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A. Introduction

Since the discovery of the high-temperature
superconductors, much has been learned about strong-
pinning effects of magnetic flux in superconducting
materials. These materials can display extreme magnetic
hysteresis, and measurements on them can be affected
dramatically if the magnetic history of the sample is
altered or if the sample experiences even small variations
in magnetic field during the measurement. As a result,
during the last several years a variety of unexpected and
unexplained phenomena have been reported for these
materials. Sometimes these effects are real properties of
the materials under investigation; in other cases the
phenomena arise from an interaction between the
measurement apparatus and the material itself.!

Researchers presently use a wide variety of both home-
built and commercial equipment to characterize and study
the magnetic properties of superconducting materials.
While there are many types of magnetometersin use, we
will focus on the subset of magnetometers that are
generally used to measure the magnetic properties of small
samples of materials. These “small sample
magnetometers” use a variety of methods to measure the
magnetic properties of the sample under study. We can
classify these measurement methodsinto those that require
motion of the sample, within or through a pickup coil
(e.g., vibrating sample magnetometers, most SQUID
magnetometers, extraction magnetometers), and those that
measure a force or torque, in which case the sample is
held stationary while the field is rotated or a gradient is
applied (e.g., Faraday balance, Gouy method, torque
magnetometers).

In systems in which the field is changed while holding
the sample stationary, the sample is subjected to a time-
varying magnetic field which affects the magnetic history
of the sample. In this case the measurement results for
superconductors must account for motion of vortices, eddy
currentsinduced in the sample, and other dynamic effects
which arise from the interaction of the time-varying field
and the sample. Conversely, magnetometerswhich require
that the sample be physically moved from one position to
another can introduce similar effects because the magnetic
field in such instruments is never exactly uniform. This
study presents a systematic analysis that describes some
of the effects that such magnetic field non-uniformity can
produce when making magnetic measurements on
superconducting materials. All of our measurements use
a strong-pinning superconducting thin film with the film
perpendicular to the magnetic field because this geometry
isone of the most problematic configurations in which to
make a magnetic measurement. This particular geometry
will produce the largest demagnetization effects, thereby

greatly amplifying the magnitude of the field non-
uniformities experienced by the sample. This geometry
is also appropriate for the high-T, materials because their
large crystalline anisotropy means that samples frequently
have avery large effective aspect ratio, even for materials
in bulk (polycrystalline) form.

In al magnetometers that move the sample during the
measurement, the raw data is an output signal having an
amplitude which is a function of either time, position, or
both. The sample property to be measured (usually the
magnetic moment of the sample) is then computed using
some type of analytical model which isfit to the raw data
from the measurement. However, the analysis method
always makes assumptions about the magnetic behavior
of the sample. For example, nearly all analysis methods
assume that the magnetic moment of the sample:

1) approximates a magnetic dipole moment, and
2) the sign and value of this moment do not change
during the measurement.

We will refer to these two assumptions as the constant-
dipole model, and we will see that in the case of
superconductors the second of these two assumptions is
often not valid.

We want to emphasize here that the raw data produced by
such ameasurement is, in fact, the true magnetic response
of the sample, and this signal contains important
quantitative information about the magnetic nature of the
sample. (This assumes, of course, that the measurement
apparatus is operating correctly.) As we have stated,
however, strong-pinning, superconducting samples do not
necessarily behave as a magnetic dipole of constant
magnitude, and in those cases the analysis algorithms
which compute the sample moment can fail, producing
unpredictable and misleading results. In other words, the
indiscriminate use of a constant-dipole model, which is
the normal analysis model provided with commercial
magnetometer systems, can lead to completely erroneous
interpretations of a sample’'s magnetic properties. This
pitfall can be largely avoided if one takes the care to
determine the actual measurement conditions and then
models the magnetic behavior of the sample under the
particular circumstances experienced during the
measurement. This does require, however, that one
construct an appropriate analysis method to extract the
relevant information from the output signal, then apply
that analysis method to the raw data from the measurement.

It isworth noting that the constant-dipole model can also
fail for non-superconducting samples under certain
circumstances. For example, the constant-dipole model
will produce erroneous results when the magnetic moment
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of the sample is not purely a dipole moment (but is a
quadrupole moment or a sum of multipolar contributions,
for example). This can be the case when the magnetic
moment of the background is of the same order as the
magnetic moment of the sample, and the sample and the
background signal from the sample holder are displaced
with respect to one another along the axis of the magnet.
We will address the issue of non-dipole samples and non-
constant dipoles as separate topics.

Because the standard data analysis routines can produce
erroneous results we will denote the magnetic moment
computed using the constant-dipole model by the
designation m*, while the true magnetic moment of the
sample will be denoted by m. For several reasons, the
measurements we describe herein were all performed on
a Quantum Design Magnetic Properties Measurement
System (MPMS). First, each of the authorshad an MPM S
availablein hislaboratory. Second, there are an enormous
number of these systems currently in use, and the large
majority of them are being used to measure
superconductors. Third, the MPMS is very versatile,
offering a great deal of control over the variables we felt
were most important. Of particular importance to us was
the fact that the MPMS provides access to the true raw
data from the measurement — the digitized values of
SQUID voltage as afunction of position — that are stored
in the data filewhen using the All Scans data-file selection.
This makes the raw data available in an easily accessible
format, allowing experienced usersto analyze the raw data
using their own analytical methods and algorithms.

Most of the results of this study should be generally
applicable to any magnetometer system in which the
sample is moved (or the fields are changed) during the
measurement. The specific effects will differ depending
on the detection method, detection geometry, output-signal
analysis method, the specific magnet used, and the distance
the sample is moved. All of these parameters will vary
from one instrument to another, so the work reported here
strongly suggests the need for similar studies on other
specific models of magnetometers. This is particularly
true of any magnetometer system which uses an analytical
model and data processing algorithms to compute and
report some sample parameter, asisthe case with virtually
all commercial magnetometer systems.

Our goal in performing this work has been to help the
users of many different magnetometers understand more
fully some of the anomalous behaviors that have been
reported over the last several years. Our hopeisthat this
report will stimulate further investigations, research, and
analytical modeling into the specific effects that combine
to produce the observed measurement results. When
reading this report, we hope the reader will take enough
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time to study all of the figures carefully. The specific
choice of figures was made for the purpose of
systematically building the concepts necessary to
understand the important issues, but in many of the graphs,
different properties are plotted as afunction of the position,
z, along the axis of the magnet, making it possible to
confuse the various plots under a cursory examination.

B. Experimental

This section provides a brief introduction to the methods
used in these studies as well as a brief discussion of some
of the considerations taken into account. A much more
detailed description of the operation of the MPMS and
reasons behind various considerations can be found in
Appendix B and the manuals provided with the MPMS.
In the following we have tried to accommodate users of
both Systeme Internationale d’'Unités, or SlI, and cgs
systems of units by giving expressions in both forms and
using (SI) and (cgs) to indicate the applicable units.

1. The Sample

The sample used in these studies was a YBa,Cu,0,
(YBCO) thin film, approximately 3000 A thick, prepared
by pulsed laser deposition onto a heated 0.5 mm thick
[100] LaAlO; substrate. The substrate had dimensions of
5 mm x 5 mm whiletheYBCO film was patterned into a 2
mm diameter circle. The film had a superconducting
transition temperature T, = 90 K and the superconducting
material had a mass of about 5 x 10 g. The magnetic
field was applied perpendicular to the plane of the film
(along the c axis). These films generally exhibit large
values of the critical current density, J.,, with values
J.=~10°A/cm?at T = 77 K being fairly typical.

When measuring a sample with a large magnetization
value, e.g. a superconductor, it is often important to
consider demagnetization effects. For an elliptically-
shaped sample, thetotal H field inside the sampleisgiven
by H =H, - H,, where H, is the applied field produced by
the current in the magnet coil and H, is the
demagnetization field. The demagnetization field isgiven
by Hy = -NM, where N is a shape-dependent
demagnetization factor and M is the magnetization of the
material. For along thin samplein aparallel field N = 0,
while for a short flat sample in a perpendicular field the
demagnetization correction (NM) can be enormous. In
the case of a superconductor M is negative so that H, will
be positive, which meansthat the “ demagnetization” field
actually increases H inside a superconducting sample. The
valueof N hasarangeO<N =<1in Sl unitsandO0< N =< 4n
incgsunits. Itispossibleto estimate the demagnetization
correction from the initial (virgin) portion of the



magnetization curve, plotting magnetization as afunction
of applied field, M(H), for samples cooled below T, in
zero applied field, since a slope of M/H = -1 (SI) = -1/4xn
(cgs) is expected for the case in which N = 0.

2. The M easurements

A measurement is performed in the MPMS by moving a
sample through the superconducting detection coils,
which, as shown in Figure B1, are located at the center of
the magnet. The sample moves along the symmetry axis
of the detection coil and magnet. As the sample moves
through the coils the magnetic dipole moment of the
sample induces an electric current in the detection coils.
The SQUID functionsas ahighly linear current-to-voltage
convertor, so that variationsin the current in the detection
coil circuit produce corresponding variationsin the SQUID

Sample Chamber Tube ———— Sample Space

) ___— Iso-Thermal Sheet with Heater

Inner Vacuum Jacket Wall L Annular Cooling Region

_—— Superinsulation

Sensing Coils
(on composite form) —
___ Multifilament

Superconducting
Wire

Tube Guides
AN

__— Composite Form
For Solenoid

Figure B1(a). The geometrical configuration of the magnet,
detection coils and sample chamber.

output voltage. Under ideal conditions, the magnetic
moment of the sample does not change during transport
through the detection coil.

Figure B2(a) shows the position of the various loops
making up the second-order-gradiometer detection coil.
The position z= 0 cm corresponds to the center of the coil
and thisis positioned at the midpoint along the length of
the magnet. Figure B2(c) shows the output voltage of the
SQUID electronics as a function of position V(z) as a
sample with a positive, constant magnetic point dipole
moment is moved through the pickup coil. ThisV(z) data
can be collected on the MPM S by using the All Scans data
collection option. As both an example of an m(2) plot, as
well as to emphasize the position independence of the
magnetic moment under ideal conditions, Figure B2(b)
showsthe m(z) = constant plot that correspondsto theV (2)
curve in Figure B2(c). Figure B2(e) shows the output
signal V(2) for a sample with a constant, negative dipole
moment as shown in Figure B2(d).

The signal analysis programs currently provided with the
MPM S are designed to analyze a specific type of response:
amagnetic dipole of constant magnitude moving through
this particular type of detection coil (second-order

SECOND—DERIVATIVE DETECTION COIL
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Figure B1(b). The configuration of the second-order
gradiometer superconducting detection coil. The coil sits
outside of the sample space within the liquid helium bath.
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Figure B2. (a) The position z of the loops of the second-order
gradiometer detection coil. The position z= 0 corresponds to
the center of the coil and thisis positioned at the midpoint along
the length of the magnet. (b) The ideal behavior of a sample
(with a positive value of the magnetic dipole moment) as a
function of position, m(2), asit is moved through the detection
coil. (c) The output voltage of the SQUID electronics as a
function of position V(2) as a magnetic point dipole with the
value m(z) = constant > 0, asin (b), is moved through the
second-order gradiometer pickup coil. Under ideal
circumstances the sample approximates a point dipole and the
value of the magnetic moment does not change during the
measurement. (d) The m(z) curve for an ideal sample with a
negative value of the magnetic dipole moment. (€) The output
signal V(z) for a sample with a constant, negative dipole moment
shown in (d).

gradiometer). The MPMS provides three methods for
analyzing the SQUID output signals. (For further details
please refer to Appendix B.) When these signal analysis
routines are used for cases in which the output signal
deviates significantly from a point-dipole response or if
the magnitude of the magnetic moment varies during the
measurement (i.e., significant deviations from the
constant-dipole model), the analysis is not reliable and
the magnetic moment value reported by the computer
program will not be atrue measure of the moment. All of
the data analysis routines provided with the MPM S report
the magnetic moment of the sample in cgs or
electromagnetic units (emu). In many of the cases
presented here, the computer fits are often not valid
measurements of the magnetic moment, but simply the
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result of the best computer fit to a measured curve. We
will therefore refer to the values produced by computer
fits to V(2) signals as the apparent magnetic moment
(designated m*). When referring to the true (or actual)
magnetic moment of the sample, the designation m will
be used, and even though m* values are not true magnetic
moment values, the emu unit will be used in both cases.
In this report the linear regression method is used to
produce the m* values, unless otherwise specified.

Even when the output signal deviates significantly from
that of a point dipole or changes during a measurement,
the raw data still contain important and fundamental
guantitative information about the magnetic properties of
the sample. The measured response in these cases is not
an error or an artifact, but a full-fledged magnetic
measurement of the sample, but for various reasons, the
measured response may not correspond to a point dipole-
type signal that is easily analyzed to determine the true
magnetic moment. Reasons for deviations can include
(but are by no means limited to) large background signals,
magnetic field non-uniformities and shielding effects of
the superconducting magnet. As will be shown, these
deviations from a non-ideal dipole response often do not
interfere, but rather may even enhance, one's ability to
determine properties like the superconducting transition
temperature and the vortex-solid phase transition
temperature. It will aso be shown that in those cases when
a quantitative determination of the magnetic moment is
actually necessary, one can use an appropriate method for
background subtraction when applicable or an appropriate
model for the non-dipole response signal.

A common method for identifying the onset of magnetic
irreversibility is to make measurements along two paths
that expose the sample to very different temperature and/
or magnetic field histories. For superconductors, the most
popular method has been the zero-field-cooled/ field-
cooled (ZFC/FC) measurement. In this case the sample
isfirst cooled in zero applied field (H = 0) to the lowest
measuring temperature. After the temperature has
stabilized, afield is applied and data are collected as the
sample is warmed to above T, (the ZFC part). A second
set of data is collected as the sample is slowly cooled
through T, in the same field (designated FCC for field-
cooled-cooling). In contrast to this, for a field cooled
warming (FCW) measurement the sampleis cooled to the
lowest measuring temperature in the applied field and then
measured on warming.

For the FCC measurements presented here, the temperature
was decreased in steps of 0.25 K to be sure that no
undershooting of the temperature occurred. Because
temperature overshooting while warming is less of a
problem in general, steps of various sizes were used for



the ZFC measurements. A scan length of 2.5 cm (x1.25
cm) was used in all ZFC and FCC measurements and the
sample went through two cycles at each measuring point.

3. Mapping the Magnetic Field Profile

Quantitative information on the small variations in
magnetic field over the measuring region are very
important to understanding the effects we will be
discussing here. Detailed measurements of the magnetic
field asafunction of position zwere made under avariety
of conditionsusing aHall-effect device mounted on along
probe oriented to measure the field component along the
axis of the magnet. Measurements were made with the
sample space at a temperature of 300 K. The probe was
attached to the MPM S sampl e transport to take advantage
of its precise positioning capabilities. Measurements of
the magnetic field profile were usually made over a6 cm
scan length (z=+3 cm). Using the Hall-effect device, the
magnetic field could be measured to a precision of 0.01
Oein low fields, and about 1 part in 10° at higher fields.

30
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10 ..° R : .
) . :
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Figure B3. Even when the transport current in the
superconducting magnet has been reduced to zero, the trapping
of flux in the superconducting windings can result in a
distribution of non-zero fields in the magnet. The axial
component of the magnetic field is shown as a function of
position from z = -13 to +13 cm, where the midpoint along

the magnet’slength is defined asz= 0.

Figure B3 shows a magnetic field profile H(z) for the
magnet after the field has been changed from a setting of
+50 kOe to a setting of zero. This particular H(2) profile
shows the magnetic field variations from z = -13 to +13
cm. Even though the transport current flowing through
the magnet is zero, due to flux trapping in the
superconducting wire from which the magnet is
constructed, the magnetic field is not zero except at afew
points. For the m* measurements presented in thisreport,
the sample was scanned over 2.5 cm in the most uniform
region at the center of the magnet.

4. Altering the Magnetic Field Unifor mity

The MPMS system provides four different methods for
changing the magnetic field in the system. The no-
overshoot, oscillate, and hysteresis modes are useful for
routine changes between arbitrary starting and ending
values, while the magnet reset option provides a special
method for eliminating nearly all of the trapped flux from
the superconducting MPM S magnet by driving the magnet
normal (non-superconducting). More detailed descriptions
of the operation and attributes of each method are
presented in Appendix B.

The specific magnet field profile H(z) depends on several
factors including the field-change method used and the
previous history of magnetic field settings. The field
uniformity increases in the order of: no-overshoot,
oscillate, magnet reset. The actual field profile is fairly
reproducible for the oscillate and reset modes. In contrast
to this, the no-overshoot mode can produce field variations
with alarge range of values, however, the trends we show
here, particularly those associated with different sequences
of field changes, are fairly reproducible.

5. Definitions of Fields, Field Sequences, and Units

For the purposes of the discussions here, the unit gauss
(or G) will be used when referring to either the magnetic
field (usually denoted H) or the magnetic flux density
(usually denoted B). Therelationship betweenB andH is
given by B =H + 4xM (cgs), where M isthe magnetization
of the sample and H is the field produced by the magnet.
The cgs unit for H isoersted (or Oe) while the cgsunit for
B is the gauss, however as a unit of measure 1 Oe =1 G,
so in practice gaussis often used for H. The SI unit for H
is A/m, while tesla or Wb/m? is used for B, with B = 1
tesla= 10,000 G and B = uoH + u,M. Inaddition to units,
several different field designations will be used here. H
will refer to the actual field (which can be experimentally
measured) produced by the magnet, while Hg, will refer
to the field that is determined — using the appropriate
calibration coefficient — from a measurement of the
current flowing from the power supply through the magnet.
The difference between the actual field H and H, is not
dueto errorsin the calibration, but rather to flux trapping
and the hysteretic nature of superconducting magnets.

In addition to the different field designations used here,
there will be frequent referencesto the particular sequence
of magnetic field settings. Aswill be shown, the particular
sequence of field changes has a significant effect on the
magnitude and spatial dependence of the magnetic field
uniformity. In all the cases described, the field will be set
to zero (Hg, = 0) from either Hg, = +50 kG or Hg, = -50
kG, in which case these sequences of field changes will
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Field-Change Sequences

=+50kG=0G=+25G H =-50kG=0G=+25G
s s

Set Field to +50 kG
(No-overshoot Mode)

v

Set Field to -50 kG
(No-overshoot Mode)

Set Field from +50 kG
to0G
(No-overshoot, Oscillate,

v

Set Field from -50 kG
to0G
(No-overshoot, Oscillate,

or Magnet-reset) or Magnet-reset)
Set Field to +25 G Set Fidldto +25 G

(No-overshoot Mode) (No-overshoot Mode)

Figure B4. Because there will be frequent references to the
particular order of magnetic field settings used prior to starting
a given measurement, a convention for writing these field
changes is defined here. Hg, refers to the sequence of Hg, values
to which the magnet was set in order to obtain the particular
magnet state used in the measurement. Aswill be shown, the
sequence of field changes effects the spatial dependence of the
magnetic field uniformity.

be noted by Hy; = +50kG = 0 G or H; = -50kG = 0 G,
respectively. In some cases an additional field, i.e. the
measuring field, will then be set from one of these two
H. = 0 conditions (or remanent states). In the particular
case that the final field setting is Hg, = +25 G, the two
sequences would be noted asHg, = +50kG = 0 G = +25
G and Hg, = -50 kG = 0 G = +25 G. These definitions
are described schematically in Figure B4. In some of the
studies to be described, either Hy, = +50 kG = 0 G or
Hyy = -50 KG = 0 G will be used above the
superconducting transition temperature T, and then the
measuring field will be set at atemperature below T..

C. Field Uniformity and Properties of
Superconducting Magnets

When amagnet is used to produce magnetic fields over a
widerange of values, thereisapractical limit on the spatial
uniformity of the field that can be produced. Uniformity
can be improved by incorporating a larger magnet like
those used in high-resolution NMR, in which case the
uniformity is usually optimized at the single field value
at which the magnet will be operated. When
measurements are to be made over awide range of fields,
the larger magnet will slow operation, increase the
physical size of the system, and, in the case of
superconducting magnets, increase the liquid-helium boil-
off. Theregion midway between the ends of a solenoidal
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magnet is generally the region with the smallest field
curvature and greatest uniformity. The superconducting
magnet used in the MPM S has additional windingstoward
the ends of the magnet to further reduce the curvature of
the field near its central region. The detection coils are
centered along the length of the magnet to take advantage
of the field uniformity near the center. Variationsin field
due to sample motion during ameasurement can be further
reduced by shortening the scan length so the measurement
is made in only the most uniform portion of the magnet.

6 T T T T
H_.,=00G

set
4 F (No-overshoot Mode 4
HSSCI =-50kG= 0G)

z (cm)

Figure C1. The magnetic field as a function of position z along
the axis of a 55-kG solenoidal magnet, H(2), in an MPMS
magnetometer after reducing the transport current through

the magnet to zero (remanent profile Hy, = 0) from a field of
He = +50 kG using the no-overshoot mode. This H(z) profile
was measured directly using a Hall-effect device mounted on a
probe. Note that the point midway along the length of the
magnet (center) isdefined asz= 0.

Figure C1 shows the magnetic field as a function of
position, z, along the axis of a 55-kG solenoidal magnet
in an MPM S magnetometer after reducing the transport
current of the magnet to zero (Hy, = 0) from the field
setting Hyy = -50 KG (Hg, = -50 kG = 0 G) using the no-
overshoot mode. ThisH(2) profile was measured directly
using a Hall-effect device mounted on aprobe. Asshown
in Figure C1, from z = -3 to +3 cm the field changes by
about 5 G and isfairly symmetric about the center. Using
a computer fit, the shape of the H(2) curvein Figure C1
can be approximated by the relation H(z) = -2.99-0.11 z
+ 0.65 z2 G. (Additional information about field
uniformity at longer distances from the center of the
magnet can be found in Quantum Design’s Technical
Advisories #1 and #6.)

Figure C2 shows a comparison between the H,, = 0
profiles obtained using the no-overshoot mode for two
different field-change sequences. In one case, the field



was set to zero (Hg, = 0) starting from a field setting of
He = +50 kG (H, = +50 kG = 0 G) and, in the other
case, the field was set to zero starting from a field with
the opposite polarity, Hyy = -50 kG (Hs, = -50 KG = 0
G). These two remanent profiles are nearly symmetric (a
mirror reflection) about H = 0. The differences in the
final state of the magnet (the specific spatial dependence
of the field) and how the state depends on the particular
sequence of magnetic field changes is crucial to
understanding the various anomalies that can occur when
measuring superconducting samples. The different H(2)
profiles produced by the two different sequences will
result in very different magnetic-field histories when a
sample is measured under these two different conditions.
(Magnetic-field history refersto the sequence of magnetic
fieldsto which the sampleitself isexposed. Thisincludes
the field changes due to changing the current in the
magnet, but it also includes the field changes that occur
when the sample is moved to different positions in the
magnet where the field value is different due to the field
non-uniformities.) For samples exhibiting irreversible
(hysteretic) properties (e.g., superconductors and
ferromagnets), the value of the magnetization can be a
very strong function of the magnet-field history.

40 . .
i No-overshoot Mode i i
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Figure C2. A comparison between the remanent profiles
obtained using the no-overshoot mode. In one case, the field
was set to zero (Hy = 0) from a field setting Hy, = +50 kG and,
in the other case, the field was set to zero from Hg, = -50 kG.
Also shown is the effect of setting Hg, = +25 G using the
no-overshoot mode from each of the two remanent states.

Figure C2 also showsthe effect of using the no-overshoot
mode to set an Hy, = +25 G field from each of these
remanent states (Hy, = +50 KG = 0 G = +25 G and
Heq = -50KG = 0 G = +25 G). The profiles essentially
retain the same shape and relative amplitude variation,
however neither profile is displaced by +25 G from its
H. = 0 position. Instead, the H, = +25 G profiles are
now nearly symmetric about H = +25 G, with the profile

associated with aninitial setting of Hg, = -50 kG displaced
by an additional +9 G and the profile associated with the
initial setting of Hg, = +50 kG displaced by about -9 G.
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Figure C3. A comparison between the remanent profiles
obtained using the oscillate mode. In one case, the field was set
to zero (Hy = 0) from a field setting Hy, = +50 kG and, in the
other case, the field was set to zero from Hg, = -50 kG. Also
shown is the effect of setting Hy, = +25 G from each of the

Hs = O states using the no-overshoot mode.

Each of the field-change methods avail abl e (no-over shoot,
oscillate, and magnet reset ) on the MPM S will produce a
different H(2) profile. Figure C3 shows the remanent
profiles produced when the oscillate mode is used for the
same field-change sequences that were used to produce
the curvesin Figure C2. By comparing the amplitudes of
the curves in Figure C2 and C3, it is clear that using the
oscillate mode reduces the amplitude of the non-
uniformity considerably compared to the no-overshoot
mode, with H(z) varying by only 0.4 G from z=-3t0 3
cm for the oscillate mode compared with an H variation
of about 5 G over the same length when using the no-
overshoot mode. The shape of the H, = +50 kG = 0 G
curvein Figure C3 can be approximated by H(z) = 6.23 -
0.0024 z + 0.056 z2 G. Note that when using the oscillate
mode, the H, = 0 curves are not symmetric about H = 0.
Instead the Hy, = -50 kG = 0 G curve straddles H = 0
whilethe Hy, = +50 kG = 0 G curveisdisplaced by about
+6 G from H = 0. Remarkably, when the magnet is now
set to Hy, = +25 G (using the no-overshoot mode only for
this last field change), both H(z) profiles fall fairly close
toH = +25 G. However, the shapes of the profiles change
somewhat from the shape observed at Hg, = O, which is
particularly true for the Hy, = -50 kG = 0 G curve.

The other method that can be used to alter the H(z) profile
isthe magnet reset option. The remanent profiles produced
for the cases when the field is set to H,, = 0 from
H, = +50 kG and -50 kG using the magnet reset, are shown

ErrecTs oF MAGNETIC FIELD UNIFORMITY ON THE MEASUREMENT OF SUPERCONDUCTING SAMPLES 7



in Figure C4. The amplitudes of the curvesin Figure C4
arevery small, with an H(2) variation lessthan 0.1 G from
z = -3 to +3 cm, which compares with an H(z)-variation
of about 5 G when using the no-overshoot mode and 0.4
G using the oscillate mode. The H(z) curve can be
approximated by H(z) = -0.501 + 0.020 z + 0.0023 z2 G.
The Hg, = 0 curves are not symmetric about H = 0. In
this case the Hy, = +50 kG = 0 G curve straddles H = 0
whilethe Hg, = -50 kG = 0 G curveisdisplaced by about
-0.6 G from H = 0. The Earth’s magnetic field is about
0.5 G and the system was not magnetically shielded in
these studies. When the magnet is now set to H, = +25
G (using the no-overshoot mode for only this last field
change), both H(2) profiles are now fairly close to H =
+23 G and the shapes of the profiles change somewhat
from the shape observed at H,, = 0. In both cases the
H(2)-variation fromz=-3to +3 cmisstill smaller thanin
either the no-overshoot or oscillate modes, varying by less
than about 0.1 G.

40
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L —O—H,, =256 H, - +50K0 =06 =+250]
0 F —0—H,,, =00e (H,_ = +50kG =00} .
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Figure C4. A comparison between the remanent profiles
obtained using the magnet-reset option. In one case, the field
was quenched to zero (Hg = 0) froma field setting He, = +50
kG and, in the other case, the field was quenched to zero from
He = -50 kG. Also shown is the effect of setting He, = +25 G
using the no-overshoot mode from each of the remanent states.

We want to emphasize that the field profiling [H(2)]
measurements and the experimental data presented in this
report were collected from a single MPMS instrument.
In particular, itisnot generally truethat different magnets
on different instruments will all behave in the same way,
even if the magnet is the same model as the one used to
collect the data described in this report. Experimental
measurements at Quantum Design have shown that the
remanent fields in the MPM S magnets vary significantly
from one instrument to another. We have no explanation
for this behavior, but we speculate that the detailed nature
of the remanent fields in any particular magnet probably
depends strongly on the microscopic structure of its
superconducting wire, which can ultimately be traced back

8 QuaNTUM DESIGN

to the metallurgical properties of the original materials
and the exact process by which the wireis fabricated. In
any event, we want to warn the reader that one cannot
directly apply the quantitative results on field profiles
presented in thisreport to any other magnetometer system.
While the general trends observed for field change
sequences should apply to all MPMS systems, it is
important to properly characterize the field profiles
experimentally for your own individual system.

D. Effects of Field Uniformity on
Superconductor Measurements

1. Magnetic Properties of Superconductors - Briefly

The magnetic behavior of superconductors is fairly
complicated. The complicated nature of their behavior is
due in part to the fact that the magnetic behavior of a
superconductor can depend very strongly on the form of
the material (e.g., polycrystalline or single crystal) aswell
ason the density and types of defects present in the specific
sample. This also means that the magnetic behavior can
be altered by processes that effect the material’s structure.

When a small magnetic field is applied to a
superconductor, supercurrents induced near the surface of
the superconductor can completely screen the applied
magnetic field from the interior of the sample (B = 0
inside). This corresponds to the initial portion of the
magnetization as a function of applied field, M(H), curve
in Figure D1, which has a slope of -1 (SI) [-1/4x (cgs
units)]. This regime is often referred to as the Meissner
state. For an ideal type-ll superconductor the sample's
interior would remain completely screened up to the lower
critical field H_, after which the magnetic field penetrates
into the samplein the form of quantized lines of magnetic
field (flux vortices). The amount of flux that has
penetrated into the sample is proportional to the flux
density, B. The relationship between B, H, and M is also
shown in Figure D1. A key point about the ideal M(H)
curve shown in Figure D1 isthat it is reversible, with M
following the same curve both on increasing and
decreasing H. A superconductor exhibiting this ideal
behavior would not be able to support a supercurrent for
magnetic field levels above H_, because under these
conditions the penetrating magnetic flux lines provide a
mechanism for the dissipation of the supercurrents.

In order to support a supercurrent above H;, the flux
vorticesin asuperconductor must beimmobilized. When
atransport current flows in an ideal superconductor with
penetrating flux lines, the Lorentz force (F, = J x B) acts
on the vortices which results in motion of the vortices
through the sample. The moving vortices result in
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Figure D1. Theideal M(H) curve for areversible type-11
superconductor. Below the lower critical field, H,,, the
superconductor completely screens out the applied magnetic
field H (or H,). SinceB = H + 4aM (cgs), then M = -H/4x
for H < H,,. Just above H, some of the applied magnetic field
penetrates into the superconductor in the form of flux vortices.
The amount of flux penetration is proportional to B and, asthe
applied field continues to increase, a larger fraction of the
applied field penetrates into the superconductor. At the upper
critical field H,, the applied field fully penetrates (B = H) and
the sample goes normal.

dissipation giving the superconductor a resistance. An
effective mechanism for immobilizing flux vorticesis to
introduce defectsinto the material which can serve assites
for “pinning” the flux vortices. This pinning is usually
the result of aflux vortex having alower energy at adefect.
With a sufficiently large density of defects present in the
superconductor, a supercurrent can be supported up to the
critical current J,, which is where the Lorentz force
associated with the applied current just exceedsthe pinning
force. Flux motion is only one of the mechanisms that
canlimit J.. Clearly the dissipation mechanism that results
in the smallest J, (the one that produces dissipation at the
smallest value of J) is the one that will determine J, for
the sample.

One important consequence of flux pinning is that the
M (H) curvewill now beirreversible below the vortex-solid

transition. This means that the M(H) loop will be
hysteretic, following adifferent M(H) curvefor increasing
H than for decreasing H. The hysteresis will increase as
the pinning strength increases and there will be a
corresponding increase in J.. This effect is the basis of
the Bean Critical State model which can be used to relate
the J, of a sample (a transport property) to the sample's
magnetization using a geometrical factor (see Appendix
A for a brief description of the Bean model).2 It is
important to realize, however, that irreversibility results
in ahistory dependence for properties like magnetization,
so that the sequence of magnetic field changes and
temperature changes can both effect the value of the
magnetization measured for an irreversible sample. An
accurate (or even relevant) measurement of many
propertieswill require the proper preparation (a particular
sequence of field and temperature changes) to place the
sample in the state where a meaningful measurement can
be made.

2. Effectsin the Reversible State

Asasampleis moved along the axis of the magnet during
a measurement in a magnetometer, the field H at the
sample will change as a function of position due to the
non-uniformity of the magnetic field. A very important
consequence of this changing local field is that this will
produce a position dependence for the true magnetic
moment of the sample, m(2), since the sample’s moment
depends on the applied field in which the sample actually
resides. Superconductorsinthe Meissner state have avery
large, negative volume susceptibility M/H =y = -1/4x (cgs
units) ~ -0.08 emu/cm®G. For a sample of a
superconducting material having adensity of 5 gram/cm?
and a mass of 1 milligram, a field change of about 5 G
would correspond to a magnetic moment change of about
8 x 10°%emu. For a thin superconducting sample in a
perpendicular field, the demagnetization effects would
produce much larger magnetic fields leading to
correspondingly larger changes of the magnetic moment
with position.

For an ideal superconductor in the Meissner state, the
superconductor acts like a perfect, reversible diamagnet.
Thus, the magnetic moment m is proportional to the
negative of the applied field. To completely screen out
the applied field from the interior of the superconductor,
shielding currents near the surface of the superconductor
increase in proportion to the applied field. Thus, small
positive increases in the magnetic field at the sample will
result in the magnetic moment of the Meissner-state
superconductor becoming more negative. Figure D2
shows the measured H(2) profile for afield setting He,, = 0
which was set using the no-overshoot mode from a setting
He, = -50 kG. The local H experienced by the sample
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Figure D2. The measured H(2) profile for afield settoHy, = 0
using the no-overshoot mode from H,, = -50 kG (H, = -50 kG
= 0G). m(2) isa calculation of the magnetic moment of a
reversible superconductor asit experiences this particular H(2)
dependence. mis not constant during a measurement, but rather
varies proportionally with the local H value as the sample moves
along z. In this calculation the second-order polynomial fit to
the H(2) profile in Figure C1 was used.
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Figure D3. The SQUID output signal V() for a dipole moving
through the detection coil for the ideal situation in which the
magnitude of the moment is unchanged during the measurement,
i.e. m(2) = negative constant. Also, the SQUID output signal
V(2) for a superconductor sample in the Meissner state having
the m(2) dependence shown in Figure C1.

initially increases as the sample moves from its starting
position, plateaus near the center of the magnet (z = 0),
and then decreases. A calculation of the effect of this
particular non-uniform field profile (non-uniformity) on
the position dependence of the magnetic moment, m(2),
of areversible superconductor isalso shownin Figure D2,
where it can be seen that m(2) initially decreases then

10  QuanTum DEsiGN

increases after the sample passes through the center of
the magnet. Thus, for a superconductor in the Meissner
state, m(2) is not constant during a measurement, but rather
will have a component that varies proportionally with the
field variations it experiences during the measurement.

As shown in Figure D3, in the case of a superconducting
sample, the effects of field non-uniformity on the SQUID
output signal can be surprisingly significant. The open
circles in Figure D3 have been calculated to show the
expected SQUID output signal, V (2), for asuperconducting
sample with the position-dependent magnetic moment,
m(z), shown in Figure D2. The m(2) curve was displaced
by an additive constant so that m(z=-3) = 0 at the starting
point of the scan. (For comparison, the crossesin Figure
D3 show the SQUID output signal V(2) for the position-
independent constant-dipole model where m(z) = constant,
but m(z) isNOT zero.) A crucial observation hereisthat,
since the magnetic field was originally set to zero (Hy, =
0), there should have been no signal at all from the sample,
so in this particular case the entire SQUID output signal
is an artifact of the non-uniform field caused by flux
trapped in the magnet. Note that this spurious output
signal isvery similar in shapeto theideal constant-dipole
signal, including the symmetry about z = 0, but the extrema
are now located closer to z=+1.47 cm than they areto the
z=+1.55 cm positions associated with the constant-dipole
model. It is neither accurate nor useful to consider this
artifact signal as a measurement of the sample’s magnetic
moment. Even though the analysis algorithm will return
avalue for the magnetic moment when it operates on this
artifact signal, this “apparent magnetic moment” value is
merely a best fit to the SQUID output signal which is
produced by local field changes during the motion of the
sample. Infact, for asuperconductor in the Meissner state,
m(z) should be constant and equal zero when H = 0. The
measured response is a true magnetic measurement of the
sample, however, it is not the particular measurement
which the analysis programs were designed to analyze.

V(2) signals for which the extrema occur closer to z= 0
than those of point-dipole signals have been observed for
years when measuring superconductors, particularly near
T..>* Theorigins of these signals have been very difficult
to explain, and models employing contributions from
higher-order magnetic multipoles hasfailed to account for
these observations. Recently, however, it was shown that
these kinds of signals could be produced when the
magnetic moment has a spatial dependence,>¢ as shown
in Figure D3.

It was shown in Section C (see Figure C2) that the H(2)
profilesfor the H, = +50 KG = 0 G and H, = -50 kG =
0 G sequences were essentially mirror images of one
another about H = 0. Since the magnetic moment of the



superconductor is proportional to the field, H, in which it
resides, it followsthat apair of H(z) curvesthat have mirror
symmetry about H = O will produce a pair of m(z) curves
that have mirror symmetry about m= 0. This can be seen
by comparing the curves with open circles in Figures D3
and D4, which are clearly mirror images about m=0. This
example is meant to help to reinforce the conclusion that
theV(2) output signal in these casesis merely a particular
magnetic response resulting from transporting a
superconducting sample through a non-uniform magnetic
field, rather than a measurement of a dipole moment of
constant amplitude. Even though they are essentially
artifacts, computer fitsto theV(2) curves shownin Figures
D3 and D4 would produce moment values of the same
magnitude but opposite in sign. Specifically, a negative
apparent moment m* would result for the V(2) curve in
Figure D3 and a positive m* for the curve in Figure D4.

V(z)

—X— m= -1 = constant

-2r (No-overshoot Mode
HSsq =+50kG=> 0 G)
_ 3 | 1 | |
-3 -2 -1 0 1 2 3

z (cm)

Figure D4. The SQUID output signal, V/(2), for a superconductor
sample in the Meissner state calculated using the H(2) profile
resulting from the field-change sequence Hy,, = +50 kG = 0 G.
The SQUID output signal for the ideal case (m = negative
constant) is plotted for comparison.

3. Effectsin thelrreversible State

The onset of irreversibilities dramatically changes the
magnetic properties of a superconductor. Prior to the
discovery of high temperature superconductors (HTS) it
was usually assumed that the onset of irreversibilities
coincided with the upper critical field, Hg,, which is the
boundary that separates the superconducting and normal
(non-superconducting) states of atype-11 superconductor.
In HTS materials observations of alarge separationin field
(or temperature) between the onset of irreversibilities, and
the apparent onset of the strong diamagnetic response
associated with superconductivity, led to the identification
of a previously unexpected phase transition, now known
asthe vortex-solid phase transition. This phase transition

separates a higher-temperature phasein which J. isalways
zero, and flux vortices cannot be pinned, from a lower-
temperature phase in which J. > 0 and vortices can be
pinned. Whether or not one should regard the J, = 0 phase
as superconducting remains a controversial question
(mostly of semantics) because the J, = 0 phase cannot
support asupercurrent without dissipation (resistance) yet
there appears to be a significant density of Cooper pairs
present in this phase. It can be difficult to reconcile that
the flux vortices causing the dissipation are entities
associated with superconductors and local supercurrents,
yet the word “superconductor” suggests a macroscopic
zero resistance state.

A common method for identifying the onset of
irreversibility isto make measurements along two different
paths that expose the sampleto very different temperature
and/or field histories.” As mentioned earlier, for
superconductors the most popular method has been the
zero-field-cooled/ field-cooled (ZFC/FC) measurement. In
this case the sample isfirst cooled in zero applied field to
the lowest measuring temperature (ZFC). After
temperature stabilization, a field is applied and data are
collected as the sample is warmed to above T.. Another
set of dataisthen collected asthe sampleisslowly cooled
in the same field from above T, which is designated FCC
for field-cooled-cooling.

Figure D5(a) shows the ZFC- and FCC-m*(T) curves
measured for the YBCO film in which the magnetic field
is applied perpendicular to the film, parallel to the
crystallographic c-axis. [Figure D5(b) isan expanded view
of the data over anarrow temperature range near T..] The
behavior observed hereisnot particular to HTS materials.
These films are generally regarded as strong pinning and
have very high J, values bel ow the vortex-glass transition.
The scan length was 2.5 cm (z = £1.25 cm) in all cases
and the apparent moment values, m* , were determined
using the linear regression routine to analyze the SQUID-
output V(2) curves. For the ZFC curves the field was set
to Hy, = 0 at atemperature above T.from either Hg, = +50
kG or Hg, =-50 kG using either the no-overshoot, oscillate,
or reset modes. The sample was then cooled to the lowest
measuring temperature (T = 5 K) where the field was set
to H, = +25 G using the no-overshoot mode. FCC curves
were measured immediately after the corresponding ZFC
curve. Figure D5 showsboth sets of ZFC- and FCC-m*(T)
curves measured in Hg, = +25 G for the two different field-
change sequences.

From Figure C2 it follows that the two sequences Hy, =
+50 kG = 0 G and Hg, = -50 kG = 0 G will generate
H(z) profiles that are mirror images of one another.
Similarly, thereisaremarkable mirror symmetry between
the two FCC-m*(T) curves of Figure D5, including even
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Figure D5. (a) ZFC- and FCC-m*(T) curves measured at 5
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He = +25 G. Hg, = 0 was set above T, using the field-change 4- ﬁof <]
sequences Hy, = +50 kG = 0 G and Hy, = -50 kG = 0 G in the oAf T=80K ¢
no-overshoot mode, while the measuring field Hy, = +25 G was &
applied at T = 5 K in the no-overshoot mode after zero-field oF
cooling. (b) Expanded view of data near T.. Epr—
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. . . . O
the V(2) plots shown in Figure D6, with the symmetry in 0’ T —
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. . o) )
temperatures. Sincethe only difference between these two 6- & %
FCC-m*(T) curves is the field-change sequence used to 4 & % |
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transported during measurement. to Figure D5(b), when

He = 0 is set from Hg, = +50 kG, the FCC-m*(T) curve Figure D6(a). The SQUID output signals, V(2), near T, for the
initially turns positive asthe temperature islowered bel ow FCC data shown in Figure D5.

T., reaches a maximum and then becomes more negative

eventually reaching a plateau at a negative value of m*.
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The peak in the FCC-m*(T) curve strongly suggests the
presence of two competing effects, both of which are
produced by the transport through the field non-
uniformities. One of these effects dominates near T,
causing theinitial upturn, while the second effect increases
with decreasing temperature, eventually dominating the
behavior.
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Figures D6(b). The SQUID output signals, V(2), for
temperatures below T, for the ZFC data shown in Figure D5.

Support for two competing effects can be found in the
V(2) dataof Figure D6(a). At all the temperatures studied
the FCC-V(2) curves are related by a simple symmetry
operation (rotation about V = constant). At the lowest
temperatures the V(z) curves exhibit constant-dipole
behavior while at higher temperatures (T > 78 K) it is
evident that the extrema that are normally found at
z==x1.25 cm are observed to be much closer toz=0. The
|lower-temperature data are consistent with constant-dipole
behavior in which the true magnetic moment of the sample
does not change much during the measurement process,
while the higher-temperature “ compressed-peak” behavior
near T, ismore consistent with amoment that is changing
significantly during the measurement.

At lower temperatures the two ZFC-m*(T) curves shown
in Figure D5(a) are separated by an amount similar to the
separation of the two FCC-m*(T) curves and then for
temperatures very close to T, they become mirror images
about m* = 0. Very close to T, the ZFC curves follow
their corresponding FCC curves breaking away near the
peaksinthe FCC curves. Figure D6(b) showsthe SQUID
response V(z) curves for the data collected under ZFC
conditions. At the lowest temperaturesit can be seen that
the V(2) curves are very similar to the ideal SQUID
response signal, which is consistent with production of a
well-established critical state at the lowest temperature.
Near T., however, the ZFC-V(2) signals become quite
anomalous. For the V(2) data collected using H, = +50
kG = 0 G, it can be seen that the maxima located beyond
z = x1.25 cm in the ZFC-V(2) curves move closer to
z = 1.1 cm as the temperature increases from T = 86 K
to 88.5 K. In contrast to this, when Hg, = 0 is set using
Hsq = -50 KG = 0 G, a new maximum starts to push in
near the center (z= 0) of theV (2) curve asthe temperature
moves above T = 87 K and this new maximum becomes
quite clear by T = 88.5 K. Hence, the ZFC-V(2) curves
measured using the two different field-change sequences
are quite different in the temperature range from about T
=86 K to 89 K. At T =89 K and above, the curves
associated with the different field-change sequences
become related by a simple symmetry operation, i.e.,
reflection of theV (z) dataacrossalineV = constant. This
symmetry continues to be observed in the V(2) curves
to temperatures above T,. An examination of the two
ZFC-m*(T) curves, at temperatures of 89 K and above,
shows them to be symmetric about m* = 0.

Since we know that the two field-change sequences
produce H(z) profiles that are mirror images of one
another, the ability to relate the associated V (z) responses
by a simple symmetry operation is fairly strong evidence
that the magnetic response observed in thetwo ZFC-m* (T)
curves near T, is dominated by the effects of the non-
uniform field experienced by the sample asit istransported
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at lower temperatures the results should be an accurate ZFC data shown in Figure D7.
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measurement of the magnetic moment of the samplewithin
the error associated with the contribution from the non-
uniformities.

It was shown in Section C that by using the oscillate mode
to set Hy, = 0 it was possible to reduce the H(2) curvature.
Figure D7(a) shows the ZFC- and FCC-m*(T) curves
measured at H,, = +25 G when the oscillate mode
was used above T, for the two field-change sequences
Heq = +50 KG = 0 G and Hy, = -50 kG = 0 G prior to
setting H, = +25 G at T = 5 K. [Figure D7(b) shows the
same data in an expanded view in a narrow temperature
range near T..] Figure C3 showed that when Hg, = +25 G
was set from these two conditions, the mirror symmetry
observed about H = +25 for the no-overshoot mode was
not observed. In particular there is a difference in the
amplitude of the variations for the two H(z) curves. The

effects of these differences are reflected in the m*(T)
curvesin Figure D7(b), which no longer exhibit the nearly
perfect symmetry about m* = 0 that was observed for the
no-overshoot mode. Asis also evident in Figure D7(b),
as a result of using the oscillate mode, the maximum in
the ZFC- and FCC-m*(T) curves is located somewhat
closer to T, (89.7 K as compared to 89.1 K for the
measurements made using the no-overshoot mode.) Note
that the magnitude of m* for the pair of extremain the
FCC-m*(T) curvesisabout 1 x 10-° emu when the oscillate
mode is used, compared to m* values of nearly 1 x 10*
emu for the same sample using the no-overshoot mode.
This is entirely consistent with our previous observation
that the field uniformity following an oscillate mode
change is about a factor of 10 more uniform than when
using the no-overshoot mode. Thus, the oscillate mode
can produce a nearly ten-fold reduction in the magnitude
of the apparent moments associated with field non-
uniformities. Figures D8(a) and D8(b) show the FCC-
and ZFC-V (2) curves for several temperatures near T for
the data shown in Figure D7(b).

It was also shown in Section C that the field non-
uniformities could be reduced even further by using the
magnet-reset option. Figure D9(a) shows the ZFC- and
FCC-m*(T) curves measured at Hy, = 25 G, for the two
field-change sequences Hy, = +50 kG = 0 G and Hy, =
-50 kG = 0 G set using the reset option. [Figure D9(b)
shows the same data in an expanded view in a narrow
temperature range near T..] Asshown in Figure C4, both
He = +25 G curves have the same shape and amplitude
variation, and the curves vary by less than 0.1 G between
z=-2.5cm and 2.5 cm, with larger (~ 0.1 G) deviations
for |z > 2.5 cm. The similarity of the H(z) curves is
reflected in the m* (T) curvesin Figure D9(b), which again
show the high degree of symmetry about m* = 0 similar
to that observed for the no-overshoot mode. It is also
evident that the maxima in the ZFC- and FCC-m*(T)
curves are now located very close to T.. The m* values
for the extremum in the FCC-m*(T) curves are further
reduced, having an apparent magnitude of about 5 x 10
emu, compared to an apparent magnitude of about
1 x 10° emu for the oscillate mode and 1 x 10* emu for
the no-overshoot mode. The sharp change in both ZFC
and FCC curves so closeto T, arguesfor an onset of strong
flux pinning very closeto T.. Figures D10(a) and D10(b)
show the V(z) curves for several temperatures near T, for
the data shown in Figure D9(b).

E. Modeling the SQUID Signals
Resulting from Field Non-Uniformities

In Section D it was shown that the low-field FCC-m*(T)
data appear to be a result of the particular magnetic
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behavior of a superconductor moving through a non-
uniform magnetic field, rather than a measurement of a
constant magnetic moment. By merely setting the
measuring field (He = +25 G) of the magnet using two
different field-change sequences, two different FCC-m* (T)
curvesthat are mirror images about m* = 0 were produced.
The two sequences differ only in that one case involves
setting Hy, = 0 G from Hg, = +50 kG, while in the second
case Hy, = 0 G was set from Hg, = -50 kG. It was shown
in Section C that these two field-change sequences
generate H(z) profiles which are mirror images about
H = +25 G (see Figure C2). Thus, the mirror symmetry
of the FCC-m*(T) curves about m* = 0 is not at all
surprising when the effects of the field non-uniformities
on theV(z) SQUID signals are considered.

As discussed in Section D, near T, the ZFC-m*(T)
behavior also appears to be dominated by a magnetic
response associated with the field non-uniformities. Itis
interesting to see how the systematic reduction in thefield
non-uniformity, by using the oscillate mode and then the
magnet-reset option, leads to a reduction in the
temperature range below T, for which artifacts appear to
dominate the ZFC behavior.

By considering accepted models of superconductor
behavior, and using the experimentally measured H(2)
profiles, it should be possible to account for the observed
magnetic responses.?® The very large differences between
ZFC- and FCC-m*(T) curves observed under the most
uniform field conditions (using the magnet reset option)
suggest that strong-pinning effects completely dominate
very closeto T,. Thisindicatesthat the Bean Critical State
model should be applicable to the observed behavior, at
least in the cases where the field non-uniformity is large
enough to produce significant flux gradient penetration
and where J; is large enough to produce significant
magnetic moments.

Using the Bean Critical State model, calculations of the
expected SQUID output signals, V(2), and the position
dependence of the true magnetic moment m(z), that are
generated as the superconductor is transported through a
non-uniform field, were made for awide range of J, values
(seeAppendix A for more details). (Reference9isamore
realistic calculation that incorporates demagnetization
effects.) Examples of theresults of calculationsfor large,
intermediate, and small J, values (relative to the applied
field) are shownin Figure E1. A second-order-polynomial
fit to the measured H(2) profiles shown in Figure C2 was
used for the calculationsin Figure E1, with the H(Z) curve
displaced using an additive constant so that m(z) had the
initial value m = 0 at the point where transport through
the detection coil and the non-uniform field would begin
(z=-3). TheH(2) curve modelsthetransport of the sample
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Figure E1. Calculations of m(z) and V(2) based on the Bean
Critical State model in which the value m = 0 was used at the
start of the measuring cycle (z= -3 cm). The experimentally
measured H(2), following the Hy,, = 50 kG = 0 G sequencein
the no-overshoot mode, was used in the calculation. (a) A very
small J. value was used in which case the critical stateis
attained with only a small field change (closeto z= -3). (b) An
intermediate value of J. in which case the critical state is reached
after more than 1 cmof travel. (c) A large J, value in which case
the critical state is not attained over the full field excursion
experienced during the measurement.

from H = 0 through positivefield values. It canbeseenin
Figure E1(a) that, for the case of small J, values, the small
field increase that occurs shortly after the sample begins
the transport processis capable of driving the sampleinto
thecritical state[i.e., m(z) becomes a constant after asmall
field change]. Inthiscase, asthe sample passes the center
(z = 0) the field decreases and then m(2) increases, with
m(2) actually attaining a positive value by the end of its
travel. The convoluted shape of the associated SQUID
output signal, V(2), is aso shown in Figure E1(a). The
behavior of m(z) and V(2) are shown in Figure E1(b) for
intermediate J, values and in Figure E1(c) for large J,
values. For the intermediate J, value chosen here, the
critical state is reached closer to the center of the travel
while in the large J, case, the field non-uniformities are
not large enough for the sample to reach the critical state
and m changes continuously during transport. Inall cases
for the H(2) profile used, the sample has a positive moment
by the end of its travel (at z= 3.0 cm).

To account for the observed behavior it is useful to
consider the effects expected when a strong-pinning
superconductor is cycled through a small m(H) loop. In
the present case, the changesin H occur when the sample
is moved through the non-uniform field during a
measurement. The M(H) behavior for a strong-pinning
superconductor is shown schematically in Figure E2.
Cycling a strong-pinning superconductor up and down in
field from H = 0O [through half an M(H) loop] leaves the
superconductor in aremanent state, and cycling to positive
field values will leave the superconductor in a remanent
state with a positive magnetic moment (or magnetization).
This effect was pointed out in the Bean-model calculations
shown in Figure E1, where an excursion to positive fields
due to the particular H(z) profile produces a positive
magnetic moment which is evident asthe positive mvalue
at the end of the travel. Very closeto T, J, isvery small
and a significant remanent magnetization is not likely to
be produced. However as J. increases with decreasing
temperature, cycling the sample in the non-uniform field
should produce a significant remanent magnetization,
particularly when the field non-uniformities are large.

The calculations shown in Figure E1 and the schematic of
the Bean model in Figure E2, suggest that after one
measuring cycle the sample should actually have a
remanent magnetization prior to the beginning of the
sample’s next cycle. Within the Bean model there is a
limit on the size of this remanent magnetization. When
the sample begins moving to positive (increasing) fields
— aswhen Hg, = -50 kG = 0 G isused but with apositive
remanent magnetization (at z = -3.0 cm) — the true
magnetic moment will gradually decrease, cross through
m = 0, and become negative, reaching a minimum at the
position of largest positive field value (usually at the
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Figure E2. (a) A magnetic moment as a function of applied
magnetic field curve for a sample exhibiting ideal Bean-Critical-
State-model behavior. (b) The effects on magnetic moment
resulting from cycling the sample through the non-uniform
magnetic field. In this case the H(2) profile resultsin the cycling
of the sample to positive field values leaving the sample with a
positive remanent magnetization. The sample follows the
reverse path asit isreturned to the starting position. Datais
collected only on theinitial path. (c) In this case the H(2)
profile results in the cycling of the sample to negative field
values leaving the sample with a negative remanent
magnetization.

center, z=0). After passing the field maximum, the true
magnetic moment will become more positive, finally
returning to its positive starting value. An m(2) curve
exhibiting this behavior is shown in Figure E3(a). A
computer fit to this V(2) signal would return a negative
value for the magnetic moment. Thus, the “apparent”
effect of flux pinning produced by field non-uniformities
(when the field excursions initially move the sample to
more positive fields) would be to produce a negative
apparent magnetization. Thisshould be the case no matter
how large J. becomes. This sequence was used for the
FCC-m*(T) datashownin Figures D5, D7, and D9. Thus,
it can be seen that in all cases the apparent magnetization
becomes negative just below T, and in the case when the
reset option was used, m* stays negative down to the lowest
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Figure E3. Bean model calculations similar to those of Figure
E1 except that the magnetic moment at the start of a scan

(z= -3) isnot zero. From (a) to (c) the initial mvalue increases
showing that the shape of the V(2) curve evolves from one that
would produce a negative apparent magnetic moment m* value,
(a) when thereis a small initial mvalue, to one that would
produce a positive apparent magnetic moment m* value,

(c) when thereisalarger initial mvalue. Thisscenariois

not supported by present Bean model calculations, even those
which include demagnetization effects.



temperatures. However, the FCC-m* data for the oscillate
and no-overshoot modes reverse sign at lower temperatures.

Figure E3(b) and E3(c) show calculationsthat demonstrate
what could happen if the remanent magnetization could
increase beyond the expectations of the Bean model. With
increasing remanent magnetization at the beginning of the
sample’stravel, theV (z) signal evolvesfrom what initially
would produce a negative apparent moment m* using a
computer fit [Figure E3(a)], into a signal that would
produce a positive apparent moment m* using a computer
fit [Figure E3(c)]. Unfortunately, even though this
scenario (of larger and larger remanent magnetization
values) could explain the observations thereis no apparent
reason why the remanent magnetization should increase
beyond the expectations of the Bean model. Thus, we
presently have no explanation for the reversal in sign of
the FCC-m*(T) curves that is observed when the no-
overshoot or oscillate modes are used prior to setting the
measuring.

At some point below T, the effects of field non-
uniformitieswill no longer dominate the ZFC-m* (T) data.
The crossover from artifact dominated m* values to more
quantitatively-accurate magnetic-moment values occurs
closer to T, asthe field uniformity increases. When using
our particular samplein the specific geometry chosen, the
magnitude of V(2) generated by field non-uniformities
when the no-overshoot modeis used, is comparableto the
V(2) signal generated by a sample with a dipole-moment
of about 2.5 x 10* emu, while for the oscillate mode it
compares with amoment of about 1.5 x 10 emu. For the
magnet reset option, the V(z) associated with field
non-uniformities is comparable to a moment of about
0.5 x 10* emu. For the ZFC-m*(T) measurement, the
sample has an m* magnitude of about 3.5 x 102 emu at
the lowest temperatures and this gradually decreases with
increasing temperature. The crossover from accurate
magnetic moment data to artifact-dominated data occurs
approximately at the point where the ZFC-m*(T) curves
associated with the two different field-change sequences
split. For the no-overshoot data this occurs at a
temperature of about 84.2 K, where the apparent magnetic
moment m* has a magnitude of about -3 x 10° emu.
For the oscillate mode the split occursat T = 89.5 K (and
m* = 4 x 10 emu) while thereis no evidence of asplit for
the data collected after using the magnet reset option.

For those cases in which temperature is the parameter of
importance (e.g., T,) it is possible to use the appearance
of non-dipole V(z) signals to make very accurate
determinations of the characteristic temperature as
suggested by Suenaga et al.* We have determined J,to the
resolution of the 0.25 K temperature steps using the
appearance of non-dipole V(2) signals. Remarkably, the

larger the non-uniformity of the field, the larger will be
the non-dipole signal s produced, so that when determining
a characteristic temperature one may actually take
advantage of datawhich might otherwise beregarded asa
“problem” or artifact. The V(z) signal is always a
legitimate measurement of the magnetic response. The
appropriate analysis of the output signal can provide
valuable quantitative magnetic information.

F. Effects of Field Non-Uniformities
in Large Applied Fields

Asthe magnetic field isincreased, the onset of irreversible
magnetic behavior at the vortex-solid phase transition T,
moves to lower temperatures. The combination of ZFC-
and FCC-m*(T) measurements has become a standard
method for identifying the onset of irreversibilities at T,
This method exploits the history dependence associated
with irreversible behavior, since as mentioned earlier, the
observed M value depends on the particular sequence of
field and temperature changes that brought it to its present
state. The temperature range over which the ZFC- and
FCC-m*(T) curves are separated correspondsto the region
of (strong) pinning, and therefore irreversible behavior,
while the temperature range over which the curves are
superimposed usually corresponds to reversible behavior.

The application of alargefield can lead to some additional
complications. What had been a very small background
contribution in small fields can now become a significant
contribution to the signal. An extreme example of this
effect is a thin superconducting film on a relatively thick
substrate. The very small mass of superconducting
material — in the present case thereis about 5 micrograms
(5 x 10 g) of superconductor on a substrate with a mass
of 34 milligrams (34 x 10°*g) — means that above T, the
signal can be strongly dominated by the substrate. If the
J. of the film is large enough, the superconductor’s
magnetization will dominate at some temperature below
T, and the larger the value of J;, the closer in temperature
to T, it will dominate. (While a diamagnetic
superconducting response is expected between the vortex-
solid transition and H,, this signal is usually too small to
observe experimentally for athin film sample.) The same
considerations exist for crystals and bulk samples as for
thin films, with the relative magnitudes of the background
and sample signal determining how important the
background contribution will be.

When the contributions of the background and sample are
of comparable magnitude, it is often not a simple matter
to subtract out the background contribution. A further
problem arises when the center-of-mass of the sample and
the center-of-mass of the background are displaced

ErreCTS oF MAGNETIC FIELD UNIFORMITY ON THE MEASUREMENT OF SUPERCONDUCTING SAMPLES 19



O.CH:)S T T T T
(@
0 -
- 0005
=
g
=~ 001 OsdllateMode |
*E H_, =10kG
-0.015 - R 4 TFC (H,, = +50KG = 0G = 10KG)
—O—FCC (H, _ = +50KG = 0G = 10k0)
002 - —a— ZRC(H, = -S0KG =00 = 10k5) |
—>¢—FCC (H,__ = -S0KG =06 = 10kG)
0005 LT ! ! !
0 20 40 o0 80
TX)
0
-0.0002
=
§ -0.0004
k.
g
-0.0006 7
—O—FCC(H,_ = +S0KG =06 = +10kG) &
|—e—ZFC(H__ = -S0KG =06 = +10kG) J| |
00008 pec (Hs:cl1 = S0KG =06 = +10kG}]]
4
_OICK)]- 1 1 1 1 1 1 1 1
50 35 o0 (&%) 70 75 80 85 90
TX)
6107 ——————
Osdllate Mode
H_, =10kG
6510 st 1
——ZEC(H, = +50KG = 0 = +10k0)
- 5 —O—FCC (H, = +50KG =0 = +10k0)
E T107r —a— ZRC(H, = -S0KG =06 = +10kG) |
z —>—FCC(H, = -S0KG = 0G = +10KG)
k.
B 75107
8107 |
8.5 107 '

84 845 8 855 86 865 87 875 88
T ()

Figure F1. ZFC- and FCC-m*(T) curves measured at

Hy = +10kG. Hg, = O was set above T, using the field-change
sequences Hy, = +50 kG = 0 G and H, = -50 kG = 0 G inthe
oscillate mode, while the measuring field Hg, = +10 kG was
applied at T = 5 K using the no-overshoot mode after zero-field
cooling. (a) Measurements over the full temperature range,

(b) on expanded x and y scales, and (c) near T,.
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spatially (primarily along z). This is a problem for all
kinds of magnetometer measurements, not just for SQUID
magnetometer measurements made with the MPMS, since
magnetometers are usually designed to determine the
magnetic moment of samples that approximate point
dipoles. (Thisissue was discussed at some length in the
Quantum Design Application Note #1.) Another effect
which can also complicate an otherwise straight-forward
background correction is the fact that below T, the
screening of the superconductor can change the local
magnetic field experienced by the background. Thus,
measuring the background above T, or in a separate
measurement may not reflect its actual contribution below
the T, of the sample.

Figure F1(a) shows ZFC- and FCC-m*(T) curves measured
at Hy, = +10 kG over the full temperature range studied.
H.. = 0 was set above T, using the field-change sequence
Heq = +50kG = 0 G or Hy, = -50kG = 0 G inthe oscillate
mode, whilethe measuring field H,, = +10 kG was applied
at T =5 K using the no-overshoot mode after zero-field
cooling. Onthescalein Figure F1(a) the FCC-m*(T) data
remains very close to zero, with some small features
evident at higher temperatures. Figure F1(b) shows the
same results with expanded scales. There are clearly
differences between the data in which the H, = +50 kG
= 0 G sequence was used in the field preparation
compared to the data in which Hy, = -50 kG = 0 G was
used. In Figure F1(b) it is much more evident how m*
increases just below T, for both field-change sequences.
This reflects an evolution of the H(z) profile at larger
fields. Also more evident is the significant diamagnetic
signal above T, which has its dominant contribution from
the substrate. Since the parameter of interest in the ZFC/
FCC measurement is a characteristic temperature rather
than amagnetization value, it is possible to use the changes
in the V(2) signals to make very accurate determinations
of the onset temperature for irreversible behavior.®

Figure F1(c) shows the same data near T,with scales
further expanded. The vortex-solid transition at T, is
identified in thefigure asthe point where the pairs of ZFC-
and FCC-m*(T) curves become superimposed. Because
the signal in this case is so heavily dominated by the
substrate there is no evidence of the equilibrium
magnetization of the superconductor expected at
temperatures between T, and the temperature of the upper
critical field, T,,. TheV(2) signals near T, are shown in
Figure F2 where it can be seen that there is a dramatic
changein the shape of theV (z) signal at T, with constant-
dipole curves above T, =~ 85 K and extremely anomalous
curves below T,. Figure F3 shows the V(2) signals
associated with the datain Figure F1 over a larger range
of temperatures.
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Figure F2. TheV(z) signals near T, for the FCC data shown in
Figure F1.

The ZFC- and FCC-m*(T) curves measured at H, = +10
kG — when the no-overshoot mode was used during the
field-change sequences Hy, = +50 kG = 0 G and Hy, =
-50 kG = 0 G — are shown in Figure F4. These curves
are slightly different than those observed for the oscillate
mode, and a brief examination of Figure F1(c) and F4(c)
show that it is easier to determine the temperature of the
transition, T,, when the less uniform field is used. In
Figure F4(c) there is a clear departure from the four
superimposed curves at a temperature of 86 K.

The H(2) profilesin Figure F5 show how H(2) evolves as
H., increasesfrom +1 kG to +5 kG. The associated FCC-
m* (z) curves are shown in Figure F6. It can be seen that
for the curves in which Hg, = +50 kG = 0 G was used,
the H(2) profiles evolve from having a minimum near z =
0, into an asymmetrical curve (with respect to z = 0) with
aminimum, and finally into curves with a maximum near
z=0. Onthe other hand, the H(2) curvesfor which Hg, =
-50 kG = 0 G was used, always have amaximum near z=
0, thus the H(2) profile with a maximum near z = 0 is
characteristic of increasing H with a change of about 5
kG required to reverse the H(2) profile (for amagnet state
produced under these particular conditions). The evolution
of the H(2) profilesisreflected in the FCC-m*(2) data in
Figure F6 where the curves associated with Hg, = +50 kG
= 0 G become more positive and progressively approach

Oscillate Mode
ZFC
H_ . =+50kG=0G = +10kG
ssq
61.0 2 IT=815K
o 1 Pt
1 0 T
-1 4
O |
2 2 |
< il
O = |
1 |
-1F .,
0 ® |
2 &
-1 |
-3 |
b)) Ly L .
o 1 |T=855K|
|
-1 0 !
| -1 |
-2 > |
_3— _3
-4
1 1
0
¥ -1
1 2
2 -3
‘ 4 ‘
-1.25 0.0 +1.25 -1.25 00 +1.25
z(cm) z (cm)

Figure F3(a). Some of the SQUID output signals V(z) associated
with the ZFC data shown in Figure F1.
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Figure F3(b). Some of the SQUID output signals V(z) associated
with the FCC data shown in Figure F1.
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Figure F4. ZFC- and FCC-m*(T) curves measured at

He = +10kG. Hg = 0 was set above T, using the field-change
sequences Hy, = +50 kG = 0 G and Hy,, = -50 kG = 0 G inthe
no-over shoot mode, while the measuring field Hg, = +10 kG was
applied at T = 5 K in the no-overshoot mode after zero-field
cooling. a) Measurements over the full temperature range,

b) on expanded x and y scales, and c) near T,
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Figure F5. The H(2) profiles produced using the no-overshoot
mode as measured using a Hall-effect device, evolve in shape
as the magnetic field valueisincreased. For the case when
Hs, = -50 kG = 0 G isused to set theinitial field, the field
retains a maximum at the center (z= 0), whereas when

Hy, = +50 kG = 0 G isused, there is an evolution from a
minimum to a maximum as the field increases to Hy, = +5 kG.

the shape of the curves associated with the sequence
Hs = -50 KG = 0 G asthefield increases to +5 kG.

When the V(z) signals deviate significantly from a
constant-dipole response some rather unusual effects can
be observed in the behavior of the apparent magnetic
moment. For example, theresultsin Figure F7 show large
discontinuities in the m*(T) curves when the iterative
regression method (rather than the linear regression
method used in this study) was used to analyze the V(2)
results. Infact, thereisafactor of about 1.6 between the
values of m* above and below the discontinuities.



Repeating the signal analysis using the linear regression
method produces m*(T) curves without discontinuities.
The discontinuities are associated with a change in the
analysis method during the measurement. The computer
software places limits on the errors associated with the
iterative regression fit, and when this error is exceeded
the system will repeat the signal analysis using the linear
regression method. Since the signal is not a dipole-like
response, the different algorithms used in the different fit
routines can produce rather different apparent magnetic
moments m*. For this reason, in this study the linear
regression routine was used to generate all of the m*(T)
curves other than those in Figure F7.
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Figure F6. The evolution of the H(z) profiles shown in Figure F5
lead to a related evolution in the FCC-m* (T) behavior near the
vortex-solid phase transition at T,. In 1kG (a) the FCC-m*(T)
curve associated with Hy, = +50 kG = 0 G takes on more
positive values and by Hy, = +5 kG (c) the two FCC-m*(T)
curves exhibit nearly the same behavior.
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Figure F7. ZFC- and FCC-m*(T) curves measured at

Hy = +10kG. Hg, = 0 was set above T, using the field-change
sequence Hg, = +50 kG = 0 G in the no-overshoot mode, while
the measuring field was applied at T = 5 K after zero-field
cooling. The discontinuities are associated with a change in the
computer analysis method during the measurement, when a large
error is encountered in the iterative regression algorithm.

G. Implications of Anomalous Signals
for Magnetization Measurements

Most of the problems described here have a very long
history that dates back far beyond the appearance of the
MPMS or any other SQUID magnetometer. When a
sample and its background do not approximate a constant,
point dipole, complications can arise with any
magnetometer. Field uniformity isalways a problem that
can be reduced by shortening the sample travel-length
during measurement or by improving the properties of the
magnet. The MPMS incorporates a high-uniformity
superconducting magnet, but in addition there are features
designed to accommodate a reasonably short scan length
and, as shown, several field-change methods available for
improving the field uniformity.

Since there are limits to how much improvement can, or
should, take place in automated signal analysis, it is
important for the scientist to understand the potential
pitfalls in the measurements they are making. It is also
important to know exactly what property (quantity) one
wishes to measure in order to decide if the data will be
suitable. For example, the values of m* reported by the
MPM S using computer fit routines, for temperatures very
closeto T, and T, are clearly not accurate determinations
of the true magnetic moment m of the sample. However,
in the particular case presented here, the ZFC/FCC method
can still provide a very accurate determination of the
transition temperatures T,and T.. In fact, some of the
“problems” associated with field non-uniformity discussed
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here may actually enhance the accuracy of measuring these
characteristic temperatures.

ZFC-m*(T) and m*(H) data can also be used to provide
an accurate measurement of certain properties including
J. when the signal associated with the trapped flux is much
larger than the signal associated with field non-
uniformities. The FCC-m*(T) measurement, on the other
hand, isvery often misunderstood and misused. The FCC-
m* (T) measurement has been used to measure the
superconducting fraction and is occasionally used to
measure J.. In neither case is the FCC measurement
generally reliable due to the effects of flux pinning. This
is because flux is not readily expelled from a strong-
pinning superconductor asit is lowered in temperature in
a field smaller than H,. For determining J,, the most
reliable magnetic method is probably an M(H) [m* (H)]
measurement. The virgin curve — the initial part of a
zero-field-cooled M(H) curve — can be useful for
determining the superconducting fraction, however it must
be properly corrected for demagnetization effects.

Some of the SQUID output signals, V(z), shown in earlier
sections|ook similar to an ideal dipole signal even though
the origin of the signal is completely spurious. Computer
fitsto these signals can return what appear to be reasonable
values of the magnetic moment and even give small error
values for the regression fit. Caution must be exercised
when interpreting results of this kind since, as has been
shown, such results are sometimes not dipole response
curves with slight deviations, but rather are the responses
associated with a completely different kind of magnetic
behavior. Problemswill result from the imprudent use of
analysis methods meant for extracting a magnetic moment,
however, with the appropriate choice of analytical method
valuable magnetic information can be extracted from the
measurements in all cases.

As mentioned earlier, when the contribution of the
background and sample are of comparable magnitude, and
when the center-of-mass of the sample and the center-of-
mass of the background are spatially displaced, significant
deviations from constant-dipole V(2) signals can result.
In some of these cases it is possible to measure the V (2)
signals of the background separately at the same fields
and temperatures at which theV(2) signals of the combined
sample and background are measured. It ispreferable for
the background to be located in exactly the same position
in both runs. TheV(2) signals from the two runs can then
be subtracted to produce a set of V (2) curvesthat represent
the response of the sample alone. An application of this
method is shown in Figure G1.

It must be emphasized that the effects that have been
described here are not unique to any specific
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magnetometer, and are not even unique to SQUID
magnetometer systems. While the measurements
described in this document were all performed on the
Quantum Design MPM S SQUID magnetometer system,
any magnetometer measurement in which the sample
experiences variations in the magnetic field during the
measurement process will be subject to similar effects.
One might argue that the effects could be eliminated by

100 T T T T T
o | ° Sampleand o 7% |
: Background ° °
(o]
o oo
S 00 f--mmrmmmmmmm e 2o
> %, o
50 F %o, ° -
° )
° @
-10.0 + 0000 .
100 [ T T T ....I T i
® Background _* e
50 Alone . .o. T
’; ______________._____ - _.’.....
> 00 oo
> %o, ¢
5O %, . -
0 [ ]
-100 + 0.....0 (b) 4
6.0 T T T T T
A Subtracted
40 Fit 1
S
>

-3 2 -1 0 1 2 3
z (cm)

Figure G1. In some cases the sample with background does not
approximate a magnetic dipole and will produce a V(2) response
for which the signal analysis routines included with the MPMS
are not applicable. By collecting the V/(2) curves for (a) the
sample with background and then (b) the V() for the background
alone, at each of the fields and temperatures of interest, one can
then subtract corresponding V(2) curves to produce the V(2)
curve for the sample alone. Analysisis made easier by locating
the background in exactly the same position during both runs.



just providing a more uniform magnetic field. However,
in the case of measurements made at very low fields, and
because of flux trapping effects in superconducting
magnets, this may not be possible within reasonable cost
and size constraints for any practical system containing a
high-field superconducting magnet.
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Appendix A: Introduction to the
Bean Critical State Model

The Bean Critical State model isused to relate the critical
current density J., which is the largest possible
supercurrent (zero-dissipation or zero-resistance current),
to the total magnetization of atype-Il superconductor for
the particular case in which J, is limited by flux pinning.
The model relates the magnetization M to J, by the simple
formulaJ, = sM/d, where d isthe sample width or diameter
and the constant s is a shape dependent constant having a
value s = 10/x for a slab sample and s = 15/x for a
cylindrical sample. Several assumptions are usually made
when using the Bean model. For instance, it is usually
assumed that the lower critical field H,, is very small (it

M

Figure APP-Al. Magnetization M as a function of applied field
H for along cylindrical sample of an ideal type-I1
superconductor in a parallel magnetic field. The plotsin (a)
through (€) compare the values of the applied field H, the
magnetization M, and the flux density B inside the sample at
various points on the M(H) curve. For an ideal superconductor,
M, B, and H will all be uniform inside the sample.
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isusually ignored) and akey assumption isthat the current
density Jin the sample can have only the values +J,, -J,,
or zero. The simplest version of the model treats the case
of an infinitely long sample in a parallel field such that
demagnetization effects are not important.

The magnetization as afunction of applied magnetic field
M(H) for an ideal type-Il superconductor (without flux
pinning) is shown in Figure APP-A1l. As the applied
magnetic field is increased from H = 0, at temperatures
below the superconducting transition temperature T,
initially the superconductor completely screens out the
magnetic field (B = 0 within the sample). When H reaches
H., magnetic flux enters a type-Il superconductor in the
form of magnetic-flux quantaknown asflux vortices. (One
guantum of magnetic flux ¢, = 2.07 x 1077 oersted-cm?.)
As H continues to increase, the vortex-solid transition
boundary is crossed at Hy, at which point J, = 0, and then
the upper critical field H, is crossed, above which the
sampleisno longer superconducting (it becomes normal).
Theregion H,, <H < H, isknown asthe vortex phase. A
magnetic phase diagram is shown in Figure APP-A2. In
contrast to this, atype-I superconductor fully screens up
to the critical field, H,, above which it becomes normal.

Magnetic Phase Diagram
For Type Il Superconductor

(Single Crystals)
60 - .
Normal
Fluxon \ \
S0 Liquid '\

H (kOe)

T (K)
: Vortex Glass Transition (VGT)

Tq, H

g9

Figure APP-A2. Magnetic phase diagram for a type-I|
superconductor. The lower and upper critical fields, Hy; and Hy,
respectively, have long been known whereas the vortex-solid
transition boundary H,(T) is a more recent discovery.



A superconductor with an ideal-shaped M(H) loop like
the one shown in Figure APP-A1 would not be able to
support asupercurrent in the vortex phase. Thisisbecause
the flux vortices are free to move in the sample and the
application of a transport current will cause the vortices
to experience a Lorentz force F, = J X ¢, Where J is the
current density. The force will lead to motion of the
vorticeswhich will in turn generate avoltage parallel to J
that results in dissipation of the supercurrent. In order to
keep the vortices from moving, the vortices must be
pinned. Pinningisproduced by creating spatial variations
in the properties of the superconductor, usually by
introducing particular types of defects. Thelargest current
density that a superconductor can support without
dissipation is J.. In the event that J; is limited by flux-
vortex motion, the J, will be determined by the balancing
of the Lorentz and pinning forces. There are other possible
limits to J,, such as the depairing limit which is usually
two orders of magnitude larger than the largest J,
associated with flux pinning. Clearly the mechanism that
produces the smallest value of J, will determinethe J, of a
given sample. In granular superconductors, J. is often
much lower than either the pinning-limited J. or the
depairing-limited J,, limited instead by the
superconducting weak-links at the grain boundaries.

Before discussing the Bean model further, it is useful to
discuss the behavior of an ideal type-11 superconductor
(with no defects). Shown schematically in Figure APP-
Alisaninfinitely long cylindrical sample. The magnetic
field isapplied parallel to the axis of the cylinder. Asthe
field is applied supercurrents at the surface are produced
to screen the interior of the cylinder in order to maintain
B = 0 inside. For the case of an ideal type-II
superconductor for H < H,, the currents would only exist
near the surface in athin layer in which the magnitude of
the field decays into the sample with the characteristic
length A, the magnetic penetration depth. The B(r) profile
associated with two representative values of the applied
field lessthan H,, are shownin Figs. APP-A1(a) and APP-
A1(b), with the applied field H, the magnetization 4xM,
and the magnetic flux density B identified in the figures.
It can be seen that as H increases (while still below H.,),
B remainsat zero sincetheinterior iscompletely screened,
meaning that the screening currents produce a
magnetization value, -4xtM, that is equal and opposite to
theapplied field. When H exceedsH, [Figure APP-A1(c)]
flux penetrates into the superconductor, and in the ideal
case this flux is uniformly distributed within the sample.
The magnitude of the magnetization is now reduced and
the amount of flux penetrating the sampleis proportional
to the flux density B. The magnitude of M continues to
decrease [Figure APP-A1(d)] until H = B at the upper
critical field H, [Figure APP-A1(e)], which is where the
sample becomes normal (non-superconducting). For an

ideal superconductor the same curve is followed on
decreasing applied field.

In contrast to the ideal superconductor in which a
continuum of current values can exist, the Bean model
assumes that only the current densities +J, and zero are
possible, so that for anon-zero applied field H, the current
density J, always flows to some depth. As H increases,
the depth to which this current (J,) flows also increases.
This is shown schematically for the simplest version of
the Bean model in the series plotsin Figure APP-A3, with
the position dependence of the current shown in Figure
APP-A3(a) and the position dependence of the amplitude
of the magnetic flux density, B(r), shown in

| l
—— H/Hp>L0

- (b)
H/Hg =10

Figure APP-A3. (a) A calculation of the spatial dependence of
the current and (b) the position dependence of the amplitude of
the magnetic flux density B as described by the simplest version
of the Bean Critical State model for along cylindrical samplein
aparallel field. Herer = 0 corresponds to the center (on the
symmetry axis) of the sample and r = 1 corresponds to the
sample surface. The only possible values of current density are
+J, and zero, with J = J, flowing to the depth to which the flux
penetratesand J = O where B = 0.
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Figure APP-A3(b). Herer = 0 corresponds to the center
(onthe symmetry axis) of the sampleand r = 1 corresponds
to the sample surface. It can be seen that the magnetic
flux density, B(r), decreaseslinearly from the surface, and
for small applied fields the region near the axis of the
sample is fully screened (B = 0). As the applied field
increases, the depth to which flux penetrates also
increases, and within the depth to which the flux
penetrates, a current of magnitude J, flows. At a
sufficiently high field, labeled H, (the penetration field),
the flux fully penetrates to the center of the sample and
the sample is now in the critical state, with +J, or -J;
flowing throughout the sample. Asthe field continuesto
increase, flux continues to penetrate, however the slope
dB/dx remains the same. In fact because dB/dx ~ J,, and
J==+J,, within the Bean model the slopeisalways +dB/dx
inside the superconductor.

Figure APP-A4 shows an M (H) loop for the simplest case
of the Bean model. The B(r) profiles for applied fields
increasing from H = 0 to 2H,, back down to H = 0, and
finally to negative fields are shown in Figures APP-A4(a)
through APP-A4(i) with the corresponding positions on
the M(H) curve identified. The effects of lowering the
applied field after raising it to H = 2 H,are shown in
Figures APP-A4(e) through APP-A4(i). At the sample’s
surface the field inside the superconductor will match the
field outside, while +J;. continues to flow in the sample.
For the B(r) profileto match the applied field at the surface,
the profile must reverse slope near the surface and it
follows that the depth of this profile-reversal increases as
the applied field decreases. This continues until the
reversal of the profile reachesthe center (on the symmetry
axis) after which a further decrease in the applied field
does not change the shape of the profile, although B
continuesto decrease inside the sample. When the applied
field isreduced to zero this B(r) profileremains[see Figure
APP-A4(h)]. This final state is known as the remanent
critical state.

A magnetometer measures the magnetic moment of the
entire sample, and from the magnetic moment, one can
determine the magnetization of the sample. Magnetization
is usually reported as the magnetic moment divided by
the sample size, usually its mass or volume, however, these
are just two of the ways magnetization value may be
reported. The applied field is generally regarded as the
magnetic field generated by the magnet coil and is
unchanged inside the sample. SinceB = H + 4xM, M is
just the difference between B and H. Thus, in the plots of
FigureAPP-A4, M isproportional to the area between B(r)
and aline corresponding to the applied field H. When the
area enclosed by B(r) is above the line corresponding to
H, it followsthat M will be positivein sign, and when the
areaisbelow H, M will be negative. During the reversal
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Figure APP-A4. M(H) curve for along cylindrical sample of a
strong pinning type-11 superconductor in a parallel magnetic
field for which the simplest version of the Bean model applies.
The plotsin (a) through (i) show the position dependence of the
flux density B(r) asthe applied field increases from zero to twice
the penetration field, H,, then down to negative applied fields.
B(r) profiles at various positions on the M(H) curve are
identified.

of the field profile on decreasing H, there will be regions
both above and below the line corresponding to H. The
sum of the areas, taking areas above H to be negative and
those below H to be positive, will determine the sign of
M. (Note that the plots in APP-A4 are cross sectional
profiles and that the total magnetization will actually
correspond to a volume rather than an area.)

The shape of the M(H) loop for a strong pinning
superconductor can be accounted for by using the Bean
model to follow the area between B and H through a
hysteresis loop. When the sample is cooled below T, in
zero applied field (H = 0) the magnetic moment should be
equal to zero. Inthe Bean model it is generally assumed



that H., = 0. Flux penetratesinto the superconductor as H
increases producing a linear B(r) dependence. Since the
difference between the B(r) curve and the applied field is
proportional to the magnetization, the magnitude of the
magnetization increases as H increases. However, the M
magnitude increases by a smaller and smaller percentage
as more flux penetrates until the field fully penetrates the
sample, at which point the M-magnitude no longer
increases with H. Upon decreasing H, the B(r) profile
reverses direction near the surface. Since B is going to
have only onevalue at any point inthe sample, thisreversal
exists to the depth where the B(r) curves meet. The
reversal point continues to move deeper into the sample
as H isdecreased until it reaches the center of the sample,
after which the profile remains the same down to H = 0.
If the applied field israised to at least twice H,, the sample
will attain the remanent critical state when the applied
field is reduced to zero.
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Appendix B: The MPMS Measurement
And Data Analysis

1. The MPM S M easurement

The MPM S measures the local changes in magnetic flux
density produced by a sample as it moves through the
MPMS superconducting detection coils. The detection
coils are located at the midpoint of a superconducting so-
lenoid (normally referred to as the superconducting mag-
net) which can apply a DC magnetic field to the sample
as specified by the user. The detection coils are connected
to the input of a Superconducting QUantum Interference
Device (SQUID) located in a magnetic shield some dis-
tance below the magnet and detection coils. In this con-
figuration the detection coils are part of the supercon-

Sample Chamber Tube ——— Sample Space

| Iso-Thermal Sheet with Heater
| Annular Cooling Region

__—— Superinsulation

Inner Vacuum Jacket Wall )

Outer Vacuum Jacket Wall—__ =

_— Sample
Sensing Coils
(on composite form) —
___— Multifilament
Superconducting

Wire

Tube Guides

| Composite Form
For Solenoid

Figure APP-B1(a). The sample chamber, which extends through
the center of the coils, is thermally isolated so the detection coils
and magnet can remain at 4.2 K. Measurements are made by
monitoring the SQUID output while moving the sample upward
through the coils.
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ducting input circuit of the SQUID, so that changesin the
magnetic flux in the detection coils (caused by the sample
moving through the coils) produce corresponding changes
in the current flowing in the superconducting input cur-
rent, which is detected by the SQUID. The general de-
sign of the system is shown in Figure APP-B1

The detection coil system iswound from asingle piece of
superconducting wire in the form of three counterwound
coils configured as a second-order (second-derivative) gra-
diometer. In this geometry, shown in Figure APP-B1(b),
the upper coil is asingle turn wound clockwise, the cen-
ter coil comprisestwo turnswound counterclockwise, and
the bottom coil is a single turn wound clockwise. The
coils have a 2.02 cm diameter, and the total length of the
coil system is 3.04 cm. The coils are positioned 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 moves
through them. The second-order gradiometer configura-
tion rejects noise caused by fluctuations of the large mag-
netic field of the superconducting magnet, and also re-
duces noise from nearby magnetic objectsin the surround-
ing environment.

SECOND—DERIVATIVE DETECTION COIL

MAGNETIC FIELD

Figure APP-B1(b). The MPMS superconducting detection coils,
located at the center of the MPMS superconducting magnet, are
wound in a second-derivative configuration.



The MPM S determines the magnetic moment of a sample
by measuring the output voltage of the SQUID detection
system as the sample moves through the coil. Since
changes in the output voltage of the SQUID are directly
proportional to changes in the total magnetic flux in the
SQUID’sinput circuit, transporting a point-dipole sample
along the z-axis of the detection coil system produces the
position-dependent output signal, V(z), shown in Figure
APP-B2(a). In practice, a measurement is performed by
recording the output voltage of the SQUID sensor at a
number of discrete, equally spaced positions asthe sample
is drawn upward through the detection coils. To insure
that the mechanical motion of the sample transport mecha-
nism does not cause vibrational noise in the SQUID de-
tection system, the measurements are performed by re-
cording the SQUID output while the sample is held sta-
tionary at a series of points along the scan length.

A set of voltage readings from the SQUID detector, with
the sample positioned at a series of equally spaced points
along the scan length, comprise one complete measure-
ment, which we refer to as a single “scan”. The number
of points to be read during each scan can be selected by
the user; we have used 40 points for the data shown in
this report. For more general measurements we recom-
mend using 16 points when one is measuring samples
which have large moments, and increasing the number of
pointsto 32 for smaller signals. Thisrange of valuesisa
compromise between the need for greater averaging of
small signals and the simultaneous need to stay above the
low-frequency noise regime. After each scan has been
completed, a mathematical algorithm is used to compute
the magnetic moment of the sample from the raw data.

2. DataAnalysis

All of the analyses discussed in thisreport were performed
using the Linear Regression algorithm to fit a theoretical
curve to the raw data, as shown in Figure APP-B2(a).
When using this particular algorithm, the cal culation also
computes aregression factor, which falls within the range
of 0 to 1, to indicate the quality of the fit between the
theoretical curve and theraw data. (A value of 1.0 means
that every point fell exactly on the theoretical curve.)
When measuring a sample having a very small magnetic
moment, multiple scans can be averaged together to com-
pute an average value for the moment and a standard de-
viation for the set of measurements.

Asdiscussed in the body of thisreport, effectswhich arise
from the non-uniformity of the dc magnetic field can pro-
duce a magnetic response which is inconsistent with the
regression algorithms used to fit the raw data points. The
curve shown in Figure APP-B2(a) isthe theoretical curve

for asample which behaves as a simpl e point-dipole mov-
ing along the axis of the detection coil system. For areal
sample, the ideal curve will precisely fit the data only
when: 1) the sample is positioned on the longitudinal
axis of the coil system, 2) the linear dimensions of the
sample are much smaller than the characteristic dimen-
sions of the detection coils, 3) the magnetic moment of
the sample does not change with position over the entire
length of the scan, and 4) the sampleis uniformly magne-
tized over its entire volume, When these conditions are
met, the magnetic moment, m, of a sample can be accu-
rately determined using the analysis methods provided

(@

Linear Regression

s/

V(z)

z (cm)

Figure APP-B2. The regression algorithms compute the
magnetic moment by fitting a theoretical curve to the raw data
points with the amplitude being used as the fitting parameter.
The Linear Regression algorithm assumes that the data are
perfectly centered along the scan length asin (a), while the
Iterative Regression fit, shown by the solid linein (b) can
correctly fit data which are not centered. The dashed linein (b)
shows the Linear Regression fit for off center data.
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with the instrument, but when making measurements on
real physical samples both the position and shape of the
sample can have subtle effects on the cal culated magnetic
moment.

The first two items, which arise from the small geometry
of the detection coilsused inthe MPM S, essentially cause
the absolute calibration of the instrument to change
dlightly as a function of radial position and sample vol-
ume. Theeffect duetotheradial position of the sampleis
easily eliminated by using a sample holder which keeps
the sample positioned close to the centerline of the sample
chamber. Similarly, effects due to the size and shape of
the sample can be easily corrected by a simple multipli-
cative factor which effectively adjusts the absolute cali-
bration of theinstrument to compensate for the shape and
volume of the sample. The origin of these two effects and
their correction is described more fully in Section 4 of
this appendix, which discusses the calibration of the
MPMS system.

Item (3), the variation of the magnetic moment of the
sample as a function of position, which is the main topic
of this report, is an inherent problem in any magnetom-
eter in which the sample physically moves from oneloca-
tion to another during the measurement. It is also worth
noting that even if one arranges to move the sample over
very small distances (of the order of 0.5 mm), small varia-
tions in the magnetic field can still produce dramatic ef-
fects when measuring some types of samples, such as
strong-pinning superconductors. Finally, Item (4) repre-
sents a problem which is inherent to the nature of the
sample being measured. Sincethereis no apriori reason
to assume a particular distribution for the magnetization
in anonuniformly magnetized sample, there isno general
purpose theoretical model which would be suitable for
analyzing such data. For this situation, however, the raw
voltage datafrom the SQUID isavailable to the user when
he selects the “All Scans” data file. This option allows
the user to store all of the raw SQUID readings from the
measurement, then use his own theoretical model to fit
the raw data and perform subsequent analysis

When measuring reasonably well-behaved samples, the
MPM S software provides three different mathematical al-
gorithms for computing the magnetic moment of the
sample. All three algorithms assume that the currentsin-
duced in the detection coils are those associated with the
movement of a point-source magnetic dipole through a
second-order gradiometer detection coil, and all three can
produce errors when the raw data deviate significantly
from the ideal point-dipole signal. The three analysis al-
gorithms, which are selected in the MPMS “ Set Param-
eters” menu, are denoted as “Full Scan”, “Linear Regres-
sion”, and “Iterative Regression”.
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2.1 The Full Scan Algorithm

The Full Scan algorithm effectively integrates the total
area under the voltage-position curve, V(z), by comput-
ing the square root of the sum of the squares of the data
points, normalized by the total nhumber of data pointsin
the scan. Thisalgorithm was originally developed for the
MPMS because it is less sensitive to changes in sample
volume than the regression algorithms, but it requires a
relatively long scan length (5 cm or more) to provide an
accurate measurement of the absolute moment of the
sample. When using the Full Scan algorithm, the mag-
netic moment is computed using the equation:

m=Cq/AzY V’
i=1

where Az = L/(n-1), L isthe scan length, nisthe number
of data pointsin the scan, V. is the voltage reading at the
i-th point, and C is a calibration factor that includes the
current-to-voltage ratio of the SQUID aswell as the volt-
age-to-moment conversion factor for the Full Scan algo-
rithm. The factor Az, which is the distance between data
points, normalizes the cal culation for both changesin the
scan length and the number of data points collected.
However, measurements made with a different scan
length and/or a different number of data points will give
slightly different values for the absolute value of the
magnetic moment.

Thisalgorithm also has a significant limitation when used
to measure very small magnetic moments. Since noisein
the system always adds to the moment, the algorithm can
never give a value of zero when there is any noise in the
measurement. Hence, the smallest measurable moment
can be severely limited by the background noise from the
magnet, and thereis no effective way to improve the mea-
surement by additional averaging.

2.2 TheLinear Regression Algorithm

The Linear Regression algorithm computes aleast-squares
fit of the theoretical voltage-position curve to the mea-
sured data set, using the amplitude of the magnetic mo-
ment as its free parameter. The algorithm assumes that
the center peak of the voltage-position curve, V(z), islo-
cated precisely at the center of the measurement scan.
When the sampleis properly centered in the pickup coils,
the central peak of the three-peaked response curve will
be equidistant from both ends of the data set, as shown in
Figure APP-B2(a). For the second-derivative detection
coilsemployed inthe MPMSS, one can easily calculate the
theoretical curve, V(z), for the general conditionin which



the magnetic moment of the sample, m(z), varies with
position. For this case, the output signal, V(2), is given
by the following expression:

- azm(z) 1

1

ture will about 2 mm above center when the MPMS
system cools down to its lowest temperature. (The total
vertical displacement of the sample over the temperature

1 1

V(z)= > 3"

3 3 3

(240242212 (240242212 ((z-0)2+22)2  ((z-d)2+a2)2

where all the coils have the same radius, a, and the four
coils are positionedat z=-d, z=-b,z=b, andz=d.
Theorigin of this coordinate system is at the center of the
coil set, and the z axis lies along the axis of the coils.

Intheideal case, one assumes that the sample movesin a
perfectly uniform magnetic field so the magnetic moment
of the sampleis constant as the sample moves through the
detection coils. Inthis case, the position-dependent mag-
netic moment, m(z), in the above equation is just a con-
stant, m, and one can easily compute the theoretical curve
which is shown in Figure APP-B2(a). When the Linear
Regression algorithm is used to compute the magnetic
moment of the sample, the theoretical equation given
aboveisfit to the set of position-voltage readings using a
|east-squares calculation with the magnetic moment, m,
as its free parameter. The value of m which minimizes
the least-squares calculation is then reported as the mag-
netic moment of the sample.

Since the Linear Regression algorithm assumes that the
scan is accurately centered with respect to the detection
coils, the magnetic moment reported for a scan during
which the sample is not properly centered will be incor-
rect, with an increasing error as the misalignment in-
creases. From Figure APP-B2(b), in which the dashed
line shows atypical Linear Regression fit to a set of data
which are off center by 3 mm, it is clear that the calcu-
lated magnetic moment (as indicated by the amplitude of
the theoretical curve) will be too small by a significant
amount. From this example, it is also clear that, when
using the Linear Regression algorithm, the scan must be
properly centered in the detection coils to obtain an accu-
rate value for the magnetic moment of the sample.

However, carefully centering the sample at the beginning
of a series of measurements will not guarantee accurate
centering during the entire measurement sequence. Be-
cause the temperature range of the MPM Sisso large, ther-
mal expansion and contraction in the sample rod on which
the sample is mounted causes the sample position to
change when measurements are made over large tempera-
ture range. Consequently, a sample which has been prop-
erly centered with the sample chamber at room tempera-

range of 2 K to 400 K is approximately 3 mm.)

The present MPMS software system allows the user to
resolve this problem in either of two ways. First, asdis-
cussed below, the Iterative Regression algorithm can ac-
tually compute the position of the sample by allowing the
theoretical curveto move along the direction of the sample
motion to obtain a better fit to the data points. Alterna-
tively, one can use the automatic “ Sample Tracking” fea-
ture of the MPM S which automatically adjusts the posi-
tion of the sample as the temperature changes to keep the
sample properly centered to within about 0.3 mm over the
entire temperature range. When using the Sample Track-
ing feature, however, it isessential that the user accurately
center the sample at the beginning of the measurement
sequence, since the Sample Tracking algorithm assumes
that the sample was correctly positioned at the beginning
of the sequence.

The Linear Regression algorithm is the most reliable cal-
culation if one is measuring a sample which has a very
small magnetic moment. Since this algorithm can inher-
ently produce a value of zero (unlike the Full Scan algo-
rithm), it can more effectively average the noise when
measuring small samples. Furthermore, its most signifi-
cant limitation, the errors introduced by changes in the
sample position, has been virtually eliminated by the
Sample Tracking capability of the MPMS system, allow-
ing the Linear Regression algorithm to provide reliable
data over the full temperature range of the MPMS. Be-
cause of thereliability of the Linear Regression algorithm
and the Sample Tracking feature, this is now the recom-
mended analysis method.

2.3 Thelterative Regression Algorithm

The Iterative Regression algorithm, which can report the
correct value for the magnetic moment even when the scan
is not properly centered, is designed to compensate for
centering errors as large as 1 cm. This theoretical model
uses the same constant-dipole equation as the Linear Re-
gression calculation, but allows the position of the theo-
retical curveto vary along the axis of the detection coils.
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Mathematically thisis achieved by substituting z’ + sfor
z in the above equation, where the variable, s, now be-
comes a second free parameter which can be varied to
improve the least squares fit to the data. Since the vari-
able s appears in the equation as a displacement along the
z-axis, changing the value of s is equivalent to shifting
the position of the theoretical curve along the axis of the
coil system.

The resulting equation now has two variables and is non-
linear in s, so one cannot simply compute both m and s
from the Linear Regression algorithm. To find the opti-
mum values for both m and s, the Iterative Regression
algorithm first computes astandard Linear Regression cal-
culation taking the value of sto be zero. Then, based ona
derivative calculation, anew value of sis selected and the
linear regression calculation is repeated. By comparing
the regression factors on subsequent calculations (which
indicates the accuracy of theregression fit) , the algorithm
can determine the values for s and m which minimize the
|east-squares calculation, and the resulting value of m s
reported as the magnetic moment of the sample. A typi-
cal theoretical fit computed by the Iterative Regression
algorithm for ascan which is 3 mm off center is shown by
the solid line in Figure APP-B2(b).

The Iterative Regression algorithm was devel oped to com-
pensate for incorrect sample position, and the algorithm
works extremely well for measurements which have alarge
signal-to-noise ratio so the peaks are well defined. How-
ever, when the sample moment is very small the iterative
process can be confused by low frequency noise in the
measurement. More specifically, when the peaks in the
sample signal are of approximately the same size as the
low frequency magnetic noise from the superconducting
magnet, the iterative regression algorithm will sometimes
fit the analytical curve to features in the data which are
characteristic of the noise in the system rather than the
data. Also, theiterative processmay fail to converge. This
condition is indicated by a computed sample position
which is more than 1cm off center, well beyond the maxi-
mum possible position for a properly centered sample.
When this condition occurs, the system reverts to using
the Linear Regression algorithm.

It is clear from the above discussion that each analysis
algorithm has both strengths and weaknesses. However,
as we have consistently emphasized in this report, it is
important to understand that all of the algorithms can give
incorrect values for the magnetic moment when one is
measuring samples which are not uniformly magnetized,
or when the magnetic moment of the sample changes with
position along the scan length.
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3. The MPM S Superconducting M agnet

The MPMS system employs a superconducting magnet
and aprecision current supply to generate the large, highly
stable dc magnetic fields required for the measurement
system. When alarge stable magnetic field (> 2 tesla) is
needed over a modest volume, a superconducting magnet
is normally chosen, but there are numerous issues which
must be taken into consideration when using a supercon-
ducting magnet. For example, after the MPM S supercon-
ducting magnet has been charged to fields greater than
about 200 G, magnetic field lines will become trapped in
the magnet’s superconducting windings, so that when the
magnet current is set back to zero, the actual measurable
magnetic field at the center of the magnet may be aslarge
as40 Gto 50 G. Thisso-called “trapped flux” is charac-
teristic of all superconducting magnets, although this“re-
manent field” which isleft in the magnet when the mag-
net transport current is discharged to zero will depend
strongly on the size and specific design of the magnet.

While the remanent field in the various MPM S magnets
issmall compared to the maximum availablefield, there-
manent field can still introduce a substantial error when
performing measurementsinthe MPM S at very low fields.
In this case it is important to determine and account for
the effect of the remanent field in the magnet. One im-
portant effect discussed in this report is the variation of
the remanent field as a function of vertical position (z-
dependence) over which the sample moves during a mea-
surement. The MPMS system provides several mecha-
nisms for reducing the remanent field and increasing its
uniformity when the user needs to perform measurements
at low magnetic fields.

Another important feature of superconducting magnets,
particularly when employed in a high-sensitivity measure-
ment system such asthe MPM S, isthat after the magnetic
field has been changed, the field in the magnet will relax
logarithmically in time. This process, which occurs be-
cause the magnetic flux creeps across the magnet’s super-
conducting windings, proceeds even after the magnet has
been placed in a persistent condition (with the persistent-
current switch in its superconducting state, and the mag-
net power supply turned off). While the relaxation effect
is relatively small compared to the maximum available
field, under some conditions — particularly when mea-
suring near the limit of the MPMS's sensitivity after a
large change in the value of the field — this relaxation
can generate a signal in the high-sensitivity SQUID de-
tection system which is many times larger than the signal
to be measured.

Because the time constant for the magnet relaxation (typi-
cally several minutes) isquite long compared to the length



of an single sample measurement (about 10 seconds), the
background relaxation can usually be treated as a linear
background signal, which is automatically eliminated by
the data analysis routines. However, if avery small sig-
nal is to be measured immediately after a magnetic field
change, the background drift can be so large that the
16-bit dynamic range of the MPM S digitizing system may
not be able to achieve the resolution needed to measure
the signal in the presence of the relaxing background. To
accommodate this situation, the MPM S system provides
a “Pause” function which allows the user to specify the
length of time to wait after a magnetic field change be-
fore beginning the next measurement.

The MPMS system provides four different methods for
changing the magnetic field in the system, allowing the
user to tailor the magnet control for particular measure-
ments. The “No-Overshoot”, “Oscillate”, and “Hyster-
esis’ modes are useful for routine changes between arbi-
trary starting and ending values, while the magnet reset
option provides a special method for eliminating trapped
flux from the superconducting MPM S magnet. When the
No-Overshoot method is used, the magnetic field is
changed monotonically from the initial field to the de-
sired field setting. At the beginning of the field change,
the field is ramped quickly, but as the field approaches
the requested value, the field changes much more slowly
to avoid overshooting the target value. When using the
Oscillate method, the magnetic field alternately overshoots
and undershoots the requested value with the amplitude
of the overshoot and undershoot decreasing on each cycle.
This process minimizes the relaxation in the supercon-
ducting magnet following the field change, but is inap-
propriate when measuring samples which display mag-
netic hysteresis effects. When changing the magneticfield
using the No-Overshoot and Oscillate modes, the magnet
is put into a persistent condition after the final field is
reached, with the magnet switch heater and power supply
turned off while measurements are being performed.

In the Hysteresis mode, the magnet is charged directly to
thefinal field, and measurements are performed while the
magnet current is being maintained by the power supply
(with the magnet switch heater turned on). This allows
measurements to be made at sequential field settings much
more rapidly than normal, but the sensitivity of such mea-
surements is substantially reduced due to the increased
magnetic noise from the magnet supply current when op-
erating in this mode. This measurement is most suitable
for measuring the hysteresis curves of sampleswhich have
fairly large magnetic moments.

The “Magnet Reset” option provides a mechanism by
which the user can remove magnetic flux trapped in the
superconducting magnet windings after the magnet has

been charged to high fields. In the 55-kG (5.5-tesla)
MPM S magnets, the Magnet Reset operation comprises a
controlled quench in which part of the magnet is driven
normal while the magnet is sustaining a persistent cur-
rent. Inthe 10-kG (1-tesla) MPM S magnet, and the high
uniformity model-5S 50-kG (5-tesla) and model-7S 70-
kG (7-tesla) magnets, the magnet heater is capable of driv-
ing the entire magnet normal without requiring that the
magnet be quenched.

When the reset operation is initiated to induce a quench
of the superconducting magnet, a portion of the super-
conducting windingsisdriven normal (non-superconduct-
ing) and becomes resistive. Resistive losses in this seg-
ment of the magnet then generate heat which causes addi-
tional parts of the magnet to become resistive, and the
gquench becomes a runaway situation in which all of the
superconducting magnet windings are eventually driven
normal. When this occurs, the persistent current in the
magnet quickly decaysto zero, and any magnetic flux pre-
viously trapped in the superconducting windings is re-
leased. The magnet reset option |eaves the magnetic field
in the MPMS magnet in a state similar to that observed
when the magnet has just been cooled down from room
temperature and has not yet been charged to fields above
approximately 200 G. The field remaining in the magnet
following a quench will typically be approximately the
size of the Earth’s field, about 0.5 G, although this value
may vary if the MPMS system has an external magnetic
shield around the dewar.

To provide the capability for the user to make measure-
mentsin very low magnetic fields (lessthan 10 milligauss),
the MPMS systems offer the “Low-Field Option” which
employs a flux-gate magnetometer to measure and null
thefield left in the magnet after aquench process has been
completed. The low-field option, which is available on
MPMS systems having 10-kG (1-tesla) magnets and the
high-uniformity model-5S 50-kG (5-tesla) magnet, auto-
matically measures the field at the center of the magnet,
then adjusts the current in the magnet to null the remain-
ing field to less than 0.005 G (0.050 G for the Model 5S
magnet). The user may also measure the field profile in
the magnet along its vertical axis by scanning the flux-
gate magnetometer along the axis of the magnet.

4. MPM S System Calibration

All of the data analysis routines in the MPMS report the
magnetic moment of the sample in cgs or electromag-
netic units. To insure that the reported values accurately
represent the absolute magnetic moment of the sample,
theinstrument calibration at the factory employs asample
of known susceptibility in the form of aright circular cyl-
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inder having a dimension of 2.5 mm for both diameter
and height. If the shape of your sample deviates signifi-
cantly from aright circular cylinder, or if the sample is
much larger than the standard calibration sample, you may
wish to recalibrate your measurements using a reference
sample having the same shape and dimensions as the ex-
perimental sample.

As noted in Section 2 above, the absolute calibration of
theinstrument changes slightly with the size and shape of
the sample and also with the radial position of the sample
in the sample chamber. These effectsresult from the small
geometry of the MPM S detection coils, which was origi-
nally chosen for the multiple benefits it provides. The
most important benefits of the small geometry are: (1) it
allows a complete scan to be made over a small distance,
minimizing the distance which the sample must move dur-
ing the measurement, (2) it improvesthe rejection of noise
from the dc magnetic field, (3) it optimizes the magnetic
coupling between the coils and the sample, allowing mea-
surements to be made on samples which have extremely
small volumes, and (4) it allows the use of amuch smaller
magnet, minimizing cost, allowing faster charging rates,
and reducing helium loss while the magnet is charging.

However, detection coils which use a small geometry are
more sensitive to the radial position of the sample. To be
specific, measurements in which a sample is located at
the outer edge of the sample chamber will give a some-
what different result for the magnetic moment, than a
sample which islocated precisely on the centerline of the
coil system. This effect, which results from the r-cubed
nature of the dipole field, means that a sample which is
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Figure APP-B3. The variation of the measured magnetic
moment as a function of radial position for measurements using
a second-derivative coil system. This dependence occurs
because the mutual inductance between the sample and the
detection coils changes with the radial position of the sample.
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Figure APP-B4. Variation of the measured magnetic moment as
a function of sample length and diameter for three combinations
of measurement and analysis selections. (a) Full Scan algorithm
with a 6 cm scan, (b) Linear Regression using a 3 cm scan, and
(c) Linear Regression using a 4 cmscan. Linear Regression
corrections also apply to Iterative Regression algorithm.



off center will produce a greater net flux in the detection
coils than a sample located exactly on the longitudinal
axis of the coil system. Figure APP-B3 shows the varia-
tion of the moment as afunction of radial position for the
MPMSfor apoint-dipole sample. Thiseffect can berather
large (over 10% at the wall of the sample chamber), but it
can be essentially eliminated by using a sample holder
that keeps the sample reasonably close to the centerline
of the sample chamber.

The nonlinearity associated with the size and shape of the
sample also arises from the radial dependence of the coil
system. By the same argument, if the sample to be mea-
sured has a large diameter, the outermost parts of the
sample will produce a larger relative contribution to the
signal than the center-most portion of the sample. A simi-
lar argument applies to long samples. Since the coils are
spaced closely together (with a distance of only 1.52 cm
between adjacent coils), the end of along sample will be
entering the effective measuring volume of one coil be-
fore the opposite end of the sample has |eft the measuring
volume of the adjacent coil. Because of these two ef-
fects, the calculated magnetic moment will not increase
exactly as expected with either increasing length or in-
creasing diameter.

Figure APP-B4(a) shows the calculated correction as a
function of sample length for the Full Scan algorithm us-
ing a6 cm scan length. FiguresAPP-B4(b) and APP-B4(c)
show the results of similar calculationsfor the Linear Re-
gression algorithm for a 3 cm scan length and 4 cm scan
length respectively. (The correction factors shown in Fig-
ure APP-B4(b) and APP-B4(c) can also be used for the
Iterative Regression algorithm.) From these figures one
can seethat long needle-like sampleswill give values that
are several percent smaller than expected, while thin disk-
like sampleswill give valuesthat can be afew percent too
large. The correction for intermediate sample shapes can
also be determined from these figures.

This effect is strictly related to the shape and volume of
the sample, and the appropriate multiplicative factor to
correct the reported values of magnetic moment can be
determined from the graphs shown in Figure APP-B4.
Please note that these calculations do NOT include any
corrections for the geometrical demagnetizing factor as-
sociated with different shapes. Corrections for the proper
demagnetizing factor must be included if one wishes to
calculate a theoretical value for the magnetic moment for
any specific sample shape.

This volumetric or shape effect can also be corrected by
adjusting the instrument calibration factor for a specific
shape by recalibrating the MPM S using a piece of mate-
rial of the desired size and shape but having known mag-

netic properties. When an unknown sample of similar size
and shape is measured, the system will then report the
correct absolute values of magnetic moment. We have
found that Standardized Pd wire from the National Insti-
tutes of Standards and Technology (NIST) is especially
useful for making reference samplesin avariety of geom-
etries.

One final note which may be of interest to the user con-
cerns the palladium reference samples supplied with the
Quantum Design MPMS. These samples are made from
99.995%-purity palladium material which has been fully
characterized through a series of measurements in an
MPMS system. The residual iron content in the material
used for the reference samples was specified by the manu-
facturer to be 8 parts per million (ppm), but an indepen-
dent assay reported a value of 24 ppm iron content. (Co-
balt and Nickel content were reported to be 0.1 ppm.)
Although the iron content of the palladium is small, it is
still large enough to produce a noticeable saturable mag-
netic moment when measuring this material in low mag-
netic fields. Consequently, when using one of these ref-
erence samples to check the calibration of an MPMS, one
should account for the presence of the iron impurities to
achieve the best value of the instrument calibration.
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