VOLUME 80, NUMBER 4 PHYSICAL REVIEW LETTERS 26 ANUARY 1998

Structure and Correlations of the Flux Line Lattice in Crystalline Nb through the Peak Effect
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We have measured the structure of the field cooled flux line lattice (FLL) in single crystal Nb
using small angle neutron scattering. Augmented by transport and thermodynamic data, a scenario
for the dramatic disordering of the FLL near the peak effect emerges. A precursor to the peak
effect is an hexatic FLL as positional order is lost. As the critical current rises, the orientational
and longitudinal correlation lengths also fall, leading to an amorphous array of lines at the critical
current maximum. [S0031-9007(97)05112-0]

PACS numbers: 74.60.Ec, 74.25.Dw, 74.60.Ge, 74.60.Jg

A reexamination of the statics and dynamics of thespecific heat data were consistent with earlier studies of
flux line lattice (FLL) in conventional materials is now high purity Nb [4]. Of particular relevance to the SANS
taking place [1], focusing on the peak effect in thedata is the value ok, = H.,/v2H. = 0.961.(0)/&,.
critical current, a violent maelstrom of disordered fluxAt T = 6.4 K, k; = 0.99, and atT = 4.6, «; = 1.24.
motion interacting with pinning defects. Although this These values attest to the high quality of our sample, and
effort was stimulated by the new understanding of thealso point to its proximity to the type-I-type-Il boundary,
FLL phase diagram [2] in high temperature and thin filmwhich limits the low field range of our data.
superconductors, the peak effect has become central to Our studies were performed at the SANS facility in the
understanding the unusual dynamic response of the FLlcold neutron guide hall of the Risg DR3 reactor. The
The nature of the peak effect near FLL phase transitionsrystal was masked with cadmium, leaving a circular hole
in the high?,. superconductors, while probably different 3.7 mm in diameter to reduce specular reflections and
in detail, is similarly a topic of intense scrutiny [3]. scattering from the distorted FLL near the sample surface.

In this Letter we present structural data, using smallThe magnetic field was parallel to both the incident
angle neutron scattering (SANS), on the FLL of singleneutrons and the cylinder axis of the sample. The angular
crystal Nb through the regime of the peak effect. Wedivergence, which dominated the experimental resolution,
present the first measurements of all three FLL correlationvas between 0.r3and 0.18 FWHM. The energy
lengths, two transverse and one longitudinal. These datajvergence was fixed aAA/A = 0.18. The diffracted
combined with thermodynamic and transport studies omeutrons were counted by an area detector located 6 m
the same sample, lead to a comprehensive model of tHeom the sample.
morphology for the field cooled FLL through the peak The FLL for this orientation is nearly hexagonal and
effect. oriented by the crystal lattice [5]. Shown in Fig. 1 are

Our study was performed on a cylindrical7 mm X  the averagey and reflectivity, extracted from integrated
@ = 4 mm, annealed Nb crystal. The [110] axis was par-intensity over rocking curves, for the first order diffraction
allel to within 5° of the cylinder axis. The crystal mosaic peaks. The low field region of constaqtand falling
was 0.2, with no signs of additional domains in bright intensities [6] is the intermediate mixed state, typical of
field diffraction images. This was the best mosaic ob-marginally type-Il, clean samples. We concentrate our
tained during annealing studies, and it was also our largestnalysis orh = H/H., > 0.65, where the sample is fully
monodomain sample. Transport showed a residual rén the mixed state.
sistivity ratio= 1000, 7. = 9.16 K and a superconduct- At the intensity peak, the reflectivity into the first order
ing transition width less than 40 mK. Magnetization anddiffraction pattern approaches 10%, and all orders of
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FIG. 1. Shown are they value and reflectivity of the first
diffraction peak atl" = 4.6 K (open symbols, dashed line) and
6.4 K (solid symbols, full line) versus field. Far= H/H., <

0.5, the sample is in the intermediate mixed state. Analysis of

the SANS data was performed far> 0.65, where the sample
is in the mixed state. FIG. 2(color). Shown are diffraction patterns from the FLL

in three regimes atl’ = 4.6 K. Top: FLL crystal { =
1.1 kOe, h = 0.47). Middle: hexatic FLL just below the peak
diffraction out to (3,0) are seen. Such large reflectivity€ffect ¢ = 2.15, h = 0.91). Bottom: ring of scattering from

. . - . morphous FLLH = 2.25, h = 0.96). The radial width of the
leads to substantial multiple scattering corrections fonf;eaks determines the positional correlation lengtdy), the

higher order reflections, so our analysis is derived entirelyzimuthal width of the peaks gives the orientational correlation
from the first order peaks. Analysis of the form factorlength, and rocking through the Bragg gives the longitudinal
was performed using first order Ginzburg-Landau (GL)correlation length {100a,). Nonuniform peak intensities are
corrections to the London model [7]. Separate fits usingStrumental artifacts.
the Clem model [8] gavex,(T = 6.4 K) = 0.82 and
k1 (T = 4.6 K) = 1.34, consistent with the GL analysis
and in agreement with thermodynamic studies. Typical The results of the SANS experiments & =
of these models, the individual values é6f=29.7nm 6.4 K and T = 4.6 K are summarized in Fig. 3. The
and A = 252 nm are both about 30% lower than the data are plotted versus reduced fiéld= H/H_,, where
thermodynamics data. Ho(T =64K)=155kOe and H.,(T = 46K) =
Three FLL correlation lengths can be determined [9]2.35 kOe. The positional correlation length, normalized
from a SANS experiment. Fits to the azimuthal and radiato the measured FLL spacing(um) = 0.134B~/2(kG),
widths of data in the plane of the detector, such as arés shown in the middle panel. At low fields, all correlation
shown for three different fields in Fig. 2, give information lengths are long, and the FLL is a well ordered crystal as
on two correlation lengths perpendicular to the flux linesshown in Fig. 2, top. As a precursor to the peak effect,
The radial width, corrected for instrumental resolution,we find that £ll/ay ~ 2 at the minimum in the criti-
gives the positional correlation lengthll, parallel to cal current, where strong deviations frofah = const
the reciprocal lattice vectof, and is related to the begin at both temperatures. As the critical current rises,
compressive displacements of the FLL. Similarly, thewe find £!l/ay — 1 (Fig. 2, center). Commensurate with
azimuthal width givest*, perpendicular taG, which is  £/l/ay ~ 2 is the onset of a rapid reduction i, shown
related to shear displacements. The last length, deriveid the bottom panel of Fig. 3. A uniform ring of scat-
from the width of the rocking curve in our geometry, is tering (Fig. 2, bottom), witi¢!l/ag = 1 and &+ /ay = 1,
the longitudinal correlation lengtli”, a measure of the is seen only at the peak in the critical current. This
correlations along the flux lines, which is related to tilt dramatic and complete positional disordering is in accord
displacements. Our experimental setup is optimized fowith the widely accepted scenario for the peak effect: It
&L, where the resolution is roughly 2 orders of magnitudeis a static, structural disordering of the FLL.
better than for eitheré!l or £+. Macroscopic field Pioneering studies of the positional correlation length
gradients, which can influengd and&* were minimized ~ were first performed by Lippmanet al.[10]. In those
using both a field cooled procedure and masking of thelata, the focus was on the doping dependence, and the
perimeter of the sample. In addition, such effects wergegime of the peak effect was not measured. More
checked for using analysis of higher order diffractionrecently [11], Lynn et al.studied the two transverse
peaks and scans at different neutron wavelengths, armbrrelation lengthst!l and £+, interpreting the reduction
were negligible. of these length scales in terms of FLL melting, although
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In the regime where the amorphous limit of the LO
120 ] theory describes our data, we can use the same approxi-
' mation to understand the microscopic origin of the pin-
ning. Defining w = £LE2H o (jeh)? = wo(T)hP(1 —

h)? gives p = 1 for pinning due to variations i, and

p = 3 for variations in mean free path. Our data are con-
sistent withp = 1, which seems plausible a8 in Nb

is very sensitive to variations in local oxygen, hydrogen,
or nitrogen concentration. The prefactor also agrees with
the expectedwy(T) ~ [1 — (T/T.)]*. Thus, the major
pinning centers appear to be point defects due to such
impurities.

In order to locate the FLL features precisely relative
to the peak effect of this sample, we have measured the
critical current using local magnetization, global magne-
tization, and low frequency transport. For magnetization
studies, the sample was heat treated in oxygen for 10 min
at 330°C to reduce surface effects. This heat treatment,
while leaving the peak effect virtually unaffected, reduced
the hysteresis just below the peak by almost a factor of
4. The critical state model [15] was used to extract the
0 — - S i critical currents shown in Fig. 4. Transport critical cur-

h=(H/H,,) rents were measured @35 mm X 0.35 mm X 3.5 mm
bars cut from the large sample. These bars were etched
FIG. 3. Shown is a summary of all three correlation lengthsgnd heat treated, and data were taken with the sample im-
extracted from the SANS data &t= 4.6 K (open squares) and  qrseq in*He to reduce joule heating. The peak effect
6.4 K (solid circles). The lines are guides to the eye. Y L T .
data are qualitatively similar to the magnetization critical
currents, but were always contaminated by surface defects
the data in this case did not extend to the amorphous ringnd damage near the contacts. In the magnetization criti-
of scattering. In the range of overlap, our datagérand  cal currents, the peak effect increases in magnitude and
&+ are qualitatively similar to Lynret al., although the shifts to slightly lower reduced field as the temperature
lower k; of our crystal shifts the field scale. is reduced. At lower temperatures in these clean samples,

To complete these data, we also measufed These «; increases and the sample is more strongly type-Il. This
data are shown in the top panel in Fig. 3. Somewhatgrees with our SANS data, where the disordering feature
surprisingly, up to the rise in the critical currert” is  also moves to lower reduced field at lower temperature.
large and increasing with field. Only above this rise,
where the scattering in the plane of the detector is
approaching an isotropic ring, do we see a reduction in the
longitudinal correlations. Even at the peak in the critical 3000 — . . .

g,

current, howeverér /ag > 1, meaning that the flux lines Fo

are still extended objects. e e I ol .
We have attempted to fit the data below the peak effect o T=6.4K (x3) o °©

using the Larkin-Ovchinnikov (LO) collective pinning e peak ad -

model [12], which relates the correlation length to the § 1500 o e . of £ °, °

measured critical current. This gave poor fits to the field < i * EVia,=2 o i

dependence and also required unacceptable numericak’ o | W |

prefactors {0.01) in the expression for the correlation

lengths. While this model has shown to work well at 500 L g e © ]

the low fields [13], it is generally accepted that it should | T T Ttee e, uring of

break down near the peak effect. In the regime above 0 . . . , Seattering °,

the maximum in ¢X/ay, however, the amorphous or 0.7 0.8 0.9 1.0

single vortex pinning limit [14] of the LO theory fits h=(H/H_,)

. . . . || — .
o%r_d«:ta. ThlIS_|I;lnlt,.app1r;)2pr|8te_ foj 16%7 fl’ 9VES k16, 4. Shown is the magnetization critical current through
¢ = Aleoao(l — h)/jc@o]/*. Using -, TMOMOUN he peak effect forl = 4.6 K (open squares) andl = 6.4 K
low field studies, gives quite reasonable fits at bothsolid circles). The structural regimes are identified by the
temperatures. arrows.
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Combining the transport and SANS data leads tcet al.[18] based on transport data. No conclusive results
a detailed description for the disordering of the FLL for either type of experiment could be obtained with our
through the peak effect, as sketched in Fig. 4. In generapresent setup and samples.
the positional correlation length is dropping faér > In conclusion, we have combined SANS with thermo-
0.5. The minimum critical current and the departuredynamic and transport data on a high quality Nb crystal
of the critical current from the simple constant pinningto obtain a complete scenario for the field cooled FLL
force, constant/.h limit coincides with £l/ay ~ 2. through the regime of the peak effect. We see a variety
As the critical current starts to rise, ultimately leadingof FLL structures as the lattice disorders through hexatic
to the peak effect, we see three signs of disorderingand fully amorphous regimes. We believe these data will
First, positional order is completely lost, @/ay — 1.  be an essential component in the interpretation of this fas-
Second, there is a rapid reduction of the orientationatinating regime of conventional, type-Il superconductors.
correlation lengthé+ /ay. Third, there is a peak in the
longitudinal correlation length. From this point up to
the peak, the FLL is structurally similar to a hexatic of
long flux lines as shown in the center panel of Fig. 2,  «present address: Biosense Ltd., Tirat HaCarmel, 39101
although the orientation is not spontaneous, but rather |grael.
imposed by the Nb crystallography. At the location of  'Present address: Department of Physics, Purdue
the peak,&ll/ay ~ 1, and there is also complete loss University, West Lafayette, IN 47907.
of orientational order, withé+/ay ~ 1. The scattering  [1] R. Merithew et al., Phys. Rev. Lett.77, 3197 (1996);
in the plane of the detector is then a uniform ring as  S. Bhattacharya and M.J. Higgins, Phys. Rev. Lett.
shown in the bottom panel of Fig. 2, which has not been 70, 2617 (1993); A.C. Marley, M.J. Higgins, and
previously observed. Structurally, this corresponds to a__ S- Bhattacharya, Phys. Rev. Lefd, 3029 (1995).
completely amorphous pattern of lines. Throughout this [2] P.L. Gammel, D.A. Huse, and D.J. Bishop, Bpin

range, the longitudinal correlation lengthi’, although Sé?::ﬁ;’cag?ngR;;:erlgg?sd'ted by P. Young (World

faIIin_g, rema_ins Iong. . L . [8] G. D’Anna et al., Phys. Rev. Lett75, 3521 (1995), and
It is tempting to interpret the isotropic ring of scattering references therein.
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well described by the amorphous limit of the collective [9] U. Yaronet al., Nature (London76, 753 (1995).

pinning theory, which describes solid vortex phases. WéL0l SS 'z;ggr?l"’g‘%)‘] Schelten, and W. Schmatz, Philos. Mag.
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highly disordered solid consisting of linelike objects?ul] J-W. Lynnet al., Phys. Rev. Lett72, 3413 (1994); E. M.
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