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Depth-Resolved Profile of the Magnetic Field beneath the Surface of a Superconductor
with a Few nm Resolution
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The variation of a magnetic field as a function of depth beneath the surface of an YBaCu;O;—;5 thin
film in the Meissner state has been measured using low energy muons. The depth of implantation was
varied from 20—150 nm by tuning the energy of the implanted muons from 3—30 keV. These are direct
measurements of the penetration of a magnetic field beneath a superconducting surface which illustrate
the power of low energy muons for near surface studies in superconductivity and magnetism.

PACS numbers: 74.25.Ha, 74.76.Bz, 76.75.+i

The determination of the value of a magnetic field as a
function of depth below a surface is a nontrivial problem
because amicraoscopic probeisrequired to samplethelocal
fieldsin thisregion. In this Letter we report the use of low
energy muons [1] to profile directly the magnetic field be-
neath the surface of a superconductor in the Meissner state,
with a depth resolution of a few nanometers. A magnetic
field was applied parallel to the surface of a c-axis ori-
ented superconducting YBa,Cu;O;-5 (YBCO) thin film
after zero field cooling the film to 20 K. In this geome-
try, currents flowing in the ab planes determine the profile
aong the crystal ¢ axis of the magnetic field inside the
film. Muonswereimplanted at depths from 20—150 nm by
varying the energy of the incident muons from 3—30 keV.
This alowed us to measure values of magnetic field as a
function of depth. The large value of H.; at low tempera-
tures, surface barriers, and flux pinning all prevent flux
line entry [2], so in these measurements we are observing
Meissner screening. We have previously reported the use
of low energy muons to monitor the spatial evolution of
the magnetic field distribution in the mixed state as flux
lines emerge through the surface of an YBCO thin film
[3]. In those measurements the magnetic field was applied
perpendicular to the surface of the film, and the sample
was field cooled through the transition temperature 7. to
obtain the mixed state.

In the Meissner state, diamagnetic shielding currents
flowing close to the sample surface screen a static magnetic
field from the interior of the body. We may define an
average depth of penetration () of an external field B, by

) = Bio f B(z) dz, )

which is the quantity given, for example, by microwave
measurements of field penetration [4]. However, other
techniques such as muon spin rotation (wSR) [5] will give
different average quantities which we shall generically de-
note by A.
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M easurements of the penetration depth provide informa-
tion crucia to understanding the details of the supercon-
ducting state [6]. The field causes a shift in momentum
space of the whole of the Fermi sphere. At finite tempera-
ture or in regions where the gap is zero, this changes the
occupation of quasiparticle excitation states. The effective
number density of superconducting charge carriers n, par-
ticipating in the screening currents is thus reduced from
the total number density of carriers. In the limit where
the penetration depth is much larger than the coherence
length &y, and where the mean free path for scattering of
the normal electrons [ > &, (A) is the familiar London
penetration depth A,

_ms
(2e)>pons(T)’

where m; is the effective mass of the carriers. It is well
known that in this London limit a magnetic field applied
parald to the surface of a semi-infinite superconducting
dlab decays with depth z according to the exponentia
decay law

AL(T) = )

B(z) = Boexp(—z/AL). 3

In this case the average depth of penetration given by
Eg. (1) isequa to A,. However, whenever the field pene-
tration is nonexponential, any technique which measures
(A) is not directly giving A, for a material.

If AL < & (the nonlocal, Pippard limit) the average
depth of penetration of the field isincreased. Furthermore,
the field penetration becomes nonexponential, and indeed
the direction of thefield reverses at depths somewhat larger
than () [7]. However, to afirst approximation, high tem-
perature superconductors (HTS) are expected to be close
to the London limit.

An interesting feature of HTS is that they have d-wave
gap nodes as reveded, for instance, by microwave mea
surements[4]. Thiscan lead to nonlinear effects of field on
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penetration depth, associated with afield induced increase
in the density of available excitation states located near the
gap nodes [8]. A nonlocal effect is associated with the di-
vergence of &, at the same nodes, as &, varies in inverse
proportion to the value of the energy gap [9]. However,
ac susceptibility measurements of the dependence of (A)
on the magnitude and orientation of the applied field with
respect to the ¢ and » axes of YBCO [10] have shown a
much smaller nonlinear effect than predicted [8]. Recent
1SR measurements [5] showed a field-induced increasein
A and asaturation of A(T) at low temperatures, which were
attributed to nonlinear and nonlocal effects. These mea-
surements illustrate how penetration depth measurements
address the essentia physics of superconductors.

In the mixed state, the penetration depth can be deduced
from neutron scattering [11], SR, or from imaging of
a single flux line emerging from a surface using electron
holography [12] or SQUID microscopy [13]. Alternatively,
the field below the surface in the Meissner state can be in-
ferred from the height-dependent force profile above the
surface as measured by magnetic force microscopy [14].
But in all of these examples the London law, which leads
to Eq. (3), is assumed. For example, in conventional wSR
the distribution of internal magnetic fields P(B) deduced
from the experimental data is compared with the distribu-
tion calculated for the flux line lattice present in the super-
conducting mixed state. This calculated P(B) is derived
by assuming a model of the structure of the flux line
based on the London law, modified by flux line core ef-
fects [5]. Our previous low energy muon experiments [3]
aso relied on the use of the London model to fit the data.
Spin-polarized neutron reflectivity is sensitive to the field
profile [2,15] but requires model fitting of spin-dependent
intensities to deduce the value of A. Hence, none of these
methods directly determine the profile of the field within
the superconductor.

A direct measure of the spatial variation of the magnetic
field can be obtained with the use of low energy muons.
This technique differsin principle and not just in method-
ology or geometry from the examples given above, in that
no assumptions are made concerning the details of the
field penetration law. In conventional ©SR, 4 MeV spin-
polarized muons are implanted within bulk material and
stop over a range of depths of order 0.3 mm (with a
straggle of 0.07 mm FWHM). The temporal evolution of
the polarization of the implanted muonsisindicated by the
direction of emission of decay positrons. The magnetic
field at each muon implantation site causes precession of
the muon spin. The positron time spectra collected from
an ensemble of muons contain oscillations which reveal
the distribution P(B) of loca magnetic fields. With low
energy uSR, similar measurements can be performed, but
over much smaller depth ranges. In the low energy ©wSR
spectrometer at the Paul Scherrer Institute [1] the muons
are moderated in a condensed van der Waals gas layer to
energies ~15 eV. These epithermal muons are then ex-
tracted from the moderator by applying up to 20 kV to

the moderator substrate. The final implantation energy is
determined by the extraction potential and by an accelerat-
ing or decelerating potential applied to the sample, which
is mounted via an electrically insulating sapphire plate
on a continuous flow cryostat. The incoming muons are
detected by a 10 nm thick carbon foil placed at an inter-
mediate focus of the beam transport system, upstream of
the sample. Secondary electrons are emitted as the muon
passes through the foil and are amplified by a microchan-
nel plate to provide atrigger signal [16].

The sample in this experiment was a 50 mm diameter,
700 nm thick high quality YBCO film, grown by thermal
coevaporation of the constituents onto a single crystal lan-
thanum aluminate substrate [17]. The transition tempera-
ture 7. was measured by ac susceptibility to be 87.5 K.
The film had the crystal ¢ axis perpendicular to the plane
and the twinned ab-planes were well aligned with the sub-
strate. The surface roughness of the YBCO film was
measured by atomic force microscopy. The deviations of
height from the mean had an rms value of 5 nm, which cor-
responds to a thickness uniformity of better than 1%. The
thickness varied on in-plane distance scales that ranged
from a fraction of a micron downwards.

Themagneticfield of 9.5 mT was parallel to thefilm sur-
face and perpendicular to the incoming muon momentum,
and perpendicular to the spin of the transversely polarized
muons. In atypical experimenta run, some 80000 muon
decays were recorded, each as a function of time after de-
tection of an incoming muon. The distribution P(B) of
the values of magnetic field experienced by the implanted
muons was derived by maximum entropy Fourier analysis
[18,19] of the muon precession. In Fig. 1 we show the
resulting magnetic field distributions obtained at 20 K for
various implantation energies. It is immediately clear that
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FIG. 1. Field distributions observed in YBCO a 20 K in
the Meissner state with muons implanted at (M) 3.4 keV,
(@) 6.9 keV, (V) 15.9 keV, (A) 20.9 keV, (<) 24.9 keV, and
(V) 29.4 keV. The field distribution shown with open circles
was taken in the normal state.
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in the superconducting state the higher the incident muon
energy, the lower the average field. The narrow (resolution
limited [19]) field distribution at 9.5 mT shown with open
circles was taken at 100 K—i.e., in the normal state, and
is independent of implantation energy.

Muons of a given energy stop over a certain range of
depths, giving the small range of fieldsin P(B). The muon
implantation depth distribution p(z) corresponding to each
implantation energy marked in Fig. 1 was calculated using
aMonte Carlo code TrRIM.sP (transport and range of ionsin
matter) [20] and is shown in Fig. 2. We have shown else-
where that this program predicts the implantation profiles
accurately [21]. A Gaussian spread of input muon energies
of 0.5 keV, corresponding to the energy straggling intro-
duced by incoming muon detector [22], isincluded in the
calculations.

To an excellent first approximation, to plot thefield B as
afunction of depth z, we simply read off the peak fieldsin
Fig. 1 and plot them versus the peak depthsin Fig. 2. This
plot alows oneto iterate rapidly to the correct relationship
between P(B) and p(z):

plz(B)]

P(B) = dB/dz ’

(4)

Equation (4) shows that the value of the field Bj..x for the
maximum of P(B) isat adepth z,..x Where p(z)/(dB/dz)
is maximum—rather than where p(z) is maximum; the
correction introduced by using Eq. (4) is only of order
1 nm. The resulting values of Bpax VErSUS Zpea after
making this small correction are plotted for several sample
temperatures in Fig. 3. The theoretical lines are plots of
the function:
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FIG. 2. Low energy muon implantation profiles for muons
with the same energies as in Fig. 1, calculated using TRIM.SP.
The profiles have been convoluted with a Gaussian width of
5 nm to represent depth straggling due to surface roughness of
the film. The asymmetrical shape of the profile is reflected in
the asymmetry of the field distributions in Fig. 1.
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cosh[(r — z)/AL)]

B(z) = Bo cosh(¢/Ap) ' Q

This is the form taken by Eq. (3) for a film of thickness
2¢, with flux penetrating from both surfaces. The vaue
of z in Eq. (5) has been corrected by a small quantity z,
corresponding to a“dead layer.” This may partly be dueto
athin layer that is nonsuperconducting, but arises mainly
from the surface roughness of the film, which increasesthe
effective penetration depth in the surface layers. It may be
seen that in the surface region where the superconducting
planes are not continuous, the effective penetration depth
includes the c-axis penetration depth, because shielding
currents cannot flow continuously in the ab planes alone;
hence the field penetrates into the “sides’ of any “hills’
on the surface. The c-axis penetration depth is a factor
v ~ 5-8 times longer than that due to currents in the
basal plane. Thus, if the surface roughness corresponds to
athickness 6 of full-density material, then the muons will
have traversed on average adepth &, but the field will only
have been shielded by an amount corresponding to 6 /7y of
full-density ab-plane material. Hence the expected value
of zo = 6(1 — 1/v), which with the measured surface
roughness will correspond to a few nm. These consider-
ations apply so long as the surface roughness has a scale
and height much smaller than the relevant penetration
depths, which applies in our case. The small horizontal
scale of the surface roughness also has the consequence
that local variations in field produced by hills and valleys
on the surface rapidly die away with depth. In initial fits
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FIG. 3. Values of field versus depth for various values of
sample temperature (V) 20 K, (A) 50 K, (¢) 70 K, and
(M) 80 K. The solid lines represent fits of Eq. (5) to the data
with A; as the free parameter. The implantation depth has
been corrected by a fixed amount zo mainly to alow for the
slight surface roughness of the sample. The thickness 2t was
not corrected, because zo is comparable with the error in the
thickness and small changes in 2r have a negligible effect on
the fit parameters.
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FIG. 4. The temperature dependence of the penetration depth
Ap arising from supercurrents in the basal plane of our YBCO
sample. (@) Values derived from the fits in Fig. 3. (X) Data
from the field distributions observed in the mixed state of the
same sample [25]. Excellent agreement is seen between the two
techniques.

to Eq. (5), zo was alowed to be a free parameter. How-
ever, dl the results were consistent with a temperature-
independent value of 8 nm, so zo was set to this value in
producing Fig. 3. The value of zy probably indicates, in
addition to the effects of the 5 nm rms surface roughness,
a unit cell or two of nonsuperconducting material. A
similar resultisnoted in [23]. Itisunlikely on both experi-
mental and theoretical grounds that the nonlinear Meissner
effect [5,8] or nonlocal effects [9,24] can be invoked as
an alternative explanation of the reduced shielding near
the surface, under the conditions of our experiment. The
actual variation of field with depth in Fig. 3 is well fitted
by the theoretical expression (5), with no adjustable
parameters other than z, and the temperature-dependent
penetration depth A;. The temperature dependence of
Ar is shown in Fig. 4. We find a very reasonable value
a 20 K of 146 = 3 nm. The vaues derived from the
earlier indirect, mixed state measurements on the same
film [3,25] agree well with the data presented here, and
thereby give confidence in both techniques.

In conclusion, we have made the first direct, micro-
scopic measurement of magnetic field values near the sur-
face of a superconductor in the Meissner state, providing a
direct confirmation of the London formula. It isinteresting
to note that until now textbook figures (for example [6]),
which illustrate the penetration of a magnetic field into a
superconductor in the Meissner state have had to rely on
theoretical plots, since no direct experimental data have
been available. A direct experimental measurement, even

in amaterial where London theory is expected to apply, is
therefore of archival importance, and also opens the possi-
bility of investigating cases where Eg. (3) does not apply.
These measurements demonstrate the genera utility of the
low energy muon technique for investigating samples over
depths of order 20—150 nm with afew nm resolution. They
also provide an indication of the reliability of simulations
of the muon implantation process. Finaly, we note that the
unique possibilities offered by low energy muons are not
restricted to studies of superconducting or magnetic thin
films and multilayers, but may be extended to near surface
studies of single crystals too.
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