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A precise study of fluxoid-line lattice (FLL) in the intermediate mixed state (IMS) in a niobium-crystal sphere
has been made with a neutron-scattering technique. Accurate FLL unit-cell size determinations are facilitated
by the high angular resolution of the technique so that reversibility of the microscopic flux density with
applied-field history in and near the IMS can be demonstrated for the first time. Structural changes associated
with hysteresis in the IMS are revealed through integrated intensities and full widths at half-maxima of the

FLL rocking curves.

This study represents the first quantitative
neutron-scattering investigation of the intermedi-
ate mixed state (IMS) in a type-II superconductor.
The attractive interaction between fluxoid lines
gives rise to a limiting maximum flux-line spacing
so that the magnetization jumps discontinuously to
a specific value at H,,. In a sample having a non-
zero demagnetizing factor, the superconducting
structure breaks into a mixture of Meissner and flux-
oid-line-lattice (FLL) regions.! In the structure
the lattice parameter is fixed over an applied-field
range (1-n)H,, <H,< (1-n)H_,+nB,, where B, is
the limiting flux density and » is the demagnetizing
factor. A spherical single crystal of niobium was
selected for this study to provide a demagnetizing
factor equal to 3 while at the same time eliminat-
ing influences due to geometrical anisotropy.? In
these experiments it is shown that, on a micro-
scopic scale, the transition with field from the
mixed state into the IMS is sharp and is indepen-
dent of applied-field history. Furthermore, the
observations reported here of constant flux-line
spacing in the IMS are made in near-equilibrium
conditions and therefore they must be distinguished
from trapped-flux situations in previous neutron-
scattering® studies. In those studies it is certain
that an equilibrium IMS could not have been mea-
sured since trapped flux was retained into what
should have been a Meissner-state regime.

The extremely high resolution required in this
small-angle neutron-scattering experiment is
achieved by placing the niobium sample between
two near-perfect crystals which are arranged in
the “parallel” geometry.*~® This system is shown
schematically in Fig. 1. For the present studies,
we have used less-than-perfect Si crystals
(~12 arc sec mosaic spread), which provided a
good resolution-intensity compromise.

The niobium crystal used for the present studies
was float-zone grown from very-high-purity stock,
spark machined into a 14.4-mm-diam sphere,’
and chemically polished and annealed for 50 h at
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2150° C in a vacuum of 2.6x107!° Torr. The sam-
ple was mounted in the horizontal neutron beam
with its ( 111) crystal axis vertical and parallel to
the applied field of a split-coil superconducting
magnet. Incident neutrons of mean wavelength
A =2.398 A which are Bragg scattered from a given
set of FLL planes are detected by rotating the Si
analyzer crystal through an angle 24 from its posi-
tion for reflection of the direct beam. The excel-
lent separation of a typical FLL (10) diffraction
peak from the direct-beam peak is shown in Fig.
1. The expected hexagonal symmetry® of the FLL
was confirmed by checking the consistency of
three successive (10)-type reflections.

For this symmetry, one may calculate from the
Bragg scattering angle 26 the flux density B,
averaged over a unit cell of the FLL,

B=¢,3V3 (20/AF (1)

where ¢,=2.07x107" G cm?® is the flux quantum.
The experiments were done at one arbitrary
temperature T =5.06 K. Each applied field H, was
established either by increasing the field from the
Meissner state, or by decreasing the field from
above H,,. The (10) scattering angle and calcu-
lated flux densities B as a function of applied-field
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FIG. 1. Schematic representation of the experimental
setup in real and reciprocal space. Typical direct-beam
and (10) fluxoid Bragg-diffracted peaks.
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FIG. 2. Scattering angle 260 for the (10) fluxoid Bragg

reflection, and the calculated flux density B(26) vs the
applied field H, at the fixed temperature T=5.06 K.

and field history are shown in Fig. 2. It is to be
noted that there is negligible dependence of the
FLL parameter on field history. This lack of mag-
netic hysteresis in the FLL unit-cell size is impor-
tant in view of the well-known surface-state in-
fluence on the reversibility of homogeneous super-
conductors.’**® The present results indicate that
the observed field history effects can be inter-
preted in terms of surface-induced bulk defects

in the FLL, rather than surface pinning or bar-
riers which would lead to hysteresis in the FLL
parameter. We have verified this point by per-
forming a thermal surface treatment,’’ '° which
yields a nearly reversible magnetization curve

for the sample used in these studies.

The data of Fig. 2 also display an essentially
constant lattice parameter for applied fields below
H,=1059 Oe. This constant lattice parameter de-
fines B, =647+ 7 G at this temperature. These ob-
servations corroborate the model which interprets
the IMS as consisting of constant-parameter FLL
domains.!+3

Additional details on the behavior of FLL in the
IMS were made through integrated intensities from
the (10) diffraction peak as a function of applied
field and applied-field history in the vicinity of
the intermediate mixed state. The integrated
intensity, normalized to the incident neutron flux,
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FIG. 3. Fluxoid-lattice rocking-curve integrated in-
tensities and angular full widths at half-maxima vs the
applied field H, at the fixed temperature T=5.06 K.

is given by

2
Lot =(%) 53 2% IhioPa )V (2)
¢ Gio
where vy is the (magnetic moment)/(nuclear magne-
ton) of the neutron, n(H,) is the volume fraction of
constant parameter FLL, V is the sample volume,
h,, is the form factor for the flux-density distribu-
tion within the FLL unit cell,® and G,, is the (10)
reciprocal-space vector.

In the IMS, %,, can be assumed to be fixed, since
the FLL parameter is constant. Therefore, inte-
grated intensities in the IMS are proportional to
n(H,). The integrated intensity was measured for
the scattering angle fixed at the peak position
while the sample was rotated about the applied-
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FIG. 4. Magnetization
—4nM vs the applied field H,,
derived from diffracted-neu-

tron intensities and mea-
sured fluxoid-lattice param-
B eters. The full curves are
results of magnetometer
measurements on a smaller
niobium sphere.
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field axis. In Fig. 3 the intensity and the full width
at half-maximum (FWHM) rocking-curve breadths
are shown.

Intensities for field-decreased history are always
higher than for field-increased intensity in the
IMS. A 20% difference is observed for applied
field equal to 3H,, + 3B, (the upper field limit for
the IMS). The maximum intensity is found at the
upper IMS limit when the field is decreased.
Furthermore, extrapolation to zero intensity of
this curve yields an applied field H, =§Hc .- This
self-consistency on decreasing field implies n =1
at the upper limit of the IMS.

In Fig. 3 an abrupt variation in the rocking-curve
FWHM can be seen. At a field just below the IMS
limit, the FWHM on increasing field drops sharp-
ly. The FWHM of the rocking curve is assumed to
be due to particle-size broadening and misorienta-
tion of subregions on FLL. As the applied field is
increased from $H,_,, flux lines enter the sample
to form “islands” of FLL structure which nucleate
and grow. Hence, the intensity increases and par-
ticle-size broadening decreases as shown. Ata
field just below the IMS limit, we suggest that the
“islands” achieve connectivity so that a coherent
FLL is formed in the entire sample volume with
residual regions of Meissner flux-free voids.
Particle-size broadening is then cancelled, and
only a void scattering and normal FLL mosaic
contribute to broadening. If the field is reversed,
we suggest that the FLL retains coherent con-
nectivity well into the intermediate state, with
Meissner voids growing within the FLL, with the
result that the FWHM is smaller for the de-
creased-field IMS.

Bulk magnetization measurements have been

made for comparison with the neutron-diffraction
results. It is seen in Fig. 4 that the decreased-
field data in the mixed state are in essential agree-
ment with magnetizations calculated from the neu-
tron results according to

-47M=3H,-B), (3)

where the average bulk-flux density B is just that
obtained from Eq. (1). For the IMS and increased-
field mixed-state regions, B is calculated using
Equation (1) in conjunction with the integrated
intensity measurements

B=B(26)(I ,o/Inex ) =B(20)7 . (4)

I,,, is the intensity obtained at 3H,, + 3B, in the
field-decreased case, where it is seen that the
specimen is entirely filled with FLL. The agree-
ment demonstrates that the bulk-magnetization
hysteresis is well described by a microscopic in-
terpretation of diffraction intensity results.
Reversibility of the microscopic flux density of
a niobium sphere has been demonstrated in precise
lattice-parameter determinations along with the
sharp transition between mixed and intermediate
mixed states. Magnetization irreversibilities
measured at a macroscopic scale are well inter-
preted in terms of gross FLL imperfections which
depend on surface entrance and exit of flux, rather
than irreversibility at the level of the FLL unit
cell. These investigations are being continued.

ACKNOWLEDGMENTS

We would like to thank S. T. Sekula for his in-
valuable help in supplying the sample, and we
acknowledge the many useful discussions with
R. A. Medina and H. R. Kerchner.




*Research sponsored by ERDA under Contract with
Union Carbide Corp.

tGuest Scientist from Institut Laue- Langevin, Grenoble,
France.

{Georgia Institute of Technology, Atlanta, Ga.

1y. Essmann, Phys. Lett. A 41, (1972).

2p Thorel, R. Kahn, Y. Simon, and D. Cribier, J. Phys.

34, 447 (1973).
3J. Schelten, H. Ullmaier, and W. Schmatz, Phys.
Status Solidi B 4_8_, 619 (1971).

4C. G. Shull, K. W. Billman, and F. A. Wedgwood, Phys.

Rev. 153, 1415 (1967).
%S. A. Werner, E. Wiener, E. Gurmen, and A. Arrott,

15 STUDY OF THE INTERMEDIATE MIXED STATE OF... 4509

J. Appl. Phys. 41, 1363 (1970).

H. A. Mook, J. Appl. Phys. 46, 43 (1974).

’s. T. Sekula, R. H. Kernohan, and E. W. Cantrell, Rev.
Sci. Instrum. 42, 1187 (1971).

8K. Takanaka, Prog. Theor. Phys. 46, 357, and 1301
(1971). -

%J. Auer and H. Ullmaier, Phys. Rev. B 7, 136 (1973).

105, T, Sekula and R. H. Kernohan, Phys. Rev. B 5,
904 (1972). -

113, Schelten, H. Ullmaier, and G. Lippmann, Z. Phys.
253, 219 (1972).

!2R Kahn and G. Parette, Solid State Comumun. 13, 1839
(1973).



