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Flux penetration measurements and the harmonic magnetic response
of hot isostatically pressed  (Pb,Gd)Mo0gSg
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Detailed flux penetration measurements and the harmonic magnetic response have been measured
from 4.2 K up to the critical temperature in dc fields up to 10 T for a hot isostatically pressed
Chevrel-phase superconduct@®b,GdMogS;. Good agreement is found between experimental
results up to the tenth harmonic and calculations derived from a critical-state model which
demonstrates that on the macroscopic scale the supercurrents flow throughdwikited the
material. The field and temperature dependence of the critical current density shows a universal
scaling behavior in agreement with Kramer's pinning law, which suggests that a single
grain-boundary mechanism determines the critical current density. Complementary compositional
microscopy, X-ray, resistivity, and susceptibility data are presented. When gadolinium is not
incorporated into the crystal structure it acts primarily as an oxygen getter in the foy8, @dhich
enhances the density of paths of Phfpwith low oxygen content and high superconducting
critical parameters. When the divalent gadolinium replaces the trivalent lead to form
(Pb,_,Gd,)MogSg, it reduces the density of hole states at the Fermi energy which lowers the critical
parameters, the critical current density, and the irreversibility field.1999 American Institute of
Physics[S0021-89789)00507-1

I. INTRODUCTION 4.2 K up toT¢ in dc magnetic fields up to 10 T on material
of nominal composition RpGd; M0gS; [(Pb,GdM0ogSg]

High upper critical field fioHcp) values of Chevrel- o isostatically presse@HIPed at 2x 10 Nm~2 (2000
phase(CP) superconductofsmake them promising candi- ban. A purpose-built probe provides large ac fields of up to

dates for high-field applicatiorfss Recently significant im- 100 mT® Comparison is made between the results and a

provements in the critical current densitye) and the  cijica)state model that describes supercurrent flowing
irreversibility field (uoHi,) of Chevrel-phase wires of cOm- yhq,ghout the bulk of the material. In contrast to standard dc
position (Pb,SnMogS; (Ref. 4 have been reported, but for ,aqnetic measuremefitsor transport measuremertts,
practical magnet construction further increaseslnby a  changes in bulk properties can be explicitly distinguished
factor of 24 are requiretiAn unusual property of CP ma- percolative or surface properties. By measuring the spa-
terial is that it remains superconducting even when rare-eartfl,| \ = riation of Jc in high magnetic fields nondestructively,

_(RE) iorjs are ing(_)rporated into its structure. Early work onyhq effect of the Gd on the bulk properties b, GdMoeS;
increasing the critical parameters of Pbj8pwas successful s yetermined.

when gadolinium was added. The Gd caused an increase in ),y penetration measurements with small ac fields have
the unit cell size of the CP structure together with improve-g very highl. values at the surface of Pbl& samples
ments.i.n the upper critical field;(oHC%=54 T at 4._2 K and (>10° Am~2 at 5 T and 4.2 K which demonstrates the
the critical temperaturdTc~14 K).” In this article, we  yoseniial of this materiai However, the short coherence
present detailed flux penetration measurements made in h'qgngth of PbM@S; can lead to granular properties if the
magnetic fields and investigate whether Gd can increase thgy,ctyre or stoichiometry varies on that length scale. Hence,

Jc of POMG;Ss. the degree of granularity and the critical superconducting

The study of the electromagnetic properties OfSUperconbarameters are strongly dependent on the fabrication

ducto_rs has_ been markedly improved t;y the flux pe”etratiorbrocedurel? In previous work on ternary PbM8; samples,
technique first developed by Campbelllhese measure- e found that the irreversibility field can be significantly
ments enable nondestructive determination of the spatigl,.;eased by using hot isostatic pressiriPing).1 All the

variations in the superconducting properties, which faC“i'quaternary samples reported in this work have been HIPed to
tates identifying where the supercurrent flows and, henc‘?mprove their connectivity.

regions of highJc. Nevertheless, these measurements are * gection 1| describes the experimental procedure. This in-

not common because for bulk samples, the measurementy,jes details of the sample fabrication together with com-
require high ac fields, which is a demanding experimental,giional microscopy, x-ray, resistivity, and susceptibility
requirement in the presence of high dc fields. This articlgysia These show that the sample is not single phase and
presents flux penetration and harmonic measurements fropyhfirm that adding Gd does improve the critical supercon-
ducting parametersThe flux penetration and harmonic mea-
3Electronic mail: d.p.hampshire@dur.ac.uk surement techniques are also outlined. In Secs. Il and IV the
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FIG. 2. Electron probe microanalysis HIPéBb,GdMogS;. The phases
labeled are A: GsB;, B: Mo, C: Ph _,Gd,M0ogS;, and D: MoS, Mo,S;.

2 6 (degrees)

2 shows low magnification electron probe microanalysis
FIG. 1. X-ray diffraction pattern fofPb,GdMo¢Sg: (a) before HIPing;(b) (EPMA) results for the HIPed sample, in which the spatial
after HIPing; and CP denotes Chevrel-phase structure. distribution of the different phases present can be seen. El-
emental mapping shows that most of the Gd occurs in phase
A (Gd,S;), however, there is a layer about 5—ifn thick
results are presented and analyzed. The experimental resuisrrounding phase A which also contains a small amount of
have been used to calculate magnetic-field profiles which argd. In this layer, the Gd content decreases as the Pb content
then compared to model calculatiofsl¢(B, T) is presented increases, consistent with Gd-doped PRBI0® Figure 3
and analyzed within the framework of a universal scalingshows the irreversibility fieldas determined by resistivity
law. At the end of the article, there is a discussion of themeasurements using a sample current-GfmA) as a func-
effect of adding Gd to HIPed polycrystalline PbpBy  tion of temperature for samples with different levels of Gd
samples and a summary of the most important findings.  content. Adding a small amount of Gd dramatically increases
the critical parameters for the onset of superconductivity.
Il EXPERIMENT Thereafter, there is no change in the irreversibility field as

A. Sample preparation and quality

15 T T T T
The fabrication procedure for the series of samples in- '

vestigated in this work follows that reported previouiyn
brief, pure elements were mixed in the nominal composition
(Pb,_,Gd)MogSs for x=0.0, 0.1, 0.2, and 0.3. The powders 10 L
were repeatedly ground, pressed, and reacted to form the_
intermediate sulphides. Then, the material was sealed unde
vacuum in silica tubes and reacted at 1000 °C for 44 h. Fi-
nally, the samples were wrapped in molybdenum, sealed un-™ g
der vacuum in stainless-steel tubes and heat treated in a hc
isostatic presgHIP) at 2x 108 Nm~2 (2000 bay at 800 °C

for 8 h. The sample, which has been measured in dgtail

x=0.3), has been characterized using x-ray diffraction 0 .
(XRD) both before and after HIPing, as shown in Fig. 1. 1"
HIPing ensures that the dominant phase has the CP structure, Temperature (K)

with minority phases of Mog Mo,S;, and GgS;. Consis- FIG. 3. Irreversibility field as a function of temperaturgyH;,(T)] for

tent with these results, Mg&nd MgS; have been reported py,  Gd,Mo,s, samples of different gadolinium conteptoH;,(T) is de-
at 1000 °C(Refs. 16 and 1j7and GdS; at 1100 °C2 Figure  fined by the onset of the resistivity transition.
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FIG. 4. Irreversibility field as a function of temperaturg,H;.(T)] for FIG. 5. Magnetic moment vs ac field for HIP&ab,GdMosS; as a function
Ph, _,Gd,MogS; samples of different gadolinium contentoH;,(T) is de- of temperature in an axial dc field of 5 T.
fined by the onset of the susceptibility transition.

fche Gd F:o_r_1tenf[ Is increased. I_n Fig. 4, equwalenfc qlgta for th'?emperatures, there is a sharp fall in the magnetic moment to
irreversibility field as determined from susceptibility mea- a minimum value after which there is a slow increase as the

sgrements{using an ac field of about 10 T) show a quite ac field is increased beyond that required for full penetration.
different trend. Although the temperature for the onset OfThe marked increase at high ac fieltg 4.2 and 5 K is

superconductivity in zero field increases, in high magnet'.cattributed to eddy current heating in the copper components

fields the opposite occurs. The onset_ of superconductivity IS¢ the probe. Figure 6 shows the magnetic moment versus ac
at a lower temperature as more Gd is added to the Samplﬁeld for the sample in the axial orientation as a function of

An explanation for the difference between the irreversibilitydC field at 7 K. The maximum ac field which can be obtained
field determined from the resistivity and susceptibility data isat high tempe.ratures and high dc fields is determined by the

discussed in Sec. V. superconducting primary coil quenching. Figures 7 and 8
show the harmonic response of both the losslgss, the
induced voltage 90° out of phase with the current in the
The (Pb,GdMo4S; sample was cut into dimensions 1.0 primary coi) and the losgi.e., the induced voltage in phase
mmx1.0 mmx5.0 mm. A purpose-built prolﬁewas used to with the current in the primary cgilcomponents of the in-
make flux penetration measurements from 4.2 K ufsgan ~ duced voltage fokPb,GdMogS; at 6 K and 3 T. Measure-
a dc field up to 10 T. In these measurements, the sampl@ents have been made from 1 F, which is thendamental
experiences an ac field of up to 100 mT at 19.7(ptoduced ~ frequency of the applied ac field, up to 10 F. The even har-
by the superconducting primary coil of the protseiperim- monics(which are zero for both components, i.e., less than
posed on a large dc fielghroduced by the superconducting =5 «V) and the odd harmonics have the functional form
magnel. The direction of the ac field is parallel to the dc expected for bulk supercurrent flow, as discussed in Sec. IV.
field. The magnetic response of the sample is monitored by
measuring the induced voltage across two secondary coils of
similar geometry, wound in opposite sense. Measurements

B. Flux penetration measurements

were performed with the magnetic fields applied both paral- AC. Current, Iy, (A)
lel (axial) and perpendiculaftransversgto the long axis of _ 00> ; 1| . ? . ‘f 0.0
the sample. “e 51 AC. Coll Quench | s
< 08 o
B 402
Ill. RESULTS 2 | 5T <
H 4T &
Figure 5 shows the magnetic momemt, (o versus ac e? 10 \\ 5T 104 i
field (Moh_rms) for t_he (_Pb,GdMoGSB as a function of tem- & 1AV, ] g
perature in an axial field of 5 T. The current through the § -15rla,, ... 2T 106 S
primary coil of the probe and the induced voltage across the§ i ) §
secondary coils are also included. The rms ac current is con @ 20} §
verted to the ac field using the primary coil constédt of g - T 108 =
28.7 mT A L. The induced voltage is converted into a rms -2-50 - 2‘5 . 5‘0 . 7‘5 E—Te
magnetic moment using the secondary coils calibration con: -
stant(P) at 19.7 Hz of 0.277 AV~ 1. A background sig- AC. Magnetic Fleld, kohum, (10 °T)

nal, taken when the temperature is above the critical teMmgig. 6. Magnetic moment vs ac field for HIP€&b,GdMogS; as a function
perature Tc) has been subtracted from all data. At all of axial dc field at 7 K.
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the calibration constant for the secondary cdilgis the dc field required to

FIG. 7. Harmonic response of t.he Iossl_ess component of the induced voltaq%”y penetrate the samples is the angular frequency of the applied ac file
for HIPed (Pb,GdMogS; at 6 K in anaxial dc field of 3 T. andb,, the peak value during the cycle
m .

A comp!ete set of data including the fie.Id, temperature, and_he loss componeriFig. 10, the 1 F signal increases mono-
harmonic response has also been obtained for the sample tdnically. There is a factor of approximately 2.5 between the

the transverse orientation. ac field required to produce a minimum signal for the 3 and
5 F signals. The experimental data shown in Figs. 7 and 8
IV. ANALYSIS OF RESULTS follow these predictions very closely, which provides strong

evidence that the magnetic responséRh,GdMogS; is con-
sistent with the flow of supercurrent throughout the bulk of
Calculations have been performed of the ac magnetithe material.
response of a bulk superconductor to low-frequency, high- Using the data in Figs. 5 and 6, it is possible to deter-
amplitude, ac magnetic fields in flux penetration measuremine explicity the magnetic-field profiles inside the
mentst* In the analysis it was assumed that as the ac fieldPb,GdMogS; sample and, hence, the spatial variation in
increases, the instantaneous flux profile obeys the criticaldc .2° Figures 11 and 12 show the calculated spatial varia-
state modef? Solutions have been found for both transversetion in the magnetic field £,M) inside the(Pb,GdMogS;
and axial orientations of cylindrical samples. A Fourier sample. The distance the field has penetré&dan be ap-
analysis was used to determine the harmonic response ptoximated by

A. Flux profiles

multiple frequencies of the ac field F) up to 10 F. Figures
: |dvrms/d I rmsl
9 and 10 show the lossless and loss components of the in-  §=r | 1- 1], )
duced voltage as a function of ac field for different frequen- |dVims/dlrmd ma
cies. In these figures all of the even harmonics are zero. Fagherer ,, is given by
the lossless componer(Fig. 9), the magnitudes of the PldV 12
minima in the 1 ad 3 F signals are similar, and the field at ro= Ho ‘ "ﬁ _ ()
which these minima occur are about a factor of 4 apart. For mLC| dlms|,,
AC. Current, |, (A) - 03
8
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- e R £ o2
S
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= = E 01
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£ ] . g o
g : 3
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3 71%° AC. Magnetic Field, by, (b,)
0 25 50 7% 100 FIG. 10. The calculated loss component of the induced voltage as a function
AC. Magnetic Field, ugh,,, (10° 1) of axial ac field.K is a constant determined by the shape of the sample and

the calibration constant for the secondary cdilsis the dc field required to
FIG. 8. Harmonic response of the loss component of the induced voltage fdiully penetrate the sample: is the angular frequency of the applied ac field
HIPed (Pb,GdMogS; at 6 K in anaxial dc field of 3 T. andb,, the peak value during the cycle.
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FIG. 11. Magnetic-field profile inside HIP€&b,GdMogS; as a function of
temperature in axial dc field of 5 T. B. Critical current density and scaling

Jc can be calculated from the minimum rms value of
the magnetic momenfm,,{(min)] at each field and

P=0.277 An?V~1, C=28.7 mT AL, and the length of the temperaturé? In particular,

sampleL =5 mm. The derivativel V,,s/dl s has been cal- 4.42 m,,d min)
culated using the Savitsky—Golay method of simplified least Jc(B,T)= —vr (4)
square€! The magnetic field inside the samplgdM) is
calculated from whereV is the volume of the cylinder andis its radius. In
Fig. 13, theJ: values calculated from the data obtained in
oM =Clpy, (3)  axial orientation are presented for tfb,GdMogS; sample.

The values ofl; are accurate to about 10%, primarily due to

wherel . is the peak value of the current in the primary coil the uncertainty in the sample dimension$5AT and 6 K,Je

during a cycle. The gradient of the field profile as a functioni 1.6<10° Am~2. This is approximately half that for the
of the penetration depth in Figs. 11 and 12 gives the spati nd('Jped PngSE; which gives a value of 3010°
variation ofJ- . The gradients are rather constant throughoulAmfz_ls When th;a appropriate demagnetization factor has

most of the sample as is expected for a bulk pinning SUPeTEaan included for the transverse data,1p6B,T) graphs are
conductor. The minimum in the magnetic moment in Figs. ery similar for both orientations

and 6 leads to an apparent penetration of the magnetic field Figure 14 shows Kramer pld&for the (Pb,GdMogSs

to a depth greater than the radius of the sample. This ha§ample. A linear extrapolation of the datal@l,’z(,uoH)Gl"‘

been m_terpreted as evidence fo_r granula?r’rtygut detal!ed =0 gives the irreversibility field £oH;,) for each tempera-

calculations demonstrate that this overshot is an artifact Otfure The volume pinning force is calculated usifig,

the harmonic analysis. = uo(JcXH). Figure 15 shows the reduced volume pinning
force (Fp/Fpmax) versus the reduced magnetic field (
=H/H,,) for temperatures from 5 to 11 K. As seen by other
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FIG. 12. Magnetic-field profile inside HIP€&b,GdMogS; as a function of  FIG. 14. Kramer plot for HIPedPb,GdMogS; as a function of field and
axial dc field at 7 K. temperature.
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plicitly include the field dependence df and, hence, in-
clude changes il caused by applying the ac field are
required?*?

On the microscopic scale, the XRD and microprobe data
demonstrate that the sample is multiphase with both the CP

compounds GdMgl; and PbM@Sg present along with sev-

g 11 B LI s s B B B B rather than, for example, preferentially at the surface. The
w 10 A 5K | ] calculations have been completed assuming dpadoes not
w09 o T | change significantly when the ac field is applied. From Fig.
g o8y T ek | 1 13, it is clear that the change iit., as the ac field is in-

& 07 4 too | 4 creased up te<100 mT, is typically less than 3%, which can
§ 08 2h,}€'1°:), b be neglected. However, very close to the upper critical field
h:; 0.5 ] whereJ. drops to zero or close to zero field whelg is a

E 04 7 strong function of field, more complex calculations that ex-
s
°©
8
3
L
14

FIG. 15. Reduced volume pinning force vs reduced magnetic field foreral others including G&;. The difference in the irrevers-

HIPed(Pb,GdMosS; as a function of temperature showing a universal scal- ibility field determined from the resistivity and the suscepti-
ing behavior.

bility measurements can be explained by the inhomogeneity
of the samples. A marked feature of the resistivity data is the

authors, the volume pinning force obeys a universal scalingaturation in the irreversibility field. When Gd is first added
law of the formF p= a(uoHi,)"hY4(1—h)2, where the con-
stanta=(1.95+0.15)x10° T"1"®* Am~? and the indexn

=2.79+0.13.

to the material(cf. Fig. 3, the irreversibility field increases,
but further increases in Gd content produce little additional
change. The current density flowing during the resistivity

Figure 16 shows the irreversibility field for measurement is relatively smat-(L0* Am~2) and the volt-
(Pb,GdMogS; plotted as a function of temperature. The ir- age generated high so the occurrence of a percolative super-
reversibility field has been calculated for the data obtained irtonducting current path is all that is required at this charac-
both axial and transverse orientation and is compared to thagristic irreversibility field. Since resistivity measurements
for an undoped sample. The solid squares show values of thgharacterize the percolative paths with the highest critical
upper critical field for undoped PbM8; obtained by dc parameters, and it is known both that the Gd can act as an

magnetization measurements. oxygen getter in the form of G&;,2° and that low oxygen
content can improve PbM8;,2"?®we conclude that the Gd

V. DISCUSSION enhances the density of low oxygen content Pp84@aths

The role of the Gd has been investigated in detail b with very high critical parameters. The irreversibility fields

making flux penetration measuremeiiisgs. 7 and 8 and
measuring the harmonic respongeigs. 11 and 1P of

PbMa;S;, and comparing these data with a critical-state

and calculations in both axial and transverse field orienta-

ydetermined from the susceptibility measurements are similar
to the irreversibility fields determined from the Kramer ex-
trapolations. When the sample screens out the*10 ac
n1‘{'eld, applied during the susceptibility measurements, a cur-
rent density of about P0OAm~2 is flowing. Necessarily, the

tions. We conclude that the supercurrent flows throughou§imilarity in the irreversibility field from the susceptibility

the bulk of the (Pb,GdMogS; on the macroscopic scale

40 T T T T T T T T T T T T
E B -
£
r 30 -]
£ | HIP'ed
3 PbMogS,
w 20 ]
2
3 HiP'ed I
8 10} (Pb.Gd)MogS, ]
]
E ! o ;
o PUNEN SN TN N T | P | bl a1 1 P 1
4 5 6 7 8 9 10 11 12 13 14

Temperature, T(K)

15

FIG. 16. Irreversibility field for HIPedPb,GdMogS; as a function of tem-
perature compared to that for an undoped santplg Flux penetration
measurements were made with the sample in an é@aland a transverse
orientation(O). Also shown are values gfyH, for PbMq;S; (l) from dc

magnetization measuremeritee Ref. @

measurements and the Kramer extrapolation occurs since in
both measurements it characterizes the field at which the
critical current density has dropped to abouf 20m~2. In
conclusion, the very marked difference between the irrevers-
ibility field determined from the resistive measurements and
the susceptibility measurements occurs because of the differ-
ent criteria used in each case. In the resistive case the irre-
versibility field is characteristic of percolative superconduc-
tivity, whereas for the susceptibility measurement the
irreversibility field occurs when the critical current density is
about 18 Am~2 and is characteristic of the bulk.

The field and temperature dependencdofs consistent
with a Kramer’s flux pinning universal scaling law. Very
clear scaling has been observed, which is generally taken a
evidence that a single grain-boundary mechanism determines
Jc .2 In the original work by Kramef? it was suggested that
unpinned fluxons in the grains sheared past fluxons pinned at
grain boundaries. More recent wdPksuggest that grain
boundaries are channels of very weak flux pinning so that
phase coherence and tunneling at the grain boundaries are
the important features of the mechanism. At present there is
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no general agreement on how the grain-boundary mechanechanism determines the critical current density. Adding
nism, which leads to the Kramer dependence, operates. Negadolinium decreases the critical current density and the ir-
ertheless, adding Gd has significantly reduced ligttand  reversibility field by about 50%.
moHirr by approximately 50%. By measuring the irreversibil- Results from flux penetration measurements have been
ity field using flux penetration measurements, this reductiorcompared to a critical-state model which described the func-
is unambiguously associated with a reduction in bulk proptional form of the magnetic response of a superconducting
erties rather than percolative properties. sample in an applied ac magnetic field. Measurements have
The CP superconductors have attracted a great deal den completed for a cylindrical sample in both axial and
interest because a magnetic RE ion can be incorporated imansverse orientation up to the tenth harmonic of the ac
the crystal structure without destroying the superconductivfield. The experimental flux profiles and harmonic response
ity. Evidence for the coexistence of magnetic order and suef (Pb,GdMogS; show very good agreement with calcula-
perconductivity was first obtained from specific heat and adions that demonstrate the supercurrent flows throughout the
susceptibility measurements3? The most important aspect bulk of the material.
of the chemical structure is the strongly bondedgBioocta- In these samples, the gadolinium is an oxygen getter in
hedra where the superconductivity is expected to reside. Athe form of GgS; which enhances the density of low oxygen
with rhodium borides, nickel-boron carbides and the high-content PbMgS; paths with very high critical parameters. It
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