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I. Introduction 
It is known that HTSC have irreversible and metastable 

magnetic properties. The dependence of the HTSC behaviour in 

external magnetic fieids on the magnetic history of the 

sample is well revealed in the data of the ~SR experiments. 

Difficulty in interpretation of the ~SR data obtained in the 

HTSC studies induced us to study the irifl\ietice. of the 

magnetic vortex pinning iri the mixed state of superconductor 

on the behaviour of the muon spin relaxation function, and 

hence -on the magnetic field distribution from the poirit of 
view of the jiSR experiment using well-known . type. II 

superconductor N'b . 
Before the discovery of HTSC several ~SR investigations 

of type :i:r supercohdU:ctors such as Nb, Pbin [i, 2], V3Ga [2], 

v [3] were carried out. The obtained inforritation has 

convinCingly demonstrated the iiSR po~ential in th~ new field 

of application, 

u. sampli~s 
''The difficulty of the ~SR studies of the pinning 

effects when superconductor is magnetized is associated with 

the fad:. that the magnetic field -inhomogeneity cari be 

greater than 20'0 - 306 a, which causes high dampil:ig of the 

i.i.SR signaL The fieid irthomogeneity inside the magnetized 

superccfridiictOr H'3 _pl::bportiohal to the geometric dimensions 

of the sample, That is why the study of · the pinning in 

one-piece samples of several cm3 -in volume usual for J.iSR 

experiment.s ·is extremely difficult. i'he niobium. sample 

consisted of 210 rotit1d plates of the Nb 30 ,lln thick and .50 

rom in diameter assembled like a "sandwich" together with the 
mylar Circl'es io ,.uit thick~ This configuration allows one to 

consider ·each foil circle as a "thin'1 isolated. plate. The 

sample was packed · in an_ aluminum cont.ainer. The total target 

thicknes·s was 6. 4 g/cin2 ; 83.1 % belonging to the niobium 

foil, arid 9 ; 3 % . + 7 . 6 % being the background part of the 

target --the inylar arid the aluminum container respectively. 

We used the· foil consistip_g of· 99.3% -Nb, 0.5% -Ta, 0.1%-
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-Ti, 0.07% - Fe, 0.09% - Si. The superconduct:lng .transition 

·temperature by ·the middle point of the electric. resistance 

'fall was'Tc=9.3 K. The zero resistance was achieved at the 

temperature 9.1 K. The res:idual. resistance at T = 10 K was 

· p =2. 24 ~Om·cm. The external magnetic ·field ·was applied 
n. 

along the plates, the muon beam was directed perpendicularly 

to the plates. 

The ceramical ·granular sample of· Lal. 9sr0 _1 cuo4 was 

prepared· in the form of a disk•' 40mm in diameter.· and 10mm 
..J 

thick by the combustion method [4] with subsequent heat. 

treatment 'at-the temperatures 950?C-l050 9 C 'for 12 hours. Tc 

for the sample was 30 K.· The muon beam was· directed 

perpendicularly to the disk· plane, the· magneti'c field was 

applied perpendicularly to the disk axis. 

III. Experimental results 

The experiments have been performed on the'· muon beam of 

the phasotron LNP JINR (Dubna) using' a conventional 

transverse field ~SR-spectrometer. 

·. 3. 1 Niobium 

Two types of measurements were carried out cooling-in 

the external field starting from t.he· temperatures above Tc 

(FC), cooling in 'the zero external magnetic field to the 

temperature below T. · with subsequent ascending · and c 
descending external field scans (ZFC). ·FC-measurements were 

carriedcout at two values of the external field·Hext=0.9.KOe 

and 2. 7 · KOe. . The gaussian type O'f the muon spin 'relaxation 

function·;,. exp(""o-2t 2 ) fits the experimental data .well at· the 

temperatures above · · T : Fig .1 shows the temperature c 
dependence of. the relaxation rate d(T). The ·type of the 

···relaxation function and 'invariability. of the o-. .value· at the 

temperatures above T test.if ies to the absence ·of, the muon c . 
diffusion in the time scale > 5~ , where ~- is the muon life 

~ . ~ . 

-time. The sharp .increase in' o- when tt;mperature :decreases 

below Tc<is connected with arising magnetic vortex structure 

when the sample goes · over. to the superconduct.ing state. 
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Fig. 1. Gaussian muon spin 

relaxation rate o- as a 

function of temperature in the 

Nb foil when the sample is 

cooled in external field.· 

Lines are guides to the eye. 

Using the data on the temperature dependence of Hc2 (T) for 

Nb from [ 5] , which is linear near T one gets T ( 0 Oe) = 
+0 12 c c 

9.25_0 : 08 K, Hc2 (T=O) ~· 10.5 KOe. In the analysis of the ~SR 

data obtained below T the contribution to the spectra from . c 
the background part of the target was excluded by processing 

' 
the experimental muon polarization by two oscillating 

gaussian functions. One is related to .. the superconductor, 

the other, .a slowiy damping function, is ·related .. to the 

background part of the target. The obtained correlation 

between the function, amplitudes is in good agreement with 
,. . c '" 

the Nb part of the target. The relaxation rate o- value 

relates to the magnetic field distributi~n dispersion <6B2 > 

as 2o-
2 

= a~·<6B2 >, where.a~ = 2rr·13.55 KHz/G. The magnetic 

field penetration depth i\ can be estimated by the formula 

[6] 

<6B
2
>lattice ~ 7.5·10~4 (1-b} 2 [1 + 3.9(1~b) 2 ]f~A.-4 , (1). 

where <6B
2
>lattice is the dispersion of the magnetic field 

distribution in the regular magnetic vortex lattice b · = 

B/Hc2 ' B is the magnetic induction, fo=2.07·10-
7

. G/cm
2 

is 

magnetic flux· quantum. Extrapolating i\(T) by the known 
. 4 1/2 

temperature dependence i\(T) = i\.(0)·( 1-(T/T ) )- one gets c 
i\(O) ~ soo .A. 

The · ZFC measurements ·were carried out at the 
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temperatures 6. 5 K and 8 K. Fig. 2 shows· .part ·. of the 

superconductor n 0 in which the magnetic induction equals to 

zero as a function of the external field Hext at T=6.5 K. 

Nb ZFC Temperature 6.5 K 
Fig. 2. External field 

tol~ ~ 
dependence of the·part of the 

0.8 Nb foil volume with the zero 

magnetic induction when the 
,..1 

sample is magnetized at the 

temperature 6.5 K. Lines are 

2 3 4 
guides to the eye. 

H,KOe 

This field dependence of n 0 is well exp~ained in.the frame 

of the critical state model (CSM) or the Bean-London model, 

e.g. see [7]. The external field lower than H 1- ~ 0.5 KOe, . c 
as seen from the figure, is completely pulled out. When the 

field becomes greater than Hc1 , it begins to penetrate the 

superconductor in the surface layer o, i.e .. the macroscopic 

penetration depth o depended on the external field arises 
* achieving maximum o = W/2 at the H t = H ~ 1.9 KOe, where 

ex . * 
W is the plate thickness. Using the field value H one 

estimates the critical current density Jc on the basis of 
. * 5 2 the Bean·model [8] J ·= (H -H 1 )/(2rrW/c) ~ 7.2·10 A/em~ 

c c * 
Let us consider the CSM at the Hext > H more closely 

from the point· of view of the JLSR experiment. The magnetic 

induct_ion B in a "thin" plate in _the external field parallel 

to the plate obeys the critical state equation: 

dB.=· ±k Jc(B). dx 
(2) 

where k = 4rr/c, J is the critical current density. In the 
c ' 

external field region of interest the Pidth of'the magnetic 

induction probability distribution in the plate AB is 

determined by the absolute difference between the magnetic 

induction on the surface B(x=O) and that in the plate center 

4 

B(x=W/2). Replacing the function J (B) by its value at B = · . c . 
<B> - the mean induction in the plate, one can estimate the 

muon spin relaxation~= o ·AB/2 = o ·k·J (<B>)·W/4. 
IJ. IJ. c 

At the temperature 6. 5 K the experimental values of ~ 

are greater than 10 - 15 IJ.S-1 at the external fields up to 

-3.2_KOe due to large Jc > '2·ao5 , as it follows from the 

above formula. At this extremely high damping of the ) IJ.SR 

signal we didn't succeed in obtaining the values of the mean 

induction <B> arid the distribution width .I'.B with a 

satisfactory accuracy. At the temperature 8 K the relaxation 

rate is already smaller than - 10 IJ.S - 1 in the external 

magnetic fields greater than - 0. 9 KOe, which is enot:gh for 

determination of <B> and AB .. Fig.3 shows r.m.s <AB2 >112 of 

the magnetic fields inside the superconductor and the 

difference M = BIJ. - Hext ( where BIJ. is the mean value of the 

magnetic fields on the muon, which is equal to the· mean 

magnetic induction in the superconductor <B> ) as functions 
' of the external field Hext at T = 8 K.' The insert shows .the 

function Jc(Hext> calculated acc.ording to the curve M(Hext> 

hysteresis using the Bean model:· Jc = (Bdown-Bup)/(kW/2), 

where:Bdown' .. Bup are. the BIJ. values_ at. the ... descending· and 

Nb ZFC Temperature 8 K 
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Fig. 3. ~he r.m.s. <AB2 >1 / 2 

and the difference BIJ.-Hext as 

functions of the .external 

field Hext' for the Nb sample. 

The solid lines in the r.m.s~ 

plot show the half-width of 

the magnetic induction 

distribution calculated 

according to the CSM. The 

insert shows the critical 

current density Jc. All the 

plots have. the same horizontal 

axes. 
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ascending external field scans respectively. Using this 

function we calculated the half-width values of the magnetic 

field distribution by integrating equation ( 2) . The 

calculation results are shown in the r.m.s. plot ( fig.3 ) 

by "solid lines. The contribution to the r .m. s. from the 

·regular lattice of the magnetic vortices <AB2>1
1
1t2t. is 
a ~ce 

small in comparison with the contribution caused by the 

magnetic vortex pinning in the magnetized sample. One .can 

estimate the <AB 2>1
1/t2t. value from the FC experiment: in a ~ce ~ · 

the external field 0. 9 KOe r. m. s. is - 3 3 G. Following 

formula ( 1) its value has to be equal to - 17 G at Hext ~ 

1.2 KOe, - 6 G at Hext ~ '1.5 KOe which are significantly 

smaller than the r.m.s. values observed in the ZFC 

experiment. It is seen from the figure that there is good 

agreement between the calculated r.m.s. values and the 

experimental ones at the descending external field scan. For 

the ascending field scan the CSM describes our data in the 

fields lqwer than - 1. 3 KOe ~ 0. 8Hc
2

. 

As a result· of the 11SR measurements we have obtained 

the following characteristics of the 

resistance ratio p300K!p10K = 7.7: 

Hc1 (0)=1 KOe ( assuming the temperature 

H 1(0) (1-(T/T ) 2 ) ), A.(O)=BOO A, J ~ c . c c 
and the exter:nal field - 1 KOe. 

3.2 La1 . 9sr0 . 1cuo4 

Nb foil with the 

Hc2 {0) = 10 KOe, 

.depen~ence Hf1 (T) ~= 

1.5·10 A/em at BK 

The ZFC.measurements were carried out in the external 

field-region 0 - 800 Oe. Fig.4 shows r.m.s. <AB 2>11 2 of the 

magnetic field distribution in the super_conductor and the 

difference (B - H t> as functions of the external field 
J.l ex 

_Hext at· the temperatures 10, 15, and 25 K. It is known that 

magnetization of HTSC ceramical samples in high fields is 

determined by the superconducting grains because the weak 

links between the grains are destroyed in magnetic fields 10 

- 100 Oe. As already said,. the critical current density Jc 

in the frame of the CSM is determined by the hysteresis 

value AB = Bd· - B : J = a·AB /(kW), where W is the 
/ J.l own · up c 11 
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F~g. 4. The r.m.s. <AB > 

and the difference B -H t for 
. J.l ex 

the La1 . 9sr0 , 1cuo4 sample .as 

functions of the external. 

field H t when the sample is ex 
magnetized at· the temperatures 

10, 15 and 25 K. Arrows 

indicate how the field was 

changed. Lines are guides to 

the eye. 

typical grain dimension, a is the_ coefficient depending on 

the geometric shape of t~e grain. One can see from fig. 4 

that AB very slightly depends on the exte~n~l field. in the 11 . 
fields Hext > 200 Oe the derivative ld{AB

11
)/dHextl ~ 10-

2 

So far as the difference between the magnetic inductions in 

the grains at the descending and ascending external fiel?­

scans doesn't exceed 5 - 10 G the current density Jc 

determined by the magnetic induction value is changed by not 

more than - 1 %. Then, according to the CSM, the . magnetic 

induction profile in the grain at the descending· external 

field sc~n must practically be a mirror reflection of the 

magnetic induction profi~e at the ascendil}g field scan:, and 

hence the r. m. s. values must not depend on the external 

field change direction, which evidently disagrees with the 

experimental motion of the r.m.s .. It should mentioned that 

the r:m.s. value at the descending field scan in. the ZFC 

experiment practically coincides with the r.m.s. value· 

obtained. in . the FC experiment also performed . with this 

sample at given temperature. The influence of the pinning on 

the magnetic field distribution from the regular lattice of 

the magnetic vortices is minimal in the FC procedure. The 

r. m. s . in this case is considered to be defined by the 
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magnetic field penetration value. T~king this fact into 

account we can explain the situation observed in the ZFC 

experiment in the following way. At. 'the descending external 

field scan the critical state in the, g£a.'in is destroyed. The 

magnetic induction profile · ip the ~:giii.~ .slightly deviates 

from the average value of the magne.t~c induction. At the 

ascending "external field scan the .grain goes over to the 

critical state. In this case .the contr~bution to the r.m.s. 

due to the critical state sho~d be of the order of the AB~ 

value, which is observed in the experiment (see fig.4). The 

similar results were obtained for the samples with Sr 

content 0 .15 and 0. 25 [ 9] , and in YBaCuO system ip paper 

[10]. 

Thus, our experimental data allow the conclusion that 

at the external magnetic fields up to_800 Oe the critical 

state model does not describe the distribution of the 

magnetic induction in a high-Tc superconductor adequately. 
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