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The effect of the field inhomogeneity of the magnet on a vibrating sample magnetqivigtdj measure-
ment of a superconductor is calculated using Bean’s model and Mallinson’s principle of reciprocity. When the
sample is centered in both the magnetic field and the VSM pick-up coils, the hysteretic signal obtained in a
VSM measurement, associated with the critical current dendgy, (is reduced to zero when the effective ac
field caused by the sample movement penetrates the entire sample and not, as is commonly assumed, when the
critical current density becomes zero. Under these conditions, an apparent phase transition is observed where
the magnitude of the hysteresis drops to zero over a small field range. This apparent transition is solely an
artifact of the measurement and cannot correctly be compared to theoretical calculations of the irreversibility
field (Bjgrr), Which is the phase boundary at whidh is zero. Furthermore, the apparent reversible magneti-
zation signal in high fields includes two contributions. In addition to the usual diamagnetic contribution from
the thermodynamic reversible magnetization of the superconductor, there is a reversible paramagnetic contri-
bution from the nonzerd. . Hence values of the Ginzburg-Landau paramétgicannot be reliably obtained
from standard reversible magnetization measurements using a VSM unless it is confirméd ihatero.
Harmonic measurements using a VSM are reported. They confirm the results of the calculations. By applying
a large field gradient, the hysteresis in the magnetization signal at the drive frequency of the VSM is found to
drop to zero more thm3 T belowB,gz. We propose methods to improve measuremen®,;gf and x. The
implications of results presented for superconducting quantum interference device measurements are also
briefly discussed.

I. INTRODUCTION guantum interference devi¢8QUID) measurements are the
most widespread techniques for measuring both the hyster-
Although zero resistance is probably the most widelyetic and reversible magnetic response of Type-Il high-field
known property of superconductors, there is little doubt thasuperconducting materials. The SQUID systems are most
their magnetic properties have provided most insight into theommon because of their excellent sensitivity. However for
underlying science of these materials. The irreversibilitymeasurements in fields abovelO T, screening of the
field Bigr, Which is by definition the field at whicB: drops  SQUID becomes problematic and the VSM is favored. It has
to zero has been the focus of a great deal of theoretical aldng been appreciated that the field inhomogeneity of the
experimental work™ The earliest HTS(high temperature magnet distorts the signal obtained in a SQUID measurement
superconductojsshowed an irreversibility field well below when the self-field of the sample is comparable to the change
the upper critical field Bc,), consistent with the short co- in the applied field the sample experiences as it moves be-
herence length Technological interest in these materials uti- tween the SQUID pick-up coifs* This is particularly so
lizes Bjrg to provide a practical magnetic field limit for the for single crystald® Nevertheless because the SQUID mea-
material’s use in superconducting applications so that insurement captures data that describeddked flux produced
creasingBrr, improves a material’'s utility. The connection by the sample, careful analysis of the voltage output can in
betweenB g, the fundamental superconducting propertiesprinciple still extract the critical current even if the applied
and the materials’ fabrication is still not fully understood. field is inhomogeneouS:*” The effect of field inhomogene-
Above Bjrg, reversible magnetization data on I&wand ity in a standard VSM measurement is fundamentally differ-
high-temperature superconductorscan be equated to the ent to that of the SQUID. In a VSM measurement, the signal
thermodynamic reversible magnetization obtained froms measured only at the drive frequency of the oscillation to
Ginzburg-Landau theory and the Ginzburg-Landau paramimprove the signal-to-noise ratio. Therefore signal that oc-
eter(x) derived!®™ The Ginzburg Landau parameter plays acurs at harmonic frequencies is automatically lost. This loss
critical role in the theoretical description of the fundamentalOf information profoundly affects the origin of the field at
high-field properties of superconductors. This article pro-which the magnetic hysteresis drops to zeBgk) and mea-
vides detailed calculations and measurements that facilitatgurements of the Ginzburg-Landau parameter derived from
correct interpretation and improvement of very high sensitivreversible magnetization data in fields ab®fg. In par-
ity magnetic measurements on superconductors using a Vicular By, data obtained exclusively at the drive frequency
brating Sample Magnetometér(VSM). Harmonic VSM  of the oscillation of the VSM may not be directly equated to
measurements are reported and methods proposed to obtd@ikg. In this article, data are reported at harmonic frequen-
more reliable values dBgg and . cies of the drive frequency, which maintain good signal-to-
Vibrating sample magnetometer and superconductingioise and capture the entire signal.
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Although much work has been completed on optimizingvariation, it is approximately the same size as the self-field
the geometry of the pick-up coils for a VSN he effect of  produced lg a 1 mn? sample with alc of 4x 10° Am~2. For
the inhomogeneity of the magnetic field in a VSM systema 40 um thin film, a critical current density of 10° Am™~2
has not been addressed in detail. This article shows that froduces 5uT. Hence at relatively high critical current den-
can play a critical role in determiningj;, and the reversible sities, the magnitude of the ac field the sample experiences
magnetization abovrg. Bikg is the field at which the during a VSM measurement, that is produced by the inho-
effective ac field penetrates the entire sample and not, as Bogeneity of the magnet, is equal to the self-field of the
commonly assumed, when the critical current density besample. The calculations below confirm that when this equal-
comes zerdi.e., Bisr# Birr). 1>2°At fields close tdB, the ity occurs, the history of the _sample is_ completely_ Iost_ anq
hysteresis cannot be equateddto. Indeed the rapid reduc- Bean’s model cannot be applied assuming the applied field is

tion in the hysteresis @B that is often interpreted as a homogenous. The hysteresis in the magnetic moment found

phase transition is in fact an artifact of the measurement @ VSM measurement drops to zero producing an apparent

When the sample is centered in both the pick-up coils andphase transition that is entirely an artifact of the measure-
the applied field, abov8/;, the measured reversible mag- ment

netization has two components. In addition to the thermody-

namic reversible diamagnetic magnetization, there is an ad- A. Magnetic fields and mallinson fields

ditional reversible paramagnetic contribution from the

nonzer(_)JC. Hence although the reversible magnetization, 4 54 pick-up coils is shown for a VSM measurement. The
properties of a superconductor probably provide the mos?nagnetic sample oscillates up and down in theirection,

effective way to parametrize the material within the frame-Which generates a voltage across the pick-up coils. The

work of Ginzburg-Landau theory, unless it is confirmed thatSample is at the centéand peakof the magnetic field and is

Jc is zero, the fundamental parameters derived from stanzenered between two oppositely wound pick-up coils. The
dard reversible magnetization data are not correct.

. ! ; . analysis is simplified by assuming the magnetic fielg{,)
The next section provides detailed calculations of the re- oints in thez direction and has a roof profile as shown in

sponse of a Type-Ii superconductor within a standard VS ig. 1(a). It is also assumed that the sample is centered radi-
measurement. It is assumed that the material has bulk PNy and its oscillation is sinusoidal

hing described by Bean's_ modelso the calculations can The instantaneous voltage generated across the pick-up
apply to both low- and high-temperature superconductorsCoiIS by the sample can be calculated by applying Mallin-

Matlllnfon S pr|nC|p|)tIe of rec'péoc't%l '3 u;ed to Sgs,\c/lznbe the son’s principle of reciprocity. The principle states that the
Instantaneous voltages produced during a MEeASUres ytual flux linking two coils is independent of which coil
ment. Harmonic measurements and analysis are used. These .. ihe current. Hence the voltage produced by an el-

are both well-established tools for investigating the underly'emental magnetic moment oscillating between the pick-up
ing processes that produce the magnetic response of matey]

i : ) . oils as shown in Fig. (b) is equivalent to the voltage across
als. In Campbell’s flux penetration technigftfeharmonic . a coil of elemental area that replaces the magnetic moment if

measurements have been used to distinguish bulk pinnmgnit current passes through the pick-up coils. The dotted

from Sufface pinning>**In susceptibility measurements, the lines in Fig. 1b) denote the Mallinson field generated by unit
harmonic response has been used to measure the field dep&Q}.ant in each pick-up coil and the solid line shown gives

dencr-t: OrflJc n Ic')wdﬁizldsz' an%gﬁ”#f”& This %rttlclz ¢ the net Mallinson field. The Mallinson field points in tlze
reports harmonic data using a - Ihey are used (o 08l e tion. If the elemental moment is not centered in the

. ) " ]
mine whether or nojc is zero aboveBjpg and confirm the iy 1y coils, the instantaneous Mallinson field it experi-

results of the calculations. Then the implications for our genynces while it oscillates i3, cos@t)+ B, where B, is the

eral understanding of magnetic measurements that charactql,jinson field at the center of the oscillation3g is the

ize the magnetic phase diagram of superconductors and @,y t5-peak Mallinson field during the oscillatifas shown

method to improve measurements Bjzr and « are dis-  j, Fig 1(c)] andw is the angular frequency of the oscillation.

cussed. Finally our conclusions are summarized. Hence the instantaneous magnetic flg linking the pickup
coils in the VSM measurement is

In Fig. 1(a), the standard idealized configuration of mag-

Il. CALCULATIONS

In this section, detailed calculation of the voltages pro- ¢=G[Bo coswt) + B, ]m(t), @)

duced during a VSM measurements are provided. The effects

of a magnetic field gradient and the sample not being pernérem(t) is the magnetic moment of the sampfa, S,

fectly centered in the pick-up coils are included. The calcu-2nd 81 are determined by the geometry of the pickup coils.
lations demonstrate the important features of VSM measuré31 S @lS0 determined by how far the sample is off-set from
ments in real rather than ideal conditions. Before detailedn® center of the pick-up coils. From Fig(c], it can be seen
calculations, consider the following estimate of the magni-hat the ratioBo/ B, is the ratio of half the throw distance to

tude of the effects addressed in this article. In a typical comth€ distance the elemental moment is offset from the center

mercial VSM the throw distance is0.5 mm and the field ©f the pick-up coils. The voltage induced in the pick-up coils
homogeneity is- 10~ over a 1 crdiameter sphere. In gen- IS 9iven by

eral the field is more uniform in the central region at the peak ) 5

S0 a reasonable value for the variation in field owv€.5 mm ____ 7

at 10 T is~5 uT. Although this is a relatively small field V= at 0t{G[’80 cog @)+ By Jm(V)}- @
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FIG. 1. The magnet, sample, and pick-up coil configurations used in the calcul&#plueal configuration—the sample oscillates in the
center of the pick-up coils and in the center of the applied field. The axes describe the magnitude of the applied field as a function of distance
along thez axis. The applied field points along the positwexis and has a roof profiléb) The Mallinson field generated by unit current
in the oppositely wound pick-up coils. The axes describe the magnitude of the Mallinson field as a function of distance alaxig.ti@e
dotted lines denote the field generated by each coil separately and the solid line the net Mallinson field. The Mallinson field points along the
z axis. (c) A schematic showing the Mallinson field experienced by an elemental magnetic moment that is oscillating off-centered in the
pick-up coils.

In the idealized operation of a VSM, the magnetic moment is
constant during the oscillation and the sample is perfectly
centered in the pick-up coils8;=0). The geometry of the

; ; . : - Time Time
pick-up coils ensures that the gradient of the Mallinson field B 4 Inm B 4
is constant over the throw distance. A pure sine wave voltage . 0 0
is observed at the drive frequency the magnitude of which is f Fiztt::If § ¢
H H r
proportional to the magnetic moment of the sample. Oscillation —~—
LN \ LN
B. The voltages produced by a sample oscillating in a uniform
field gradient > >
X X
This section first presents the voltages generated in a t t
VSM measurement when the sample is centered in the LowFieldBeanProfiles  High Field Bean Profiles
pick-up coils but offset from the center of the applied field. v v
Hence the sample is oscillating in a constant field gradient. B 4 2r, B 2x
Bean's modéf is used to determine the instantaneous mag- Seg:)nd Half ] o
netic moment. Equatiof2) is then used to calculate the volt- of the ?
ages generated during the measurement. Oscillation [~ _—] —_—
The field profiles generated within the sample using n, < 7o
Bean'’s critical state model for a superconducting cylinder of @ m,
radiusr,, and lengthl, moving in a constant field gradient @
during a VSM measurement are shown in Fig. 2. The field is

applied along the axis of the cylinder. In low fields, the
sample is not fully penetrated. In high fields, after a time
the ac field fully penetrates the sample. A parametean be

FIG. 2. Bean profiles for both the low- and high-field regimes.

The radius of the sample is,. The distance from the center of the

defined as the ratio between the peak value of the effectiveample that the effective ac field penetrate,isThe turning point

ac field and the sample self-field where

for the field profile is denoted, .
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In generalB,.=FB whereF is a geometrical constant deter-
mined by the magnet and the throw distance of the VSM,
andB is the applied peak field. In the calculations presented
in this article,F=10 3. When the sample moves in a con-
stant field gradienty=1 separates the high-field regime from
the low-field regime. It also characterizes when the history of
the sample is lost and hence the condition for the applied
field to beBji- In low fields, from the Bean profiles in Fig.

2, the magnetic momenim(t)] is calculated by summing
the screening currents throughout the volume of the sample:

o

Magnetic Moment (10° A m?)

0

m(t)=2|A=fr°chr2|drif
0

o

Tt m

chrzldrif Jemr2ldr Time (s)

r

t FIG. 3. Calculated values of the instantaneous magnetic moment
of the sample for different values of ac field penetration. The ac
field penetration is characterized by where y=10"°B/uoJcl m,
Jc=5X10°(Bc,— B) Am™2, Be,=10T, 1=4%10°m and r,
where the upper signs are for the first half of oscillation and=10"3m. Wheny=1, the sample is fully penetrated.

the lower signs for the second half of the oscillation. From

Fig. 2, Bean'’s critical state model implieg=r,(1— ) for
y=<1. In the low field caser=r[1— y(1—coswt)/2]. In
the high-field casem(t) is calculated in the four time do-
mains: 0<t<t,, t,<t<wlow, mMo<t<wlow+t,, andn/w
+1,<t<2w/w. Thereafter, the time dependence of the mag
netic moment has been calculated as a functiony qbr
equivalentlyB). The critical current density has arbitrarily
been taken to follow the simple linear-field dependence o
the form?°

_Jc’TTl
3

(r3+2r3zrdxrd), (4)

movement of the sample is equal to the self-field of the
sample and penetrates the sample completely. The width of
the hysteresis measured at 1f does not represent the true criti-
cal current density of the sample. Althoudg drops to zero
at 10 T(i.e., B¢,), the 1f hysteretic signal drops to zero at a
field below 4 T. Hence the size of the hysteresis drops by
any orders of magnitude over a small field range, which
can be easily misinterpreted as a phase transition. In Sec. 1V,
we utilize the absence of any contribution from the bulk
Jc=a(Bco—B), (5  pinning to tke 1 f signal aboveBx in this configuration in
) Coeg o ) _ proposing an improved measurement technique. The har-
wherea is 5X 1AM 2T Bis the applied dc field and - monic voltages generated have also been calculated for when
B¢, is taken as _10 T. C_Iearly there is no |rrever5|b|I|_ty field the sample is not perfectly centered in the pick-up cgils
below B, for this functional form ofJc. Other functional 55 peen taken as2). The B, term produces additional volt-

forms for the field dependence 8¢ will be considered be- ages at odd multiples of the drive frequeng., odd har-
low to demonstrate the generality of the results obtained. Ignonics: 1f, 3f, 5f,.) as shown in Fig. 6.

Fig. 3, the time dependence of the magnetic moment for |n Table I, a summary of the extensive calculations for
different values ofy are shown. The calculations were com-
pleted using Maple V Release 4 taking,=1,8=0,0
=200m,1=4%x10 ®m,r,,=10 3m. At very low values ofy

(c.f., y=0) the field gradient is small and the magnetic mo-
ment does not change during the oscillation. kerl, the
history of the magnetic moment is completely lost and the
mean value of the magnetic moment during the oscillation
drops to zero. Figure 4 shows the equivalent voltages gener-
ated using Eq(2), andG=0.538. These values give a signal
of 5mV,,s at the drive frequency whenls is 5

x 10° Am~2 in zero field The voltage has been Fourier ana-
lyzed into a Fourier series and calculated as a function of
field as shown in Fig. 5. The sine terms are denoted the
lossless voltageéor lossless magnetic momerand the co-
sine terms are the loss voltages. The calculations show that
when By is nonzero, a voltage occurs at the fundamental
frequency(1f) and at even multiples of the drive frequency
(Le., even harmonics: 2f, 4f, 6f)..We have confirmed that |G 4. The calculated voltage waveform across the pick-up
the 1f lossless voltage alone, which is normally taken to beuils for different values of ac field penetration. The ac field pen-
proportional to the value alc, changes sign when the his- etration is characterized by, where y=10"3B/uoJclm, Jc=5
tory of the applied field is changed. Furthermore it falls to x 10°(Bc,—B) Am™2, Bc,=10T, |=4x10°m andr,=10"3m.
zero aty=1. Whenvy=1, the effective ac field caused by the When y=1, the sample is fully penetrated.

Voltage in Pickup Coils (mV)

Time (s)
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FIG. 5. Calculated harmonic voltages as a function of dc mag- FIG. 6. Calculated additional harmonic voltages as a function of

netic field for a sample in a uniform applied field gradient, centeredc magnetic field due to the sample not centered in the pick-up coils
in the pick-up coils. Upper panel—lossless voltages. All the odd(-€- B1=—2). Upper panel—lossless voltages. All the even har-
harmonic voltages are zero except the fundamental frequéicy ~ Monic voltages are zero. All odd harmonic voltages tenq to zero at
which alone changes sigffrom diamagnetic shown when the dc Bcz- Lower panel—loss voltages. All the even harmonic voltages
field is increasedto paramagnetic when the dc field is decreased &€ zero. The dotted line 'nQ'zcaW?l- The sample is chf\;acterlzed
All even harmonic voltages tend to zeroBat,. Lower panel—loss  PY chix 10°(Bc,—B) Am ™% Bc,=10T andl=4x10"*m and
voltages. All the odd harmonic voltagéacluding the fundamental m= 107" m.

that is showhm are zero. The dotted line indicatgs=1. The sample
is characterized byo=5x10°(Bg,—B) Am™2, Bc,=10T and!
=4%x10"3m andr,,=10"3m.

the sample abové& and belowE do not cross the center of
the field. Their response follows that outlined in Sec. Il B. In
the central region, the applied field depends on the precise

different configurations of the pick-up coils, the magnet, andocation within that region. Hence the parameterhas been

the sample are presented. The first row of data describes throduced, which defines the position of any element of the
results shown in Fig. 5. At the fundamental frequeritf), ~ S@mple with respect to the center of the sample. Figtiog 7

the lossless voltage is zero aboBée, whereas the even shows that in general each element sees a large-field oscilla-
Rs

harmonic voltages are nonzero in fields utg (consistent tlgae?rnac:ioan S()Tﬁiléﬁ;l;\?nolseuiia:f:. (Ijls?tlij\:: ?er??rg\llvrsegi?evlv the
with Jc only dropping to zero ac,). If the sample is offset g* >0) develops as thg applied f?e(and hence the size of
in the pick-up coils, additional voltages are produ¢setond ) ops X PP " :

row of data, Table), which are allincluding 1 nonzero up the field oscillations increases. Initially neither the small-
t0Bg,. The,se additional reversible components can be cithdield oscillation nor the large field oscillation fully penetrate
positive or negativdi.e., paramagnetic or diamagnétite- the sample. Whery=1, there is the first penetration of the

. hether th o] low th mple by the large-field oscillation &t =D/2. In the re-
g??k?emgifkrjuvr\; éaé”:rt e sample is above or below the Cent%?me I<y<2, for Z*=D/y—D/2 the sample is only fully

penetrated by the large-field oscillation. Fa* <D/y
—D/2 the sample is not fully penetrated by either field os-
cillation. At y=2, the large-field oscillation fully penetrates
the sample throughout the positive central region and the
Calculations have also been completed for a sample thamall-field oscillation starts to penetrate the central region at
oscillates symmetrically about the center of a roof magnetiZ* =0. In the regimey>2, for Z<D(1-2/y)/2 both the
field profile with a constant slope on either side. This conHarge and small-field oscillations fully penetrate the sample.
figuration is considerably more complex than the previouscor Z>D(1—2/y)/2 only the large-field oscillation fully
ones but of most interest to experimentalists. penetrates the sample. Hence there are three types of Bean
In Fig. 7, the oscillation of a sample about the field centerprofiles to consider. The first is related to the low-field Bean
is shown. Figure (& shows how the applied field for five profiles of Fig. 2, where neither field oscillation penetrates
different points(i.e., A to E) varies with time. The parts of the sample. The second type of Bean profiles are described in

C. The voltages produced by a sample oscillating about the
center of the dc field
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TABLE I. Summary of harmonic voltages calculated for different experimental configurations. A sample
that oscillates in a constant field gradient and one that oscillates symmetrically about a “flat roof” field
profile are considered. The stéf) notes that these harmonic frequencies can appear if a small sample
(smaller than the throw distance of the V.S)Mscillates non-symmetrically about the peak in the applied

field.

Even Multiple of Odd Multiples of
Experimental configuration Drive Frequency Drive Frequency
Sample oscillation in a constant field gradient and 2f, 4f, 6f, .... 1f only
centered in the pick-up coils
(Bo#0, 1=0)
Sample oscillating in a constant field gradient. None 1f, 3f, 5f, ...
Contribution from the sample not centered in the
pick-up coils
(Bo=0, B1#0)
Sample centered in the dc applied field and centered None 1f, 3f, 5f, ...
in the pick-up coils
(Bo#0, B1=0)
Sample centered in the dc applied field. 2f, 4f, 6f, ... Noné&

Contribution from the sample not centered in the

pick-up coils.

(Bo=0, B1#0)

Fig. 9 for Z* positive, where only the large-field oscillation ter andt,, andt,;,, which are the times when the field profile
penetrates the sample. The parameters which must be iaf the sample is completely reversed by the large field oscil-

cluded in the calculation arg, which is the time when the

lation. The third type of profiles consider when both the large

point of the sample under consideration crosses the field ceand the small oscillation fully penetrate the sample. The

Time 0 ™20 % 30 2%

-

(a)

(b)

D Center of Oscillation
0 Center of Sample

-0y

magnetic moment of each element in the central region was
calculated over the relevant time intervals and integrated for
—D/2<Z*<D/2 to give the total magnetic moment of the
sample. Once the time dependence of the magnetic moment
was calculated as a function of field, the instantaneous volt-
age and its Fourier component loss and lossless voltages
were calculated following the procedure used in Sec. Il B.

In Fig. 10, the voltages generated at the even harmonic
voltages for the positive half of the central regi6re., Z*
>0) are shown. These results apply for a small sample
(smaller than the throw distance of the V$khat oscillates
nonsymmetrically about the peak in the applied field. How-
ever theZ* positive andZ* negative sections of the central
region described in Fig. 7 produce equal and opposite even
harmonic voltages and equal odd harmonic voltages. Hence
the total signal for the entire central region only produces
voltages at odd harmonics of the drive frequency. The odd
harmonics for the central region are shown in Fig. 11. Cal-
culations were completed for increasing and decreasing ap-

B field increasing

large field oscillation
Z*=D/2 O fully penetrates the
sample

[l small field oscillation
fully penetrates the
sample

z*=0 —

FIG. 7. The field experienced by a sample oscillating about the y=1 y=2

center of the applied fielda) The movement of the sample from
timet=0 tot=2#n/w. The center of the oscillation is fixed. The

FIG. 8. A schematic showing how full penetration develops as

parameterZ* describes the position of an element of the samplethe applied field increases for the upper part of the region of the
with respect to the center of the sample). The instantaneous field sample(i.e., 0<Z* <D/2) that sweeps through the peak in the ap-
for points within the sample markedlto E.

plied field.
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FIG. 9. The Bean profiles that occur in the intermediate field
regime(i.e., 1<y<?2) for the upper part of the region of the sample
(i.e., 0<Z*<D/2) that sweeps through the peak in the applied b .
field. t; is the time when the point of the sample under consider- 0o 1 2 3 4 5 6 7 8 9 10
ation crosses the field center angandt,, are the times when the
field profile is completely reversed by the large field oscillation.
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FIG. 11. Calculated odd harmonic voltages as a function of dc
magnetic field for the section of a sample that crosses the field
center perfectly centered within the magnet and the pick-up coils.
Upper panel—lossless voltages. Note the paramagnetic reversible
contribution in the 1f component. Lower panel—loss voltages. The
sample is characterized byc.=5x10°(Bc,—B) Am™2, B,
=10T,1=10"3m andr,,=10"3m. The upper and lower parts of
the sample produce even harmonic voltages that cancel to give zero.

plied field, with hysteresis only found in the 1f lossless volt-
age. The voltage measured at the drive frequefey, 1f
lossless voltagecontains both an irreversible component un-
til y=2 and a strictly reversible component at higher fields
up toB¢,. The hysteresis of the 1f lossless voltage collapses
to zero wheny(=FB/uglcry) =2 rather thany=1 since

the change in field experienced by this sample at the center is
half of that when it does not cross the turning point in the dc
field. Figure 11 demonstrates that even when the sample is
properly centered both in the pick-up coils and the magnet,
aboveB gy there is a 1f voltage, which contributes a revers-
ible paramagnetic contribution aigsimilar to the harmonigs

iS nonzero up toBc,. Because of the importance of this
result, the reversible component is confirmed to be paramag-
netic rather than diamagnetic as follows: Using E2), it

can been seen that if the magnetic moment is considg} (
and paramagnetic, the voltag€) across the coils is given

by V.=GBywM_.sinwt, so that the coefficient of the loss-
less component is positive. Consider a sample oscillating
gabout the center of the field and pick-up coils when2. At

the positions when it is instantaneously stationary during the

sweeps through the peak in the applied field. The lower part of th&€Ycle the magnetic moment will be at its maximum value
sample(i.e., 0<Z*<—D/2) gives equal and opposite voltage so and positive since the sample’s immediate history will be
that a sample that oscillates symmetrically about the field centethat of decreasing magnetic field. Equally at the center of its
gives net zero even harmonic voltages. The sample is characteriz&s$cillation the instantaneous magnetic moment will be at its

by Jc=5%X10°(Bc,—B) Am 2, Be,=10T andI=10"3m and

rm=10"3%m.

maximum negative value. Hence, to first order the magnetic
moment will be of the formM; cos 2ot where M, is posi-
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FIG. 12. Calculated additional harmonic voltages as a function
of dc magnetic field due to the sample not centered in the pick-upf
coils (i.e., B1=—2) but oscillating about the peak field. Upper 0
panel—lossless voltages. Lower panel—Iloss voltages. All the eve
harmonic voltages tend to zeroB¢,. The sample is characterized
by Jc=5X10°(Bc,—B) Am™2, Bc,=10T andl=4Xx10"3m and
rm=10"3m.

FIG. 13. Calculated additional harmonic voltages as a function
dc magnetic field for the upper part of the region of the sample
not centered in the pick-up coil§.e., 8;=—2) but sweeping
ﬂwough the peak field. Upper panel—lossless voltages. Lower
panel—loss voltages. All the odd harmonic voltages tend to zero at
Bc,. The lower part of the samplé.e., 0<Z*<—-D/2) gives
equal and opposite voltage so that a sample that oscillates sym-

tive. Using Eq.(2) and the vector identity cosd coswt metrically about thg field cente.r gives net zero odd harmonic volt-
=1/2(coswt+cos 3ut), the coefficient of the lossless compo- 29es- The sample is characterizedJoy=5Xx 10°(Bc,—B) Am %,
nent at the drive frequency is positive. Hence the reversibl&cz=10T andl=10""m andr,=10""m.
magnetic moment measured gt2, due to the nonzerd. . . .
produces a paramagnetic contribution. cies forJc and d_lfferent valu_es o_f superconductln_g param-
Finally consider the additional voltages produced by a8térs, sample sizes and field |nhor_nogenel°’t(?e§.|gures
sample off-centered in the pick-up coils oscillating about14—16 are a sample of these calculations. A Kramer depen-
field center(i.e., Bo=0 andB,= — 2). The even voltages are dence forJc has been considered of the fortn.
shown in Fig. 12 and the odd voltages for positive section of a
the sample(i.e., Z*>0) in Fig. 13. The odd voltages were chBﬁz(BCZ—B)z, (6)
equal and opposite in the two halves of the sample and hence
sum to zero for the entire sample. The even voltages are thehere B, is the upper critical field ande is 5
same for the two halves of the sample and hence have &10° Am 2T %2 In Fig. 14, the loss and lossless voltages
nonzero sum. for a sample that sees a constant field gradieet, doesn’t
Table | includes a summary of the results for a samplecross the magnet field centéaut is properly centered in the
oscillating about the field center. The third row of data showspick up coils is shown. This figure is equivalent to Fig. 5. In
that only odd harmonics are generated for a sample properlyig. 15, the harmonic voltages generated by a sample per-
centered in the magnet and in the pick-up coils. The 1f harfectly centered in the pick-up coils and the magnet are
monic has both a hystere_t|c and a reversﬂ;le component up &hown. The hysteretic 1f voltage collapsesyat2 as found
y=2. Above y=2, there is only a reversible paramagnetici, rig 11 and a reversible paramagnetic voltage is found

@boveB rg. Figure 16 shows how changiry, in Eq. (6)

pick-up coils, there is an additional signal at all even har'affects the results. The a .
. : . . ppargattaken from the hysteresis
monics(c.f. the bottom row of dada The sign of these sig of the 1f voltage drops to zero at fields far beldy.,,

nals is dependent on whether the sample is above or below_ . h
: . equivalent to wheny=2.
the center of the pick-up coils.

D. The effect of the field dependence ol lll. EXPERIMENTAL RESULTS

The generality of the results obtained has been confirmed Experiments have been performed to test the calculations
by repeating the calculations using different field dependenabove, using a VSM developed in-house. It operates inside
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FIG. 14. Calculated harmonic voltages as a function of dc mag- £
netic field for a sample in a uniform applied field gradient, centered & 200000000
in the pick-up coils. Upper panel left-hand axis—lossless voltages. —'-0.4
All the odd harmonic voltages are zero except the fundamental
frequency(1f), which alone changes sidfrom diamagnetic shown

when the dc field is increasgtb paramagnetic when the dc field is “o 10 20 30 40 50

decreased. All even harmonic voltages tend to ze®at Upper

panel right-hand axis—the size of the hysteresis in the 1f voltage.

Note the hysteresis drops to zero below 20 T althoigts nonzero FIG. 15. Calculated harmonic voltages as a function of dc mag-

up to 30 T. Lower panel—loss voltages. All the odd harmonic volt- netic field for a sample in a uniform applied field gradient, centered

ages(including the fundamental that is shopare zero. The dotted i the pick-up coils. Upper panel—lossless voltages. All the even

line indicates y=1. The sample is characterized byc=5  harmonic voltages are zero. Note that the hysteresis drops to zero

X10°(Bco—B)?/BY?Am™ Bc,=30T and I=4x10°m and  pelow 30 T althoughlc is nonzero. Tk 1 f signal scale is the

rm=10°m. right-hand axis. Lower panel—Iloss voltages. All the even harmonic
voltages are zero. The sample is characterized Ry=5

an Oxford Instruments 15 T, 40 mm bore solenoid magnet< 105(802 B)/BY?Am™?, Bc,=50T andl=4x10"*m andr,

with a homogeneity owea 1 cmdiameter spherical volume =10°°

of 1 part in 1. Harmonics of the drive frequency up to 10f

were measured as the field was swept from 0 to 15 T whild T in Fig. 17 demonstrate explicitly thai:#0 at Bzg.

the temperature was held constant. There were two experindeed the higher harmonic measurements demonstrate that

mental complexities. First the drive oscillation is not a pureJc is not below the detection limit of the instrument until

sine wave at 1f. The oscillation includes a 7.5% 3f compo-above 10 T—more tha3 T aboveB/;. Hence by measur-

nent. The 2f, 3f, 5f and 6f components occur at the 1-2 %ng the harmonic voltages, one can determine whelpes

level. Second, relatively large samplésompared to the zero(or more strictly, below the detection limiat B}, . We

throw distancgare required to obtain good signal to noise. A have also measured Pblg and NbTi and confirmed that

first-order correction was used to subtract the effect of thehe agreement between data and the calculations is not de-

anharmonicity, which removed all hysteresis from the har-

monics.

A sample of SnMgS; of dimensions 5.55 mm long and
cross-sectional area 2.45 .88 mm was measured as a
function of field at a temperature of 8.4 K. It was centered
within the pick-up coils which were positioned 5 cm above
the center of the dc fiel?f. This configuration maximizes the
even harmonic voltagesr equivalently magnetic moments
Odd frequency harmonics were observed, consistent with the
sample not centered in the pick-up coils 0.5 mm. The
data obtained at 1 f and the even harmonic magnetic mo-
ments are shown in Fig. 17. These data can be compared—
directly with Fig. 14. Good agreement is shown in both the
relative magnitudes of the maxima and minima of the har- 10
monics and in their position relative ®j5. For example,
the turning points for the 2f- and 4f-lossless voltages occur at
fields below and abovBig respectively, consistent with the  £iG_16. The magnitude of the hysteresis in the 1f lossless volt-
upper panel in Fig. 14. Turning points for the 2f- and 4f-lossage for different values of upper critical field. The current density of
voltages occur just abovBjzg consistent with the lower the sample follows Kramer's law wherelc=5x%10°(Bc,
panel in Fig. 14. The nonzero values for the harmonics above B)%/BY¥?Am 2.

Magnetic Field (T)

1f Lossless Voltage | (V)

0 10 20
Magnetic Field (T)
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1 . . . 10 |5 Fig. 17 at 8.4 K clearly show a harmonic signal above 10 T,
- J 0.5 £ . which is not seen in the 1f data of Fig. 18.
e 4L 192 =%
= < 008.%
§ 2 - Tossless- 1) {1 £ o IV. DISCUSSION
g ~ oL —O-Lossless-2f | {05 P T
= , 7 Lossless - 47) ] 0?_ A. The magnetic phase diagram of superconductors
£ 3F 47" . .
3] In single phase, highly ordered low-temperature super-
é’ g OF ] conductors such as Nb or Bn, the temperature depen-
”"Z 3 - dence of the lower and upper critical fields characterize quite
T 6L -—0— Loss-2f ] 7 comprehensively the magnetic phase diagram. After the dis-
-6 4t |
- . | . . m 1 covery of the high-temperature superconductors, it has be-
'90 5 10 15 come clear that many other critical parameters and processes

are important throughout much of the magnetic phase dia-
gram including the melting temperatur@,() where the or-
FIG. 17. Harmonic measurements on a Sg®josample as a der in the flux-line-lattice changes discontinuously, fluctua-
function of applied dc field at 8.4 K. The sample is centered in thetion effects close tdB¢,, thermally activated flux creép
pick up coils,+5 cm above the dc field center. The arrows indicateand in highly anisotropic or layered HTS materials, a two-

Magnetic Field (T)

v=1. The sample oscillates in a constant field gradient. dimensional—three-dimensional crosso%r,where the
Abrikosov flux lines break down into quasi-two-dimensional
pendent on the superconducting mateiial. so-called pancake¥$.One of the important developments in

In order to further investigate the effect of field inhomo- the last few years has been clear specific e,
* neutron-scattering® and magneti® measurements of the

geneity onBjrg, the pick-up coils were displaced from the oA -
center of the magnet by2 cm and+5 cm and the sample melting line in very clean materials. Nevertheless the general
relationship betweeB gz andT)y, is still not known. In very

centered in the pick-up coils. The 1f lossless magnetic mo- )
ment for the SnMgS; sample was measured as a function of¢/€an YBaCwO,, it has been suggested they, and Bjre
field gradient and temperature to investigate the effect of aB@ve & common origiff! In Bi,Sr,CaCu,0p, when bulk pin-
field on the critical current density and irreversibility field. Nind has been eliminate@r and T, are not related™

The results are shown in Fig. 18 where the dotted lijag$o In addition to the magnetic measurementsBytr there
(d) representy=1 for the 8.4K-5cm, 8.4K+2cm, 6.8K &€ complementary transport measurements which follow

+5cm and 6.8 K-2 cm measurements respectivefyis cal-  Well-established scaling lad’ for both low* and high®
culated by using the field-center measurement as giving gmperatur.e supercor!ductors. However, although these scal-
first-order value for the actual critical current density and theNd 1aws give clear signatures for whelg drops to zero,
measured inhomogeneity of the magnet. The dotted linefey can equally describe systems that cross-over from per-
correlate very well with the measured irreversibility field. colative to nonpercolative properties. Hence the interpreta-
We conclude that although at each temperature, the med&ion of the parameters derived from resistive data can equally
sured critical current value@lerived from the hysteresis us- P€ in terms of giving the boundary for zero-resistance perco-
ing Bean’s model drop rather rapidly at the highest fields, !&tion in a highly —disordered or inhomogeneous

the field values at which the measured critical current densit?upgrconducté? or in_te?r‘rlgs of a transition from a pinned to
drops to zero gives values f@%g not Bg. The data in unpinned vortex liquid’*® To contribute to unravelling the
IRR IRR complexity of magnetic phase diagrams, we suggest that

measurements d8,rg and « can be improved to give data

& 10° | closer to the ultimate sensitivity of the instrument rather than

£ e 3 limited by the field inhomogeneity of the magnet.

> Emi .

.% 10° E 3 B. Increasing Jc, Bjrg and Bjrg

a - The marked effect of field inhomogeneity on SQUID

.§ 10" - measurements has broadly been overcome by significantly

S ‘A -’. A ﬁ_ E improving the homogeneity of the magnets used. Neverthe-

b L " L1 2 g° ] less it is clear that inevitably the self-field of the sample will

5 10° (omaaakomizemmeen | g % 0 - eventually be sufficiently small to equal the variation in field

§ 5[::: B.ok: gzg,:gzm,:gzﬂ i * § seen during the mov_emer_wt of the sample dl_,lring the SQUID

= T — - 4 . | : . measurement. At this point, the sample will be fully pen-
10 0 5 ' 10 - 5 etrated, the magnetic hysteresis will be washed out and as

noted aboveB g is measured rather thaByzg. Hence the
origin of Bjrg is similar in a VSM and a SQUID measure-

FIG. 18. The measured critical current density derived fromMent. Flux pinning scaling laws in low-temperature super-
Bean’s critical-state model for Sn\8, as a function of applied dc  conductors show thal. scales withBg, wheren is typically
field and temperature. The dotted lines represgat for (a) the 2 to 3*9°°When materials have an irreversibility field sig-
sample at 8.4 K and displaced from the peak in the dc field-By  nificantly belowB.,,B rg becomes the natural field scale for
cm, (b) 8.4 K, 2 cm,(c) 6.8 K, 5 cm andd) 6.8 K, 2 cm. the scaling laws. One may then expect that asBRg in-

Magnetic Field (T)
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creases]c increases. There have been a number of reportg/e propose that two sets of reversible magnetization data
that radiation increases both the irreversibility line agadn are obtained with the gradient field in opposite directions.
both YBaCu,0; (Ref. 51 and BiLSr,CaCu0;.°2 However  The average of these data sets will cancel to first order the
this article has shown that for a given magnetic instrumenteffect of the sample not being centered in the pick-up coils
one expectB8 -, to increase agc increases. Equally, mea- perfectly (c.f., Fig. 6. From these reversible magnetization
surements to test for granularity by taking large samples anéata obtained at the drive frequency of the VSM, more reli-
grinding them into powder inevitably produce changes inable measurements afcan be made than would be possible
Bl simply because of the change in the dimensions of thélsing standard methods. If two sets of measurements are also
sample. Measurements on small samples such as single crygade at higher harmonics, the reversible voltages due to any
tals are prone to error because of the small self-field prononcentering of the sample in the pick-up coils are again
duced by such samples. Measurementskpfparticularly cancelled to first order and the entire voltage signal can be
those that show curvature in the reversible magnetizatioheconstructed from the harmonic data. Equati@ncan then
datd® may include a contribution from non-zet.. The be used to deconvolute the time dependence of the magnetic
general concerns arise whether reports in the literature ghoment from whichlc can be extracted. Onck: has been
reversible magnetization data can correctly be equated to th@ccurately measured, an accurate measurememf is
oretical thermodynamic calculations of the diamagnetic rethen available.
sponse of superconductors and furthermore whether reports
of Brr are in fact reports oB/,z. We have shown experi-
mentally that these parameters can differ in high fields by
many T. The magnetic phase diagram of superconductors has been
much debated, particularly with respect to high-temperature
C. Measuring k, Jc, and Bjgr superconductors. Many explanations have been proposed for

the region of phase space that appears to have no pinning,

The calculations presented are sufficiently wide-rangin o .
o . .%/et is still superconducting. VSM measurements are com-
to allow the qualitative harmonic response of a range of dif-

; ; ; monly used in high magnetic fields to determine the phase
ferent sample sizes and geometries to be determmed—oundar whed.. is zero2® However B*... is determined b
samples that are much bigger or much smaller than the thrO\R y c : "~IRR y

distance, or that are symmetrically oscillating about the mag_sa;nple getolTetry, fltelgl mhorc\c/)r?enil]ty and tlhrpw dlitange,
netic field center or not, or that are centered in the pick-u;j'in cannot be equate .mPR' €n e sample IS centere
coils or not. in both the magnetic field and the VSM pick-up coils, the

The basic difference in the solutions in Sec. Il B and Il ¢ "€Versible signal at the drive frequency in high fields in-

can e ulized 0 mprove measuremenIaolc ANdBixs o, eyt o 1 42U danag:
Consider a sample in a magnetic field ab®%g that is Y g

. . . r;[etization of the superconductor, there is a reversible
centered in the pick-up coils. If the sample sees a constan ramagnetic contribution from the nonzede. Hence
field gradient across the throw distance the magnetic momeﬁ’tb 9 :

5 : o
changes sign twice during the cycle and the 1 f signal is zerg‘?l ?r:’eﬁ:RR’ tr:je reve_rS|bIe makgnetmatlort]_ CatF‘”Ot bedehquated
(c.f., Fig. 5. If the sample oscillates about the field center, 0 the thermodynamic reversible magnetization, and hence

the magnetic moment changes sign four times and a rever gnnot be reliably derived, unless it is shoyvn thatis neg-
ible magnetic component is producétif. Figs 11 and 18 igible. We have proposed a method to improve measure-

We propose that if preliminary calculations show that theMents ofx, Jc and Bjrg by adding a coil system to the

field inhomogeneity in the magnetic instrument may producénstrumc_ant that produces a constant flleld gradient over the
significant errors for a sample of interest, a reasonable ﬁréprow d|stange of the sample. Harmonics measurements are
step would be to slightly offset the pick-up coils and theProPosed to improve the accuracy &f andBigg data. Ex-
sample so that the sample does not cross the field Cent@fanmentalldata have been presented to support the conclu-
during its oscillation and remeasure it. If the data changeS'oNns Of this work.

significantly, we propose that the system is recentered and
that an additional coil system is added to the instrument to
produce a field gradient sufficiently large to ensure the mag-
netic moment only changes sign twice during a single oscil- The authors thank the E.P.S.R.C. and Oxford Instruments
lation. For a sample perfectly centered in the pick-up coilsPlc for providing support for this work and R. Luscombe, K.
this additional field gradient will significantly reduce any Brazier, D. N. Zheng, and N. Cheggour for helpful discus-
contribution &1 f from non-zeralc aboveBjz (c.f., Fig. 5.  sions.

V. CONCLUSIONS
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