM

Curie-Weiss Paramagnetism

For a Curie-type paramagnet, there is a force that tries to align the magnetic
moments on atoms with the magnetic field (pegs * H). The 1/T (or Curie) tempera-
ture dependence is a result of a competition between the force aligning the
moments parallel to the field and the tendency for heat to disrupt the alignment.

As the temperature increases, the associated increase in heat reduces the relative
effect of the field

What is different about a Curie-Weiss paramagnet is that, in addition to the
interaction with the applied magnetic field, there is an interaction between the
magnetic moments on different atoms. This interaction between moments
(exchange interaction) can help align adjacent moments in the same direction or it

can help align neighboring moments in opposite directions.

The Curie-Weiss susceptibility is given by
Tow=CAT-0), ®

where 0 is called the Curie-Weiss temperature. The Curie-Weiss 6 is related to the
strength of the interaction between moments, and its sign depends on whether the
‘interaction helps align adjacent moments in the same direction or opposite one
another. Using the definition in Eq. 3, for 6 > 0 the interaction helps to align
adjacent moments in the same direction, and for 6 < 0 the interaction helps to align

adjacent moments opposite each other. Other terminology, which will become
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clearer in later sections, is that for 8 > 0 there is a net ferromagnetic inferaction
between moments and for 8 < 0, there is 2 net antiferromagnetic interaction
between moments.

The characteristic plot for Curie behavior was the 1/y versus T plot, and the same
is true for Curie-Weiss behavior. But as shown in Figure 8, instead of a straight line
through zero, as in Figure 7b, we get an x-axis intercept at a positive or negative 6.
In the case of the ferromagnetic 6 (8 > 0), it can be seen that Eq. 3 diverges (goes to
infinity) at T = 8. 'This is the approximate location of a ferromagnetic transition, also
known as the Curie temperature (denoted T¢). For an antiferromagnetic 8 (8 < 0),
Eq. 3 will not diverge at T = 8. However, the system may now have an antiferro-

magnetic transition, known as a Néel transition (denoted Ty ), near T =8,
Pauli Paramagnetism and Van Vieck Paramagnetism

Pauli paramagnetism is observed in metals and is due to the fact that conduction
electrons have magnetic moments that can be aligned with an applied field. The
key characteristics of Pauli paramagnetism are that the 7 value is nearly independent

of temperature and in most cases it has a very small value.

Van Vleck paramagnetism is another type of paramagnetism that is also nearly
independent of temperature and usually has a small value. Van Vleck paramagnet-

ism is associated with thermal excitations to low-lying states.

Combinations

Often the temperature dependence of the paramagnetism does not follow any
particular dependence. In these cases it can be useful to see if the behavior can be

fit by an equatidn that combines a temperature independent part and a Curie, or

Curie-Weiss, part. Antiferromagnets also have M(H) curves like paramagnets, even
below Ty . The M(T) behavior is distinctive for well-behaved antiferromagnets, and
is confusing in other cases. Antiferromagnetism will be discussed in more detail

below.

There are also a variety of much more complicated magnetic behaviors that are
active areas of research and are not easily identified by an M(T) curve. These
include heavy-fermion systems, mixed-valence systems, spin-density-wave systems,

spin glass systems, as well as others.

When an M(H) plot is linear and reversible but has a negative slope, we describe
the magnetic behavior as diamagnetism. This means that §; is negative. In most
cases a diamagnetic contribution to the magnetism arises from paired electrons and

the value of this contribution is usually extremely small. Tables of the contributions




due to certain atoms and atom combinations, usually called Pascal’s Constant tables,
are used for approximating these contributions. The other important type of
diamagnetism is superconductivity, which can have the largest possible value of

diamagnetism. This will be discussed at length below.

There is an interesting observation one can make about diamagnets: they are
repelled by a magnetié field. On the other hand, a paramagnet is attracted into a
magnetic field. A simple picture for this is to think of the magnetic field to be
composed of lines of magnetic field. The density of lines at any point is propor-
tional to the field B. A diamagnet will push field lines out while a paramagnet will
pull them in. Thus, for a diamagnet B < H inside the sample and for a paramagnet
B > H inside the sample.

INTRODUCTION

Ferromagnetism iS a very important type of magnetism. Ferromagnets, and the

related ferrimagnets, are the materials we usually call magnets - they are attracted to
a piece of iron or a permanent magnet. The strongest type of magnetism found in
materials is ferromagnetism. Ferromagnets have very distinctive M(H) and M(T)
curves. Figure 9 shows 4 typical M(H) curve for a ferromagnet at a fixed tempefa-
ture. The key features are that the curve is not linear and the behavior is not
reversible. The lack of reversibility is often called magnetic bysteresis. Figure 9
shows that as H is increased the magnetization gradually reaches a maximum value
known as the samration magnetization, which is usually denoted Mj; The satura-
tion magnetization is an important propety of a ferromagnet that is the same for any
piece of a particular compound (it is an éntrinsic property) no matter what the

material’s processing history has been.

As H is reduced back to zero from saturation, we can see in Figure 9, that a
different curve is followed on the way down and that M does not go to zero when
H returns to zero. The value of the magnetization when H is returned to zero is
called the remanent magnetization, denoted Myer, The remanent magnetization is
often confused with the saturation magnetization, but they are very different
properties. Whereas the saturation magnetization is an intrinsic property of a
compound, the remanent magnetization depends on the way a sample of the
material has been prepared and treated (its history). A large remanent magnetization
is desirable for applications like magnetic 'récording, whereas a small remanent
magnetization is desirable for applications like magnetic transformer cores. Materials
with large remanent magnetizations are called bard ferromagnets, and those with

small remanent magnetizations are called soft ferromagnets.

Magnetization as a function of field at T < T, after cooling the
sample from above T Identified are the initial magnetization
curve (or virgin curve), the saturation magnetization (Ms), the remanent
magnelization. (Myer, ), and the coercive field (H, ).
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Above the Curie temperature (Tc) a ferromagne is paramagnetic The magnetization of a ferromagnet does not retum to zero by reducing H to
- exhibiting Curie-Weiss bebavior (y = C/(T-9)) with 6 > 0. Below T,
7 s no longer a useful parameter since y is both field and history dependent.
Instead, the saturation magnetization M; s an important intrinsic property. direction, the magnetization can be returned to zero. The magnetic field required to

zero. However, by applying a sufficiently large magnetic field in the opposite

. —T . T . return the magnetization to zero is called the coercive field, usually denoted H.
Ferromagnetically : Curie-Weiss The coercive field is not an intrinsic property and the value of He, has an additional
|- Ordered H Paramagnetism yaam

: dependence on the rate of change of the magnetic field dH/dt. The size of the

— 1%(T) - coercive field determines how useful the material is for various applications.

e

Ms 1y Although He. is related to the remanent magnetization (ie., if Myer, Were zero, He

would also be zero), it is a different property.

So far the description of a ferromagnet has been an operational one. A major

distinction between ferromagnets and paramagpets is that the ferromagnetic state is

T state of long range order. This long range order sets in at a phase transition which

occurs at the Curie temperature. The Curie temperature is close to the same point
Schematic diagram showing bow the atomic momenis in 4 ) . .
ferromagnet are locked together and aligned in the same direction where a 1/, versus T plot will extrapolate to zeto for a Curie-Weiss paramagnet that

below Tc.

A -O= -O= O~

becomes ferromagnetic. An example is shown in Figure 10 where Curie-Weiss
- paramagnetic behavior (y = C/(T- 8)) with 6 > 0 is observed above the transition,

while below Tc the system is ferromagnetically ordered. Below Tc, ¥, is no longer a

useful parameter, since  is both field and history dependent, and instead, i is the

o saturation magnetization M that is an important infrinsic property. ‘\

A O O O ‘ |
In a ferromagnet below T, the individual magnetic moments of the atoms are all

lined up in the same direction and essentially locked together as shown schemati-

H - cally in Figure 11. Instead of the magnetic moments acting individually, they act
together like one very large magnetic moment. The term “long range order” means
that if we know the orientation of one moment at a particular position, we can
determine the orientation of any other moment a long distance away. For a
ferromagnet, all of the moments within a domain are aligned in the same direction.
On the other hand, for a paramagnet the orientation of any moment is random and
even though there is a higher probability for a moment to align with the magnetic
field, each moment acts nearly independently of the others.

UNITS .
The units for magnetization and applied magnetic field are the same for ferromag-
nets as they are for all types of magnetic systems. It is important to remember that

Myery and M have values of magnetization, while He is 2 value of the applied

magnetic field.




EXAMPLES AND ADVANGED TOPICS
History Dependence

Ferromagnets usually exhibit some amount of irreversibility (or hysteresis) in their
M(H) behavior. This irreversibility in the M(H) curves is a part of 2 more general
type of behavior often refered to as history dependent behavior. Here, history
dependent means that the value of the magnetic moment observed is dependent on
the sequence of magnetic field changes and temperature changes that were
involved in getting the sample to the condition in which it was measured.

In addition to the hysteresis in M(H) curves at fixed temperature, M(T) behavior can
also show a dependence on the magnetic field history if M is not saturated on every
half-cycle of a M(H) loop.

One way of determining if irreversibility exists is to do a zero-field-cooled)field-
cooled (ZFC/FC) set of measurements. This is done by cooling the sample to the
lowest measurement temperature in H = 0. Once stabilized, a magnetic field is
applied and the moment is measured as a function of temperature up to the highest
desired temperature. This is the ZFC part. Next the sampled is cooled in this same
field to the lowest temperature and again measured as a function of temperature.
This FC part can also be done by collecting data as the sample is cooled, however,
most cryogenic systems are more time efficient when collecting on warming,

At least in the case of superconductors, the FC data should be collected on cooling,
not on warming, This ZFC/FC method is very useful for determining the tempera-
ture range over which systems are irreversible. Results of a ZFC/FC measurement

are shown in Figure 12.

Another important result of irreversibility in ferromagnets is that the shape of an
M(H) curve will change unless saturation is attained on every half cycle of a
hysteresis loop. If a magnetic field below saturation is used, a different M(H) curve
will be traced. These other curves are usually called minor loops. Running a
magnetic material through a seties of minor loops of decreasing size (smaller and
smaller peak values of H) is 2 method for “demagnetizing” a ferromagnet. Demag-
netization can be a misleading term because the sample is still ferromagnetic. When
demagnetized, a ferromagnet consists of many small domains within which magnetic
moments point in the same direction. Adjacent domains however, have their
magnetization pointing in different directions. In this way, the magnetic field lines
can close inside the sample and the remanent magnetization is zero. Domains are

discussed in the next section.

Magnetization as a function of temperature for the cases where
@) the sample is first cooled in H = 0, a field turned on, and then
data collected on warming (ZFC) and, b) when daia are collected as the
sample is cooled in the same field (FC).
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H=0

& M=Mg cos 45°

The magnelization pmcess Jor a ferromagnetic sample that was

; cooled from above its Tg. &. In H = 0 the magnetic domains form a
closed loop with the moments aligned along preferred crystallographic
directions. Within each domain the magnetization is saturated. 5. As H is
applied the domain walls move to allow the domains aligned with the field to
grow. £ At a sufficiently high field only a small number of domains exist,

1. The last stage of the magnetization process fs the rotation of the moments
away from the preferred crystallographic direction and parallel with the
applied field to form one saturated domain.

Magnetic Domains

When a ferromagnet is cooled from a temperature above its Curie temperature in
H =0, it will usually show very little evidence of having a large magnetization value.
This is due to domain formation.. Instead of all the magnetic moments in the sample
lining up in the same direction in one single domain, the lower energy configuration
is for the sample to be divided up into several or many magnetic domains. Within a
domain, all of the moments are aligned in the same direction (the magnetization is
saturated within a domain). It is important to note that the magnetic domains are
not the same as crystallographic domains—the magnetic domains cannot be seen
without magnetic imaging techniques. In the border region between different
magnetic domains, the direction of the magnetization changes. This border region is
called the domain wall. 1t is the way that domain walls move that causes much of

the irreversibility in ferromagnets.

When a magnetic field is applied to a sample that has been cooled in H = 0 from
above Tc, the sample will initially seem to be nonmagnetic. As a magnetic field is
initially applied, the M(H) behavior looks like the initial curve identified in Figure 9.
This is called the “virgin curve” and the behavior associated with this curve is shown
in Figure 13. Initially, the domains are directed so that the spontaneous magnetic
fields form a closed magnetic loop. When a magnetic field is applied, more of the
moments start to align with the field. This does not happen randomly within all
domains, but rather the domains with a component directed along the field direction
preferentially grow in size. In Figure 13 this is pictured as the domain wall moving,
This selective domain growth continues until the whole sample is one domain. Even
though the moments in a domain are parallel to each other, they still may not be
aligned with the magnetic field but along some preferred crystallographic direction,
This s due to magnetic anisotropy, which is a topic for a separate discussion. To
reach full saturation requires that the moments turn from their preferred crystallo-
graphic direction to be parallel to the magnetic field.

As the field is reduced from saturation, the moments will first return to the
preferred crystallographic direction. As the field is decreased further, the domain
walls will reform (or nucleate) and try to move. The domain wall motion can,
however, be strongly impeded as in the case of hard ferromagnets. This impedance
to domain wall motion is caused by domain wall pinming. Domain walls can get
stuck at various defects, like grain boundaries and inclusions, producing the
characteristics of remanence and coercivity.




Magnetic Recording and Transformer Coils

The area within an M(H) loop is the energy dissipated on cycling that sample
through the loop. The magnetic cores of ac powetline transformers, which are
cycled through an M(H) loop at 50 to 60 times per second, is an example in which a
soft ferromagnet is very useful. A large mutual inductance is possible with a

minimum of hysteretic loss.

An important application of hard ferromagnetic materials is their use in magnetic
recording media. Two states are required to store binary data. The recording head
is a small magnetic pickup coil that can discern regions having either of the two
different directions of magnetization. The head is also used to write these regions.
To write, the coil applies a magnetic field, larger than H, to the recording media in
one o the other direction for a short time. A patch of magnetic material is thereby
“switched” into a particular direction. The coercive field (Hc) determines the size of
the field necessary to switch the field in that region. On the other hand it is the
remanent magnetization (Mgep,) of the magnetic media that determines how large a

2.

magnetization is available for the head to read.

ANTIFERROMAGNETISM " -

The term antiferromagnet often produces considerable confusion. Some people

may think that an antiferromagnet is a ferromagnet but with the magnetic moments
all lined up opposed to the applied field direction. However, this kind of behavior
has never been observed. In an antiferromagnet the magnetic moments line up so
that adjacent moments are aligned in opposite directions to each other (see Figure
14). Instead of the enormous combined moments associated with ferromagnets, the
moments on neighboring atoms cancel each other, resulting in relatively small values
of M. The M(H) behavior is more characteristic of a paramagnet; however, the
origin of the M(H) behavior in antiferromagnets is quite different from that of Curie

paramagnets, since the antiferromagnetic state is a long range ordered state. The

moments are locked together but in the alterating configuration shown in Figure 14.

The temperature dependence of an antiferromagnet is shown in Figure 15. The
phase transition to the antiferromagnetic state is known as a Néel transition and
occurs at a temperature usually denoted Ty. Above Ty an antifetromagnet is often
paramagnetic exhibiting Curie-Weiss behavior (y = G/(T- 6)) with 8 < 0. Since M(H)

curves are linear below Ty, 7 remains a useful property.

Schematic diagram showing bow the atomic moments in an
antiferromagnet are locked together and aligned so that adjacent
moments have spins in opposite directions. Above Ty, in the paramagnetic

state, the mormenis bebave nearly independently of one anotber.

A O O O~

behavior .(y = GI(1-8)) with 6< 0.

Magnetic susceptibility and inverse susceptibility as a function of
temperature for an antiferromagnet. Above the Néel temperature
(Iy) a antiferromagnet ofien resembles a paramagnet exhibiting Curie-Weiss

Antiferromagnetism
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Schematic diagram showing bow the aiomic momenis in G : FERRIMAGNETISM
- ferrimagnet aré locked together and aligned so that adjacent . . . .
moments bave spins in opposte directions. The adiacent momens are of Ferrimagnets are often associated with ferromagnets because their M(H) and M(T)

different size. The larger moments usually line up with the applied field and
the smaller ones oppose the field. Above T¢, in the paramagnetic state, the
moments bebave nearly independently of each other. ferrimagnets are more similar to antiferromagnetics because the magnetic moments

of the atoms in ferrimagnets are antiferromagnetically coupled; ie., adjacent
A-O> -O> -O>

magnetic moments are locked in opposite directions. What makes ferrimagnets

behavior is nearly identical to that of ferromagnets. However, at the atomic level

different from antiferromagnets is that the adjacent moments have different magni-
tudes. The larger of the two moments tends to align with the applied magnetic field
while the smaller moment aligns opposite to the field direction (see Figure 16). The

result is that the different moments add up to produce a large net moment aligned

with the magnetic field. Some of the most useful materials for making permanent

H magnets are ferrimagnets. Many of these materials are non-electrically conducting
Ceramics. -
UNITS
Antiferromagnets behave essentially like paramagnets. On the other hand,

) ’ ferrimagnets behave essentially like ferromagnets, having the same types of
imeversibility possible and the same parameters (He, Myem, and My) used to describe
their behavior.

INTRODUCTION
1) Magneization as a function of feld for a ype I superconducior. Another very important type of magnetism is associated with superconductivity.

%) Magnetization 4s a function of field for an ideal type-Il
superconductor. The magnelization is reversible even though the curve is
nonlinear. 172 is a plot of M(H) at a fixed temperature for a #ype- superconductor in the

The magnetic properties of superconductors are unique and very complex. Figure

He ' H superconducting state. Currents near the surface of a #ype-I superconductor

1 , completely screen the inside of the sample, from the applied magnetic field, up to a
\ g field called the critical field (denoted Hy). Screening of the field means that none of
\\ A ~ the applied magnetic field gets into the sample, and the superconductor acts like
™ magnetic mirror (with B = 0 inside the superconductor). Up to H, the M(H) curve

siope =M =y=- 1. is linear having the largest negative slope possible. This volume magnetic suscepti-

M bility is that of a perfect diamagnet (3 = -1/4n in cgs units), which is an enormous
. value compared to most other diamagnets.

e

T | An M(H) curve for an ideal #ype-IT superconductor is shown in Figure 17b. Up to
an applied field known as the lower critical field Heq, a type-Il superconductor

behaves like a type-I superconductor. However, when the applied magnetic field H
exceeds He the magnetization begins to decrease in magnitude due to the penetra-

tion of the magnetic field into the material in the form of flux vortices,




The magnetization will continue to decrease up to a magnetic field value called the
upper critical field (denoted Hyp ). At Hy and higher fields the superconductivity is
suppressed and the system. becomes normal (non-superconducting). The curve
shown in Figure 17b is the ideal type-Il superconductor M(H) curve and this curve is
reversible even though it is non-linear above Hy. It is interesting to note that this
ideal superconductor would be useless for most applications, and, in fact, no
supercurrent could flow above Hy in such a superconductor. For it to be useful in
practical applications we must modify the superconductor in ways such that the
M(H) curve of the superconductor becomes irreversible (hysteretic). This can be
done by introducing defects into the material, usually through an appropriate choice
of preparation and processing conditions. These defects serve to pin the magnetic
field lines, thereby restricting their motion. It is the motion of the field lines that

usually limits the current density above H.

Introducing defects into an ideal superconductor changes the M(H) curve from
that of Figure 17b to one like that of Figure 18 which shows little evidence of He
furthermore, the M(H) curve is definitely neither linear nor reversible. Now it is
possible for a supercurrent to flow above Hy, and the amount of supercurrent that
can flow can be determined from the value of the magnetization. An important
quantity in such superconductors is the critical current density (denoted J.), and it is
a temarkable result that 2 magnetic measurement can be used to determine how
much electrical supercurrent (a transport property) can be carried by the supercon-
ductor. The relation between the magnetization M and ] is called the Bean Critical
State Model and is given by

Je=sM/d,

where d is the sample width or diameter and the constant s is a shape dependent
constant having a value s = 10/x for an infinite rectangular slab sample and s = 15/x
for a cylindrical sample. (This equation is for units of J in A/cm2 M in G, and d

in cm.)

Another important property of a superconductor is its superconducting transition
temperature (usually denoted T, for critical temperature). This is the temperature at
which the sample goes from the superconducting state to normal state upon
warming. T, usually decreases as H is increased. It is common to measure the
Meissner effect in order to determine T.. When an ideal superconductor is cooled
through its superconducting transition with a very small field applied to the sample
(field-cooled (FC) measurement), the magnetic field will be completely expelled
from the inside of the superconductor at T.. The expulsion of the field at T, is the

Meissner effect and it s possible to determine T, by measuring M(T) as the point at

m (emu)

Magnetization as a function of field for a superconductor
exhibiting irveversible magnetic bebavior associated with flux
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Magnetization as & function of temperature for the bigh which there is a drop in M (temembering that M is negative). A plot of M(T) for a
temperature superconductor LaSrCu0. Both zero-field-cooled and

Sield-cooled measuremenis are presented.

high temperature superconductor is shown in Figure 19.

It is not uncommon to see a different measurement, often called magnetic
shielding or screening, mistakenly called the Meissner effect. Magnetic shielding is
measured by first cooling the sample to a low temperature below T, then turning

on 2 magnetic field (which is also called a zero-field-cooled (ZFC) measurement).

The changing magnetic field induces currents that flow as long as the sample is

Xq (cm3/g)

, superconducting. The Meissner measurement and the shielding measurement both
B are often mistakenly used as a measure of the amount (quantity) of superconducting
material in a sample. A 700% Meissner fraction, which corresponds to a ) = -1/4n

susceptibility value, can be used as a legitimate measure of a completely supercon-

ducting sample, However, any value of the Meissner fraction less than 100% could

° " ® * © Simply mean that there is flux pinning in the sample. The shielding measurement

has other potential problems. For example, if a sample has only a thin supercon-
ducting skin and a non-superconducting center, it could conceivably produce a
-3, = -1/4m susceptibility value, since the skin could screen the whole intetior of the

sample to compensate the applied field H (B = 0 inside the sample).

UNITS

It is important to realize that the superconducting shielding results from the
screening of a volume. The magnetization value wil depénd on the size of the
applied field; therefore, it is the volume susceptibility 3 which is important. Tn cgs
units, perfect diamagnetism, or complete screening, has a value of y = (-1/4r) emu/
cm3,  Another way of viewing this is to realize that B = 0 in Eq. (1), requires that
-4n M = H, and therefore M/H = -1/4z. In SI units, § = -1.

The critical current density (J) is a current per unit cross sectional area. The cgs

units are A/cm? and the ST units are A/m2,

EXAMPLES AND ADVANGED TOPICS

Irreversibility Line

The region in the phase diagram between Hyq and Hey in a type IT superconduc-
tor is called either the Abrikosov or the flux-vortex phase. As discussed above, at a
fixed temperature and for H > Hy, the magnitude of M decreases as H increases.
The decrease in M is due to the fact that for H > Hg, B #0 inside the sample, and
some of the magnetic field actually penetrates into the superconductor. However,
the magnetic field inside the superconductor is not distributed uniformly as it would

be in most other types of material. The field that penetrates into a superconductor is

quantized into single quania of maghetic flux. A single quantum of magnetic flux




(denoted ) has a value ;= 2.07 x 1077 G-cm? in cgs units. There is a supercurrent
loop associated with each magnetic flux quantum and together this comprises an
entity called a flux vortex.

Flux vortices can be thought of as discrete lines of B. When an electrical
transport current is applied to a superconductor containing flux vortices, the vortices
experience a. force, called the Lorentz force, which acts perpendicular to the current.
If the vortices are moved by the Lorentz force, however, they generate a voltage
parallel to the current that in tumn produces resistive losses. To keep a supercurrent
flowing requires zero resistance, therefore the flux vortices must be kept from
moving. Defects in the sample can pin the vortices and thereby allow large

supercurrents (large J, values) to flow.

It was a surprise to many when it was observed that for high temperature
superconductors the magnetic phase diagram between Heq and He was split into
two regions and separated by a new phase boundary that is commonly referred to as
the drreversibility line (IRL). On the upper side of the IRL below Hyy there is no
pinning, the magnetic behavior is reversible, and no bulk supercurrents can flow.
For temperatures and fields below the IRL, the magnetic behavior is irreversible and
bulk supercurrents can flow. One way of measuring the IRL s to use the zerofield-
cooled/field-cooled (ZFC/FC) method described in the section on ferromagnets.
Below the IRL the irreversibility results in two different curves for ZFC and FC, while
above the IRL there is only one value of M at a given H and T, and thus the ZFC and
FC curves are superimposed as shown in Figure 19. The IRL is an important property
that sets the limits on the range where a superconductor can be used in most
applications. A plot showing the relationship between the IRL and the critical fields
is presented in Figure 20.

Minor Loops

When trying to measure irreversible magnetic properties in a sample, it is
important to be able to control the sample’s field history. Determining J. using a
magnetic measurement requires that the critical state be established in the sample.
To establish the critical state the field should be changed monotonically and then

should not change at all during the measurement scan.

If the length of an MPMS measuring scan is too long, the sample will experience
a significant change in the value of the magnetic field during the scan. This occurs
because the field in a superconducting solenoid changes with position. Over a long
scan length, the sample experiehces non-monotonic field variations, and, in fact, the
field at the sample oscillates as the sample moves up and down. The result is that

the critical state in the sample is reduced or destroyed (the sample is effectively‘

A magnetic phase diagram for the bigh temperature superconductor
YBayCusO7. The irveversibility line separates a region (lower H
and T) of findte critical current density J¢ from ome with Jo = 0.

6l s Hirr

- Je>0




Magnetization as & function of the logarithm of time for a thin film
sample of the bigh temperature superconductor YBaxCu;0, The
slope of the curve gives a flux creep relaxation rate. The sample was cooled in
zero applied field after which 4 field H = 10 K Qe was applied and the
magnetic moment measured,
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Shown is a bard ferromagnetic bar in zero applied ﬁeld (Ho=0).

L. Schematic diagram of the total flux density B = H, + 4mM,

The vector contributions of M and Hy are illustrated below the bar magnet.

5. The demagnetization field Hy alone for the same Jerromagnetic rod. Note that
Hy is directed opposite the magnetization M. [Afier B. D. Cullity, “Miroduction
to Magnetic Materials”]
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demagnetized) and the magnetization value is lower than should be observed,

Thus, the J, value is underestimated. Hence, the choice of scan length is critical
when determining the magnitude of irreversible behavior, In general, the shorter the
scan length the better.  But from experience a scan length on the order of 2.5 cm
on the MPMS seems to be a good compromise. A Technical Advisory on this subject
is available.

Time Dependence

Certain types of magnetic irreversibilities have a measurable time dependence.
Two of the more notable examples are high temperature superconductors and spin
glasses. In superconductors the decrease in magnetization in time is attributed to
flux creep. Flux creep results from the thermal activation of flux vortices out of their
pinning sites. By measuring M as a function of time a flux creep rate can be
determined. From a plot of M versus the logarithm of time, as shown in Figure 21, a
slope related to the flux creep rate can be extracted.

When measuring a sample with a large magnetization value, it is often important
to make demagnetization corrections. Tn this case “demagnetization” does not refer
to the process of reducing the remanent magnetization, but rather is associated with
the fact that the field H inside the sample depends on the shape of the sample. The
origin of the demagnetization effect is usually described in terms of another
magnetic field, the demagnetization field Hy, that results from the separation of
hypothetical magnetic charge associated with the sample’s magnetization M (see
recommended reading to find a more complete discussion). The total H field inside
the sample is given by H = Hy + Hy, whete Hy is now the applied field produced by
the current in a magnet coil and Hy is the demagnetization field. The demagnetiza-
tion field is given by Hy = -NM where N is the shape-dependent demagnetization
factor and M is the magnetization of the material. This correction can be particularly
important when measuring a strongly maghetic material. For a long, thin sample in
a field parallel (o its long axis, N = 0. For a short, flat sample in a petpendicular
field, on the other hand, the demagnetization correction (NM) can be enormous,
The value of N has a range 0 < N < 1 in S units and 0 < N < 41T in cgs units

Shown in Figure 22 is a schematic diagram of a magnetized piece of ferromag-
netic material in zero applied field (Hy = 0). Figure 22a shows the B field (sum of H
and M) for this ferromagnet while Figure 22b shows the field H alone. Since Hy=0,
the field H inside the sample is just the demagnetization field Hy. The vectors M, B,
and H inside the sample are also shown in Figure 22. It can be seen that for a
ferromagnet Hy is negative, thereby reducing H inside the sample. In the case of a




supercénductor, M is negative so Hy will be positive, leading to an increase of H

inside a superconducting sample. When an external field (Hp) is applied, Hy will
change with the magnetization. However, it is the total H field inside the sample

(Hp + Hy) that will determine M. Therefore an M(H) curve should be plotted as 2
function of the total intemal field H = Hy + Hy, not the applied field Hp,.

When measuring an isotropic ferromagnetic film, for example, the M(Hy) curve
observed for Hy parallel to the plane of the film will be very different than that for
Hy perpendicular to the film plane. When Hy is perpendicular there is a large
demagnetization field in the film that reduces the total H, requiring a larger applied
field Hy to saturate the film than would be required when Hy is parallel to the film
plane. However, at saturation the same value of magnetization, M, will be observed
in both cases.

To be able to accurately apply this simple demagnetization correction to Hy
requires that the demagnetization field be uniform throughout the sample. The only -
sample shape for which a uniform field can exist throughout the sample is an
cllipsoid. Therefore it is common practice to approximate the démagnetizing factor
N for a sample by considering the “maximum-enclosed-ellipsoid,” which is the
cllipsoid with shape and dimensions that allow it to be enclosed in the sample and
fill the maximum volume. - Tables and plots of calculations of N values for ellipsoids
are available (see recommended reading). Since most sémples are not ellipsoids,
this correction method should be considered only approximate. Sometimes

materials are shaped into spheres so that this correction method can be used more

accurately.

When presented with a new or unknown material, one often wants to quickly
determine the general magnetic properties of the sample. The following procedure
comes with no guarantees, but rather is intended as a systematic plan to help
identify the magnetic behavior present in the sample. It is also only a starting point,
because the more complete charactetization of a sample typically requires detailed

measurements once the regions of particular interest have been identified,

After determining the safe range of temperatures for the sample, an M(T) sweep
with a very low magnetic field (H ~ 50 to 100 Oe) should be run over the full
temperature range. A temperature resolution of 5 K at low temperature and 10 K at
higher temperatures is often suitable. Both superconductivity and ferromagnetism
can stand out in such a scan. If one of these properties is identified, detailed

measurements of that property can proceed.




Magnetization as a function of temperature for UNizSi; at a series
of evenly spaced applied magnetic fields. The fields range from

H = 5000 to H = 50000 Oe in steps of 5000 Oe. £ The temperature range from
85 10 110 K where a metamagnetic transition region exists (from 85 to about
103 K) and a regular ferromagnetic region exists (from about 103 to about
110K). In a metamagnetic transition the sysem goes from antiferromagnetic
to ferromagnetic. At the lower temperatures there is a cluster of points at the
lower field. The lower field cluster has an M(H) curve characteristic of an
antiferromagnet. Then there 1s a sharp increase in magnetization followed by
another cluster of poinis at the highest fields. The cluster at the bigh fields is
the magnetic saturation associated with a ferromagnet while in between is the
transition from one magnetic bebavior to the other. 5 In the region near and
above the ferromagnetic transition the spacing of the poinis at a given
temperature suggest paramagnetic behavior.
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Depending on the available time, the next procedure in a general search would
be to measure M(T) again over the full temperature range but now at a series of
equally spaced values of H (eg. AH ~ 5 kOe). The advantage of this kind of plot
can be seen in Figure 23; for a sample of UNiSiy. If the M(H) curve at a given
temperature is linear, then the M(T) curves taken with even field increments will be
evenly spaced. If the M(H) curve saturates at a certain temperaturé, then the points
will get closer together as M saturates. Other interesting information, like a spin flop
or metamagnetic transitions can often be identified from sets of M(T) plots.

Detailed measurements including history dependenée can then proceed more
efficiently with this information at hand.




PART IV: RPPENDICES

UNITS FOR MAGNETIC PROPERTIES

Conversion

Quantity Symbol Gaussian & cgs emu ¢ factor, C° SI & rationalized mks ¢
Magpetic ,ﬂl?x den§1ty, B gauss (G) d 10~* tesla (T), Wb/m?

magnetic induction
Magnetic flux - [ maxwell (Mx), G-cm? 10-8 weber (Wb), volt second (Vs

g
Magnetic poterlltlal difference, U F gilbert (Gb) 10/47 ampere (A)

magnetomotive force
Magnetic field strength, H cersted (Oe),* Gb/cm  10%/4n A/m/

magnetizing force -
(Volume) magnetization & M emu/cm®” 10° A/m
(Volume) magnetization arM G 10%/47 A/m
Magnetic polarization, LI emu/cm’ 4rx10~* T, Wb/m?

intensity of magnetization ,

L 1 Am?/kg
(Mass) magnetization o o M emu/g 47 x10~7 Wb-m/kg
Magnetic moment m . emu, erg/G 103 A.m?, joule per tesla (J/T)
Magnétic dipole moment j . emu, erg/G : 47 10~10 Wb-m ¢
(Volume) susceptibilit XK dimensionless, emu/cm? dar dimensionless
) P y ’ . ? @ny’x 1077 henry per meter (H/m), Wb/(A-m)
. ’ . 4 x 103 m®/kg
e 3
(Mass) susceptibility Xps Kp . cm’/g, emu/g @mPx10-°  Hom? kg
- 47 < 10~¢ m?/mol
(Molar) susceptibility Xmol, Kmot  cm*/mol, emu/mol @dmyX 10" Hm?/mol
Permeability dimensionless 47 X107 H/m, Wb/(A-m
y 12

Relative permeability’ _ P not defined _ dimensionless
(Volume) energy density, W erg/cm’ 10-! 3/m?

energy product :
Demagnetization factor D, N dimensionless C 1/47 dimensionless

a. Gaussian units and cgs emu are the same for magnetic properties. The defining relation is B =H +47M.

5. Multiply a number in Gaussian units by C to convert it to SI (e.g., 1 GX10~* T/G=10"*T).

c. SI (Systeme International d’Unités) has been adopted by the National Bureau of Standards. Where two conversion factors are
given, the upper one is recognized under, or consistent with, SI and is based on the definition B =po(H +M), where
po=4m X 10~7 H/m. The lower one is not recognized under SI and is based on the definition B =uoH +J, where the symbol
I is often used in place of J. )

1 gauss= 10° gamma (y).

Both oersted and gauss are expressed as cm~"2.g"2.s~! in terms of base units.

A/m was often expressed as “ampere-turn per meter” when used for magnetic field strength.

Magnetic moment per unit volume.

The designation “emu” is not a unit.

Recognized under SI, even though based on the definition B =peH +J. See footnote c.

pr=p/po=1+%, all in SI. u. is equal to Gaussian p.

B-H and poM-H have SI units J/m* M-H and B-H /4w have Gaussian units erg/cm’.
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Introduction to Magnetic Materials,
B. D. Cullity, Addison-Wesley, 1972, ISBN# 0-201-01218.

This is the simplest introduction to magnetism in materials that is available. It is
an engineering textbook that discusses many practical matters; an essential reference
for anyone working on the magnetism of materials. Plots and tables of demagnetiza-
tion coefticients are included.

The Physical Principles of Magnetism,
A. H. Morrish, R. E. Krieger, Wiley (no longer in print), 1983 ISBN# 0-88275-670-2,

This is a very complete physics textbook quantitatively describing the physical
properties of magnetic materials.

Magneto-Chemistry,
R L. Carlin, Springer-Verlag, 1986, ISBN# 0-387-15816-2.

This is a introduction to magnetism primarily in molecular systems.

Long Range Order in Solids,
R M. White and T. H. Geballe, Academic Press, 1979, ISBN# 0-12-607777-).

This is an advanced solid state physics textbook that discusses long range order
in general and in various specific cases (i.c., magnetic and superconducting
transitions). It is an excellent source of references to the literature on magnetism.

Introduction to Superconductivity,
A. C. Rose-Innes and E. H. Rhoderick, Pergamon, 1978, ISBN# (-08-021651-8,

This is a fairly accessible development of superconductivity requiring a modest
knowledge of solid state physics.

Superconductivity of Metals and Alloys,
P. G. DeGennes, Addison-Wesley, 1966, ISBN# 0-201-51007-3,

This is a graduate-level physics textbook on superconductivity and is regarded as
one of the classic texts on superconductivity.

Introduction to Superconductivity,
M. Tinkham, R. E. Krieger, Pubnet, 1980, ISBN# (-89874-049-5.

This is a graduate-level physics textbook on superconductivity and is also
regarded as one of the classic texts on superconductivity.






