


1. Introduction

The London penetration depth is one of the most important parameters of
superconductor [1]. Its value is determined by the concentration of the

. . . m . . .
superconducting carrier density A, o<, [— , where m is the mass, ¢ is the charge, n is
ne

the concentration of the superconducting carriers, and usually constitutes 500 - 5000
angstrom. Such a small value determines a difficulties of its measurement. But the
temperature dependence of Aj, gives the valuable information for understanding of the
mechanism of superconductivity 2], and thus its investigation is very important '

Let us consider the most precise for such measurements “inductive” method [3-5]. In
this method, the changing of the inductance of some system of coils with the
temperature changing of London penetration depth of the sample under investigation is
measured. The usual size of pick-up coil in such a system is 1 cm. Thus, in this
method it is necessary to measure the changes of the signal which are 10° times
smaller than the signal itself. In spite of the method of this changes measurement
(resonance technique, SQUID susceptometry or otherwise), it is clearly seen that the
changing of the sizes of pick-up coils with the temperature or temperature dependence
of the susceptibility of the constructive materials of an installation give a considerable
error in such measurements. Thus, the miniaturisation of the pick-up coils is a direct
way to increase the accuracy of this method. Due to decrease of the geometrical size
of the pick-up coils, the level of the signal also decreases. Therefore, for such
measurements the most sensitive technique, like SQUID microscopy, must be used [6-
12].

In this paper, we consider the possibilities of the SQUID microscope in such
measurements. In the beginning, we consider a linear response of superconductor in an
external magnetic field of arbitrary configuration. Then we solve this problem for a
thin superconducting film and propose the scheme of a device for the measurement of
the local London penetration depth for the thin film and for the bulk samples.

2. Superconductor in an external magnetic field

Let us consider a superconductor in an external magnetic field. The London equation
in a form of the measured values is :

Arot] + H =0, )]
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The magnetic field generated by some external source and screening currents of the
superconductor is

rot(Hp + Hy) = Jo + 0Js, 3)

where Hy is the field generated by the external current Jy, Hy is the field generated by
the screening current of the superconductor Js, 0 is the Heaviside function (6 = 1
inside the superconductor, 6 = 0 outside). From (3) we obtain:

-1,
-AH; = OrotJs + §;(n){ J (0) |, “4)
0

where n.is a vector normal to the surface of the superconductor and coincident with
the z axis of the local coordinate system xyz, Ji and Jgy are the surface components of
the screening current, 8s(n) is the Dirac delta-function.

Now, we convolute the equation (4) with the fundamental solution of equation (2) Al
(the sign- * means convolution in the three-dimensional space). Keeping in mind the
equation (1) and the existence of function A%H, we obtain:

~J(0)
. .
AAY * |, = -FAO * 0 (Hy + Hp) + A” * 8(m)| J_(0) 5)
0
or
1 s B
H = -—}?AO * (1-0)H, + FA" * OHp + A% * §(m)| J,(0) |. (6)

0

In any case, the field outside the superconductor may be written as a field of double
layer, positioned on the surface of the superconductor:

ou|Hy = H' * §"(n) m, , )

P -
where H' is a magnetic field of a monopole and m is a magnetic moment
perpendicular to the surface. Composing (6) and (7), we could write the equation for
the surface of the superconductor and for the component H normal to the surface:
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Figure 1. The scheme of the location of the excitation loop my. the pick-up loop, and

the coordinate system for a) half-space, b) thin film

;1 AY# (1-9)H' ) * 8/(n) my= Al: A’ * 0H, . (8)

s,nl ( H' +

Thus, we transform the three-dimensional vector problem to the surface problem. The
m, is perpendicular to the surface of the superconductor and absolutely determines the
field generated by the superconductor outside its volume. To determine surface current
of the superconductor, it is necessary to solve equation (6) for the surface of the
superconductor and then the magnetic ficld inside the superconductor is determined.
Usually, in practical problems, it is necessary to determine only the response of the
superconductor in an external excitation ficld. i.e. the ‘outside™ ficld.

3. The scheme of the London penetration depth measurement

Let us consider the following scheme for the measurement of the London penetration
depth. Near the infinite superconducting  film  (or  half-space  for the bulk
superconductor) the excitation coil generating the external magnetic ficld (see Figure
1) is positioned. 1t is located at distance o from the film and may be considered as a
point dipole mg. For the measurement of the magnetic flux, generated hy the sereening
currents of the film, a pick-up coil located at a distance b, is used. It has the sizes
bxb . Using equation (8), let us caleulate the magnetic flux through the pick-up coil
and its dependence on A.



3.1. The case of a half-space

Let the surface of a superconductor be determined as z = 0, so that superconductor is
positioned at z < O (see Figure la). The external field generated by the excitation coil
is equal

Ho = H' * my8(z-a) 8" (x)8(y),
where my has only the x-component.

In this case, we could make the Fourier transformation of the equation (8) by two

coordinates x and y ( f(k) = I_[(x)e""‘dx and f(x)= ;l; .[_/’(k)e"'"dk) and obtain

1
o] (H' (k1 Kko,2) + FAO(khkz,Z) * 0 (2)H' (k1 ,k2,2)) * my(k ko) 87 (2) =

1
= A(k1k2,2) * (1-8(z)H' (k1 k2,2) * ik, moS(z—a). 9

The convolution in this equation is made only by z coordinate and

Hzl(k| k7)) = ‘;‘sign(z)e' Lkl s

’.z+,,2+Lv!
Al)(k|,k2'z):__-l—le kS ks AZH‘
2 /k,2+k22+?

Performing integration in (9) by z and setting z=0 we obtain for m,

, ~Ji Tk

[

m, =—mik, 3 (10
k7 +ky)? ( /k,l +k,? +% + .k +k22J
The x component of the field, generated by my is
H (k  k,,z)= %.s'ign(z)ik,e_‘/‘mi"zl om,. (1

The flux trough the pick-up coil is

2h hi2
©= [dz [dyH,(x=0,5.2),

b -h12

To simplify, we make the integration by y from -eo to +eo and use the feature of the
Fourier transform f(x=0)= El— Jlf(k)dk. In this case, we obtain
T

o0 ']"ll“
@, =20 [ gy : dk, (12

L (Vo +T+ak))

Assuming that A << a<< b and adding to @ the flux @¢ from the external field, we
obtain @,

1ot =-.ﬂ.l(1-§.i)_ (13)
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Figure 2. The dependence of the magnetic flux @ through the pick-up loop for the
bulk sample and the thin film. The calculation was performed using formula (12) and
analogues formula for the thing film. Lambda is shown in units A/d, a/d = 10, and b/d

= 100.



Therefore, the flux measured by the pick-up coil has a linear dependence on A. The
standard sizes for coils of a SQUID microscope are a = Ipm,b=10um. These sizes
give a considerable change of the microscope signal with the change of the A on the
level of few hundreds of angstroms. The exact dependence of @ from the A is

shown in Figure 2.
3.2. The case of thin film

Let us consider the case of a thin superconducting film with boarders z=0 and z=-d,
where d is the thickness of the film (see Figure 1b). We use the same logic as in
equation (9), but it is necessary to write this equation for two surfaces with moment
distributions m; (z = 0) and m; (z = - d). Moreover we chose m; and m; in such a
way that m; completely determines the field above the film a my determines the field
below.

"For m; we obtain

L - ',1+',2+-|,( T
. B
ST ] (14)
2+ 2 Av|2+k21+—]1d 1 '+ 4d
\/kl & (l—l)B—l)e\F 4 ——eJ *
B B
where
1 N 1
B=2X fk,z +k,’ +?(,/k,2 +k, + /k; +k,’ +7)
) 1 [ 1
B =2X |k’ +k,’ +7(,/k,2 +h? = kK +?)
) Performing the same procedures as above we obtain My for the thing film.
" =_T_ﬂ_.l(1_§.icthi)' (15)
2w b 2 b A

if cth(d/ X)<<b/ . The exact dependence of M, on A, when A/d changes from 0.1
to 10, is shown in Figure 2. It is clearly seen that the dependence My, (A) for the film
is even stronger than for the bulk sample.

Let us evaluate the limit of the A resolution for such a SQUID microscope using (13).

_ 4mh’

min min *

3my,

Assuming b= 10um,m, = l()"vm-lO’J('nl-lO"‘A,(Dmm =107, =2-10"G-cm® , we
obtain Ay ~ I nni. Hence, for SQUID microscope this problem is absolutely real.
Morcover, the device proposed gives a possibility to measure a local penetration depth,
because the main sereening currents are induced on a surface of a superconductor in a
spot of a size «.

4. Conclusions

In this paper, we developed “the method for solution of the problem of a
superconductor i an external magnetic field. Using this method, we considered the
behaviour of the thin film and bulk superconductors in the external magnetic field.
The scheme for measurement of the local London penetration depth using a SQUID
microscope of the appropriate construction was proposed. It was shown that the signal
of such a microscope is linear with the change of A and the resolution of 1 nm in A
measurement may be attained. The device proposed may be extremely powerful in the
investigations  of the parameters  of superconductors  and  the  mechanism  of
superconductivity.
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O6yxos 10.B. E13-98-208
HW3Mepenne TOHIOHOBCKOM JIOKAIbHOH NTyOHHB MPOHMKHOBEHMs
npu nomoiud CKBHUJI-MukpocKona

[lpeaoxeH MeTOO peleHUs 3agaid O CBEPXMPOBONHHKE BO BHEIIHEM
MarHuTHOM mose. [Ipy noMoru 9TOro Meroga paccMOTPEHO MOBEACHHE TOHKOH
CBEpXNPOBOIAILEH IUIEHKH U MacCHBHOro 06pasia BO BHEIIHEM MarHWTHOM MoJie.
IlpewtoxkeHa cxeMa M3MEPEHHS TOHIOHOBCKOH JIOKaIbHOM IyOHHbI TPOHMKHOBEHHS!
¢ ucnonsiosaunem CKBUWJ-mMukpockona cnenuansHoit koHcrpykuuu. IlokasaHo,
4TO CHrH@I MHKPOCKOTNA JIMHEHHO 3aBUCHT OT JIOHAOHOBCKOM IMyGHHbI NPOHUKHO-
BEHHs A, H IPH €€ H3MEPEHHH MOKET OBITh JOCTHIHYTO pa3pelieHHe B 1 HAHOMETp.

Pabora Bbinonuena B JlaGopatopun HeiitpoHHoil ¢usuku uM. U.M.®panka
OusIH.
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The London Penetration Depth Measurement
Using SQUID Microscope

A method for solution of the problem of superconductor in an external
magnetic field is developed. Using this method, the behaviour of the thin film
and bulk superconductors in an external magnetic field is considered. A scheme
for measurement of the local London penetration depth using a SQUID microscope
of the appropriate construction is proposed. It is shown that -the signal of such
microscope is linear with the change of the London depth A and it is possible
to attain a resolution of | nm at A measurement.
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