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Polarized-Neutron Reflections: A New Technique Used to Measure the
Magnetic Field Penetration Depth in Superconducting Niobium
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An absolute determination of the superconducting penetration length in niobium has been
carried out by a novel technique, in which the reflectivity of a polarized-neutron beam from a
polished surface is measured. The result thus obtained, A(0) =410 +40 A, is in substantial

agreement with the earlier work.

PACS numbers: 74.30.Ci, 61.12.-q, 74.60.-w

The reflection of x rays has been extensively
used! 3 to study the composition of materials close
to the surface. The experiments consisted of send-
ing a monochromatic beam onto the sample surface
at a grazing incidence angle #; and measuring the
reflected intensity for a range of 6; slightly larger
than the angle of total reflection .. The angle-
dependent reflectivity was shown to be correlated
with the variation of the index of refraction as a
function of the distance from the surface n(z). In
the case of neutron optics,* n(z) is sensitive to the
magnetic state of the material, and the present ex-
periment shows that the neutrons can indeed® mea-
sure magnetic perturbations close to the surface. It
was chosen to measure the magnetic field penetra-
tion A into a superconductor, because the typical
range of A (of a few hundred angstroms) is a con-
venient size. At the same time the result obtained
is of considerable value, since past experiments®
were unable to determine the absolute value of A,
despite their accuracy in measuring its temperature
variation.

In the experiment, a film of niobium is kept at a
temperature lower than the superconducting transi-
tion temperature T, in a magnetic field H parallel
to the surface and less than the critical magnetic-
flux entry field H,;. The magnetic induction in the
material is B(z) = Hexp(—z/A), where z is the
distance from the surface. Neutrons arriving at the
surface are polarized either parallel (4+) or an-
tiparallel (—) to H; they are reflected from the
plate as from a medium with refractive index

2
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where A is the neutron wavelength, b/v is the nu-
clear scattering amplitude per unit volume (for
niobium, b/v=23.96x10"6 Ag"z), and the constant
cis* c=2mu,m/h*=23x10"10A-20e" .

The reflectivity is’ the resultant of the reflection
occurring at the surface as well as of the reflections
in the interior of the material: The latter are due to
the variation of n(z). In general, the reflectivity
cannot be given by an exact yet simple analytical
expression, and is rather obtained numerically. An
approximate expression for the spin-dependent re-
flectivities of a medium with refractive index given
by Eq. (1) is®
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In Eq. (2), ri=(py—0,)/ (py+8;) gives the reflec-
tivity of the material in absence of magnetic terms;
po=[07— (\%m)b/v]V? is the effective angle of
the neutron beam in the material and becomes zero
at a critical wavelength A.. The effect of the mag-
netic terms is accounted for in Eq. (2) only in the
first-order approximation and away from A..

Equation (2) provides a first indication of the
sensitivity of the measurements to the penetration
depth. Suppose that the niobium surface is inclined
at #,=0.32° with respect to the neutron beam and
that the reflectivity is measured as a function of the
neutron wavelength. For A =4.98 A the reflectivi-
ty is total, while it diminishes rapidly for shorter
wavelengths, becoming at the same time spin
dependent, as evidenced by taking the ‘‘flipping ra-
tio” Fr=R*/R~. For instance, at 4.7 A the
spin-average reflectivity is R =0.26 for an external
field H =500 Oe and a penetration length A =400
/&, and Fgr =0.93. For comparison, if at the surface
there was a sharp magnetic boundary (A=0),
Fr =0.65 under the same conditions.

Rather sophisticated equipment for neutron re-
flection has been designed® in the past in order to
determine accurately the nuclear scattering ampli-
tudes. For this initial experiment, a preliminary in-
strument was set up at the intense pulsed neutron
source at Argonne National Laboratory, and is
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described in Fig. 1. For each neutron pulse, the re-
flected intensities of all the neutrons of
wavelengths between 3.8 and 8 A were measured,
with the surface at a fixed angle. These intensities
were normalized to the incident neutron spectrum
to give the reflectivities. The beam divergence was
of the order of 0.02°; the wavelength resolution was
0.1 A. The polarized intensities had to be corrected
for the polarization efficiency of the Co mirror
(75%) and, for one spin state, for the efficiency of
the flipper (95%).

The preparation of the sample received consider-
able attention. The reflecting surface dimensions
were 1550 mm to fit into the cryostat/super-
conducting-magnet assembly. Initially the surface
was prepared by polishing a polycrystalline plate of
niobium. However, much better reflectivity was
obtained by sputtering a S-um-thick layer of niobi-
um onto an unheated, polished single crystal of sil-
icon, (111) oriented. The reflectivity of a film of
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FIG. 1. Layout of the polarized-neutron reflection ex-
periment. The source emits short pulses of neutrons
with a thermal spectrum. Only the neutrons with
wavelength A > 3.8 A pass through the berillium filter,
and are polarized by the magnetized cobalt mirror. The
polarized beam is partially reflected by the niobium sur-
face in a magnetic field and detected in time of flight by
the counter. The magnetic fields (and the quantization
axis of the neutron spins) are normal to the flow plane of
the page. Subsequent measurements are taken for the
two states of the neutron spin: this is reversed by ener-
gizing the flipper.
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such a thickness—on a proper support—is not very
different from that of a surface of bulk material.
For a neutron plane wave, the film reflectivity is’

r12+ r22 +rir COS(blzopﬂ/)‘)

= s 3
1+ rir} +2rrycos(dmzope/N) ®

where r; and r, are due to the reflections at the first
and second boundaries, and z; is the film thickness.
When z, is of the order of a few micrometers, the
interference terms oscillate quite rapidly with the
angle of incidence 6;, so that Eq. (3) integrated
over the experimental angular divergence simplifies
to the incoherent limit. The reflectivity of the sup-
port can then be easily taken into account, provided
it does not overshadow that of the film (and this is
certainly true for a silicon support, with b/v
=2.02x10~% A-2). The superconducting prop-
erties of this film were also found to be satisfactory,
with H,,=1.0 kOe at T=5 K, the Ginzburg-
Landau parameter k=1.8, and 7,=9.2 K.

The reflectivity of niobium at 7=10 K and in a
field of 500 Oe was found to be independent of the
neutron spin. These data are presented in Fig. 2,
together with the reflectivity obtained by solving
numerically the optical equations.” It can be no-
ticed that the resolution-averaged reflectivity
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FIG. 2. Reflectivity of niobium (5-uwm film on silicon)
at 10 K. Dotted line, calculated reflectivity for an angle
of incidence 8,=0.36°. Dashed line, the same, but with
a Gaussian spread of angles Af#;=0.02°. Continuous
line, the effect of a surface roughness ((z3)¥2=70 A )
has been added.
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(dashed curve) is consistently higher than the data
at the shorter wavelengths. This effect, often en-
countered in x-ray reflectivity measurements, has
been attributed to surface roughness, which modi-
fies the reflectivity? like a Debye-Waller factor:

2
I(\) =Iy(\) exp -*%W—ino(zg) ) @

The least-squares fitting to our data gives an effec-
tive roughness (z3)Y2=70 A, and is shown as the
solid curve in Fig. 2.

The spin dependence of the reflectivity measured
at T=4.6 K, H=1500 Oe, and 0,=0.34° is present-
ed in Fig. 3 in the form of the flipping ratio. The
calculated value of the Fy for various values of A
with the exponential field profile are also shown.
The data indicate A =430 +40 A, a value consistent
with similar runs at /=700 Oe or at a different an-
gle of incidence (9,=0.30°). At 7 K, the fit gives
A =600 + 80 2\, showing the expected increase of A
with 7. From these data, the zero-temperature
value A (0) can be estimated, by use of the Gorter-
Casimir or BCS theories, to be 420 +40 and
400 +40 A, respectively. Results of others!®!! in-
dicate that the temperature dependence for niobium
lies between these theoretical limits, implying that
A=410+40 A.

Several methods have been used previously to
determine A(0). Maxfield and McLean!® have
made high-precision measurements of dA/dT using
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FIG. 3. The flipping ratio for the niobium film at 4.6
K and 500 Oe. 6,=0.34 £0.02°. The lines drawn are cal-
culated, in ascending order, for A =380 and 480 A. The
minimum (resolution broadened) for an exponential
field decay occurs close to the critical wavelength
Ao =5.14A.

rf techniques. Although there is no rigorous way to
determine the constant of integration A(0) from
dA/dT, they made a model-dependent estimate of
470 +50 A. A second method relies on a result of
the local Ginzburg-Landau theory!!:

A(D) = [H.(D¢o/4m 1Y/ H(T). (5)

For suitably reversible samples (i.e., negligible flux
pinning) both the thermodynamic critical field H,
and the upper critical field H,, can be determined
by the magnetization. Measurements by Fin-
nemore, Stromberg, and Swenson!! and French!?
were extrapolated to zero temperature yielding
410 +10 and 397 +10 A, respectively for A(0).
Auer and Ullmaier!? prefer to perform magnetiza-
tion measurements closer to 7, in a region where
nonlocal corrections to A can be avoided, and use
Eq. (5) in that limit to obtain the London penetra-
tion depth, A (0) =315 A. The effect of nonlocali-
ty for pure niobium has been estimated'* to in-
crease A(0) over Ap(0) by about 20%. On the
theoretical side Ap(0)=325 A has been calculat-
ed!’ from the band structure of niobium. Our direct
measurement of A is in reasonable agreement with
the theoretical value as well as those obtained
through the use of Eq. (5). Thus it appears that Eq.
(5) is a good approximation even when not in the
extreme local limit.!6

The experiment described here shows that the
new technique of polarized-neutron reflection is
indeed quite promising for detecting magnetic per-
turbations close to a surface. The perturbations
that can be observed are for thicknesses between 10
and 5000 A, the lower boundary being due to the
neutron counting statistics, and the upper boundary
due to the angular resolution. More detailed
analysis of the surface (in parallel with the x-ray
research such as the surface diffraction recently
developed at synchrotron sources!’) has been
thoroughly considered!®~2! and should become rap-
idly feasible, especially with the advent of the next
generation of neutron sources.
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