
Determination of the magnetic penetration depth in a superconducting
Pb film

J. Brisbois,1,a) B. Raes,2,b) J. Van de Vondel,2 V. V. Moshchalkov,2 and A. V. Silhanek1

1D�epartement de Physique, Universit�e de Liège, B-4000 Sart Tilman, Liège, Belgium
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By means of scanning Hall probe microscopy technique, we accurately map the magnetic field

pattern produced by Meissner screening currents in a thin superconducting Pb stripe. The obtained

field profile allows us to quantitatively estimate the Pearl length K without the need of

pre-calibrating the Hall sensor. This fact contrasts with the information acquired through the spatial

field dependence of an individual flux quantum where the scanning height and the magnetic

penetration depth combine in a single inseparable parameter. The derived London penetration

depth kL coincides with the values previously reported for bulk Pb once the kinetic suppression

of the order parameter is properly taken into account. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4868298]

I. INTRODUCTION

The thermodynamic hallmark of superconductivity is

the ability to expel a magnetic field. This phenomenon is

produced by macroscopic screening currents circulating at

the border of the superconducting material, which in turn

generate a magnetic field counteracting the applied one in

the interior of the superconductor. In finite size samples, the

shielding (or Meissner) currents lead to a reinforcement of

the field at the border of the sample usually accounted for

through a demagnetization tensor. Since �� ~B ¼ l0
~J , a

perfect screening with a discontinuous jump in the magnetic

field at the sample’s borders would need unrealistic diverg-

ing currents. In reality, finite screening currents run in a thin

layer close to the sample’s surface and the field penetrates

into the superconductor over a material dependent distance k
called the magnetic penetration depth. Its determination is of

fundamental importance as it is closely related to parameters

relevant for applications, like the lower critical field Hc1 at

which penetration of flux quanta becomes energetically

favourable, or the depairing current density Jdp correspond-

ing to the maximum current that a superconductor can sus-

tain before restoring the normal metallic behavior.

An absolute determination of k is regarded as a very

challenging experimental work. In general, the available

techniques can be grouped in two broad categories, namely

bulk integrated-response techniques and local probe techni-

ques. Bulk techniques1–6 average the response of the whole

sample and therefore are not sensitive to the local details

such as possible material inhomogeneities. Local

techniques7–12 not only allow one to gain insights at the mi-

croscopic level but can be also considered as a more direct

way to assess k. Within the local probe category, the most

popular approach for estimating k consists of mapping the

field profile of an isolated flux quantum and track its temper-

ature evolution. Unfortunately, irrespective of whether the

flux quantum is an Abrikosov vortex present in a thick sam-

ple, or a Pearl vortex13 characteristic of thin films, the verti-

cal component of the magnetic field picked up by the sensor

depends on a single variable, z0þk, forming an indissociable

additive combination of the vertical separation between the

sensor and the surface of the superconductor, z0, and k.

Therefore, the precision of the extracted k is directly linked

to the quality of the calibration of the z-positioners and relies

on perfect knowledge of the geometrical configuration and

the sensor mounting.

In this study, we propose an alternative method to deter-

mine the penetration depth k which has not been explored so

far and does not require pre-calibration procedures of the

magnetic sensor. Its precision depends on the good knowl-

edge of the sample geometry. The approach consists of map-

ping the magnetic field profile at the border of the sample

produced by Meissner screening currents. In contrast to the

centrosymmetric field landscape of an isolated vortex, now

the contribution of the vertical separation z0 and the penetra-

tion depth contribute separately to the vertical component of

the detected magnetic field, thus facilitating the estimation

of k. Even though the method is illustrated with a particular

magnetic probe (i.e., a Hall sensor), it is applicable to any

other scanning magnetic probe techniques such as magnetic

force microscopy (MFM) or SQUID microscopy. In addi-

tion, this method can also work for current-driven transport

bridges at zero external field.

II. EXPERIMENTAL DETAILS

We study the response of a Pb strip of length L¼ 3 mm,

width 2a¼ 600 lm, and thickness t¼ 50 nm deposited on an

insulating SiO2/Si substrate. The surface is protected by a

60 nm thick insulating Ge layer to prevent oxidation. The

sample is patterned with a square lattice of square holes of
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side length b¼ 600 nm and period w¼ 3 lm, as schemati-

cally shown in Fig. 1. As we discuss below, the ratio b/w has

been chosen in such a way that the holes have negligible

effect on the penetration length while allowing us to readily

check the onset of flux penetration into the sample, i.e., the

limit of the Meissner state. A superconducting critical tem-

perature Tc¼ 7.2 K was determined by ac-susceptibility

measurements.14 A 50 nm thick gold layer covers the sample

to allow using a tunneling conducting tip as a feedback loop

to approach the sample surface.

The Hall probe is a cross-shaped 2DEG (GaAs/AlGaAs)

scanning alongside the sample surface, fed with a constant dc

current �20 lA, and with readout voltage proportional to the

component of the magnetic field perpendicular to the probe.

Scanning Hall probe microscopy (SHPM) exhibits several

advantages for our experiment: it is noninvasive, it offers a

good compromise between spatial and field resolution15 and,

in lift mode, it is a relatively fast way to get two-dimensional

images of the magnetic field. We use a commercial low-

temperature SHPM (NanoMagnetics Instruments) modified

by adding a piezoelectric horizontal slider to allow the adjust-

ment of the sample position. The vertical position is adjusted

by a piezoelectric slider (coarse positioning of step

p� 0.8 lm according to the specifications of the manufac-

turer) and a piezoelectric tube (fine positioning).

A standard approaching process16 ends when a tunnel

current of 0.5 nA is obtained, corresponding to a tunnel re-

sistance of 200 MX and a tip-sample distance smaller than

1 nm. Once the tip is in STM-contact with the sample, the

ultimate lower limit for the height above the sample surface

is determined by the depth of the 2DEG below the surface of

the heterostructure, typically 100 nm. However, an additional

and far more important limitation comes from the angle

between the sample and probe chip �1� � 2� and the fact

that the Hall sensor is about 15 lm away from the STM tip

as schematically shown in Fig. 2. The distance between the

active area and the STM tip combined with the tilt angle con-

tributes to the height of the probe. In principle, it is possible

to scan the sensor over the sample surface while keeping

the tunneling current constant using a PID protocol on the

z-piezo, obtaining simultaneously the topography and the

magnetic field distribution. In this configuration, the Hall

sensor scans over the sample surface at a minimum distance

of 600 nm. However, in practice, after STM-contact at the

highest corner of the scan area, we lift the scan head a few

hundreds of nm and the scan is performed at this fixed dis-

tance z0 � 1lm. The lift height is limited by the surface

roughness within the scan area and can be continuously

adjusted during scanning in both lateral and transversal

directions for compensating the tilt of the sample. This lift-

mode allows for faster imaging, with less risk of crashing the

probe. In this work, keeping in mind the aforementioned

restrictions, we introduce a protocol to precisely determine

the height of the Hall sensor z0. Moreover, this characteriza-

tion allows us to obtain a good estimate for kL.

III. FIELD PROFILE PRODUCED BY MEISSNER
CURRENTS

A. Theoretical model

Let us start analyzing the magnetic response of a super-

conducting strip in the Meissner state as shown in Fig. 1.

The strip occupies the space jxj � a; jyj � L=2� a, and

jzj � t=2� a. After cooling down the sample below Tc, a

constant magnetic field Happ ¼ Bapp=l0 is applied perpendic-

ularly to the surface (zero-field cooling process).

Consequently, screening currents flow around the strip in an

attempt to shield Happ inside the superconductor. Assuming

that t < k, the current density is nearly independent of z
across the film thickness, and therefore it is convenient to

consider only the surface current density ~JSðx; yÞ defined by

averaging the volume current density~jðx; y; zÞ over the thick-

ness of the strip,

~JSðx; yÞ ¼
ðt=2

�t=2

~jðx; y; zÞdz: (1)

The total magnetic field ~Btotðx; y; zÞ at the point of coor-

dinates (x,y,z) is the sum of two contributions: the applied

FIG. 1. Sketch of the nanostructured thin superconducting Pb film of thick-

ness t¼ 50 nm. The film has a length L and a width 2a and it is patterned by

a square lattice (period w) of square holes (side-length b). In the Meissner

state, when a constant magnetic field Bapp is applied, screening currents~jðuÞ
flow in the sample. Each infinitesimal element du centred on u generates a

contribution d~B ind to the magnetic field ~B ind. The total field is calculated by

Biot-Savart’s law and is the sum of ~Bapp and the contribution of the screen-

ing currents.

FIG. 2. Schematic illustration of the sample-sensor chip orientation and

position. In this configuration, the STM tip is always the point of the Hall

sensor closest to the sample, thus limiting the risk of crashing the probe dur-

ing the approach. The minimal distance z0 is limited by the depth of the

2DEG in the heterostructure and by the distance between the STM tip and

the Hall cross. Moreover, the sensor is usually lifted by a few hundreds of

nm to allow fast imaging.
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field ~Bapp and the field generated by the screening currents
~Bindðx; y; zÞ. As L� a; t; ~Btot and ~JS do not depend on y. In

what follows, the only component of ~Btotðx; zÞ considered

relevant for measurements with magnetic probes is the

z-component Bzðx; zÞ. We can work out an expression for
~Bindðx; zÞ based on the notations of Fig. 1.

The field d~Bind produced by an infinitesimal portion of

material du crossed by a current I(u) can be determined by

Ampère’s law, and by subsequently summing up the contri-

bution of each infinitesimal portion du, we obtain

Bind;zðx; zÞ ¼
l0

2p

ða

�a

ðx� uÞJLðuÞdu

ðx� uÞ2 þ z2
; (2)

where JL is the linear current density defined as JLðxÞ
¼ JSðx; yÞdy. The z-component of ~Btot at (x,y,z) is thus given

by

Bzðx; zÞ ¼
l0

2p

ða

�a

ðx� uÞJLðuÞdu

ðx� uÞ2 þ z2
þ Bapp: (3)

An expression for JL (u) obtained from the London-Maxwell

equations for a thin ðt� aÞ rectangular strip is given by

Plourde et al.17 for a constant magnetic field perpendicular

to the surface. When a=K� 1 where K ¼ k2=t is the Pearl

length, JLðuÞ is expressed as

JLðuÞ ¼
2uBapp

l0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2 � u2Þ þ 4a

p
K

r : (4)

By inserting this relationship in Eq. (3), we can deduce the

relative change of magnetic field as the Hall probe scans the

width of the strip at a height z:

Bzðx; zÞ
Bapp

¼ 1þ 1

p

ða

�a

ðx� uÞudu

ððx� uÞ2þ z2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2� u2Þ þ 4a

p
K

r : (5)

In Sec. III B, we will use this equation to model the Bz(x,z)

profiles obtained experimentally at different distances z from

the surface of the superconductor.

B. Experimental results

In order to obtain the magnetic field profile in the

Meissner state, a series of SHPM images were recorded at

the border of the Pb strip at T¼ 4.2 K and Happ ¼ Bapp=l0 in

zero field cooling. An example of the resulting field land-

scape is shown in Fig. 3(a). The border of the strip can easily

be localized by the bright strip corresponding to the magnetic

field generated by the Meissner screening currents. For each

image, we averaged ten cross-sections taken perpendicularly

to the border in order to reduce the noise-to-signal ratio of

the field profiles. We then divide the result by Bapp and fit the

results following Eq. (5). This equation indicates that the

larger the applied field, the bigger will be the signal detected

and therefore higher signal-to-noise ratio can be achieved.

This argument holds for fields below a certain threshold Hp

at which flux quanta penetrates into the sample.14 Since the

holes act as pinning centers preventing vortices to proceed

towards the middle of the sample, the pinned vortices con-

tribute to the field measured at the border of the sample and

serve as an indication that the condition Happ > Hp has been

FIG. 3. (a) and (b) show the SHPM images of the superconducting strip bor-

der in the Meissner state in a constant magnetic field Happ, respectively,

lower and slightly higher than Hp, the field corresponding to the first vortex

entry in the sample. The bright area indicates the higher magnetic field and

is due to the presence of demagnetizing effects at the border of the sample

(black line). In panel (b), a vortex trapped by an antidot close to the sample

border has been highlighted with a circle. The cross-sections shown in (c)

were taken along the green lines. (d) Influence of the distance z between the

Hall probe and the sample surface on the normalized magnetic field profile

at the border of the strip. z0 is the minimum scanning height and p is the

stepsize of the vertical piezo slider. The curves computed numerically (con-

tinuous lines) from the relation (5) are superposed to the data. In addition to

the scanning heights, the model yields a value for the transversal penetration

depth K ¼ 7156300 nm.
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achieved. This is illustrated in Fig. 3(b) where a vortex is

indicated by a black circle. In Fig. 3(c), we show the field

profile for Happ � Hp and Happ � Hp. Notice that the penetra-

tion of a flux quantum relaxes the magnetic field at the bor-

der of the sample.

Once the value of Hp has been identified, Eq. (5) can be

used to model the field profiles at different heights z obtained

for Happ � Hp. The experimental data are plotted in Fig. 3(d).

As z increases, the Bz(x) peak due to the demagnetizing

effects broadens and in the limit of z!1, it should be

recovered Bz(x)¼Bapp. The asymmetric shape of the field

profile at the border of the sample reflects the long range per-

turbation of the magnetic field outside the sample, caused

by demagnetization effect at the border of the strip, which

contrasts with a much sharper decay of the magnetic field

upon entering the superconductor. More quantitatively, the

magnetic field outside (inside) decreases halfway towards

its final value Bz ¼ Bapp ðBz ¼ 0Þ at a distance �7.5 lm

ð� 3 lmÞ from the border.

The fitting of the curves is based on Eq. (5) for

a¼ 300 lm. All the curves are adjusted simultaneously with

the respective scanning heights zi and a common value for K
as free parameters. The best fitting is obtained for K ¼
7156300 nm and a lowest scanning height z0 ¼ 1:38

60:15 lm. The resulting profiles are represented in Fig. 3(d)

as continuous lines along with the corresponding values for

zi¼ z0þ np, with n integer. The modelled magnetic field pro-

file evolution with z is in good agreement with the experi-

ment and the estimated value for the step of the vertical

slider is around 0.9 lm, close to the expected value of

p¼ 0.8 lm provided by the manufacturer for T¼ 4.2 K.

Knowing that K ¼ k2=t ¼ 715 nm, we can estimate

kðT ¼ 4:2KÞ 	 189 nm, and assuming Ginzburg-Landau

temperature dependence kðTÞ ¼ kð0Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� T=Tc

p
, we

deduce kð0Þ 	 122 nm. From the temperature dependence of

the upper critical field, we can estimate a coherence length

nð0Þ 	 33 nm� n0 ¼ 82 nm meaning that our Pb film falls

in the dirty limit. Using the dirty limit correction for the

penetration depth k ¼ ð0:64
ffiffiffiffiffiffiffiffiffi
n0=‘

p
Þ�1kL and coherence

length nð0Þ ¼ 0:855
ffiffiffiffiffiffiffi
n0‘
p

, it is easy to show that

kL 	 1:83nð0Þkð0Þ=n0 � 89 nm. The fact that we have cho-

sen to work at a field very close to the penetration field, Hp,

implies that the screening current is very close to the depair-

ing current.14 It is worth noting that London and

Ginzburg-Landau theories give similar results, except at the

border of the sample when Happ is close to Hp, which are the

conditions of this experiment.18 Therefore, it is imperative to

consider the kinetic suppression of the order parameter

ignored within the London approximation but properly

accounted in the Ginzburg-Landau formalism. This depletion

of the superconducting condensate at the border of the sam-

ple leads to a less efficient screening manifested by a larger

penetration depth kedge ¼ 1:84 kL. This factor results from

the decrease of the density of states with increasing current

and is described within the first Ginzburg-Landau equation,

which expresses conservation of energy and effectively

couples the Cooper pair-density with the pair velocity.19

When taking into account this correction, we obtain

kL ¼ 48611 nm, which is in reasonable agreement with

kL ¼ 40 nm obtained by alternative techniques.20 Notice that

following a similar analysis and assuming that kL is known,

the effective coherence length could be deduced from K.

C. Effect of finite size of the sensor

Equation (5) presumes an infinitely small magnetic sen-

sor and therefore ignores the finite size s of the active area

of the Hall probe. Taking into account, this effects result in

a convolution effect on the real magnetic field. In other

words, instead of measuring Bzðx; zÞ, the measured field is

given by

hBi ¼
ð

S

dA Gðx; yÞBðx; yÞ; (6)

where S is the active surface and G is the response function

accounting for the inhomogeneity of the sensitivity. Several

references can be found that calculate G depending on the

kinetics of the electrons (diffusive regime,21,22 ballistic re-

gime23,24) and the size of the Hall probe. It is shown that

when the Hall sensor operates in the ballistic regime and at

low field, the response function can be considered as a con-

stant within the main junction area, with rapid decaying tails

in the contact paths and independent of the shape and posi-

tion of the field inhomogeneity profile in the junction.

Practically, the convolution product is computed numerically

by averaging the field amplitude over the number of neigh-

bouring pixels corresponding to s.

The effect of convolution by the size s of the active area

of the Hall probe is visible in Fig. 4. The value of s¼ 1 lm is

deliberately bigger than the real chip value (around 300 nm)

to emphasize the effects of convolution. These effects are

important only where the field varies quickly as a function of

x, i.e., near the peak. For a height z¼ 0.4 lm significantly

lower than the height at which the measurements were taken,

the convolution decreases the amplitude of the peak by 6.1%

FIG. 4. Influence of the size s of the active area of the Hall probe on the

magnetic field profile. The fixed parameters are K ¼ 1:2 lm; a ¼ 300 lm,

and s¼ 1 lm. The influence of convolution is only visible for the peak and

at low z. For values of z � 1 lm used in our experiment, convolution is

negligible.
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compared to its initial value. For z¼ 2.0 lm, the influence of

convolution is slender and the relative variation of the peak

amplitude is of 0.4%. By fixing s¼ 450 nm, the convolution

for z¼ 2 lm is responsible for a relative amplitude variation

of the peak smaller than 0.1%. We can thus safely neglect

the influence of the Hall probe size s and the effect of convo-

lution by the active area for our data.

IV. ISOLATED FLUX QUANTUM

Let us now investigate the profile of an individual iso-

lated vortex. To that end, we applied a magnetic field

Happ � H1 perpendicular to the sample surface, where

H1 ¼ U0=w2 is the first matching field at which the density

of vortices coincides with the density of antidots. In this

case, after cooling down the sample to 4.2 K (field-cooling

process), the vortices will be separated by a distance much

larger than K. Thus, we can consider them as isolated, as

shown in Fig. 5(a) for the minimal scanning height z0. In

order to extract the magnetic field profile from the isolated

vortex, we consider the points located on the circumference

of circles centred on the vortex and of radius r. We then

average the values of the field at these points for r between 0

and 4 lm. We collected several SHPM images Bz(x,y), at dif-

ferent scanheights z.

Theoretically, the field profile of a single vortex line can

be described as the field produced by a magnetic monop-

ole.25 This model is derived from the boundary condition at

the superconducting-vacuum interface, where the London

equations and the Maxwell equations must be satisfied,

respectively, inside and outside the superconductor. It is

valid for an infinite plane film with an arbitrary thickness. In

the limit of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ z2
p

� K, where r is the in-plane distance

measured from the center of the vortex and z is the height

measured from the surface, the magnetic field profile is

described by the following expression:

Bzðr; zÞ ¼
U0

2p
zþ keff

ðr2 þ ðzþ keffÞ2Þ3=2
; (7)

where keff ¼ k cothðd=2kÞ. This equation represents the

magnetic field of a magnetic monopole of amplitude 2U0

localized at a distance keff beneath the surface. We can con-

sider the vortex as a monopole because the magnetic field is

the same as if the flux lines where produced at one single

point, and they do not close on themselves.26 We use Eq. (7),

where U0=2p is replaced by a multiplicative constant, to rep-

resent the data. The fitting is done for all curves simultane-

ously with respect to this common constant and the values of

zi þ keff for each curve, which are listed in Fig. 5(b). We can

estimate the step p of the vertical slider by comparing the

values for the first and the last curves. This yields

p¼ 0.88 lm. It confirms the value of p¼ 0.9 lm found in the

Meissner state and agrees with the theoretical value of

0.8 lm given by the SHPM manufacturer.

From the fitting, we conclude that the magnetic monopole

model correctly describes the magnetic field profile of an iso-

lated vortex in a sample with a periodic array of holes.

Unfortunately, we do not have access to the probe height z and

to keff separately, because these two parameters appear only

through their sum in the theoretical relation. Thus, it is impos-

sible to distinguish between a change in z or keff , as the effect

on the magnetic field is the same. However, assuming keff ¼
K ¼ 715 nm as found in the Meissner state,27–29 we can

extract the effective scanning heights zi and we find namely

z0¼ 0.98 6 0.3 lm. This value is smaller than z0¼ 1.38 lm

found at the border of the sample in the Meissner state.

As we already anticipated in Sec. II, the value of z0

depends on the location where the scanning takes place,

since the presence of defects and asperities at the surface of

the sample can give different offsets. Actually, atomic force

microscopy images in our sample reveal the presence of

about 300 nm thick resist leftovers at the border of the sam-

ple which are absent in the centre. This resist seems to be

source of the discrepancy in our measurements of z0 for these

two locations.

V. CONCLUSION

In this study, we used SHPM to image the magnetic field

landscape at the border of a Pb thin film. Measurements of

FIG. 5. (a) SHPM image at the middle of the superconducting strip after

field cooling in a constant magnetic field. Two well separated vortices can

be seen (bright spots). The values of the field were averaged on circles like

the one shown in the figure. The dashed line shows the extension of the

obtained field profile. (b) Evolution of the magnetic field profile of a single

vortex as a function of the height z of the probe. The plain curves represent

the fitting based on the magnetic monopole model. This model yields values

for L ¼ zþ keff for different z that are consistent with the expected increase

of z between the curves.
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the magnetic field in the Meissner state follow the spatial de-

pendency proposed by Plourde et al.17 based on London-

Maxwell equations. A procedure is proposed which uses the

theoretical fitting of these curves to determine the magnetic

penetration depth and the probe-sample distance. By taking

into account the temperature dependence of the penetration

depth and the kinetic depletion of the order parameter, we

obtained kL ¼ 48611 nm, which agrees well with values

reported in literature for Pb. We deduced that the separation

between the Hall sensor and the sample surface is normally

slightly larger than 1 lm and we demonstrated that for these

heights, the size of the Hall probe does not introduce signifi-

cant corrections. In addition, we showed that the magnetic

monopole model is appropriate to describe the field profile

of a single vortex and we used the value of K found in the

Meissner state to extract the effective scanning height, a cru-

cial parameter needed for obtaining quantitative values of

the magnetic field.
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