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Critical parameters of disordered nanocrystalline superconducting Chevrel-phase PbM¢5;
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Highly dense structurally disordered nanocrystalline bulk PiB4dsamples were fabricated by mechanical
milling (MM) and hot isostatic pressirgilP) at a pressure of 2000 bar and temperature of 800 °C for 8 h. In
spite of the lower superconducting transition temperatt]’roggi”‘:lzs K), nanocrystalline bulk PbM8g
samples were found to have significantly higher resistiiy(16 K)=680 1 cm] and upper critical field
[BY,°(0)=110T] than conventional samplefTS*¥N=151K, py(16 K)=80xQ cm, and BY, °(0)
=45T, respectively; Phys. Rev. Lefil, 027002(2003]. The microstructural evolution during MM and HIP
and the critical current densityJ¢) are presented in this papele of the nanocrystalline bulk samples
increased by a factor of more than 3 for high magnetic fields up to 12 T compared to the conventional sample.
The scaling analysis is consistent with a grain-boundary pinning mechanism wikgre
~{[BJCC;O(T)]”/21;<’“,u0d*}bp(1— b)9 wheren~2.35,m~2, p~ 3, q~2, « is the Ginzburg-Landau constant
(calculated from reversible magnetization measuremeatsld* is the grain sizéderived from x-ray diffrac-
tion analysi$. Despite the pinning framework, the underlying science that determlpeshallenges the
standard flux pinning paradigm that separates intrinsic and extrinsic properties, since the disorder and micro-
structure of these nanocrystalline materials are on a sufficiently short length scale as to increase both the
density of(extrinsig pinning sites and théntrinsic) upper critical field.

DOI: 10.1103/PhysRevB.69.174503 PACS nuniger74.70-b, 81.07.Bc, 74.25:q
[. INTRODUCTION cal, chemical, and mechanical properties with respect to con-
ventional polycrystalline materials.
The Chevrel-phase superconductor PRBjohas suffi- High-energy impact during mechanical milling can be

ciently high intrinsic properties to make it a potential mate-Used to induce severe plastic deformation of mi”\%daéTeta'
rial for the next generation of high-field magnets—the criti- and alloys to form nanocrystalline or amorphous po '
cal temperatureT) is ~15 K and the upper critical field Nanocrystallization of the amorphous powder can produce

N 1 L nanocrystalline materials with dense and clean grain bound-
(Bco)~50 T However, the values of critical current den- gieq ~gifferent types and levels of disorder, and/or nearly

sity (Jc) are too low for industrial usépossibly because of perfect crystallite structure through control of the heat treat-
degraded or nonsuperconducting phases, such as, M0S ment and thermomechanical processinghis approach has
Mo,S;, at the grain boundarider because the pinning site been adopted to fabricate nanocrystalline and amorphous
density is not high enough. It has long been known thaPbMag;S; powder. The mechanical-milled Pbly®; powder
decreasing the grain size of low-temperature superconducwas then subsequently annealed or hot isostatic pressed
ing (LTS) materials, such as NBn, increases the density of (HIP) to obtain the bulk samples. In a recent Lefewe

flux pinning sites and henck: .4~ Such results have led to Priefly reported that fabricating nanocrystalline supercon-
the flux pinning paradigm, used for40 yr, in which the ductors provides a method to increase the upper critical field

microstructure determines the density and arrangement of tt@CZ) itself. For nanoqryspallme Pb'.vésfi’ Bc, can be
o . . o .~110 T. The small grain size and high levels of disorder
pinning sites and the material composition and electroni

q . he fund | ducti Cenhanced?;cz by increasing the resistivityp() at the ex-
structure determines the fundamental superconducting PrOBense of decreasing. and the Sommerfeld constaf).

e_rties. Increasing]c.can also ipcrease t.he .irre-versibility Furthermore, the values df. found in zero field were the
field.” For example, in MgB, an increase in pinning led to highest reported for bulk PbM8;. This paper includes a
an increase in the irreversibility field from0.58¢; up to  detailed analysis and discussion of the relationship between
~0.8B¢,.? Since grain boundaries have also been identifieghrocess parameters, microstructure, and superconducting
as flux pinning centers in Pb\8;,° one can expect that properties, normal state electronic properties, and the role of
increasing the density of grain boundari@sg., producing strong electron-phonon coupling. Flux pinning in these
nanocrystalline materiglswill increase Jc and hence that highly disordered materials with very dense pinning is con-
control of grain size and atomic structure of grain boundariesidered using the scaling law&.*°The improvement in both
is essential to achieve high in high magnetic field° Jc and B¢, in nanocrystalline materials challenges the flux
Nanocrystalline materials are characterized by ultrafind?inning paradigm that separates the intrinsic superconduct-
boundaries of nanocrystalline materials may be differenfur® and disorder increase both flux pinning @ .
from those of conventional coarse grain materials and in-
clude equiaxed grain morphology, low-energy grain-
boundary structures or flat grain-boundary configuratidns.  PbMq;S; powder was synthesized using elemental pow-
Hence nanocrystalline materials can exhibit unusual physiders Ph(99.999%, S (99.998%, and M0(99.95%. The Mo

II. FABRICATION
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TABLE I. Processing conditions, grain siZd), and lattice strains) for the PbM@Sg; samples. The
powder was heat treated at 1000 °C for 40 h before mechanical milling.

Milling

Sample (h) HIP Annealing d (nm) e (%)
1 0 2000 0.00
2 100 800°C8h 50 0.10
3 100 1000°X 8 h 100 0.00
4 0 2000 bar, 800°& 8 h 2000 0.00
5 200 2000 bar, 600°€8 h 1000°Cx40h 90 0.02

6 200 2000 bar, 800°K8 h 1000°C<10h
7 200 2000 bar, 800°K8 h 800°Cx40h 30 0.04
8 200 2000 bar, 800°K8 h 20 0.07
9 200 2000 bar, 600°€8 h 600°Cx40h 20 0.13
10 200 2000 bar, 600 °&€8 h 10 1.32

powder was reduced under pure ghs flow at 1000 °C for 4 decreasing grain size and increasing lattice strain. Prolonged
h. The details of the fabrication and heat treatments havanilling for 200 h leads to the formation of very broad peaks
been described previoustyThe final heat treatment to pro- due to the presence of amorphous material, although some
duce the starting PbM&; material was 1000 °C for 40 h.  small peaks from crystalline PbM8; are still visible. The
The sintered PbMgSB; powder(5 g) was put into a Syalon  particle morphologies of mechanically milled Pbj& pow-
pot and mechanically milled for up to 200 h at a rotationalder are shown in Fig. 2. The powder milledr 6 h had a
velocity of 300 revolutions per minut@pm) using six Sya-  wide range of particle sizes, while the powder milled for 30
lon balls with a diameter of 20 mm. The weight ratio of the h had a more uniform and smaller particle size. A slight
Syalon balls to the powder was16:1. Mechanical milling  decrease in the particle size was found with further increase
was carried out in a steel box under Ar gas flow. The powdefn mijlling time to 200 h. Figure 3 shows that the hexagonal
milled for 100 h was subsequently smtere_d at temperaturegice parameteréc,a of PbMaq,S; remained almost con-
of 800 and 1000°C for 8 h. The 200 h milled powder waSgant for milling times up to 15 h, while the large particles
wrapped inside Mo foil and sealed in a stainless steel Wbgq o gimply fractured into small ones. A gradual increase in

and then HIP at a pressure of 2000 bar and temperatures ﬁ'fe lattice parameters probably due to inducing defects, such

288 5223 eﬁSS :Snr]:céglz dh.ats ?énnfpga;z?e?lsf Sgorgm%%owe;iaé vacancies, into the particles followed with further increase
1000 °C for 40 h. The details of the processing conditions ard! milling time to 100 h. A rapid increase in lattice param-

listed in Table I. Samples 1-3 are the sintered samples usﬁeders with increasing milling time from 1,00 to 200 h was
to investigate phase transformations and the superconducti Eund, probably due to the supersaturation of vacancies in
transition during annealing. Sample 4 is a conventional HIPN€ lattice as reported in other materials with a grain size of
sample. The HIP samplég—10 are labeled with increasing S€veral nanometef$. The mixed structure of very small
numbers to broadly indicate the increased disorder angr@ns(~10nm and amorphous material in the 200 h milled
smaller grain size associated with progressively lesPowder is consistent with the small grain size calculated

recovery/crystallization produced by the HIP/annealing aftef®M the XRD results and transmission electron microscopy
reported previousl§?

milling.
X-ray diffraction (XRD) was performed using PW1800
and Siemens D5000 powder diffractometers. A high- 1800 (7T 7T v
resolution S4000 FE scanning electron microsc¢pEM) ) 200 h
was used to investigate powder morphology. Differential S 100 h
scanning calorimetry(DSC) and thermogravimetry(TG) 2 1200 F
were carried out on a Netzsch STA from 400 to 1100 °C at 5 30h
20 °C/min. £
2 600 .
Ill. RESULTS AND DISCUSSION 2 ‘
] - Oh
A. Microstructure = 0 ) l i l
Figure 1 shows XRD patterns of Pbly®; powder me- 10 30 50 70 90
chanically milled for up to 200 h, together with an equivalent 26 (deg)
XRD pattern of as-sintered PbM®; powder. The as-
sintered powder is single-phase Pk{8g. With increasing FIG. 1. XRD patterns of PbMg; powders mechanically milled

mechanical milling time, the XRD peaks broadened due tdor up to 200 h.
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FIG. 2. SEM micrographs of the mechanically milled Pkj8¢

powders:(a 5 and(b) 200 h FIG. 4. Thermal analysis of PbM8; powders mechanically

milled for 100 and 200 hi(a) differential scanning calorimetry

DSO); (b) thermogravimetryTG).
Figure 4 shows the DSC and TG traces of the powderé )+ () 9 ATG)

milled for 100 and 200 h at a heating rate of 20 °C ntin
Two exothermic reactions were found in the DSC scan in th
temperature range between 400 and 900 °C, as shown in Fi%
4(a). The first DSC dip was a broad exothermic valley, with
an onset temperature at440°C and a minimum at about

erature interval of this peak is close to that of the exother-
ic peak produced during the synthesis of PRB}o?® Pro-
nged mechanical milling increases the proportion of
amorphous material in the mixed structure. Therefore, one
o . . ; an expect the powder milled for 100 h to release more en-
60(.) C. Th'e exothermic heat is attributed to the recovery 0 rgy during recovery and growth of the nanocrystalline phase
lattice strain and growth of the nanocrystalline phase and i§ t"|ass energy during the crystallization of the amorphous
consistent with the XRD described below. Similar exother- hase than that milled for 200 h, as shown in Figy)4The

mic peaks have also been observed in a mechanically mHIeﬁG traces[Fig. 4(b)] show that ,the mass decreased with

R ; 25
YN'ZBaZ.C supe.rco;:ductéf and a NPy allcfay. The second i creaging temperature, particularly at the temperature of the
DS.C Ip was in the temperature range from 689 10 800 °Cgecond exothermic peak. It is believed that evaporation of S
which corresponds to about 0.3 (T, is the melting tem-

perature in kelvin This exothermic peak probably arises 700

from the crystallization of the amorphous phase. The tem- N ' ' ' ]
‘e No. 5 |

9.4 - - - 12.4 ; .
< | < s No.7
s L T2 122 ¢ 3 350
So3f $ s No.8 .
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FIG. 5. XRD patterns for the PbM8; samples HIP and an-
FIG. 3. Variation of the hexagonal lattice paramet@ag) of nealed for different temperatures and times. The powder was me-
PbMg;S; with mechanical milling time. chanically milled for 200 h before HIP.
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FIG. 7. Variation of critical temperatureT&:°%") with normal
state resistivity py) at 16 K for the PbMgS; samples.

A—a cantly sharpened the XRD peaks and increased the grain size
(90 nm. However, the HIP and annealed samples had much
smaller grain size$<100 nm) than the conventional sample
(~2 wm). In addition, optical microscopy confirms that the
nanocrystalline material is significantly more dense than con-

ventional material.

ZZZZZ
00080
X~ PD b

x'(arbitrary units)

B. Critical parameters

T (K) Susceptibility and resistivity measurements were used to
determineT ¢ of the HIP and annealed samples, as shown in
FIG. 6. The resistivitya and lossless susceptibilityp) versus Fig. 6. Increasing postannealing temperature and time in-
temperature of the HIP PbM8; samples. creasedl - measured by both resistivity and susceptibility. A
) ) clear correlation between increasipg and decreasingc,
and Pb during heating caused the mass loss. The powdgrown in Figs. 6 and 7, can be attributed to a decrease in
milled for 200 h lost more mass, probably because it hagjisorder with increased annealing temperature and time. The
more amorphous material and smaller particle size. Above . yglues obtained in these HIP and annealed nanocrystal-
800°C, a higher atomic mobility during crystallization en- |ize samples are still lower than those in the conventional
hances mass loss. Above 950 °C, oxidation of the powdergample, indicating they are not fully recovered large grain
caused the mass increase. _ material. In general, the onset of the superconducting transi-
Figure 5 shows the XRD patterns of the milled and HIPion measured by resistivity characterizes the grains with the
samples. A systematic decrease in the width of the XRDyighest critical superconducting properties, whereas the on-
peaks is observed with increasingly aggressive heat trealet getermined by susceptibility measurement is lower since
ment (i.e., longer temperature and longer tin&he XRD ¢ requires the grain boundaries to be supercondufifitne
peaks of the PbMgB; phase are faint for the milled powder {ansition width was~0.5 K from both the resistivity and

HIP at 600 °C for 8 h, because the amorphous phase has nglsceptibility measurements for the conventional sample 4
yet crystallized. The sample incorporated a small grain size

(10 nm) but a very large straifil.32%), determined using the 50 ———r——r————
Hall-Williamson method’ in which A

F cosei 1 4esing

whereF is the difference of the full width at half maximum £m<‘3‘

(FWHM) between the milled sample and the sintered
sampled is the crystallite sizeg is the lattice strain, andis

the Bragg angldéTable ). Broad PbM@S; XRD peaks ap-
peared after subsequently annealing at the same temperature
for 40 h. HIP at 800 °C for 8 h led to relatively sharp peaks
of the PbM@S; phase due to the complete crystallization of T (K)

amorphous phase and the increased grain (&@enm. An-

nealing at 800 °C for 40 h produced no obvious change in the FIG. 8. Variation of the upper critical fieldBY, °) with tem-
XRD pattern although annealing at 1000 °C for 40 h signifi-perature(T) for samples 4, 5, and 8.

174503-4



CRITICAL PARAMETERS OF DISORDERED.. .. PHYSICAL REVIEW B9, 174503 (2004

TABLE II. Normal state resistivity ), residual resistivity ratidRRR), and superconducting parameters of HIP Pg8isamples. The
Ginzburg-Landau parametep was calculated from the gradient of the reversible magnetization data using the Abrikosov e(frietic®
oM = —(BCZ—B)/(2K§— 1)'8A|Bcz’ whereB,=1.16. The parameters in this table do not depend on the strength of the electron-phonon

coupling.

pn (16 K) TeoN —dBGYdT T B £0) M0 Bg(0)
Sample (u2cm) RRR (K) (TK™ (K) (T) Ko (nm) (nm) (mT)
4 80 7.8 15.1 4.6 14.4 45 125 2.2 275 5.8
5 360 2.0 14.4 7.3 12.9 65 240 1.9 455 2.0
8 680 1.4 12.3 14.1 11.5 110 520 1.4 745 1.0
and equivalent values of1.0 and~0.2 K were found for dBc(T) Tc\? o || Y?
sample 8. This indicates that the nanocrystalline sample is aT oY o 3T.
n

inhomogeneous but the grain boundaries are similar through- Tc @
out.

The linear relation in Fig. 7 between increasimg®®’

, and
and decreasingpy gives py=2.6mcm at T2
=0, which is similar to 1.2 2 cm obtained for the HTS ) 5
Bi,SrY,Ca ,Cu,0Og when the yttrium content droveéc to HoYTc —9 11( 1-12 Z(E) In( ®in )] 3
zero?® Similar behavior has also been found in HTS materi- B2(0) Vo, 3T/ |

als as a function of oxygen contefit! in EuMogS; when
pressure is appliédand in films of Bi23 The decrease ific
with increasingpy may be in part due to decreasing elec-
tronic density of states at the Fermi surf¥deut the phonon

spectrum, which is usually softened in the nanocrystallin

materials>® may also play a role since, for example, in BCS @ ; )
superconductors such softening would tend to incréasé® tively. These differences are probably due to the different

However, at present there can be no detailed understandirﬁéocess'ng coqdmons and sulfur contegg)of samples in the
of the widespread behavior typified in Fig. 7 without under-literature. In this context, we note thaf *"=15.1K for
standing the microscopic mechanism that causes supercofite conventional sample is equal to the highest reported in
ductivity. The concern is that the well-known Uemura plot the literature® The values oB¢(0) andy have been calcu-
suggests that HTS materials and Chevrel-phase materialgted for both these limits and shown in Table IIl. Since the
have a similar mechanism causing superconductivity alvalues ofB¢(0) for both the conventional and nanocrystal-
though BCS theory works well for Chevrel-phase materialdine samples are similar, it confirms that the h@ﬁ;o val-
which are close to the metal-insulator transition whereas itiles are bulk properties. Despite the strongly sample-
does not for the HTS materiafs. dependent properties reported in the literature, since the
Figure 8 and Table Il show the markedly higigf, °(0)  calculated value ofy for w,,~185K is closest to the value
from the reversible magnetization measurements in the nan@btained from specific he¥t(250 J K ?m~3) these materials
crystalline materials compared to conventional materials andre probably strongly coupled. Nevertheless, the increase in
reported in the previous Letté}.The calculated values for By, °(0) found in the nanocrystalline materials is explained
the Sommerfeld constantand the temperature dependenceby the decrease iy (whether strongly coupled or noand
of the thermodynamic critical fielB(T), are significantly T being more than compensated for by the rapid increase in
affected by whether or not PbM8; is strongly coupled. In  py from 80 to 680u(2 cm. Since the values @&{0) (1.4 nm)
the strong coupling limit, Marsiglio and Carbottdound are more than an order of magnitude smaller than the grain

Although strong electron-phonon coupling is well estab-
lished in some Chevrel-phase compoufitithere are con-
Jlicting results reported for PbM&; showing both weak
and stron&*® coupling wherew,, is » and 185 K, respec-

TABLE lll. Thermodynamic critical field at zero temperatym(0)] and the Sommerfeld constafy)
of HIP PbMq@Ss samples obtained from reversible magnetization measurements. The weighted average
phonon frequenciesy,) are and 185 K for the weak and strong coupling limits, respectively.

Wy=x W= 185
Sample Bc(0) (T) Y@K ?2m™3) Bc(0) (T) y @K ?m™3)
4 0.22 380 0.19 265
5 0.16 250 0.14 180
8 0.13 200 0.11 150
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FIG. 9. Variation of critical current densityJ¢) of PbMa;Sg
samples with magnetic field at 4.2 K for samples 4, 5, 6, 7, and 8. - .
Inset: M-H curve of sample 4 measured using a commercial 4
vibrating-sample magnetometer at a temperature of 4.2 K and mag- g 1
netic field up to 12 T. 'E
g J
size, a significant contribution to the increase in resistivity -.E
must be due to a high level of disorder and strain in the T 1
nanocrystalline grains. u_.E i
o
C. Critical current density

Figure 9 shows the variation ¢ for the HIP samples 0 0.2 04 06 0.8 1.0
taken in magnetic fields up to 12 T at the temperature of 4.2 B/B "’ (dimensionless)
K. Jc was calculated for these rectangular samples using the
relationt®4° FIG. 10. Variation of normalized pinning force with normalized

field for PbMgSg: (a) sample 4;(b) sample 8.

AM . L.
(4)  the temperature and strain dependence & included?**’

€ ay(1-ay/3ay)’ The reduced volume pinning forcé ¢ /Fp__) versus the

where AM is the difference in hysteretic magnetization for feduced magnetic fielth) is plotted as a function of tem-
increasing and decreasing fielts. the inset in Fig. § and  Perature and shown in Fig. 10. The peak valueBoffFp
2a, and 2a, (a;=a,) are the width and thickness of the is atb~0.23 for the conventional sample abe-0.20 for the
samples, respectively. HIP nanocrystalline sample, suggesting that the pinning
The nanocrystalline samples have values that are a force broadly follows the Kramer relatidfi:*® However, the
factor of above 3 higher than the conventional sample ifFp/Fp__ peaks tend to be sharper and shift to loweral-
high fields up to 12 T. Annealing at 1000 °C after HIP pro- ues with increasing level of disorder. In Table IV, the values
duces a markedly highek in fields above 4 T. The values of B ° at 4.2 K determined from fitting the data to H)
of Jo ats T and 4.2 K are from 5.0 to 6:610° Am™* for are shown. The values d8'S ° are much smaller than
the high-temperature-annealed samples. These values ar 0 ) L2 . o
higher than 4.8 10° Am~2 measured on the hot pressed Bcz - Asimple explanation is tha s ~ is characteristic of
PbMa,S; sample after irradiating with fast neutrons at roomthe degraded local properties at the grain boundari@sig-
temperatur® and to our knowledge the highest reported forure 11 shows the linear relationship between fgg() and

bulk pellet samples in the literature. log(BS, %) required to determine an accurate value for the
The volume pinning force is now con7sidered within a exponentn. Table IV also lists the values @, n, andp/(p
very general framework for the scaling 2 +0q) calculated using Eq(5) following Fietz and Webt

36=0,— 1n and the grain size. Theoretical considerations of grain-

Be; (T)] boundary pinning, including flux shear along grain bound-

Fp=JcXB=A CKm bP(1—b)9, (5)

aries, suggesh~1/21u,d*, n=2, andm=25°2 Indeed, a

_ _ 1o simple dimensionality argument suggests that2, if it is
whereb is the reduced fiel®/BS;, *, n, m, p andq are  assumed thaFpx1/d*.* In Table IV, values ford* are
constants depending on the pinning mechanism,Aamsla  shown that have been calculated using these constraints and
constant dependent on extrinsic parameters such as the mi, derived from the reversible magnetization data. The val-
crostructure. This scaling law can describe the magnetices ford* are in reasonably good agreement with the grain
field, temperature, and strain dependencédoin some low- sizes determined by XRD analysis consistent with grain
temperature superconductors such as A15 compounds whéoundary pinning:®?
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TABLE IV. Scaling parameterBJCC;0 (4.2 K), A, n, andp/(p+q) obtained from Eq(5), and the grain
size d* and d) and «; calculated from Eq(6). «, is taken as the average value from the reversible
magnetization measurement, was calculated assumin~1/21u,d*, m=2,n=2, p=0.5,q=2, andd
was obtained from the structural analysis.

BS ° (42K A(M=2,k,) d* d
Sample (T) (168 Am~2 T~ D) n p/l(p+q) (m (M  k; (4.2K)
4 24 225 2.3 0.23 1550 2000 123
5 29 2500 2.4 0.22 138 90 195
7 24 12 300 2.5 0.20 28 30 275
8 24 36 000 2.2 0.20 10 20 205

The relatively low values oﬂgéc;o suggest finding a scaling descriptions of these data, where the quality or thick-
complementary local value for the Ginzburg-Landau paramness of the grain boundaries is considetegvidence for the
eter at the grain boundaries may be required in any selfimportance of the properties of grain boundaries comes from
consistent description. Ginzburg-Landau theory provides athe increase irBi:CZ’0 by 5T at 4.2 K after high-temperature

empirical relation for determining; as follows: annealing at 1000 °C as shown in Table IV. Improved super-
conducting properties at the grain boundaries explain the in-

BC=0(T) BC=0(T) crease inJc above 4 T(shown in Fig. 9 follpwing high- _

ky(T)= €2 =1.03—7 52 5 temperature annealing after HIP. Further improvement in
V2Bc(T) mo YT o(1-t%) superconducting properties at the grain boundary in these

2 112 nanocrystalline samples can be expected by optimizing the

_ Z(E) ( w'”) heat treatment process or doping at the grain boundaries.
1-12. In (6) p ping g

@y 3Tc This section now considers the pinning description and some
alternative explanations. Instead of a pinning functiq.

wheret=T/T. Using they values from the strong coupling (5)], the magnetic field dependence of the data in Fig. 9
regime in Table lll, the values of, at different temperatures can clearly be parametrized using an exponential form. It has
were calculated using E(). Table IV shows values of; at  long been known that many high-temperature superconduct-
4.2 K, which are lower than those ef, from the magneti- ors can show a similar exponential field dependefica|f
zation data. The fits to Ed5) using «; give relatively large  over the field range available for measurem@atchanges
values ofn (2.6-2.9 but small values inA and thus very by less than two orders of magnitude, it is very difficult to

large grain size in comparison to those calculated using  distinguish an exponential form from a Kramer pinning
Hence, within the flux pinning framework, the best fit to the function®® The interpretation oB<=% in the pinning de-
data is consistent with grain-boundary pinning, where the ' cz

upper critical field is left as a free fitting parameter and thescrlptlon, is the characteristic magnetic field that delineates

Ginzburg-Landau parameter is taken to be independent &Fe superconduchw}g/:fgom the normal state. As part of the

temperature and obtained from the reversible magnetizatiofXPonential form,Bz; ~ becomes the characteristic mag-
data. netic field over whichJ. decays to about 1% of the low

Despite the good agreement between the grain-boundafjpagnetic field values alc,>® and one would not expedt
pinning model and the data, one should also consider norte be zero wherB> BJCC;O. Therefore, given that the expo-
nential fall for all samples in Fig. 9 is similar, one may
expect that the values ﬁéczzo shown in Table IV are simi-
lar for all the samples. Indeed, there is no evidence in the
data for a phase transition B@C;O. EvenJ. data taken at
higher temperature where an apparent irreversibility field is
measured when the hysteresis drops to less than the noise
floor in the vibrating-sample-magnetomet#iISM) measure-
ments has to be interpreted with care. It has been demon-
strated that when VSM measurements are reversiilas
not necessarily zero; rather the self-field produced by pin-

X

o—————

109,(Fp,.,,) (109,,(N m*))

e — ning in the sample is of the same magnitude as the ac field
0 0.5 1.0 1.5 the sample experiences while it oscillates during the VSM
log,,(BL™) (log,(T) measurement.

Without prejudging the field dependence of the data,
FIG. 11. Variation of maximum pinning force lggFp ) with  the form of the maximum value d#p (i.e., Fp ), is now

IoglO(BJCC;O) for samples 4, 5, 7, and 8. considered. If the form foF  does not explicitly introduce a
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log, ,(BY; ) (log,,(T)) log,(BY, ) (log,,(T)
FIG. 12. Variation of maximum pinning force logr3Fp ) FIG. 13.M\{%riation of maximum pinning force lg«Fp )
with log,o(BY, ©) for samples 4, 5, 7, and 8. with log;o(Bc, ~) for samples 4, 5, 7, and 8.
scaling or irreversibility field, the natural choice for the scal- IV. CONCLUSIONS

ing field become®Y, ° determined from the magnetization

data. Consider Amorphous and nanocrystalline Pbp8 powders were

produced by mechanical milling for up to 200 h. HIP of the

(B'\C"Z:O(T))” milled powder at a pressure of 2000 bar produces highly
— - (7)  dense nanocrystalline bulk sampld§—100 nm with struc-
. m M=0n tural disorder. A strongly disordered nanocrystalline bulk
In Fig. 12, log(Fp, ) versus logBg; °) is plotted form PbMa;S; sample has a significantly high&, °(0) value
=2. Alternatively, a temperature dependence #grcan be  than conventional PbM®&, samples. The increase in
included through Eq(6). Figure 13 is a log-log plot of BM>=0(0) is due to the decrease jnand T being more than
KiFp__ versusBy, ® which shows good linearity for all the  compensated for by the rapid increasepig.

samples. Detailed analysis of these very different approaches J. of the disordered nanocrystalline bulk samples in-
for considering Eq(7) shows that the data for the conven- creases by a factor of above 3 for high magnetic fields up to
tional and nanocrystalline PbM8; samples can be param- 12 T compared to the conventional sample, although
etrized rather well with eithek_1 or k, with values f(_)rm BJCC;O(T) values are typically half the thermodynamic upper
over the range 0—4. The equivalemtvalues are typically cyitica| field (BY,°) determined from reversible magnetiza-

about 4 compared to values of about 2 for the pinning defjon measurements. Scaling analysis reveals that the increase
scription. in Jc in nanocrystalline materials can be attributed to the

In_ summary, a comprehensn(e analys_ls of the pinningncrease in flux pinning centers. High-temperature annealing
force in these highlc nanocrystalline materials shows that a 5+ 1000 °C for 40 h decreases flux pinning centers due to

scaling law gives a good parametrization of the data, . . : Je=0
which agrees with phenomenological calculations in Whichdecreasmg structural disorder but improws; (T) at the

the grain size has been calculated from XRD data and th@ain boundary, by about 5 T at 4.2 K, which leads to an

Ginzburg-Landau parameter from reversible magnetizatio%niri?nsiiirg%r""irtnh incr“e'fsingrmagrn(ra;icrlf(ieklﬁ. we"gx}iﬂ sthes
data. The important free parameteBl‘]éCz:O, which hastobe  2€'¢ €d from scaling agree remarkably we ose

. 3 _~ calculated from XRD analysis.
added in amd hocway, but can be interpreted as an irre- ¢ 1, aqsumptions are made as to whether scaling oper-

versibility f|eld or as t_he qual value of the upper crmca! field ates, the empirical lavF p =A*[(B(“:"2=°(T))”/K”‘] describes
at the grain boundaries. K is taken to be temperature inde- max ) .
the data where~3—-5 whethelrx is taken from magnetiza-

pendent, the values of are ~2.25, which is significantly : ,

higher than the value 2 from theory. If a temperature depenti®" measurements or a Ginzburg-Landau relation. Further

dence ofx is introduced using Eq(6), the experimental development of scalmg{nonscalmg modélghich abandon

value ofn increases, so the difference betweaem grain- the stan_d_ard f_qu parad@ryand measurements of the local
upper critical field are required to understand the exponents

boundary pinning theoryi.e., n=2) and experiment is ) . . :
larger, as has also observed ingSh and NBA. 2047 A non- and m in nanocrystalline Chevrel-phase materials with very
’ Qigh upper critical field.

scaling approach has also been considered. When the ma
mum volume (pinning) force is parametrized in terms of
By, ° using Eq.(6), although a broad range ofi values fit
the data, the values of are high, typically about 4. Further
development of scaling/nonscaling models and measure- We would like to thank Dr. J. S. O. Evans for the XRD
ments of the local upper critical field are required to under-measurement and Dr. C. Li for the SEM analysis. This work
stand these high values ofin Chevrel-phase materials. was supported by EPSRC U.K. Grant No. GR/M85517.
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