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PREI'ACE 

This ;apical issue of Rapid Communications is devoted to the theo­
retical anc. experimental works in the field of high temperature super­
conductivHy, which are being carried out at the Joint Institute for 
Nuclear R~search. The main results obtained in the period of the 1987 
year have been published in different scientific journals. Dr. V.L.Akse­
nov, Deputy Director of the Laboratory of Neutron Physics of JINR, 
refers to them in his paper. The results of the theoretical and experi­
mental research obtained during the current year are reported in other 
papers included in the Communications. 

The trend of this investigation is mainly defined by experimental 
facility th1! JINR has in performing condensed matter research by nuc­
lear physi1:s methods. 'i'he application of these methods may greatly 
promote be study to a better understanding of the mechanisms of su­
perconduc ;ivity. The theoretical models elaborated and the methods 
being successfully developed on the basis laid as early as thirty years 
ago at the .JINR open wide possibilities. 

The 'Norkshops on high temperature superconductivity held at 
Dubna in January and June, 1988 with the participation of socialist 
countries Jemonstrated high scientific potential of the Institutes of 
the Memb ~r-States of the JINR. The urgent task of today is to join 
our effort.~. in this most important field of modern research. I think 
that the JINR provides the physicists with a unique opportunity of 
doing that. 

N.N.Bogolubov 
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KpaTKUeC£'061J.4eHWI OJfJIJf N°4(30)-88 
Y JlK 538. ! 145 

JJNR Rapid Communications No.4 [30)-88 

THE INVESTIGATION OF HIGH TEMPERATURE 
SUPERCONDUCTORS AT THE JOINT INSTITUTE 
FOR NUCLEAR RESEARCH 

V.L.AkSEnov 

T lis is a brief review of the perfonned at the JINR investigations 
in the field of high-temperature superconductivity physics and expe­
rime 11tal methods exploited. 

T 11e investigation has been perfonned at the Laboratory of Neutron 
Phy!iCS, JINR. 

11ccrJe,O:OBaHHH BbiCOKOTeMrrepaTypHbiX CBepxiipoBOAHHKOB 
B Qi)'be,O:HHeHHOM HHCTH'fYTe H,O:epHbiX HCCJie,O:OBaHHH 

B.n. AKceHoB 

J]aH KpaTKHH o63op npOBOAHMhiX B 0J1.HJ1 HCCJieAOBaHHH B o6-
J13CTfl BbiCOKOTeMrreparypHOH CBepXIIpOBOAHMOCTH H HCIIOJ1b3ye­
MbiX 3KCIIepHMeHTaJibHblX MeTOAHK. 

p IOOTa BbiiiOJIHeHa B na6oparopHH HeHTpOHHOH 4>H3HKH 0J1.HJ1. 

The JINR program on high temperature superconductors (HTSC) 
in which all the Laboratories take part outlines five directions of inves­
tigation: the theory of mechanisms of superconductivity, the structure 
and dymmics of the lattice of HTSC, magnetic properties, the influence 
of irradu.tion on the HTSC properties, the development of SQUIDs and 
magneto:neters on their base. 

Theoretical studies are under way in the direction of the consequ­
ent comideration of strong electronic correlations'11. 2:1 and strong 
anharmonic quasi-local lattice vibrations '13 ·S/ by the method sug­
gested b~r N.N.Bogolubov in 1949 for the study of the polar model of 
metal (tile Shubin-Wonsowsky model) and using the model descrip­
tion of the structural instability effect on superconducting pairing 
developed at Dubna at the end of the 70's- beginning 80's. Besides, 
the ther:nodynamic and dynamic properties of the superconducting 
glassy state characteristic for new superconductors are studied 17 1 . The 
first four papers of the Rapid Communications report on the result. 

The experimental part of the program is determined essentially 
by the t!xperimental apparatuses and nuclear physics methods deve-
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loped at the JINR for the condensed matter research. First ·)f all, this 
is particularly true for the neutron scattering method. Thee} periments 
which exploit such method are carried out at the Laboratot;' of Neut­
ron Physics at the pulsed reactor IBR-2. 

The IBR-2 reactor is one of the most advanced high flux: reactors 
in the world. Its peak flux of thermal neutrons at the moderator surface 
is 10 16 n cm- 2 s-1. At present there are no other neutron wurces of 
such kind for scientific research in the USSR. In the nearest decade the 
reactor units and systems will be improved in order to increas1~ the reac­
tor mean power by 1.5 times, and reduce the reactor pulse in half, and 
obtain the thermal neutron flux of more than 10 16 n cm-2 s-1. 

The HTSC investigations at the IBR-2 started in Octal er, 1987. 
At that time the scientists got the possibility of using the reacbr to con­
duct experiments after the planned replacement of the mov: ng reflec­
tur. The first experiments were performed with lanthanum ceramics 
synthesized at the Baikov Institute of Metallurgy of the USSR Academy 
of Sciences. The inelastic incoherent neutron scattering spectra were 
measured at the KDSOG-M spectrometer on undopped and dopped 
by Sr (20 p.c.) lanthanum. cuprate at temperatures ~f 10, 77 a1d.290 K. 
A new peak of the magnetic nature at about 6 me V was obserred 181 at 
temperature below 290 K. Further experiments on samplE!S with a 
strontium concentration of 10 and 30 p.c. confirm these resul1s. The in­
tensity of this peak increases with decreasing temperature and decreases 
with increasing strontium concentration. After the experimtmts have 
been accomplished the chemical composition was checked br neutron 
activation analysis, showing the amount of impurities (besides of Sr) 
below 0.5 p.c. Thus, the observed magnetic scattering seems to be in­
trinsic, possibly, due to short-order antiferromagnetic clusters. 

The measurements on yttrium ceramics with differen~; oxygen 
contents at temperatures between 10 and 290 K showed the appea­
rance of additional magnetic scattering in the energy range from 15 
to 40 meV of as yet unclear origin. These experiments were perfor­
med in collaboration with the Solid State Physics Institute of the USSR 
Academy of Sciences. The results are under preparation an<l will be 
published elsewhere. 

The main advantage of the spectrometer KDSOG-M, i.e. 1he possi­
bility of investigating the excitation spectrum at low tempera rures and 
low transfer energies, was used in these experiments. Besides, the ori­
ginal property of the spectrometer is the fact that the spectrometer 
allows the simultaneous measurements of inelastic and quasielastic 
scattering. At present the mean thermal neutron flux on a sample, moun­
ted in the spectrometer KDSOG-M is about 10 7 n cm-l1;- 1at a t.me reso-
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lution reaching 1 p.c. A higher resolution spectrometer, NERA-PR, 
the con ;truction of which is nearly accomplished, will improve signi­
ficantly the possibilities of measurements. 

Int~resting results were obtained at studying of the structure of 
the yttlium ceramics manufactured at the Moscow State University 
under c 1anging oxygen content. Besides obtaining more detailed data 
on the structural phase transition, the existence of antiferromagnetic 
ordering at the oxygen content x < 6.2 was confirmed in these experi­
ments. ':'~lese results are presented in this issue of Rapid Communica­
tions. Other results of yttrium ceramics with iron substitution of cop­
per and on bismuth ceramics are under preparation for the publication 
elsewhme. The measurements were performed with the diffractometer 
DN-2. 

Th•! DN-2 diffractometer permits the effective use of the wide 
spectrum of neutron wavelengths. This fact determines its advantages 
over thH diffractometers at the stationary reactors in investigations 
requirinl( the detection of a great number of points of reciprocal space 
at low md middle momentum transfers and the high flux of neutrons 
at moderate resolution as well. The neutron flux on a sample is about 
8x10 6 r. cm·2s ·1; a wavelength range, from 1.2 to 25 A; and the in­
terplana~ spacing, from 0.6 to 120 A, the resolution !!. d/d reaches 
1 p.c. 'Ihe diffractometer DN-2 may be efficiently used for the inves­
tigation of long-period structures ("new" bismuth compounds belong 
to this ,!lass also), superstructures, twins, domains and phase mixtures 
as Wflll. The mentioned diffractometer is in fact the only one in the 
USSR, which can be used for the study of long-period structures in 
monocrystals. 

At present the new diffractometer of high resolution (up to 0.05%), 
"super-SFINKS", is under construction at the IBR-2. This project is 
realized together with the Leningrad Institute of Nuclear Physics of 
the USSR Academy of Sciences (Gatchina) and the Reactor Laboratory 
of the Technical Centre in Finland. This project is the developmen1 
of the 'maxi-SFINKS" project for the high flux reactor "PIK", which 
is being constructed in Gatchina. It has undergone successful approba­
tion as ·;he "mini-SFINKS" diffractometer which is today under opera­
tion in Gatchina. 

Besides the investigations mentioned above, test experiments 
were pelformed at the MURN spectrometer by the small-angle scatte­
ring method, and at the SPN-1 spectrometer by using polarized neutrons. 

The method of .spin relaxation of muons being developed at the Labo­
ratory pf Nuclear Problems for 15 years, gives unique possibilities for 
the stud 'Y of magnetic properties of new superconductors on the micro-
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scopic level. The time spectrum of positrons from the positiv~ muons 
decayed in matter is being measured during these experiments. Experi­
mental data give information on the volume of superconducting phase 
in a sample, on the mean local magnetic field acting on a muon, on the 
magnetic field penetration depth and on the magnetic field jistribu­
tion in vortices. Experiments carried out under various conditbns, e.g. 
on a zero magnetic field cooled !!ample and on a magnetic field cooled 
sample with the following change of external parameters, present a mo­
re complete picture of new superconductors' behaviour in st Jdies of 
a glassy state in particular. 

The experiments on the study of the HTSC properties at ;he pha­
sotron of the Laboratory of Nuclear Problems began last summer in 
collaboration with the Kurchatov Institute of Atomic Energy Before 
that time, first measurements were conducted at the synchroc~•clotron 
of the Leningrad Institute of Nuclear Physics (USSR AS) by a group 
of scientiscs of the Institute, the Kurchatov Institute and the Labora­
tiry of Nuclear Problems (JINR). This group of scientists was one of 
the first groups in the world applying the muon method to tt e study 
of the HTSC 19 • lfl~ The results on the depth of magnetic field Jenetra­
ting the sample and the existence of the superconductive glrus phase 
are the most important ones. 

The experiments are being carried out at the MUSPIN ins1allation 
which has the muon beam intensity of 3x:10 5 muon/ Jl A with a mo­
mentum of 130 MeV/s and the beam polarization near to 8(1%. The 
counting rate of decay events with a target of 40 mm in diameter is 
3x103 s ·t. The installation at the Leningrad Institute of NuclEar Phy­
sics has parameters near to those mentioned above. The measurements 
at the MUSPIN installation are being carried out at extema 1 fields 
(longitudinal and transverse) up to 0.7 T in the temperatufi~ range 
from 4.2 to 300 K Further this interval is to be extended to ·;he low 
temperature range. 

This collection reports also on the work carried out at th•! Labo­
ratory of Nuclear Problems by use of positron annihilation. BEing the 
source of important information on the Fermi surface, this method 
will be further developed. 

The JINR has unique possibilities for conducting investigations 
connected with the influence of accelerated particle i"adiation on the 
HTSC physical properties. The main installation of the High Energy 
Physics Laboratory, the synchrophasotron with a proton em rgy of 
9 GeV and the electrostatic generator of the Laboratory of r-ieutron 
Physics with a proton energy of 4 MeV may be used for irradiation, be­
sides the mentioned phasotron for the proton acceleration to an energy 
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of 680 MeV. The particle fluxes per cm2f hour are from 1015to 1017 

with a particle range in the medium from 10 to 104 f1ID. Some nuclei 
with energies up to 4 GeV per nucleon and a fluence from 106 to 1014 

and a particle range above 104 urn are being accelerated in the synchro­
phasotron as WE 11. The accelerators of the Laboratory of Neutron Phy­
sics, the Labontory of Nuclear Reactions and of the Institute Scien­
tific Methodical Department (ISMD) produce the electrons with an 
energy from 2 to 40 MeV and a fluence of 1018, a particle range being 
from 10 2 to 11)4 1tm. The cyclotrons of the Laboratory of Nuclear 
Reactions used for the acceleration of ions with an atomic number 
from 2 to 84, with an energy from 1 to 20 MeV per nucleon and a 
fluence from 1(113 to 1018 , and a particle range in medium from 3 to 
100 11m have n ther important potentialities. The first results of work 
at the synchrophasotron and at the installation of ISMD are presented 
in this collection. On the whole, it should be noted that this direction, 
i1'l1.portant for 1urther practical applications of the HTSC, is still the 
direction of unutilized potentialities. 

A rather v•ell developed cryogenic base of the JINR pennits the 
conduction of ihermodynamic and electromagnetic investigations necessary 
for the sample testing. Some results are presented here as well. Expe­
rience on coucucting precision measurements enabled the scientists 
of the Laboratory of Neutron Physics to perform a very sensitive expe­
riment on the :;tudy of the effect of the isotopic copper substitution 
on the tempen.ture of the superconducting transition in yttrium ce­
ramics'1U1. Ret:ently, the SQUID from yttrium ceramics working at 
liquid nitrogen temperature with sensitivity approximately equal to 
that of ordinar;r SQUIDs working at helium temperature, wa.'l manu­
factured at the Laboratory. The application of such SQUIDs is as yet 
delayed for the cack of conducting materials from HTSC. 

In conclu~ion I would like to express hope that this compressed 
review of the JINR facilities and of some' recent results 11 '141together 
with other parers entering the given Rapid Communications will give 
its readers ·the idea of the JINR possibilities of investigation in the 
field of high t~mperature superconductivity and will promote to fur­
ther scientific ::ooperation between the JINR Member States in this 
important branch of modem physics. 

The authcr is very grateful to Academician N.N.Bogolubov and 
Professor A.N.Sissakian for stimulating discussions and support. 
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ANTIFERROMAGNETIC CORRELATIONS IN A POLAR 
MODEL FOR OXIDE SUPERCONDUCTORS 

N.M.Plaki•la, V.Y.Yushankhaj 

A )lanar tight-binding system of Cu(3d 9 ) and 0(2p6 ) electrons 
is con;idered in the framework of a polar model for metals. A second­
quant zed Hamiltonian is derived as a series expansion in powers of 
a smdl overlapping parameter, f S « I, for d(x 2 - y2 ) and Px -, 
p Y -orbitals. A generalized two-sub lattice Hubbard model is obtained 
and t ·eated perturbatively to the fourth order in f S. Various pertur­
bative contributions are considered as effective spin Hamiltonians. 
Some comments on recent suggestions for the superconducting elect­
ron pairing due to anti ferromagnetic Cu(3d) - 0(2p) exchange are 
given. 

Th ~ investigation has been performed at the Laboratory of Theore­
tical f hysics. JIN R . 

.AHn cpeppoMarHHTHbie KOppeJIHUHH 8 nOJIHpHOH MOlleJIH 
OKCHllHblX CBepxnpoBOllHHKOB 

H.M.I lJiaKHlla, B.IO.IOwaHXaH 

B paMKax nonHpHoH MonenH Meranna HJy>~aercH llByMepHaH 
CHCTe 11a C CHnbltOH CBH3bl0 MH JneKTpOHOB Cu(3d 9) H 0 (2p 6). 
BropiNHOKBaHTOBaHHbiH JneKrpoHHbiH raMHnbTOHHaH npencrasneH 
B BH,I:.e pnna no creneHHM Man oro napaMerpa nepeKpbiTHH, l S <<I, 
llnH d(x 2 - y2 ) H p -, p -op6Hraneii. Oony>~eHa o6o6weHHaH noy-

x y 
MepHaH Monen& Xa66apna, KoropaH HccnenyercH B paMKax oneparop-
HOH <j10pMbl reopHH BOJMyweHHH C TO'IHOCTbiO JlO 'leTBeproro nopHll· 
Ka n<• f S. YCTaiiOBneHO COOTBeTCTBHe Me)l(lly pa3nH'IHbiMH BKnana· 
MH HOpHH BOJMy!UeHHH H cnHHOBblMH raMHIIbTOHHaHaMH. 06Cy)l(lla· 
IOTCH npennoJKeHHbie HenasHo MeXaHHJMbi csepxnposo)l)lwero cna­
pHBat HH JneKrpoHoB Ja C'ler aHTH<PeppoMarHHTHoro Cu(3d) - 0(2p) 
o6Melfa. 

Pa•'iora BbinOnHeHa B na6oparopHH TeoperH'!eCKOH <PHJHKH OH.HH. 

The existence of well-separated Cu02 layers is a common and 
prominen; structure .peculiarity of new bigh-T 0 superconductors. Now 
there is n·J doubt that it is just these layers that are the source of super­
conducting behaviour. We believe that the key electronic and magnetic 
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properties of oxide superconductors can be understood in 1erms of 
a two-dimensional tight-binding model which includes only copper 
d-orbitals of (x2 - y 2 ) type overlapping oxygen p -, p -ortitals on 
a square network of Cu - 0 bonds. The objective ~f th~ paper is to 
derive an effective electron Hamiltonian for that planar system and to 
make its preliminary analysis. To carry it out, we follow the approach 
suggested by Bogolubov long ago 11 ,2/ in developing the !•o-called 
polar model of metals /3/ . This approach allows us, first, to 1'1 ~present 
the second-quantized Hamiltonian as an expansion in powers of a small 
overlapping parameter, t S « 1, of the Cu - 0 bond and, second, 
to employ a perturbation scheme in the operator form taking into 
account a strong degeneracy of the electron system examin•!d. The 
general expressions derived will serve as a starting point for further 
studies of electronic and magnetic properties of layered supercor ducting 
compounds. 

Consider a planar system with Cu ions at the square lattic.! points 
{ = n a + m b and with two 0 ions per unit cell at the positic·ns g .. 

.......... ......... .... 
= r + r , ( r = a /2, b /2 ). Let }(

0 
be the one-particle electron Hamilto-

nian of the system. Then starting from the ionic Cu 2 + ( d 9) Jtate at 
an 7 -site and solving the SchrBdinger equation . ](0 I 'I' (.A)': r) > = 

=&<A) 1 '1'\A > (r) > for d-electrons one finds that A .. (k2 -· y 2 ) is 

the d-orbit~l with the highest atomic energy & < •
2

- Y
2 >= Ed a1d thus 

half-fulled (see
4 

e.g. 141 ). Further one adopts the fact that tt e wave 
function 'I' r ... ( r ) of the ,\ = ( :1 2-y~ type is overlapped through the 

(.It) -+ 

( pdu )-bond with four nearest oxygen orbitalJ: two of them <II -+ - • ( r) 
f+ t'/.2_ 

are of the p -type llld two t <_;I)... ( r) are of the p -type These 
X f:tb/2 '/ 

orbitals are of equal energy < ti0 > I J( 0 It<~>> .. E and Each of 
Cu - 0 bonds are characte~d by thl same P overlap integral 

... (a) -+ 
<'l' ... (r) It ...... (r) >= tS = tS* « 1. A chemical bond C»nside-r r±r 
red is largely ionic and its covalency degree is measured by the matrix 
element <'I' ... (r) I }(0 l·t~a ~(f)>= tSV- tS (Ed + EP ) /2. All other 

f t ± r 
atomic orbitals are assumed to exhibit much smaller overlaps fc r sym-
metry reasons and disregarded. 

To obtain the second-quantized Hamiltonian of the system, we 
follow 1L I and construct the set of orthogonalized atomic functions 
q; !{1) , ·iil (.a > (1) instead of the just introduced nonorthogonali­
zeo orbitals rlt(r) ' Ill(~) ( r) . They can be written to the :lecond 
order in ( ( S ) as g 

(1) 
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--
3 2 < -+ 

+- E s • l '~'r-+ 
2

-+, (r) • 
8 -+, + r 

±r 

-(a) -+ (a) -+ 1L -+ ... 
~ f+; ( f ) = ~ f+; ( f ) - 2 E S [ lp f( f ) + lp f+ 2; ( f ) ) + 

+.! (2s2 l 
8 ->, 

±r 

[·~<t1> 
...... 
f+ r' 

... ({3) ... 
(r) +<11 ......... (r)], 

f+ 2 T+ r 

\ ~) 

- .... -(a) .... 
and poS!ess the property <'I' -+(r) I <ll-+ .... (r) > = 0. Now let us intro-

f t±r 
duce th,~ set of Fermi-operators a+..\,.. (a-> ) each of which creates 

v ju ~ ~ ~ 
(destroy::;) an electron with a spin u m a state 1 'P r<r) > if J = r and 
in I q; (~) (r) > . if r = g .... Then the one-particle part of the electron 
Hamilt~nian to the second order in E S can be represented in the form 

J{ 0 =Ed ~ n • + E I n _, + d f I (a+ ... a... +h. c.) + • ~ p -+ g .... .... f 
j ,a r p· g ,a g,a <t, g>,a ,q g,q 

(2) 
2 ~ + 2 "' 

+E ttr .., a ... a ... +E' tgg k 
• .... t t' -+ --+, 

<··, t'>,a ,a ,q <g • g >,q 

+ a_. a ........ , 
g,U g ,U 

... .... 

whert:; < i , j > n;fers to neighbouring sites, and the hopping integrals 
can be nxpressed in terms of the above defined quantities as E t fg = 

= E' S [ V - ( Ed + EP ) I 2] , £
2 t tt = £ 

2S 2 
[ 31 4 Ed + 114 E - V ] , 

£2 t 
15 

= £28 2 [ 314Ep + ll/4Ed - V] . Proceeding to the interaction 
Ha~iltonian one should consider the dependence of Coulomb matrix 
element; 

.... .... - ... 8 8 * ... * .... 2 ... -· 
V ( i j 1 I' j ') = J d r1 ( d r 2 t/J i ( rf ) t/J j ( r 2 ) e I r 

12 
t/J j' ( r 2 ) .Pi' ( r1 ) 

-+ -+ -+ -+ -+ -+ 
on mutial electron site positions i , j , i', j' = f, g . The main contri-
butions up to the second order in E' S are due to 

-+-+ ....... 

V(ijlij)-0(1), 

-+-+ ~-+ -+-+ .... -+ -+-+ 

V ( i j I i j') - V ( i j I i' j ) - f S, if ( j , j ') = n. n. 
... ... 

or (i,i')=n.n., 

-+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ 
V (i j I i j ') - V ( i j 1 i ' j ) - E' 2S 2, if ( j, j ' ) = n, n. n. or (i , i' ) = n. n. n. , 
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~-+ ~ -+ ~ ~ -+ ~ 

V ( i j I i 'j') - £ 2 S 2 , i! ( j , j') = n. n. and ( i, i') = n. n .. 

Here n.n. and n.n.n. mean the nearest-neighbour and the next-tc•-nearest­
neighbour sites. As a result, the interaction Hamiltonian can be written as 

}{ (l!) 
f lnt 

1 
+-

2 

(0) (l!) (2) 
=Hint +}{tnt +}{tnt 

-+-+ -+-+ 
~ V(ijlij)n_.(n .... -8_,_.8 ), 

2 .... ... iu j u' 1 j uu' 

1 

i,j;u,u' 
-+ -+ -+ -+ 

~ V(ifljf)(n_. 
.... -> £ , 

<i, j >=n.n. u ... 
f;a,o' 

~-+ -+-+ 
V(if/je)n_. 

... ... 
<l,j>=n.n.n . fu' 

... e ;a ,t7' 

-+ ~, 
<1,1 >=n.n . 

.... ... , 
<j,j >=n.n. , 

a,u 

-8_. ... 8 
if uu' 

a~ a .... + 
lu ju 

+ )a_, a ... , 
iu ju 

a--+, , a _. 
t'c:T J u 

(3) 

The Hamiltonian (2), (3) has a very complicated form to be treated. 
Further in this paper we restrict ourselves to the most strong on-site 

--..--+ -+-+ 
Coulomb repulsion V(ii Iii) ,vd, . In this case the Hamiltonian 
reduces to a generalized two-sublatlice Hubbard model with hopping 
terms being considered as a perturbation }{ _. H = H0 + f H.1 + t 2 'I 2 , 

where 

Ho =Ed ~ n_, +Ep ~ 
1 

n .... +- vd :t n ... n .... + 
.... fa -+ gu 2 ... tu t-a r. cr g,U t. (1 

1 
~ H1 = tfg ~ (a+ ... +h. c.). (4) +-V n n a 

2 p -> -> -> 
-> ga g-u <f, g> ,u fa ga g,u 

H2 = t tt ~ a+_. a ... + tgg ~ a+ a ... , 
f , (1 

-+ 
-> ... , fu -> .... , gu g (1 

<f,f >,u <g,g >,cr 

We choose the parameters of the model to be such that, first, all initial 
undoped state belongs to a manifold L of state vectors 1 ¢

0 
(IN I) >(undop.) 

with single occupied f-sites and double occupied f-sit~s, i.e. 
!..J. (IN })>(undop.)=I..J. (IN =1 N =21)> and, second, doping · '~'o 1 '~' o t ' g 
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---
creates holes at g-sites rather than at f-sites, i.e. I ¢0 (IN 1}) >< dop. b 
= 1 ¢ (IN r = ll, N =2 ,11 I> . This is true when ( EP + V P) -Ed= {i; > 0 
and 

0 
(I:d + Vd) -g(Ep + VP) =Vd-{i;>O. To be more definite, we as­

sume also that d r , £
2 t rt , ( 2t gg « V d , {i; , Vd - {i; , and do not 

constrain a value of VP. A similar model was proposed by Emery /5/ 
and inv(·stigated by several authors 16 • 7~ 

New we are interested in the ground state and low-lying excited 
states vrhich clearly belong to the above-defined manifold L of single 

-+ 
occupie i t -site states. Let us introduce the operator P projecting an 
arbitrar:r state vector I cf; > of the system onto L, i.e. PIc/;>= I ¢ 0 > . 
Note that H0 PI ¢ > == E0 PI ¢ > and thus the energy level E0 is 
strongly degenerated. In its tum the projection operator (1 - P) gives 
highly o!xcited, polar, states of the system separated from the E0 -le­
vel by •mergies V d, V d - {i; and {i;. To re~ove the degeneracy men­
tioned, we find an effective Hamiltonian PHP which operates in the 
L subspace, instead of initial H (from ( 4 )). The operator form of pertur­
bation :heory developed in 11. -21 permits us to obtain the following 
expansiom 

PHP = F H
0 

P + I ( n PH n P . 
n=~ 

(5) 

The pre blem will be treated to the fourth order in ( . Let us introduce 
the <?PHator R = .( H0 - E 0 f 

1 
x ( 1-P) which involves the excited polar 

states to the theory as virtual ones and write the necessary expressions 

(1) 
.• J 

PH0 P = P (Ed :£ n _, + E :£ n _, + -- VP :£ n _, n _, ) P, (6) 
-+ !a P -+ ga 2 -+ ga g -a !,a g,a g,a 

( £) Pl:l1 P = PH1 P , (7) 

(£ 2) Pii2P = PH~l) p + PH~2) p. 

"'(1) .. (2) 
PH 2 P = -PH 1 RH 1P, PH 2 P = PH2P, 

(8) 

(£ 3 ) PJI 3P = pfi<;>p + PH~2 > P. 

• ( 1) 
PH 3 P = PH1 RH ll RH 1 P , 

4 • 4 . --(1) 
(£)PH4 P= :£PH 4 P, 

i=l 

18 

(9) 
.. (2) 

PHs P = -PH1.RH2P- PH2RH 1P, 

(10) 



~(1) ~(2) 
PH 4 P=-PH 1 RH 1 RH 1RH 1P, PH 4 P,-PH2 RH2 P, 

~(3) 
PH 4 P = PH 1 RH 2RHrP, (10) 

~ (4) PH 4 P=PH 1 RHliRH 2 P+PH 2RH 1 RH 1 P. 

Below we follow 11 1 and treat various perturbative contributions 
(6)-(10) as exchange spin _Hamiltonians. We present some prindpal re­
sults gained in this way without details. 

One can see that PH 1 P = PH3 P = 0 holds both in the undoped 
(Nr = 1, Ng = 2) and doped ( N r = 1, Ng = 2,1) system. ProceEding to 
even terms let us start with the former case. Then one can get 

s~s~. (11) 
c g 

... Here J( g = 2 t r~ I} V d -~)and S i is the spin~ o~erator at an 
i -th site. Since <¢

0 
1 S 1 ¢ > (undop.) = 0 and PH k) P = 0 the 

second order contribution Joes not remove the spin degenerac'y of 
!~sites. The next approximation ~ £ 4 yields 

pijCl>P+PH<
2
>P-(J' +J'r'r 4 4 - rr 

~ ... 
~ s ... s ... , 

-• ... , r c' 
<C, t > 

(12) 

PH (a) p =I ~ + - - + 
4 rr '"' (S~S.., +S..,S .... ) , 

... ... c t' r r' < r. t' > 
(13) 

where Irr =t~ ttt /(Vd ... -~)2 and the final term is PH~4)p = 0. 
Thus, the behfviour of r -sites electron spins is governed by th~ aniso­
tropic Heisenberg Hamiltonian with exchange constants J c~ = J rc + J rr , 
J r~ = J {r = J r~ +I rr . In particular, concerning Cu02 layers in the 
La Cu04 compound IS! one may deduce that the parameters of the 
model considered are such that they make an antiferromagnetic ground 
state preferable. 

Now Jet us tum to the doped system. The second-order cc•ntribu­
tion now gives more complicated Hamiltonian forms: 
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--
PH~1 >p = (J' + J" ) I s_.s ->+ 

fg fg < r, ; > r g 

J' + J" 
+ fg _!!__ 

2 -> ... ..., 
<f,g-'g> 

+ + + S ... a ... a ... , r g + g t 

- + ( S ... a... a ... , 
f g t g .. 

) -I 

J , 
(n .... a+ ... a ... + n _, a+_. a ... , ...!L__ I ) + 

2 ..... -+ ..... , r+ gt g't rt g., g+ 
<f,g"g > 

(14) 

J" 
+ + ) + 

fg 
I (n ... a ... a... + n ... a ... a... , 

2 ........... rt gt g't r.~. g+ g+ 
<f,g"g'> 

PH (2) P = t I 
2 gg 

-+ .... , 
<g,g > 

+ a ... a .... , 
gCJ' g (}' (15) 

H , 2 c- 2 c- d ...... , ..... 
ere Jr1; =2trgi(Vd -l9), J(S,_=2trg I l9, an <f,g ""'g'> 1mphe! 

summation over pairs of g I= g' sites with a common intervening r­
site und1!r summation too. Of course, one should keep in mind that 
derived Hxpressions (14), (15) are applicable in the L subspace where 
N r = 1, N g = 2,1. The next fourth-order _terms retain the spin forms 
(12), (U) provided that a small doping causes a weak renormalization 
of exchange constants. The derived expressions give us a starting point 
for furtlter studies of electronic and magnetic properties of layered 
superconductors. 

Em1!ry 151 , treating this model (with ( H2 = 0) actually on a si­
milar perturbative basis, proposed a mechanism of superconducting 
pairing of 0(2p) holes through 0(2p) · Cu(3d) exchange. We note that 
the pres1•nt formally strict approach excludes the virtual process un­
derlying the antiferromagnetic pairing mechanism proposed by Emery. 
On the <•ther hand, the qualitative suggestion made by Hirsh161 seems 
to us ve~ attractive. Hamiltonians (14), (15) and (12), (13) derived 
in this paper may serve as a quantitative basis in developing this sug­
gestion. 

The authors are greatly indebted to Academician N.N.Bogolubov 
for helpful discussions. 

References 

L Bogolubov N.N. Lekcii z kvantovoj statistiti (in Ukranian). Kiev, 
Rad.S1k., 1949. I ~son Quantum Statistics,(GordonandBreach, 
New York, 1967). 

20 



2. Bogolubov N.N., Tyablikov S.V. -- J.Exp.Theor.Phys., 19l9, 19, 
p.251. 

3. Shubin S.P., Wonsowsky S.V.- Proc. Roy. Soc., 1934, A145 p.159. 
4. Weber W.-- Z.Phys., 1988,70, No.3, p.323. 
5. Emergy V.J.- Phys.Rev.Lett., 1987, 58, p.2794. 
6. Hirsh J.E. -- Phys.Rev.Lett., 1987, 59, p.288; 1988, 60, p.379. 
7. Jefferson J.H.- J.Phys.C: Solid St. Phys., 1988, 21, p.L193. 
8. Vaknin D. et al. -- Phys.Rev.Lett., 1987, 58, p.2802. 

Received on May 5, 1988. 

21 



KpaTKUe cG061J4eHWi OlfJ/Jf N°4 (30]-88 
YAK 538.9·15 

JJNR Rapid Communications No.4 (30]-88 

A THECRETICAL STUDY OF ULTRASONIC ANOMALIES 
IN La2 _,SrxCu0 4 

V.L.Aksmov, S.Flach, N.M.Plakida 

J, microscopical model for description of acoustic properties at 
stru ;tural phase transition in La2 Sr Cu04 superconductors is -x x 
proposed. Experimentally observed acoustic anomalies are described 
in tl te framework of the model. 

The investigation has been performed at the Laboratory of Theo­
retical Physics, JINR. 

MH KpocKorrnqecKaR TOOpHR aKyCTH'IeCKHX aHOMaJIHH 

a La 2 Sr Cu0
4 -x x 

B.n.AKceHos, C.lf)rrax, H.M.IlrraKHAa 

Jlpe)J,JIO)I(eHa MHKpOCKOIIW!eCKaH MO)J,eJih, OIIHCblBaiO!llaH BJIIDI­
HHe CTpYKl)'pHOfO <!>aJOBOfO rrepeXO)J,a B JlaHTaHOBblX OKCH)J,HblX 
cse:>XIIpOBO)J,HHKax Ha HX yrrpyrae CBOHCTBa. )l:mo o6'bHCHeHHe 
Ha6 CJIO)J,aeMbiM 3KCIIepHMeHTaJibHO aKYCTWieCKHM aHOMaJIHHM. 

l'a6ora BbiiiOJIHeHa B na6oparopHH reoperW!eCKOH <!>H3HKH Ol1Hl1. 

R.e. :ently a number of investigations of ultrasonic attenuation and 
elastic 1:onstant.s in La 2_xSrxCu0 4 was donell-61. The measured 
anomali,~s in the sound velocity are expected to be caused by a structu­
ral phase transition (SPT) DlJ - D ~ 8 at TJ T

9 
141 . This tetragonal-to­

orthorhombic SPT results lrom t~e softemng of the tilting mode 
(Cu06 - octahedra rotations around ( ± 1, 1, 0)-axis) at the X-point of 
the Brillouin zone (BZ) denoted by wave vectors q

1 
and q/61. A mo­

del .for the microscopic description of this SPT was given in I 6 1. Thus, 
the strcng T

0
(x) -- dependence was proposed and a good agreement 

was reached with results of inelastic neutron scattering experiments 15 I. 

As was shown in 16 I , the SPT can be described by the motion of 
oxygen tons using the Hamiltonian: 

m • 2 1 4 H= l -X (f,k)+- l BX {£,k)+ 
f,k2 4f,k 

+..!. l ¢ ,<f.f')X(£,k)X(f',k'), 
2 £,!'' kk 

k,k' 

22 

(1) 



~B"4 [30]-88 
t 

J/NR Rapid Communications No.4 [ 30)- 88 

~ 
DY OF ULTRASONIC ANOMALIES 

, model for description of acoustic properties at 
sition in T JL Sr Cu04 superconductors is 

' ~-x x d 'b d rentally observed acoustic anomalies are escn e 

fthe model. 
11 has been performed at the Laboratory of Theo­
t 

IIX, H.M.IInaKHAa 

:KpOCKOIUNeCKaJI MO)J.eJib, OIIHCb!Ba!OlllaJI BJIWI· 
¢aJOBOfO rrepeXO)J.a B JlllHTaHOBbiX OKCH)J.HbiX 
Ha HX yrrpyme CBOHCTBa. JlaHO 06'bHCHeHHe 

:crrepHMeHTaJibHO aKYCTH'IeCKHM aHOMaJIHHM. 
ia B Jia6oparopHH reoperH'IeCKOH ¢HJHKH OJUUJ. 

ter of investigations of ultrasonic attenuation and 
~a 

2
_

1 
Sr x CuO 4 was done I i-51_ The measured 

i velocity are expected to be caused by a structu­
)PT) o17 - D 18 at TJ T 141 . This tetragonal-to­
esults 1-:om t~e softenfng of the tilting mode 
tations around ( ± 1, 1, 0)-axis) at the X-point of 
;) denoted by wave vectors q 

1 
and q /61. A ma­

lic description of this SPT was given in 161• Thus, 
dependence was proposed and a good agreement 
1lts of inelastic neutron scattering experiments 151 . 

1/6/, the SPT can be described by the motion of 
. Hamiltonian: 

1+.!_ I BX 4 (f,k)+ 
I 4 2 k 
f ' 

(t,k) X(f ',k'), (1) 

where X(l, k) are the displacements of the k-th oxygen ion in the 1-th 
unit cell along the z-axis (for details we refer to l61). 

Using the transformation 

1 1 ... ... ... ... ...... 
X(e,k) =---[ t x(R{e+at) -R{f)] 

2 - k k z 
v'2m 

(2) 

--> ... 

with t 1 = (1, 0, 0), t 2 = (0, 1, 0) we introduc~ ~he octah~dron rota­
tion coord nates R A ( ,\ = 1, 2). As a result exphc1t expressiOns of the 
soft-mode frequency 0 0 at the X-point of BZ and of the order para-
meter I < R ,\ ( e ) > I were given I 6 I . 

To introduce the deformation we follow the notations of 17 -tO/ 

expanding the potential energy of the distorted lattice in terms of the 
localized strain tensor eij : 

H = ]!_ I Mu 2 ( 0 + ~ [ .!._ C I e 2 ( 0 + e
2
2
2 

( £) I+ 
e 2 f,a a e 2 11 l!J 

+ ~ css e~~ CO+ c1'3 I ell CO ess (f) +e22 CO eas CO I+ (3) 

+ClL. eu (l')e22<f)+ ~ c66e;2(f)+-i-C441e;2ce)+e~s(£)1l. 

CiJ are tt e elastic constants of the tetragonal. lattice, M is the ~~tal 
mass of atoms in the unit cell. ua (f ) and M ua (f ) are the position 
and momentum of the c.m. of the 1-th unit cell, respectively. The elas-

-> 
tic strains can be expressed by means of the normal coordinates Q( p., q) 

... -+ 
of the p. -t h acoustic branch with frequency w ( IJ. , q), wave vector q 
and polariz ltion vector e( IJ.' q): 

, The static deformation fi is taken into consideration in the long-wave 
length limit. The dynamical part of (3) becomes 

d 1 ... ... 1 2 .. ... Q "") 
H = - ~ P(p. , -q) P(p. , q) + - M ~ w (JJ., q) Q( IJ, q) ( JJ., - q • 

e 2Mq,..t 2 p.,q 
(5} 
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The inte :action between optical (soft) and acoustic phonons can be 
written a; 

H 
R-e z.{J:y.¢ ga{Jyq;<k,k') ea{3(e} Xy<£,k) X¢(e,k'). 

e. k. k, 

We are interested only in the coupling to the tilting mode: 

H 
R-e 

I. g {3(k,k') e {3 (£} X{e,k) X(f,k'). 
a,{3 a a 

£,k,k' 

(6) 

(7) 

Because of the tetragonal symmetry of the lattice for T > T 0 there 
exist only three independent components of ga{3 

a
0

=g (k,k)=g (k,k); f3
0

=g (k,k); y =g (1,2). (8) 
:u yy zz o xy 

Transfmming (7) with the help of (6) one gets: 

H 
R-e 

ll 
- I. W , , , ( f ) a, , , ( f , £' ) R , ( £) R , ,( f' ) , 
8m e . f '. IV\ IV\ 1\ 1\ 

A, A' 

with 

a I e (e) w (a) - { 0 XX + e yy ( £) I+ {3 e (e) 
XX' t - . o zz ' 

Y e (£) 
0 xy • 

A= A' • 

At A', 

a'M, ( q I = 

2(1-FA(q)), • A= A'' 

1-FA(q) -FA,(q) +FA(q) FA,{q). AlA', 

F ( q) = cos q a , F ( q) = cos q (a) • 
X y y X 

(9-1) 

(9-2) 

(9-3) 

(9-4) 

From e :J. (9) one can obtain the correct e • It! interaction in the pheno­
menolo ~cal Landau expansion of the free energy 1 1 o 1 , where e are 
comportents of stress tensor. Here we are interested only in the so-called 
resonant part of (9) producing a jump in the sound velocity at T0 : 
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I 

I 
een optical (soft) and acoustic phonons can be 

Q (k,k')e Q(f}X (f,k)X..~,(f,k'). 
'"'y¢ a tJ ·Y .,. 

(6) 

in the coupling to the tilting mode: 

1
(k,k') eaf3 (€) X(€,k) X(e,k'). (7) 

onal symmetry of the lattice for T > T 0 there 
ndent components of ga{3 

(k,k); f3
0

=gzz(k,k); y
0

=gxy(1,2) (8) 

the help of (6) one gets: 

(9-1) 

(e)+e (€)1+f3oezz(€), 'A='A', 
tX YY (9-2) 

(€} • 'A/; 'A', 

• 'A= 'A' • 
(9-3) 

F ( q) = cos q ( a ) • 
y X 

(9-4) 

obtain the correct t • ~ interaction in the pheno­
expansion of the free energy 1 1 01 , where t are 
tensor. Here we are interested only in the so-called 
producing a jump in the sound velocity at T 0 : 

H 
res 

with 

(11) 
y (q e (J.!,q)+q e (J.!,q)), A~ 'A', 

0 X Y Y X 

This resonmt part vanishes in the tetragoDal phase (R = 0). In the case 
of T < T 0 the equation of motion of the acoustic commutator Green's 
function D( 1-1, q, w) becomes: 

... 2 2 ... ... -1 
0(/l,q,w)=[w -w (J.L,q)-~(J.I,q,w)] . (12) 

Neglecting the terms <Q ( J-1, q) rA (€) >, the mass operator ~ can be 
~xpressed )y _the commutator Green's function G f.,\' (q, w) of the tilt­
ing mode: 

In the lonlt-wave length limit of acoustic phonons 11 - 41 we can appro-. ...... .. ...... 
x1mate q - •I "' -q 1 t• 

The ·~orresponding acoustic frequencies satisfy the inequality 
w( 1-1, (i) << U 

0 
(T). Using 

(see I at ) c ne can calculate the new frequency poles of D( J.L, q, w ) and 
consequently the renormalized frequencies. The lower frequency corres­

i ponding to the modified acoustic energy is 
... 

-2 ... 2 -• ai-t(q) 
(t) (J.I,q) •W (J.L,q)----, (14) 

n2 
0 

with 
2 ... SR ... ... 2 

aiL(q) =---[ ~ M ,(IL,q) a , (q )] . 
(:.fim )2 A.' M M 
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To cornpare (14) with the experiments 1 l-41 one has to integrate 
a IJ. (ci) :>ver all q-directions as soon as only ceramic samples were used. 
In the c tse of longitudinal sound it follows: 

1 R 2 2 2 
aL(q).,2(3ill) (2ao+f3o) q, (15-1) 

and in t 1.e case of transverse sound: 

1 R 2 2 2 
aT(q),.-(-) Y q. 

2 m o (15-2) 

Using l~(T) =32,[0 R
2

(T) 
in the case of a second order 
sound velocity S 

for T < T0 (see 161 ) one gets (even 
SPT as in La 2Cu04 ) for the changed 

/.1. 

s =[82_..!_.1.(2 tl )21112 
L L 9B ao+~-'o ' (16-1) 

s =(82 _...!_ 2]1.12 
T T By o 

(16-2) 

The chmge in Sll is finite as predicted by experiments. The jump 
height is determined by the anharmonicity of the oxygen-Z-vibra­
tions B = 64 r 0 . m 2 and the interaction parameters ao, f3 and Yo . 

'Let us discuss the influence of Sr-doping. Besides of
0 
changes in 

the ele ~tronic structure, there is a strong dependence of S; - S: on 
x5r vrith its maximum near x = 0.15. As was shown in 6l, there 
will be no ncticeable B(x)-dependence, but according to (16) an increa­
se of y withx 5r uptox .. 0.15 anditsdrasticdecreaseforx>0.15 
is to b~ expected. Together with the fact that S T (for T > T0 ) has 
its mir imum at x .. 0.2 we conclude the Sr-doping causes (besides 
a clecre ase of T 0 - see 161) a remarcable softening of the elastic cons­
tants C 1J - SIJ. in the tetragonal phase (up to x .. 0.2) and further­
more an increase of the interaction strength between the deformation 
and th4! optical soft mode (up to x = 0.15). In summary these effects 
lead to a softening of the elastic constants of 50% at low temperatures 
for 0.15 < x < 0.2. Thus, the possible role of the SPT in La 2 _xSrx Cu04 
is to cause a softening of the lattice in the orthorombic phase. Note, 
that th~ change in the sound velocity (16) is independent of temperatu­
re. This is also an unexplained experimental fact 11 - 41 suggesting our 
model to be valid over a wide temperature range. Another interesting 
fact is the wide temperature range of 60K-150K, where the change 
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lth the experiments 1 1-41 one has to integrate 
ctions as soon as only ceramic samples were used. 
linal sound it follows: 

2 2 
( 2 ao + f3o ) q ' (15-1) 

ISVerse sound: 

(15-2) 

1 
R 

2 
(T) for T < T0 (see 161 ) one gets (even 

md order SPT as in La 2Cu04 ) for the changed 

(16-1) 

(16-2) 

! finite as predicted by experiments. The jump 
by the anharmonicity of the oxygen-Z-vibra-

and the interaction parameters a , fJ and y . 
. fl f s -d . . 0 0 0 :te m uence o r opmg. Bes1des of changes in 

re, there is a strong dependence of S;- S: on 
urn near x "' 0.15. As was shown in 6/, there 
B(x)-dependence, but according to (16) an increa­
p to x "' 0.15 and its drastic decrease for x > 0.15 
:>gether with the fact that S T (for T > T0 ) has 
0.2 we conclude the Sr-doping causes (besides 
ee /61) a remarcable softening of the elastic cons­
;h.e tetragonal phase (up to x .. 0.2) and further­
;he interaction strength between the deformation 
node (up to x "'0.15). In summary these effects 
· the elastic constants of 50% at low temperatures 
nus, the possible role of the SPT in La 2 Sr Cu04 -x x 
1g of the lattice in the orthorombic phase. Note, 
! sound velocity (16) is independent of temperatu­
lexplained experimental fact 11 -41 suggesting our 
er a wide temperature range. Another interesting 
lperature range of 60K-150K, where the change 

ST -+ ST ·:akes place. This may be caused by additional slow-relaxation 
dynamics. As was mentioned in 16l, there are indications of nonvani­
shing lon(;-time correlations L >.>. = lim < r A ( t) r >. > 1: 0 near the 

t-+oo 

SPT, causing central peak and precursor cluster fluctuations (see 1121 ). 

It is easy to show in the case of L -# 0 that there exists a resonant · 
part in (9) even for T > T

0
, which has the same form as (10) where 

the order parameter R 2 is replaced by L. 
Sumr1arizing, a model for the microscopic description of anoma­

lous lattice behaviour in La 2 -xSr x CuO 4 is presented. The SPT can 
"switch on" a remarcable softening of the elastic moduli. This softe­
ning may change through crystal fields inner properties of some exci­
tations in the crystal, e.g. the frequency of excitons connected with 
d-d-excitations (see 1 131). Thus, the interaction of such excitations 
with electrons is changed. 
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ISOTOPE EFFECT (0 16 - 0 18 ) IN THE ANHARMOmC MODEL 
OF HIGH-T0 SUPERCONDUCTORS 

T.Galbaatar, R.Rakauskas , J.Sulskus* 

The results of a numerical simulation are presented for th! oxygen 
isotope effect in the high-T

0 
oxides by solving the Schrodin~er equa­

tion for a local vibrational mode of oxygen ions in a double w !II anhar­
monic potential of the form -Ax 2/2+ Bx 4/4. 

The investigation has been performed at the Laboratory o · Theore­
tical Physics, JINR~ 

H3oTonnqecKHH 3cpcpeKT (016- 0 18 ) B aHrapMOHHqECKOH 

Mo,IJ,e.nn BTcn 

T.fan6aarap, P.PaKaycKac, IO.IIIyrrcKyc 

IIpe,IJ,CT8BJ1eHbl pe3yiTbTaThl MO)J;enHpoBaHHH KHCITOpOAH•>IO H30· 
TOIIH'IecKoro ~ct>eKTa B BhiCOKOTeMrreparypHblX CBepxrrpoB•>AHHKax, 
rro1l}"'eHHble 101cneHHbiM pewenlleM ypasuenHH IIIpenHHr !pa ,lJ,ITH 

KB83H1IOK81lbHOH MO)J;bl ,IJ,BIDKeHHH aTOMOB Qll6, QL.B C IIOTefiUHaJIOM 

BIIA8 Ax 2t2 + 8x4/4. 
Pa6ora BbliiOnHeHa B na6oparopHH reoper~eCKOH cl>H3HK i OlUU1. 

The recent discovery of new cuprate oxide supercond11ctors having 
transition temperatures T0 up to 114K 1 1- 3-bave caused an immense 
activity in research of the mechanism(s) responsible for the supercon­
ductivity, in particular, whether it is mediated by pho 1ons or not; 
a question which is still open. However, the recent experimental obser­
vations of the oxygen isotope effect in the LaSrCuO and YBaCuO sys­
tems 141 indicate that phonons play a certain role in the formation of 
superconductivity. Thus, in the light of the new high-T0 superconduc­
tors the isotope effect becomes an important issue with nspect totes­
ting any theory intending to explain such high T0 's. 

Calculations of the electronic structure I 61 demo 11strate over­
lapping of the 3d states of copper with the 2p states of m ygen indi­
cating . the importance of the Cu-0 chain for such high T 0 's. It was 
shown lSI that interactions of electrons with the high frequency Cu-0 

*Vilnius V.Kapsukas University, 232054 Vilnius, Lith.SSR. 
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bond-stretching mode can produce strong ele1 
leading to T 

0 
around 40K However, the pure 

the harmonic approximation fails to explain e: 
90K in the YBaCuO systeml91. Structural studi1 
te oxides have revealed features as evidence oJ 
and the existence of soft modes in LaSrCuO sy 
of the phonon behaviour of YBa2Cu3 0 7 by neu 
shows larger phonon density states in lower fl 
than in high frequency ones 161 which turned 
with theoretical calculations 191 of the phonon 
ling constant ,\ 6 • As it was demonstrated earlier 
model of the high-T

0 
superconductors 1 1 Ol larg 

obtained as a result of interaction of electrons 
bond-bending mode, related to the highly anl 
oxygen ions of the Cu06 octahedron, due to 
of the lattice x 

8 
• This idea has been backed ur 

unusual large Debye-Waller factors in YBa
2
Cu: 

we suggest for the vibration of the oxygen ior 
monic model potential 

U ( x) = -Ax 2 I 2 + Bx 4 I 4 + A 2 I 4B , 

where A and B are both positive and related throu 

2 
U0 =A 14B and xo = (AIB)112 

to real physical quantities, the central barrier hei 
width x 0, respectively, thus 2x 0 being the dist 
minima of the potential. Units are used where 
cing the dimensionless coordinate and energy 

{=xlx
0 

and En = E~IU0 

one obtains the Schrodinger equation in the follm 

-d2¢(()1dcf2+11$2[(1-cf2)2- .En]¢( 

which was numerically solved for a broad se1 

parameter $ = w
0

1 4U
0 

, where w
0 

=..; 2! is a 

cy: and m, the reduced mass of the Cu-0-Cu cl 
·replacement of Ole by 018 in the cluster is 
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mce of the Cu-0 chain for such high T c 's. It was 
tctions of electrons with the high frequency Cu-0 
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bond-streto:hing mode can produce strong electron-phonon coupling 
leading to T c around 40K. However, the pure phonon mechanism in 
the harmc nic approximation fails to explain experimentally observed 
90K in tht! YBaCuO system! 9/. Structural studies of the high-T 0 cupra­
te oxides have revealed features as evidence of structural instabilities 
and the e)dstence of soft modes in LaSrCuO system. The investigation 
of the phcnon behaviour of YBa2Cu30 7 by neutron inelastic scattering 
shows lar!:er phonon density states in lower frequency modes rather 
than in high frequency ones 16/ which turned out to be in agreement 
with theoretical calculations /9/ of the phonon spectra for large coup­
ling constmt ,\ 8 • As it was demonstrated earlier within the anharmonic 
model of the high-T0 superconductors 110/ large values of ,\

8 
can be 

obtained u a result of interaction of electrons with the so-called soft 
bond-bending mode, related to the highly anharmonic vibrations of 
oxygen ions of the Cu06 octahedron, due to the high susceptibility 
of the lattice x 

8 
• This idea has been backed up by the observation of 

unusual large Debye-Waller factors in Ylla 2Cu 30/1 31. In this paper 
we suggest for the vibration of the oxygen ions a double-well anhar­
~onic model.potential 

where A and B are both positive and related through 

and X = (A/B)
112 

0 

(1) 

(2) 

too real physical quantities, the central barrier height U0 and it's average 
width x 0, respectively, thus 2x 0 being the distance between the two 
minima o~ the potential. Units are used where h=ka-=1. By introdu­
cing the dimensionless coordinate and energy 

and (3) 

one obtair.s the Schr5dinger equation in the following form 

(4) 

which was numerically solved for a broad set of the dimensionless 

parameter f3 = cu/ -tU
0 

, where cu
0 

=..; 2! is a characteristic frequen­

cy; and m. the reduced mass of the Cu-0-Cu cluster, thus a complete 
· replaceme 1t of 018 by 0 18 in the cluster is simulated through de-
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creasing {:3 by 5%. The cluster approach is motivated by the fact that 
superconductivity has been observed in crystalline as well as in ceramic 
states. The eigenvalues En and eigenfunctions ¢n of the anharmonic 
oscillator are cdculated as well as the matrix elements of the dipole 
moment e01 md the mean square amplitude of vibrations Q2. The 
obtained anharmonic eigenfunctions ¢

0 
are expanded in terms of the 

eigenfunctions u 1 (x) of the harmonic oscillator 

c/J n (x) = 

N 
max 
I. 

j=O 
ajuj(x), 

N 
max 

where N max is fixed by the condition that I 
within the given accuracy. J = o 

a2 
j 

(5) 

be unity 

A study of the convergence accuracy of ( 5) indicates that it impro­
ves from 0.25% to better than 0.0001% when the number of the expan­
sion coefficient! is increased from 40 to 100. This demonstrates the 
strong effect of the anharmonicity on the eigenfunctions. The behaviour 
of the energy spectrum is illustrated in Fig. 1 in terms of A 
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Here is 

~1 ,2 = E2 - E 1 • (6) 

There, one can see two features of the above ratio demor.strating for 
higher levels weak and for lower ones strong anharmonicit:r. The same 
effect is observed in the dependence of the mean square amplitude of 
vibration (Table 1) on the anharmonicity, too, calculated by 

2 2 
Q =<nl( In>. (7) 

We found that while for larger {3 it steadily increases \\i.th temperature, 
for lower values of {3 an oscillating behaviour is observed. 

The values of {3 can be estimated by the relation 0 01 = ( E1 - E0 ) U0 = 
= ( 01 U0 . We reckon the frequency n 0~ , in the case of the soft 
bond bending mode at range 10-30 me V. Then, for values of {3 ~ 0.2 U0 
becomes very large (~1000 meV) which is unphysical. Ir the region 
{3 = 0.4 + 0.8 U0 takes values between 10-150 me V, thus ~ ·alues of {3 
in this range can be considered as physically meaRingful. A1 one can see 
from Fig. 1 in this region the application of a two level approximation 
is allowed. According to 1 101the coupling constant is given b:r 

2 
A.s=N(O) <J >x 

s I 
(8) 

Table 1 

The mean-square amplitude of vibration Q 2 (dimensionles;) for different 
values of {3 . Underneath the corresponding eigenvalues En (dimension-
less) are given. 

{3/n 0 1 2 3 4 5 6 7 8 

0.125 ·o.951 0.932 0.753 0.785 0.452 0.718 0.717 0.815 0.897 

En 0.242 0.243 0.681 0.689 0.985 1.09 1.30 1.53 1.77 
0.42 0.650 0.922 0.801 1.08 1.24 1.38 1.54 1.65 1.79 

En 0.631 0.842 1.79 2.71 3.84 5.12 6.51 8.00 9.57 
0.6 0.594 1.01 1.04 1.31 1.53 1.69 1.89 2.04 2.27 

En 0.777 1.33 2.82 4.48 6.41 8.58 10.88 :.3.37 15.99 
0.84 0.597 1.13 1.29 1.59 1.68 2.07 2.32 2.51 2.73 
En 0.982 2.12 4.51 7.26 10.41 13.89 17.64 !!1.64 25.85 

31 



where N(O), J 
8 

and x 
8 

denote the density of states at Fermi level 
E F, the deformation potential and the static susceptibility of the lattice, 
respectively. The latter is described in a two-level approximation by 

2 2 
2x o ~ 01 th ( 0 , I 2T) , 

X =-- 01 
8 0 l1 

(9) 

where x 01 = x 0 e 01 is the matrix element of the dipole moment 
between the ;tates ¢

0 
and ¢r This expression can be derived from the 

spectral representation 

X = z-1 -{3E s k e n 
n. Dt 

-f.l(Em-En) 
1-e 
(Em-E~)/Uo-w/U <m I eln>2. 

0 

(10) 

• -{3E 
where Z = k e n , in the static limit w = 0 by considering the two 
lowest levels, only. We studied the convergence of (10) taking into ac­
count up to four levels. As one can see from Table 2 it is convergent, 
thus the application of the two-level approximation is justified. 

Table 2 

The static susceptibility x (dimensionless) calculated 
by ttking into account 2,3 and 4 levels, respectively for 
thret• different·values of {3 at T = 92K. 

{3 X 

n=2 n=3 n=4 

0.2 262.191 262.199 262.208 
0.5 3.236 3.249 3.251 
1.0 0.711 0.719 0.720 

The transition temperature has been calculated by the general relation 

Tc =001 f(;'s•P.*)' (11) 

where 0 
01 

[s the frequency :of the phonon mode under considera­
tion, f( ,\ 

8
, p.*) is given for the weak and strong coupling cases by the 

McMillan /1Lfmd the Allan-Dynes 112/ formulas, respectively, p. * is the 
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Coulomb pseudopotential. Differentiating (11) with respect to the iso­
topic mass one obtains the following relation for the relative shift in Tc 

8T =dT /T =-adm/m, c c c (12) 

where 
2 

f3 dt A dt 1J. * d! 
a=0.5(1+---)(1--------). 

tdf3 r dA rd 11 * 
(13) 

The isotope effect thus depends on A 
8 

and 11 * through thE! second term 
while the first term gives the effect of the anharmonicity on the value 
O.L of a . To t:alculate the 

01 

-02 
3 

0 2 3 L 
"As--

Arrows Tc ~ 3_5K 

{3=0.4, 1-~t*=O; 2-IJ.*=O.l; 3-IJ.* = 0.2. 

Fig. 2. · 

coupling constant we es­
timate x 0 , 1~(0) and J; 
in the follo win& ranges: 
X 0 = (0.1 + 0.3) X ,.N(O)= 
= (1 + 3) state;feV and J 2 = 
=(0.5+1) (e\T/J..) 2. As

8
is 

shown in Fig. 2 in the an­
harmonic case even an in­
verse isotope effect is pos­
sible for T c < 33K, while 
in the naTow region 
34-35K a m'arly zero or 
heavily supp ~ssed one is 

observed. At Tc slightly above 36K a lies in the range O.L-0.2, depen­
ding on {3 ; thus, it is in agreement with experimental ohservation for 
the LaSrCuO system. However, for higher T c we found n~>rmal isotope 
effect with a trend of a to increase with temperature ar.d then to sa­
turate at 0.3-0.4, which is in contradiction with the up-io-date obser­
ved trend of a to decrease. We conclude from our num~rical calcula­
tion that in the anharmonic model the phonon mechanism permits one 
to obtain an agreement with the experimentally observed .sotope effect 
in the LaSrCuO system (a - 0.1-0.2) whereas it is not th~! case for the 
YBaCuO system. This may be an indication that higher energy levels 
have to be taken into account, otherwise a nonphono~ mechanism 
should be considered. 

Finally, we would like to express our gratitude to Dr. N .M.Pla­
kida for pointing out the problem and helpful dis~ussions and 
Prof. M.G.Meshcheryakov for supporting the work. 
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ON THE PHASE DIAGRAM OF HIGH-T0 SUPERCONDUCTIVE 
GLASS MODEL 

V.L.Aksenov, S.A.Sergeenkov 

The transition temperature T0 and isothermic magnetization are 
calculated as functions of applied magnetic field in the frarr e of the 
2-D XY Josephson glass model. Three characteristic regions a1e shown 
to be distinguishable in the H-T plane: the diamagnetic regio 1, region 
of superconducting glass and region of Josephson spin gllss. The 
results are in quantitative agreement with experimental cata and 
the results of numerical simulations tor "new" supercmtductors. 

The investigation has been performed at the Laboratory of Neu­
tron Physics, JINR. 

0 !l>1130BOH .D,Hai'paMMe B MO,!J,eJIH BhiCOKOTeMneparypHOrO 
csepxnpoBO.IUII.Uero cTeKIIa 

B.n.AKcenoa, C.A.CepreeHKOB 

B nsyMepHOH XY MO,IleJIH W!<OJe<PcoHOBCI<HX CfiHHOB Bbi'IHC­
JieHa Ja&HCHMOCtb teMnepatypbi <Pa:losoro nepexo,lla T 0 H H3otep­
MH'IeCI<OH HaMarHH'IeHHOCTH or sneumero MarHHtHoro nonll H npH 
0 S H < "". lloi<aJaHo, 'Ito na fiJIOCI<octH (T, H) HMeiOtCf tpH o6-
nacrH, pa311H'IaiOJUHCC.II xapai<tepoM Ja&HCHMOCTH T0 ot H: ,llHa· 

MarHHTHa.R o611acn, o6nacn caepxnposo.ll.llmero creKna H o6nactb 
,ll>Kooe<Pconoaci<oro cnHHoaoro ctei<na. PeJyJibtatbl Kll'IHCtBeHHo 
COTJiacyiOTC.II C ,llaHHbiMH JKCnepHMeHtOB H 'IHCJieHHOTO Ml),lleJIHpo­
BaHH.II ,ll1I.II "HOBbiX" CBepXnpOBO,IlHHKOB. 

Pa6ora BblfiOJIHeHa B naooparopHH HeiftpOHHOH <l!HJHKII OHHH. 

Many of the experimental results on the glassy behavi Jur of high-T
0 

superconductors can be explained in the 2-D diaordel'ed Josephson 
spin lattice model II./. The phase diagram in the plane H-T was stu­
died both numerically (up to fields H < H u) 121 and by analytical 

~ 0 
methods (for H > H:) 1 31 • This paper presents the generalization 
to arbitrary magnetic fields. The obtained phase boundary T0 (H) is 
shown i..."l the upper part of the figure. 
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One may distinguish three characteristic regions in the field depen-
dence ofT~. · 

I. H < H! (quasireversible diamagnetic region) 

T 0 (02 -T 0 (H)=_!_(_.!!._)2 (1) 
Tc (0) va Ho 

where 
3 . ~ 1 

He = 4 Ho ' Ho = 28-, Tc (0) = 2 JN, 

and S = TTa is a mean-square area of the superconducting cluster. 
II. Hg> II> H~ (region of superconductive glass: AT line) 

T 0 ( 0) - T c_ (H) = V 6 . H 2/3 , 

- 2 T 0 (O) y 3 . H
0 

(2) 

where H~ = 15 H0 • 

36 



III. H > H ~ (region of Josephson spin glass: strong frustration) 

1 -T
0

(oo)=-JvN. 
2 

(3) 

The phase diagram obtained is consistent with1 11 at H S H: and 
with 121 at H > H:. The lower part of the picture sl,ows the field 
dependence of the isothermal magnetization M. In th:! diamagnetic 
region (I) it has a linear character, in the SCG phase (II) the nonlinear 
effects become essential, and, at last, in the region of the JSG phase 
(III) the magnetization rapidly tends to zero (when H .. H~ ) indicating 
the strong suppression of the superconducting transitio 1 temperature 
Ts in contrast with the glassy temperature T 

0
(H) (see the figure). 

The glassy transition, as is well-known, is conne ~ted with the 
dynamic transition from the ergodic to the nonergodic s :ate. The non-

ergodicity parameter of the model Lw lim <St(t) SJ> .. T(x, 0-xzn) 

is calculated, and its temperature dependence versus T /T c (H) is shown 
to have a universal character (a dynamic "temperature-field". scaling). 
The estimations for La ceramics ;g.; with T0 (0) -= 28K, H0 =0.05T 
give the mean value of the superconducting cluster area S = 0.02 JL 2 

and Jesephson energy J = 3.5K in reasonable agreement with commonly 
used estimates. On the whole the experimental data for field-cooled 
and zero field-cooled measurements confirm the obtained )hase diagram. 
Nevertheless, further experimental study of the magnetic field depen­
dence of T 0 under transition from the SCG phase to 1:he JSG phase 
is of interest. 
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DIFFRACTIO 'l STUDY OF SOME HIGH-Tc 
SUPERCONDUCTORS WITH THE TIME-OF-FLIGHT 
NEUTRON DIFFRACTOMETER DN-2 

A.M.Balagurov, Hvan Chan Gen, V.A.Kudrjaschev1, 
2 G.M.Mironova. Nguyen Van Vuong, A.Pajaczkowska ,H.Shimchak2 

V .A. Trunov! Trinh Anh Kuan 
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The resu Its of neutron diffraction experiments performed on high-Tc 
supercondt ctors of the 1-2-3 type by using the time-of-flight diffrac­
tometer ar~ discussed. The test experiment on YBa

2
Cu 0 <:>after 

3 7-u 
proflle refi 1ement of the data has given us a well-known structure. The 
final profih R-factor is 2.7%. Neutron diffraction on YBa2Cu3 0 

7 
and 

GdB~ Cu3 J 7 sin!!.le crystals has been measured with the aim to reveal 
possible lo 11g-period modulation of the atomic structure. The diffrac­
tion patterns from these crystals do not involve any additional peaks 
commensu ·ate with the main structure. The incommensurate peaks are 
also Jlbsent, the lowest limit for the period of modulation is as high as 
400A . Th: structure of YBaiCu

1
_xFe ~) 307-8 has been determined 

at X= O,O.C 6 and 0. 10. Some indications of occupying (2q) positions 
in the centre of octahedra with Fe atoms have been received. The (I a) 
positions on Cu-0 chains contain both Fe-atoms and vacancies. 

The 1nv·~stigation has been performed at the Laboratory of Neutron 
Physics, Jll.JR. 

HeitTponorpatl>wieCKHe Hccne,u.ooanH.fl ueKOTOphiX 

BhiCOKOT~MnepaTypHhiX csepxnpoBOAHHKOB 

88 .U.HtPpEKTOMeTpe )lH-2 

A.M.Banarypos H JJ.p. 

06c)')lq;aiOrcH peJynbTar&I crpyKrypm.Ix JKcnepHMeHros c BTCn 
THfl8 1·2-3. npoBeJ],eHHbiX Ha HeHTpOHHOM JJ.H~paKTOMerpe flO BpeMe· 
HH nponeTl: recroB&Iii JKcnepHMeHr c YBa 2Cu3 0 7-8, noHCK MHHHo­
nepHO,IJ.HOll MoJJ.ymiUHH crpyKryp&I MOHOKpHCTanJIOB YBa2CUs 0 7 
H GdBa2C 1s 0 1 H JKcnepHMeHr c YBa2(Cu l-xFex) 07_8 . 015pa-
6orKa He irponorpaMM, nony'leHm.Ix na xopowo arrecrosaHHOM 
nopowKe YBa2Cu 30 7 _8 .npHsena K JHa'leHHJIM crpyKrypHbiX napa· 

J The Institute of Nuclear Physics of USSR AS, Gatchina 
2 The Institute of Physi('S, Warsaw 



MeTpOB, COBIIa,IJ,aiOl.l.IHM C H3BeCTHbiMH H3 JIHTepaT)'pbi. Beml'IHHa 

R-<tJaKTOpa IIO IIpO<tJHIIIO COCTaBHJia 2,7%. B MOHOKpHCTaJIIIH'Ie,:KHX 

o6pa3IJ;ax HHKaKHX IIpH3HaKOB ,IJ.OIIOIIHHTeJibHbiX IIHKOB OT IIepHC ,i].OB, 

coHJMepHMbiX c OCHOBHOH CTPYKTypoii, He o6Hap}')KeHo BII1I01b ,IJ.o 

d ~ 40A . ITpH3HaKH HeCOH3MepHMOH CHHycoWlan&Hoii MO,IJ.YniUHH 

CTPYK'fYpbi oTCYTCTBYIOT BII1IOTb ,IJ.O d $ 400 A . .Il,rul coe,IJ.HH~HHfl 
c Me,IJ.biO, 'laCTH'IHO 3aMemeHHOH )l(eJieJoM, rronyqeHbi yKaJilHHfl 

Ha 3aiiOJIHeHHe )l(eJie30M II03HUHH (2q) B IJ;eHTpe yce'leHHbiX KJICJio­

po,iJ.HbiX 0KTa3,1J.pOB H HaJIH'IHe KaK aTOMOB )l(eJie3a, TaK H BaK3tiCHH 

B II03HIJ;HJIX (la) Ha IJ;eiiO'IKaX Cu·O B,IJ.OIIb OCH KpHCTaJIJia. 

Pa6oTa s&moJIHeHa B Ila6opaTopHH HeiiTPOHHoii <l>H3HKH OIUIH. 

The crystal structure of the high-temperature super~:onductors 

is intensively analysed now in all neutron centres of the world. There­
fore, it is inevitable and even desirable to repeat identical e:c:periments 
in order to obtain reliable results. New unusual information may be re­
ceived on the spectrometers having the unique paramete::s. One of 
such spectrometers is the neutron time-of-flight diffractometEr DN-2 Ill 
at the pulsed reactor Il!R-2. It has been designed ·for long-pedod crys­
tal structure investigations, so the diffraction pattern is measured in the 
range of long d-spacing which is hard-to-reach for conventio 1al diffrac­
tometer&. Another unique feature of DN-2 is extremely sn.all exposi­
tion time needed for data collection, so it permits earring out the real 
time diffraction investigations of noncyclic transient phen<•mena 121 • 

In the present work some results of the first diffraction elperiments 
with high-Tc SC ceramics and single crystals on the DN-2 are given. 

l.The Features of the Experimental Method 
and Data Processing 

Time-of-flight neutron diffraction data on the diffractometer DN-2 
are collected using the one-dimensional position detector ly .ng in hori­
zontal plane. In such a case two-dimensional spectra arE' measured 
with scanning of wavelength and scattering angle. An avai.able wave­
length range of 1.2-20X being combined with a scattering mgle varia­
tion of 10°-160° permits one to have the d-spacing range of :l.6-100 ~ . 
At the same time, the resolution ( ~ d/d) of DN-2 is not ve1y high and 
in the best case it makes up 1% at 2 f) ~ 140• and d ~ 3 A. Such 
poor resolution as well as some features of wavelength distribution of 
an incident neutron beam are not suitable for the precise powder dif-
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fraction stu·iy. But it does not preclude from a Rietveld profile ana­
lysis 131 of HTS ceramics due to their relative large unit cell and high 
symmetry. Certainly, in our case the Rietveld method gives temperature 
factors of atoms much worse than at conventional diffractometer&, 
as the rangn of small d-spacing is inaccessible. But at the same time, 

0 

including in the fitting only the reflections with d ;:: 1.4 A makes it 
possible to r1ave no effect of uncertainties in thermal factors on other 
structure paameters. We use the version of the Rietveld method des­
cribed in Ref. /4/. 

2. The Test Ex peri men t on YBa 2Cu30
7

...o 

The wEll-known sample of high-T superconductor YBa Cu
3 

0 <-
c 2 ~0 

having T
0

= 91K and ~T = 3.7K was chosen for the test experiment. 
Earlier the refinement of the sample structure was done in Ref./5/ 
with the m .ni-SFINKS diffractometer. The main purpose of our mea­
surements was to check the sensitivity of structure parameters, deter-

a 
mined in R~f. /5/, by the fit covering the range from 0.9 to 2.0A if 
the range is ;hifted to 1.4 :s d :s 3 A . ,. 

The sampie was carefully ground powder of 5.5 g, placed into a 
cylinder of diameter 8 mm made from Ti-Zr alloy with b cob= 0. In 
order to reveal possible parasitic phases the measurements at low scat­
tering angle; (30° and 60°) were performed. It was shown that up to 

0 

d ~16 A. t1ere were. no additional diffraction peaks. For profile ana-
lysis the d~ta were measured with maximum resolution at 2 8 = 150° 
for about 1 J hours. Data handling was done over the range of 1.4 < d < 
:S 3 A , which included 44 diffraction maxima compatible with the 
symmetry of the lattice (see Fig. 1.). 

The rEsults obtained after refinement of occupancy factors and 
coordinates of Cu- and 0-atoms are shown in Table 1. These results 
agree well vdth the data from Ref. /5/. 

One c m see that the results of independent neutron diffraction 
experiment:: given in Refs. /5/ and /6/ are practically the same for 
coordinates of atoms, but the thermal parameters differ by a factor 
of 2.5. In ,lrder to test the influence of this difference on our results 
the fitting has been done with the varied occupancy of 04 and z-coor­
dinate of Cu2; the other parameters are taken from /5/ or /6/ and 
are fixed. It is shown in Table 2 that both n(04) and z(Cu2), R-factors 
and v are practically constant for these two cases. Only the para-

n 
meter A 

12 
which corrects the form of the effective spectn~m of neut-

A -1 
rons (f = d 12 

) has marked change. 
cor 
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Y-Ba2-Cu3-06. 93, T=293K 
f X 1 DOD J 

23 r-~-nor-.--.-,--r~-or-r-o--r-.--.-~~~~~~ 

I 8 

13 

I. 4 1.8 2.2 2.6 

d, A 

Fig. 1. The observed (stars) and calculated (solid line) neutron pro, 'ile intensities 
for YBa

2 
Cu 

3 
0 

7
_ 8 with the difference marked below. The total nut1ber of points 

are 245, R = 2. 7%, the expected agreement index R e = 1. 8%. 

RP 

2.7 

Table 1 
The results (agreement indexes, atom positions and occupan-
cies) for an orthorhombic PmmmYBa,pu

3
0

7
_ 8 . The thermal 

parameters and z-coordinate of Ba are taken from r.tef./5/ 
and are fixed. R-factors in %, v = ( v 2/m) 112 , m is a 

n 
degree of freedom. 

Rb R y n(Cu1) n(Cu2) z(Cu2) 
w n 

7.3 4.9 3.61 1.02(2) 2.02(2) 0.356(2) 

z(01) z(02) z(03) n(04) 

0.155(1) 0.372(3) 0.383(3) 0.97(3) 

In conclusion, the analysis of data from YBa Cu 0 gives, firstly, 
0 2 3 7-8 

an excellent fit between 1.4 and 3 A and shows, secondly, that the re-
sults are week functions of the variation of thermal parame1 ers. In some 
limits the change is completely compensated by a common corrective 
factor. 
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Table 2 

The results of fitting for set parameters from Ref./5/ (1) 
and Ref. '6/ (2). Only z(Cu2) and n(04) were varied. The 
attempt to fit n(05) was also made (3). 

Rp R~ Rw }..,_ Z(Cu2) n(04) n(05) A 12 ------------------------------------------------------------------------
(1) 2. 7 7.4 4.9 3.61 0.3566(5) 0.974(30) 0.57(3) 

(2) 2. 7 7.4 4.9 3.59 0.3563(5) 0.967(30) 0.68(3) 

(3) 2. 7 7. 4 4.e 3.58 0.3563(5) 0.925(40) 0.07(4) 0.58(3) 

3. The Search for the Long-Period 
M o d \L 1 at i o n s 

We have measured neutron diffraction from YBa2 Cu3 0 7 and 
GaBa2Cu3 0 7 single crystals to have evidence for possible long-period 
modulation of the atomic structure both commensurate and incommen­
surate with tht! main period. The single crystals were prepared by mel­
ting initial mf terials with Cu excess, and had superconducting pro­
perties (Tc = 7 )-75K). We did not separate the single crystals from 
a crucible and therefore, had the plates of good quality with the area 
of - 20 mm 2, large enough for the experiment. But on the other hand, 
the diffraction pattern could be measured near c*-direction only. 

All reflections from a (001)-plane up to the twelfth order ones 
have been meuured on both crystals at room and liquid nitrogen tem­
perature (Figs. 2 and 3). The commensurate modulation of the struc­
ture must giv ~ additional maxima either between diffraction orders 
or at d > d 00 .. But no evidences of such peaks were found. On the 
other hand, t :te incommensurate modulation of the sinusoidal type 
must give satellites near main peaks. If the modulation vector has the 
c*-direction, then the gap between the satellite position d s and the 
main peak position d 0 is ~d = d; /d

8
• The rough minimum estimations 

of d
8 

may \lf! obtained for the (001) reflex. The width of this reflex 
makes one poiSible to see some additional peaks if ~d.:: 0.3 A . From 
this it follows that if an incommensurate modulation exists, its period 
will be more tban 400 ~ 
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cr.vstal. 

The orders of the reflection from (001) plane of the YBa Cu 0 single 
2 3 7 

2 

4 
5 6 

3 8 

02 0.3 0.4 0.5 0.6 0.7 c· A_, 
Fig. 3. The same as in Fig. 2 for the GdBa 

2
Cu

3 
0 

7 
single crystal. 

4. 0 n the Subs tit uti on of Copper 
for Iron 

The problem of substitution of copper iii 1-2-3. ceramics for a 
neighbouring elements of the 4th period from iron to gallium and 
silver is discussed in many papers 17- 12<There is detailed informati­
on on the modification of T c, symmetry and lattice par tmeters in 

43 



YBa (Cu Fe ) 0 <:> depending on x 18•10•111But at the same ti-2 1-x x 3 7-u · 
me, there is ao reliable data on the possibility of the favourable sub-
stitution of one of the nonequivalent structure position (1a) and (2q) 
of copper for iron. 

Our m:periments were performed on three samples of 
YBa2 (Cu 1_x l"ex)3 0 7...s with x = 0.0, 0.06 and 0.10, which were pre­
pared with ;tandard ceramics technique at the Institut of Physics, 
Warsaw. Diflraction patterns were measured at 28 = 154 ° for about 
2-4 hours. The initial values of parameters for profile analysis were 
taken from Ref./8/. The typical parts of diffraction pattern, where 
one can see the transition from orthorombic symmetry for x = 0 to 
a tetragonal one for x = 0.06 and x = 0.10, are shown in Fig. 4. The 
results of data analysis (R-factors and the values of varied parameters) 
are given in Table 3. For the sample without iron the two versions 
are given. 1 hey are different by the thermal parameter values, but 
one can see that the occupancies stay in both cases invariable. For 
the x = 0.06 sample the two versions of data processing are given too: 
for a =f b ar d a ~ b cases. In the second case there is the insignificant 
increasing of R-factors; the structure parameters have not changed. 
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Table 3 

The n:sults for YBa2 (Cu 1_x Fex) 30 7 with x = 0.0, 0.6 
and 0.:.0. The sets (1) and (2) for 0% Fe are differentiated 
by thermal factors: (1)- from Ref. /5/, (2)- from Ref./13/. 

O% Fe 6% Fe 10% Fe 

-----·-----------------------------------------------------
1 2 a =fb a=b ·a=b 

----------------------------------------·---------------------
Rf 6.0 5.8 5.7 5.9 6.9 

R,J 8.0 7.8 7.5 7.8 9.5 

J ~ 1.94 1.88 1.47 1.53 2.58 
-~------------------------------------------~-------------------

' a.J 3.816 3.817 3.861 3.862 3.864 

b,i 3.881 3.882 3.874 3.862 3.864 

c,L 11.663 11.665 11.641 11.631 11.618 
----··-------------------------------~-------------------------

n~ (1il) 1.02(1) 1. 00 ( 1) 0.92(2) 0.91(2) 0.96(2) 

ne. (2·J) 1.97(2) 1.98(2) 2.05(2) 2.06(2) 2.06(2) 

z (2 I) 0.360(1) 6.359(1) 0.363(2) 0.362(2) 0.362(2) 
c.. 
n(04) 0.92(2) 0.89(2) 0.97(2) 0.98(2) 1.00(2) 

--------------------------------------------------------------



Y-Bo2-Cu3-07, OXFe, T=293K 
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Fig. 4. The typical part of diffraction pattern for the Fe contained samp- ~ 
les: a - 0%, b - 6%, c - 10%. 

It should be noted that tetragonalization occurres with an increa­
se of Fe content and is accompanied by a decrease of the va.ue g = c/3-
-(a+ b )/2, where a, b and care the lattice parameters. It is known that in 
the case of the falling of 04 occupancy from 1 to 0 in pure YBa2Cu3 0 

7 
the lattice becomes also tetragonal, but the g-value increases. 

Given in Table 3 occupancies of copper are normalii'.ed on the 
coherent scattering amplitude bcu = 0.772 ·10- 12cm. For x_= 0 they 
are in good agreement with multiplicity of positions (la: and (2q), 
where the atoms Cul and Cu2 are situated. To determine ·;he concen­
tration of impurity in these positions, one must know th1~ probabili­
ties of the substitution. Initially assuming equiprobable mbstitution 
of Cu for Fe both in (la) and (2q) and having in mind that bFe = 
= 0.954·10-llbm, one can have for x =0.10 n(la) =1.024 :mdn(2q)= 
= 2.047. The experimental value ne (la) is essentially less 1;han 1.024, 
while ne (2q) is equal to 2.047 in the limit of errors. This fact allows 
one to assume that the (2q)-position is filled in by Fe-atoms in the right 
concentration, while in the (!a)-position there are some number of 
vacancies. One can calculate the occupancies of (la) and (2q) positions 
for Cu, Fe and vacancies (see Table 4) taking into account ·;he possibi-
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X 

ne 
k 
n Cu 
nFe 
n vac 

Table 4 

The occupancies of (1a) and (2q) sites by Cu and Fe atoms 
and vacancies. The calculation was made assuming that r c u = 
=k(1- x), nFe = kx. 

(1a) (2q) 

0.06 0.10 0.06 0.10 
0.92 0.96 2.05 2.06 
0.91 0.94 2.02 2.01 
0.85 0.85 1.90 1.81 
0.05 0.09 0.12 0.20 
0.10 0.06 -0.02 -0.01 

lity of vacancies and assuming that Cu and Fe are present in tl.e samples 
in right concentration, i.e. ncu-(1-x) and nFe -x. It i! obvious, 
that Table 4 is correct only for a (2q) position due to n vhc= 0. For 
the (1a) position the experimental value n e can be explained l>y ¥arious 
ways: one can decrease n F , simultaneously increasing n c md n v . e u ac 
In this sense, the values of n Fe (la) given in Table 4 are :he upper 
limit. It should be noted that n Fe both for (1a) and (2q) positions 
are practically equal to the iron concentration in initial conposition. 
The visible decrease of Cu1 is still obscure though there is in :ormation 
of such kind in other papers. For example, in the YBa

2
C11a 0

6
.
6 

single­
crystal structure analysis by X-Ray 113/it was reported that n

1
;u=(1a) = 

~ 0.862. 

5. C o n c 1 u s i o n s 

The results of the present paper confirm the good possibilities of 
structure investigations of bigh-T superconductors with Lhe TOF-

c 
diffractometer DN-2. The Rietveld method gives reliable in:'ormation 
about the positional parameters and occupancies of atoms. Tt e oxygen 
content is determined with the accuracy of (0.02-0.03) atom per unit 
cell. Including in the fitting of data the diffraction peaks with d-spacing 

0 

greater than 1.4 A makes the correlations between thermal and occu-
pancy parameters not so important. 

A likely explanation of our measurements on YBa (Cu Fe ) 0 
. 2 1-ll ll 3 J 

can be done if one concludes that Fe impurities are present in both 
Cul and Cu2 site in accordance with 1/3 and 2/3 probabiliti1lS. Simul-
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taneously t.l"e vacancies (6-10%) are present in Cu1 site. The search 
for long-period modulations of single crystal structures of YBa2 Cu3 0 

7 
and GdBa2 Cu3 0 7 has not given any evidences of additional diffrac­
tion peaks. Ne have found that th~ lowest limit of possible incommen­
surate modu ation is as high as 400 A 

The at.thors are indebted to V.L.Aksenov for encouragement 
and helpful discussions. 
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NEUTRON SCATTERING STUDY OF YBa 2Cu30 6 +8 
(0 < 8< 0.8) OXYDES 

A.M.Balagurov, I.E.Graboj*, A.R.Kaul*, G.M.Mironova, 
V.V.Moshchatkov*, I.G.Muttik*, Ja.A.Shapiro*, M.E.Zalish<hanskii 

Neutron scattering study of YB~Cu3o6+s(& 070.8) compounds 
is perfom1ed. For 8 = 0.08 we observed tetragonal crystal structure 
with lattice parameters a=3.840 .l\. and c= 11.737 A and an ac ditional 
diffractional peak which may be considered as (1/2 1/2 1) magnetic 
reflection. Any other magnetic reflections corresponding to A F struc­
ture suggested earlier have not been found within the limits of the 
experimental resolution and intensity. 

The investigation has been performed at the Laboratory of :~eutron 
Physics, JINR. 

HeifTpoHorpa<PHllecKoe Hccrre,IJ;OBaHHe cTpyKTypbi YBa 
2
cu30 6+8 

npH 0 <8< 0,8 

A.M.EarrarypoB H ll.P· 

IlposeiJ,eHo HeifrpoHorpa<iJH'IeCKoe HCCJiell.OBaHHe crp: rKTypbi 
Y B~Cu:J.)6+,s npH 8=0,08, 0,36, 0,48 H 0,68. Torr&Ko rrpH

0
8=0,08 

pellleTKa KpHcrarrrra .IIBJI.IIeTc.ll rerparoHarr&Hoif c a= 3,840 A H c = 
= 11,737 Jl, H Ha HeHlpOHOrpaMMe llpHCYTCTByeT /],OIIOJIHHTeJibHhiH IIHK, 
KOTOpblH MO)I(}{O HHTepnpeTHpOBaTb K8K OTpll)l(eHHe (1/2 1j:•. 1) OT 
aHTH<iJeppoMarHHTHOH CJPYKJYpbi. ,Upymx MarHHTHbiX IIHKOB < HHTeH­
CHBHOCT.IIMH, IIpCBbllllaiOI.l.(HMH CTaTHCTH'!eCKYIO OIIIHOKy, He OOHapy­
)KeHO. 

Pa6oTa BbiiiOJIHeHa B naooparopHH HeHTpOHHOH <PH3HKH DHJ111. 

The possibility of the AF ordering in oxygen deficient YE ~ Cu3 Oe+8 
compounds at temperatures T< 500 K has been recently confirmed in 
neutron scattering experiments 11 • 21 • Low intensity and ,·ery limited 
number of the magnetic reflections made impossible the reliable deter­
mination of magnetic structure, the effective Cu momer t and even 
its orientation with respect to crystal structure. Measurements of magne-

*Moscow State University 
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tic scattering in YBa2 Cu 30 6+0 on polarized neutrons showed the pre­
sence of mag1etic fluctuations up to 5 = 0.59131 . Taking into account 
the importan :e of the interconnection of magnetic and superconduc­
ting propertiE's in YBa2Cu3 06+0 compounds we need additional data 
to know exac:Jy the magnetic structure. 

In earlie · experiments carried out with the help of crystal spectro­
meter one of the obstacies was connected with the strong higher harmo­
nic contribution (mainly A/2) into the measured integral intensity. 
We used the time-of-flight diffractometer where this contribution is 
absent and, therefore, we hoped to determine more correctly the mag­
netic reflecti< m intensity. Also we aimed to check the absence of the 
long range arttiferromagnetic order in YBa 2Cu 30 6+0 compounds with 
l)> 0.2. 

Oxygen deficient YBa 2CusOB+o samples were prepared by quen­
ching them from different annealing temperatures T =350..:. 950 C into 
liquid nitrogom 141

. The oxygen content was determined by the wet 
chemical anaiysis and also from Rietveld fitting of the diffraction pat­
terns. 

Time-of flight diffractometer DN-2 151 and pulsed reactor IBR-2 
were used tc register neutron diffraction patterns which were recorded 
by the posit on detector with the sensitive area of about 150 cnr and 
the angular resolution of 19'. The time-of-flight and interplane spacing 
relative resollltion of DN-2 makes up 1% ford= 3 A and 28 =150°. 
We looked f n the magnetic reflections up to d = 20 fi. for severalscat­
'tering angles of 90, 40 imd 30°. 

The re1inement of neutron diffraction patterns measured with 
high resoluti::m at 28= 150° was performed using the Rietveld method 

16' adapted to the DN-2 . This diffractometer is designed for measure-
ment of tho~ medium and large d-spacing, so we cannot determine 
the thermal r ararneters of atoms independently. But including in the 
fitting the reflections with d~ 1.4 A only makes the correlations bet­
ween thermal parameters and occupancy more less. 

Parame :.ers derived from neutron scattering data are given in the 
Table. The oxygen content was found from the neutron diffraction 
pattern fitting in the range of 1.4~ 3 A (Fig.l). The 8 value determi­
nf'd both by 1 he wet chemical analysis and from neutron scattering data 
are in good agreement for samples No.2-4. For sample No.1 there is 
certain discrepancy between these two methods, Be is appreciably 
greater than 8r and is not in accordance with low Tc. It may be cau­
sed by the existence of sharp dependence of Tc in the range 8=0.7 ~0.8. 

We do not show here the final results of Rietveld refinement as 
they agree well with the data from earlier neutron experiments 17/, 

which showed that samples prepared in the above described manner 
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Table 
Characteristics of the samples under study 

Sample Ta,K Tc,K 8 Chern. 8Rietv. R,% g1·10 2 g2·10 3 

1 873 58 0,83 0.68 (2) 5.4 4.1 7.8 

2 923 40 0.51 0.48 (2) 4.2 4.7 5.7 

3 973 <20 0.41 0.37 (2) 2.6 5.7 4.3 

4 1213 0 <0.20 0.08 (1) 7.3 7.2 0.0 

Ta is the annealing temperature, T c is the temperature of phase transition 
(the middle point of resistive curre}, 8c and 8r are the 04 ox.vgen content deter­
mined by the chemical analysis and from Rietl'eld fitting. R - the profile R-fac­
tor, gl= c/3 -(a.tb) /2 and g2=(b-a) /(b+ a) are the parameters of the devia­
tion from the ideal perovskite structure and the orthorhombic dist£ rsion of the 
tetragonallattice. · 

!X 1000! Y-Bo2-Cu3-06. Jl. 2G4. 11SU 

d, A 

Fig.l. Obserred (dots) and calculated (solid line) diffraction profile Jrom sample 
No.3. The difference curre is shown in the bottom. The total of 245 uperimenta/ 
points were processed with R-factor over profile being 2.6%, weightEd ~-factor 
3.4% and expected~ =2.1%. 
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Fig.2. Diffnction spectrum from sample No.4 measured at 2()::40°. A peak at 
d.: 4.93 A' i: clearly observable. It may be considered as (1/2 1/2 1) magnetic re­
flection from the AF structure. 

really become oxygen deficient and variation of 8 correlates with the 
(b- a)/(b+a) value. After annealing at 970 K the diffraction pattern 
shows a p.ne single tetragonal phase with 04 removed from (ie) posi­
tions. 

As is shown in Ref.
11

' 
21 

the AF ordering in YBa2Cu 30 6+0 for 
os;. 0.15 leads to the unit cell doubling along a and b axes, i.e. permits 
the enhan ~ement of magnetic peaks of the (1/2 1/2 e ) type (if Miller 
indices art; used for nuclear cell). In experiments/1,2/ the peaks (1/2 
1/2 1) and (1/2 1/2 2) with d equal about 5K and 4 ~.respectively, 
were obse1 ved to have approximately equal intensities. 

A cru efull check undertaken in the vicinity of d = 5 Ji.. has revealed 
an additional weak reflection (d=4.93 A) in sample No.4 only (Fig.2). 
The lattic'~ parameters for this sample were measured under good reso­
lution (20 =90° and 150° ), being a=b=3.840 ~and c= 11.737 A* and 

---------------
*In Fe/ 11

: a=b= 3.857 A and C=ll.855 A, in Ref, 121:a=b= 3.843A 
0 

and C=ll. 756 A. 
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Fig.3. Diffraction spectrum from sample No.4. In the vicinity of c =3~99 A the 
(1/2 1/2 2) magnetic reflection must occur, but its intensity does n·Jt exceed the 
statistical error. 

corresponding to calculated (1/2 1/2 1) magnetic peak position. No other 
magnetic peaks were found within the limits of experimental resolu­
tion and intensity. Namely 1%% 2 (d=3.99 K)=38::54 (fig.3), 
while I'h t,i 1 (d=4.93 A)=1053:!:123. Corrections for the effective 
spectrum, Lorentz factor and absorption have small influence on the 
intensity ratio for these two peaks and so it appears to be equal to .. 20 
at least. 

Rietveld profile refinement of the data from No.4 ~ample gave 
8=0.08 (R=7.3%) showing only a modest corresponden<e with the 
tetragonal P4/mmm structure. Many peaks especially thone occurring 
in the range of d = 3 1\. have some additional intensity. 

Thus the performed experiments have not demonstratEd any signs 
of AF long range ordering in YBa2 Cua 06+8 compounds 1or 8~ 0.36. 
For 8= 0.08 the additional peak appears and it may be cc nsidered as 
a magnetic reflection (1/2 1/2 1) from tetragonal AF lattice with doub­
led a and b. In contrast to Refs! 11 •21 no other additiona: reflections 
have been observed in our experiments. Therefore, one shollld consider 
with care the models suggested in Refs/ 1 .21 and a new thorough search 
for magnetic peaks is necessary. 

53 



The authors would like to express their gratitude to V.L.Aksenov, 
V.I.Lushchiwv and Yu.M.Ostanevich for usefull discussions. 

References 

1. Tranquada J.M. et al.- Phys.Rev.Lett., 1980, 60, p.156. 
2. Rossat-Mignod J. et al.- Physica C, 1988, 152, p.19. 
3. Mezei F. et al. KFKI-1988-15/e, Budapest, 1988. 
4. Kaul A. R., Graboj I.E., Tret'jakov Yu.D. "Superconductivity", 

issue I, etl. Ozhogin V.I., Moscow, MSU, 1987. 
5. Balaguro·r A.M. et al. JINR, 3-84-291, Dubna, 1984. 
6. Balaguro·r A.M. et al. JINR, P14-87-744, Dubna, 1987. 
7. Hewat A W. et al.- Sol. St. Commun. 1987,64, p.301. 

Received on June 17, 1988. 

54 



KparKue coo6U4eHWI OHJIH N"4 [30]-88 
Y,IJ,K 538.945 + 539.125.5 

JJNR Rapid Communicafi, ms No.4 [30]- 88 

ON DETERMINATION OF THE MAGNETIC FIELD 
PENETRATION DEPTH IN OXIDE SUPERCONDUCTORS 
BY POLARIZED NEUTRONS REFLECTION 

D.A.Komeev, L.P.Chemenko 

The R (k ), R (k.L) reflection coefficients are calctlated for + .L -
YBa 2Cu307 film sprayed on SrTi03 (k .L is a normal to the surface 
component, of a wavevector of neutrons) using the quantum mecha­
nical model describing the reflection of neutrons from the surface 
of a thin superconducting fJlm. The dependence of S(k J=Rr(k1)/R_(k .L) 
on the depth of magnetic field penetration into a superco 1ductor A, 

on the external magnetic field H, and on a fJlm thickness d i! analysed. 
The possibility is motivated of carrying out experiments on determina­
tion of A under condition compared favourably with those u11der which 
the experiments with ceramic samples of high temperature superconduc­
tor have been conducted. 

The investigation has been performed at the Laboratory cf Neutron 
Physics, JINR. 

06 ODpe.o;eneHHH rny6HHbl DpoHHKHOBeHH.II MarHHTH )rO 

DOJl.ll B OKCH.o;Hble CBepXDpOBO.o;HHKH MeTO.D;OM OTpa:lKeHH.II 

DOJI.IIpH30BaHHb~HeHTpDHOB 

n.A.KopHeeB, fl.fi.qepHeHKO 

Ha OCHOBC KB3HTOBQ-MexaHH1JeCKOH MOneJIH,OIIHChmaiOIUeif npouecc 
JepK3JlhHOrO OTpll)l(eHHJI HeHTpOHOB OT ROBepXHOCTH TOHI< OH CBepX· 
npOBOWillleii WieHKH, p3CC'IHT3Hhl CRHH33BHCJIIUHe KOJcl>t>HUHeHThl 
orpll)l(eHHJI R+(k.L), R_(k.J WIJI WieHKH YB~Cu3o7 , HanhmeHHoii 
Ha ROWJQ)KKY HJ SrTi03, rne k .L - HOpM3JlhH3JI K nosepXH )CTH KOM· 
ROHeHTa BOJlHOBOrO BeKTOpa HeiirpOHOB. fip03H3JJH3HpOBII.IIa Ja.BHCH· 
MOCTb cl>Y"KUHH S(k )=R (k )/R (k ) OT rrry6HHhl npoHI'KHOBeHHJI 

J. + J. - J. 
MarHHTHoro noM B csepxnpoBOnHHK A, seml'IHHhi saeumero Ma.rHHT· 
Horo R01IJI H H TOJIIJ.lHHhl WieHKH d. 060CHOB3Ha BOJMO:>KHCCTh DOCT3· 
HOBKH JKcnepHMeHra no onpeneneamo A B ycnosHJJX,shrrc nao ome­
'laiOIUHXCJI or ycnoseii JKcnepHMeHroB c Kepa.MH'IeCKHMH < •6pa.Jua.MH 
BhiCOKOTeMneparypHhiX CBepXnpOBOnHHKOB. 

Pa6ora BhiDOJIHeHa B na6oparopHH HeiirpoHHoii ct>HJHIO:H OHHH. 
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Recently the results111 on determination of the magnetic field pene­

tration d£pth in YBa2Cu30 7 obtained by polarized neutron reflection 
have beer. published. The iolarized neutron reflection method compa­
red with 1he other onel 2

• 
1 

has demonstrated a significant divergence 
(by 10 times) from estimation of A. As yet, the reasons of such diver­
gence are 1ot clear. 

It should be noted that basically, under definite conditions, the 
polarized neutron reflection at low energies allows one to determine the 
dependenc :e of a magnetic field value on a depth. The possibility of 
interpretirtg the obtained results in the frame of the problem of neut­
ron reflec cion from a medium surface should be referred to such con­
ditions. 1 he high density and substance magnetization homogeneity 
along the surface (the absence of pores, multiphase states and other 
inhomogeneities) is the most essential requirement. Thus, it follows 
that the Hhole of the sample must be in the Meissner phase. The den­
sity of s 1perconducting ceramics differs from the crystallographic 
one. Hence, those ceramics bear a significant structure inhomogeneity. 
This fact to some extent may reduce the evidence of the A estima­
tions on the base of experiments on polarized neutron reflection from 
the surfa< e of mass samples. Besides, microscopic divergences from 
ideal planc!ness, i.e. surface undUlations of a ceramic sample YBa2Cu 30 7 
at the experiment111 have led to the fact that the uncertairlty M re­
presents 25% of the mean value of a grazirlg angle 8. Clearly the great 
value of a parameter ( M /0) reduces the sensitivity of the method and 
it is conne !ted with some hypotheses of the surface quality. 

BeloH we anaiyse the chance of carrying out an experiment to 
determine A by means of polarized neutron reflection under more 
clear conditions using a thin film of identical composition; the film is 
made by !.prayirlg on monocrystal base. It goes without saying that high 
hom ogene ty of a film • and the quality of its surface provided by a mono­
crystal base should essentially improve the reliability of the A estimation 
for the following reasons: firstly, due to the adequacy of a real reflection 
process an :l a model forming the data handling basis; secondly, because 
of an irlc1ease of a method sensitivity through a decrease of (t-:..0/e ~ 
It is know1 from141 the pattern of magnetic field distribution ir1 a thin 
superconducting film differs from the one in a half-infinite sample in 
the case that a penetration depth is comparable to a film thickness d. 
According to141 the dependence of induction on a coordinate z normal 
to a film surface is of the from 

B( z) = H . Ch((2z - d) I A) 
Ch(d/2A-) --, 
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where H is the value of an external magnetic field parallel to a :'ilm surfa­
ce. In order to handle experimental data on polarized neutron reflec­
tion from a superconducting film surface the method of calc 1lation of 
values R+ and R_ is essential. Here R+ and R_ are reflection c:>efficients 
of neutrons polarized "up" and "down" the field H,respectivel~·. We con­
sider the induction B(z) in a film is inhomogeneous and it is dencribed by 
the equation (1). The film is applied on the base of the kn:>wn com­
position. 

The calculation method developed in161 allows one t<:> estimate 
reflection coefficients R +(kJ.) and R_(k J.) (k J. -- is a normal compo­
nent of a wavevector of incident neutrons to the surface) and thus, 
to determine the value of expected discrepancy between R .. (k J.) and 
R_(k J.) according to A, d, H; it also permits to judge a sensitiri~y of the 
method with relation to the change of (M/0). 

The total effective potential of a medium is written in th•! form of: 

i2 
U = 4rr- N(b :!: bM(z)), (2) 

2m n 

where m is a neutron mass, N is a number of nuclei in a unit <•f volume, 
bn is a mean length of coherent neutron-nucleus scattering, Hnd bM(z) 
is calculated by the formula 

2. 31· 10-10 

N 
( B( z) -H) . (3) 

In (3) the dimensions of quantities are as follows: bM -- ~; N- A.-3; 

B, H - gausses. 
So, a superconductor without ferromagnetic ordering in the exter­

nal field can be thought of as a magnetized medium with some effec­
tive "magnetic" length of neutron scattering related to the induction 
and external field by the formula (3); in this case the total neutron scat­
tering length has two values of opposite polarizations in an inciC ent beam: 

+ 
b-(z) = bn+ bM(z). 

In the table given below we present the values being used hereaf­
ter and calculated on the basis of tabulated and crystallogra:Jhic data: 

Film (YBa2Cu 30 7) Base (SrTi0 3) 

---------------------------------------
0.631. 10-4 0.42. 10-4 
0.0747 0.0837 
3.06 · 10-9 (B(z)- H) 0.0 
7.7. 10-3 6.64 ·10-3 

814 946 
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where B a!ld H are being measured in gausses; k
0 

= ( 21T/A0 )is the value 
of a normal component of a wavevector of incident neutrons obtai­
ned if: 
'tt2k2 
..__Q._ = u . 

2m n 

In brief, the principle of the method is that a continuous poten­
tial is substituted for a discrete quasipotential: 

ii2 n 
U(z) =-- l bz(z.)o(z-zi). 

2m 1 = 1 
1 (4) 

The neutr<•n interaction in Z= z1 is proportional to the value of b z (zi ), 
which is a mean value of a neutron scattering length on the whole plane 
of z = z

1 
• A neutron wave function is chosen at each section between 

z 1 and z1 • 1 as a sum of plane waves moving in both direction~ (a po­
sitive and a negative one) with corresponding amplitudes: A( 1

) (k.~.) 
and A1 )(k L). By this means the substitution of the written wave func­
tion into a SchrBdinger equation with a quasipotential (4) reduces it to 
a system of bounded algebraic e9uations in relation to A(i) . Using this 
method ore may find all A(i) (k.~.) and A(i) (k .~.) (i=l, 2, ... , n+l) for 
any model dependence of bz (z 1 ), and thus find out a wave functLon in 
an inhomc geneous medium, reflection coefficie,!lts R(k.!. ) =I A( 1 )( k .~.) 1

2 

and transnission coefficients T(k.~.)"" I A(n+ 1 l(k.~. )1 2 of neutrons (here 
n is a number of points where a potential (4) is given). A continuous 
potential corresponding to a discrete one is defined for a homogeneous 
medium (t·z= const, Az =zl+ 1 - z1 = const) by the following expression: 

1t2 ~). 
U = 4" 2; ( Az (5) 

The latter expression may serve as a determination of a potential for a 
one-dimer sional homogeneous problem. A particular recalculation of 
"three--dirr.ensional" scattering lengths in "one-dimensional" ones is done 
taking thiE simple condition as the base: the potential of one- and three­
dimension.u problem must agree very closely. 

The results of experiments on the polarized neutron reflection are 
accepted t) be presented in the following form: 

+ Ne < k > 
s0 ctl= -·.. (6) 

Ne<k) 

where N6 (k), N 8 (k) are the intensities of the narrowly collimated 
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Fig_ 1. S ( k .L ) for cases: 1 - A = 200 A'; 
2 - A=iOOO A', when the field H=420 ga­

usses for a film 1000 A thick. 
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Fig.2. S( k.L) for cases: 1 -~ d = 

=1000 A; 2 - d =1500 A when the 

field H= 105 gauses and A= 200 X 

neutron beam reflected at a grazing angle 8, k is a wavevector of inci­
dent neutrons. It should be noted that k.L = k · 8. Signs- and+_ show 
that neutrons have been registered with the help of a spin-flip )er being 
switched on and switched off, respectively. A spin-flipper is tle ·device 
reversing the polarization vector J1 about the vector H in an incidcmt beam. 
In the general case P = I-(k). The probability f of the polarizatic n reverse 
with a spin-flipper is also the function k, i.e. f= f(k). 

Now we tum our attention to the discussion of calculated values 
of S(k .L ) = R + (k .L )/R _ (k .L ) for a model superconducting lilm with 
the values of neutron-optical parameters given in the Table. 

Figures 1-c- 3 show calculation results of the S(k .L ) for an ideal 
reflectometer, i.e. (M /8 )=0.; (Mt;k )={).; P = 1.; f = 1. 

Figure 1 presents S(k.L ) for a film with a thickness of d =1000 A 
in the region of values k .L::: k 0 • Two cases are given: 1) when A= 200 A 
(curve 1) and when A= 1000 A (curve 2) if an external field is equal to 
420 gausses. S{k) is of oscillating character {also see fig.2). It is seen that 
as A decreases the effect increases. 

Fifure 2 demonstrates the differences of S(k .L) for films with 
a thickness of 1000 1\ and 1500 .$., respectively. A film thickness increa­
se has led to an increase in a number of oscillations in a picked inter­
val k.L. 

The comparison of curve 1 in Figs. 1 and 2 allows one tc, evaluate 
the dependence S(k ) on an external field value: as a field decreases 

.L 
the effect also decreases being available for measurement wl: en fields 
are 2: 50 gausses. 

Figure 3 presents a specific case, i.e. when a film with a substrate 
8 thick does not transfer to a superconducting state. The deficiency 
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thick in the field H = 420 gausses, 
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of oxyger. near a film surface may cause the existence of such a layer. 
Figure 3 demonstrates the manner in which S (k J. ) depending on 8 is 
changiirg. · 

The 'inite reflectometer resolution transforms S(k J. ) into Se ( k ); 
the latter function is equal to S e (k J. ) at a fixed value of parameter 8 
when ·.k=icJ. ;e. 

CurvE 2 in Fig.4 shows S~ (k J.) at 8= 5 ·10-3 ;(Mj()) =4 ·10-2 and 
P(k)=l- clk4 (c=6.28·1o-3 X-4 ). The dependence P(k) has been 
taken from 171 

. Curve 1 in Fig.4 is an ideal case. One may see that 
taking int J account the reflectometer real parameters we observe a 
significant decrease in the effect. 

It shc,uld be noted that at first sight it seems advantageous to in­
crease the parameter 8 because at ( M /11) it tends to zero. But 8 will be 
confined by k = ( k /8 ) ~ k *, i.e. e s, (k /k*) which comes from the or­
dinary req11irement~ the k values must 

0
get to the region of k* values 

where the spectral density of thermal neutron flux is rather high, in 
order to provide the statistic precision in measuring S(k J. ). Thus, for 
example, the typical value of k* for thermal beam of the pulsed reactor 
IBR-2 of J:NR is k* = (2n"/,\*) =1.7 ~-l ( .\* = 4+ 5 A). That corresponds 
to e :s: k 0 /L* =5 · 10-s. 
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Conclusions: 
1. The experiment on the determination of A in film high-t•~mpe­

rature superconductors by polarized neutrons will allow one to g ~t the 
A using more precise conditions compared to those used for inv ~stiga­
tions on thick samples. The estimation of A becomes more reliable. 

2. The calculation method has been created for handling ·~peri­
mental spectra of neutrons reflected from a thin superconducting film, 
applied on a mass base and placed in the magnetic field H, to determine 
the A and the thickness of the substrate having no superconiucting 
properties. 

3. Neutron-optical parameters for the YBa2 Cu 30 7 fi)m and 
SrTI01 base are such that the effect might be statistically ob~ervable 
in the re~on of values of k ;::k

0 
= 7. 7 .1()-3 K-1 at a grazing angle of 

e 55 ·10-~. In this case the value of the very effect grows v .. Lh an in­
crease of the field H and with a decrease of the A. The ngion of 
0;:; j\:;2000 .'~ for fields :: 400 gausses is considered to be available 
for measurements of the A When a field reduces, this region g ;ts narro· 
wer. In real conditions of the experiment the values of H 'S_51) gausses, 
apparently, might not provide one with a reliable determination of a A 
at different values. If the first critical fields is H 1 < 50 gausses, the latter 
condition limits the correctness of the experiment interpretation in the 
frame of a one-dimensional neutron reflection model. 

4. Film thickness at which z.dvantages of the thin-fLm· sample 
YBa 2Cu 3 0 7 , connected with a characteristic non-monotone behaviour 
of S(k.1. ), are apparent lie in the interval of 1000..;. 1500 R. 

5. The uncertainty in the reflectometer parameter (M, 8) ~5% and 
consideration of incomplete neutron beam polarisation preserve all 
.::haracteristic peculiarities of the S(k _), reducing the effect by approxi­
mately two times. 

6. The experiments with monocrystal films allow one 1.o determine 
the va·!ue of A along definite crystallographic direction detenained by the 
behaviour of a film growth in the process of its preparation. The experi­
ments with polycrystal films give information on the A ~.veraged over 
crystallographic directions considering the degree of a reciDrocal crystal 
disorder. The comparison of experiments on films with a different de­
gree of a mosaic structure will permit one to estimate crystallographic 
anisotropy of A. 
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!LSR-INVESTIGATION OF THE HIGH-Tc 
SUPERCONDUCTOR HoBa2 Cu 30 7_~ 
V.N.Duginov, I.E.Grabojl, V.G.Grebinnik, I.I.Gurevich 2, 
A.R.Kaul 1, B.F.Kirillov2

, E.P.Krasnoperov 2, A.B.Lazarev, 
B.A.Nikolsky 2, V.G.Olshevsky, A.V.Pirofov2, V.Yu.Pomjakushin2

, 

A.N.Ponomarev2 , S.N.Shilov, V.A.Suetin , V.A.Zhukov 

A high·Tc superconductor HoBa 2Cus07 .l) (Tc -93 K) has been 
investigated by the /LSR-method in a zero external magnetic fidd, the 
sample being cooled from the temperature much higher than Tc to 
T=4.2 K. The fast increasing of the muon spin depolarization in the 
temperature range I 0-4.2 K is observed. which indicates the flue :uating 
production of the magnetic ordering in this sample. 

The investigation has been performed at the Laboratory of Huclear 
Problems, JINR. 

HcCJie.o;oaauue BbiCOKoTeMnepaTypHoro caepxnpoBOJJ,HHKa 
HoBa2Cus07. 8 !LSR-MeronoM 

B.H . .IlyrHHos H np. 

HccrrenosaH IL S R-MeronoM BbiCOKoreMrreparypH&IH csepxrr :>oson­
HHK HoBa2Cu 3o7.a (T c- 93 K) B HyrresoM BHeurneM MarHHTHOM none 
npH oxrra)I(,IJ;eHHH o6pa:1ua or reMneparyp&I, JHa'IHrerr&Ho rrpes ,nuaK>­
meii Tc, no reMneparyp&I T= 4,2 K. B o6rracrH reMneparyp H•4,2 K 
Ha6monaeTCH 6biCTpaH nenorrHpH3aUIDI CITHHa MIOOHa, CBH,ZJ;eTeJib ;rByiO­
UlaH 0 <f>rryKryaUHOHHOM 06paJOBaHHH MaTHHToyrropH/lO'II~HHOfO 

COCTOHHHH B HccrrenyeMOM coenHHeHHH HoBa2Cu 30 7.[j. 

Pa6ora s&morrHeHa B J1a6oparopHH nnepHbiX rrpo6rreM OHJIH. 

Nowadays the phenomena in high-Tc superconductors like 
RBa2Cu30 7.a , R being the rare-earth elements with high atomic 
magnetic moments, arouse great interest11 • 2/ . 

In our experiment a high-Tc superconductor HoBa 2Cu40 7 _ 3 
has been investigated by the 1-1SR-method. The experiment was perfor-

1 Moscow State University 
21. V.Kurchatov Institute of Atomic Energy, Moscow 
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The solid cu -ves are plotted according 
to formula ( 1 ). 
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Fig.3. Temperature dependence of 
'A(T) in the temperature . range 
4.2-15 K. The solid line is plotted 
according to formula (2 ). 

med at the :..aboratory of Nuclear Problems (JINR, Dubna) in the pha­
sotron muon beam. The sample was a disk - 40 mm in diameter and 
-10 mm thick. The disk's face was perpendicular to the direction of 
the muon bE!am polarization. The superconducting transition temperatu­
re, determir ed in resistivity measurenents, was about 93 K. Investiga­
tions of the sample were performed in a zero external magnetic field 
in the temperature range 4.2-140 K. 
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To fit the experimental data the relaxation function was taken 
to be: 

(1) 

where a is the decay asymmetry of the 11+-fraction stopped, as we sup­
pose, at the sites nearest to Ho-atoms; A(T) is the muon sr in relaxation 
rate for this fraction; ai is the total decay asymmetry determined in 
the experiment at T» Tc in the magnetic field H .L transversal to the 
initial muon polarization; a is the muon spin relaxation rate for the 
muon fraction stopped at the sites far from Ho-atoms. It was assumed 
that a, ai and a are constant at all temperatures (a= 0.097 ±.0.002; 
a2= 0.155; a= 0.182±0.008). Values of A(T) were selectee individually 
for each spectrum. Figure 1 shows the experimental deper dences P z (t) 
and those computed by eq.(1). 

The muon spin relaxation rate A(T) as a function of the tempera­
ture is plotted in Fig.2. As is seen, there is no visible change in A from 
T= 140 K up to T-15-20 K. This means, that there an no signs of 
magnetic ordering above -15-20 K. However, . the fast ncreasing of 
A is observed below -15-20 K, which can be explained b) the fluctua­
ting fom1ation of magnetic ordering (ferro- or antiferromagnetic) in the 
paramagnetic phase of the superconductor near the rna gnetic phase 
transition temperature. The dependences Pz (t) in Fig.l dso indicate 
the fast increasing of the muon spin relaxation rate when the tempera­
ture approaches 4.2 K. 

The analysis of the .\(T)-dependences at T < 15 K showed (Fig.3), 
that the observed increasing of A with decreasing tempetature can be 
expressed as: 

c 
A( T) = f3 , 

(T- T cr) 
(2) 

where Tcr = (0 ±1) K, {3 = 1.9± 0.3. 
The magnetic ordering in HoBa2Cu3 0 7.a is connected with 

holmium atoms whose unfilled 4f-shell has a magnetic moment of 
10 lls . In pure holmium these moments are ordered at 2) ~T ~132 K 
as helicoidal antiferromagnetic and at T < 20 K as helicoidal ferromag­
netic. The magnetic ordering in the high-Tc su Jerconductor 
HoBa 2Cu3 0 7.a observed in the experiment points to coexistence of 
superconductivity and magnetism in this substance. 

The same result was obtained in Ref/91 
, where ;he magnetic 

phase transition was observed in GdBa 2Cu3 0 7_5 at 2.3 K. 
We thank V.Yu.Yushankhaj for helpful discussions and I.A.Gaganov 

for assistance in measurements. 
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POSITRON ANNIHILATION IN A HIGH-TEMPERATURE 
SUPERCONDUCTOR YBa2Cu307- 8 

J.Wawryszczuk, T.Goworek1
, A.I.Ivanov 2

, M.Lewandowski, 
P.Mazurek1 , V.N.Rybakov, I.F.Uchevatkin2

, I.A.Yutlandov 

Positron annihilation as a function of temperature in high-tempera­
ture superconductors YBa2CuaO 7 _ 8 has been investigated. It is >hown 
that a change in the annihilation character at the transition into super­
conducting state is relatively small. The change of r1 and r2 p<•sitron 
lifetimes as well as of the intensity of the component with r2 - J ~ and 
Doppler broadening S parameter allows one to assume that transition 
into superconducting state is accompanied with a certain decn ase in 
electron density and with decreasing number of defects or inc ·easing 
their size. 

The investigation has been performed at the Laboratory of 1'- uclear 
Problems, JINR . 

.AiiHHrHJI.RUH.R n03HTpOHOB 
a BbiCOKoTeMTiepaTypHoM caepxnpoao.U.HHKe Y Ba 2 Cu ~ 0 7_ 8 

H.BaBp&II.UYK u np. 

HJy'leHa aHHHllm.IIUHJI rroJHTpoHoB B o6paJuax B&IcoKoreJ.mepa­
rypuou csepxrrpoBo,[J,Jlllleu KepaMHKH Y Ba 2 Cu3 o7_B· Iloi<aJauo, 
'ITO HJMeHeHHe xapaKrepa aHHHllmJIUHH rrpH rrepexone B csepxrrpo­
Bo)J,Jimee COCTOJIHHe omoCHrenbHO HeBenHKO. 11JMeHeHH.II B peMeH 
JIQIJHH TI03HTpoHOB r1 H r2 , a T8K'll<e HHTeHCHBHOCm KOMTIOHeHTbl 
~ H )J,orrrrnepoBCKOfO yiiiHpeHHJI aHHHllm.IIUHOHHOH y-JIHHHJI (rra­
paMerpa S) rroJBomuor rrpe.u.rronaraT&, 'ITO rrepexon B csepxrrpo­
BO)J,Jiwee COCTOJIHHe COTipoBoliC,!J,lleTCJI HeKOTOpbiM YMeHbWeHHeM 
JneKrpoHHoif rrnomocm H yMeHbUieHHeM 'IHcna HnH YBenH~eHHeM 

paJMepoB ne<JieKTOB KpHCTannHI£CKOH pewerKH. 
Pa6ora B&monueua s Jla6oparopHH HnepHLIX rrpo6neM OHHH. 

Nowadays superconductors like La-Ba-Cu-0111 have been inten­
sely studied by all available methods, including the positmn B.nnihi­
lation method which is especially sensitive to the structurE of a sub-

1 
Institute of Physics ofCurie-Sklodowska University, Lublin 

2 All-Union Mendeleev Research Institute of Metrology, Leningr(J£' 

67 



stance. Usudly, the parameters describing the annihilation process (po­
sitron lifetime, electron momentum distribution widtt/ 21 ) significantly 
change in the phase transition point. Despite the disappointing results 
obtained w 1th common metal superconductors in the 50-s 13 • 61 , 

it seems reusonable to follow the behaviour of the annihilation para­
meters in tlce transition region (T c ) of high-temperature superconduc­
tors. In the first paper181 dealing with this problem the Doppler broa­
dening of the 511 keV annihilation Y-line was measured for La-Sr-Cu-0 
and Y -Ba-C 11-0 systems. In further experiments ~7 • 81 positron life­
•times were also measured for Y -Ba-Cu-0 system. Ambiguity and some­
times discrepancy of the results obtained make it necessary to cor.ti­
nue the inve !ltigations. 

This paper presents the results of positron lifetime measurements 
for YBa2 Clt 30 7 • 8 and Doppler broadening measurements for the 
annihilation Y-line in the temperature interval 80-130 K. 

Experimental Technique 

Positron lifetimes were measured by means of a yy-coincidence 
time spectr<>meter with two BaF2 crystalls 38x25 mm in size. The ener­
gy resolution of both scintillators with photomultiplyers XP2020Q 
was 7% f01 the 

80 
Co 1333 ke V line. To eliminate distortions of the 

time spectrum shape at large loads in the coincidence selection circu~ 
its, bloc:Ks were used to reject overlapping pulses. Under the experi­
mental conditions (for 1274 and 511 keV y-quanta) the time resolu­
tion of the spectrometer was 2 r = 220 ps. The shape of the instan­
taneous coincidence curve for So Co corresponded to one Gaussian 
distribution up to 0.001-th of its full maximum. The time scale was 
graduated t<' 22.0(1) psfchannel. 

The D:>ppler broadening of the 511 keV annihilation Y-line (S­
parameter) .vas measured by an X-ray Ge(Li)-detector of volume 1 sm3 

and energy resolution 1.02 keV for the 106Ru 512 keV line. The ener­
gy value oJ the channel was 0.080 keV. Instability of the 511 keV 
line positior during measurements did not exceed one channel. 

For measurements at different temperatures the YBa 2Cu 30 7 • 8 
samples were placed in a cylinder-shaped liquid-nitrogen-cooled va­
cuum crymtat (p =. lo-3 Torr), diameter 18 mm. Temperature was 
changed by heating the intermediate hollow copper cylinder by current 
flowing thr:>ugh a double-wound winding around this cylinder. Inside 
it there was a small copper cylinder with the sample tightly inserted 
in a slot. The temperature of the sample was measured in relation to 
liquid nitrogen temperature by means of a copper-constantan thermo-
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couple. The voltage from the thermocouple was also usee for tempe­
rature stabilisation (winding current correction). The stabilisation 
system we had developed allowed a constant temperature of the sample 
to an accuracy better than 0.3 Kin the interval 79-200 K. 

The positron source of activity ~ 30 IlK was pre pan: d by evapo­
rating the aqueous solution of 22NaCl on nikel foil 1.2 ~Jm thick coa­
ted with a gold layer 50 A thick. The source area was ~ 8 mra2. 

The time spectra were processed by • the programme 
POSITRON FIT 191 in a microcomputer of the type IBI'v[ XT which 
is part of the measurement apparatus. Correction for pcsitron anni­
hilation in the nickel foil ( ~ 8 %) was not taken into a~count. The 
time resolution of spectrometer 2 r 

0 
was also regarded as a fitting 

parameter. The values of 2 r 
0 

obtained in the fitting were within 
222-225 ps. There were ~ 1.2 · 10 6 coincidences registered for each 
time spectrum. 

To follow the annihilation y -line shape varying witb the sample 
temperature, the S parameter was calculated, which is t;he ratio of 
the number of counts in 14 channels of the central part of the 511 keV 
peak to the sum of counts in two windows (18 channels ·~ach) on the 
peak's left and right slopes. 

The samples to be investigated were prepared by sintering Y2 0 3 , 

Ba0 2 , CuO in the Laboratory of Nuclear Problems, JINF, (sample 1) 
and by sintering Y2 0S' BaC03 , CuO in the Institute of Physics of the 
Curie-Sklodowska Lublin University (samples 2, 3). The sintering tem­
perature was 950°C, the superconducting transition Lemperatures 
T

0 
were 96, 86, 95 K, respectively. The behaviour of 1;he function 

R(T) allowed an assumption that all three samples wem not single­
phase ones. 

Results of Measurements and Discussion 

The components with r 
1 

~ 180 ps, r 
2 

:: 350 ps and r 3:: 

~ 1.9 ns can be singled out in the positron lifetime spectra of the samp­
les under investigation. The intensity of the longest-lived component 
r3 did not exceed 0.55% and J 2 varied from a sample to a sample 
within the range of 8%-17 %. The attempts to single out only two com­
ponents lead to a significantly worse reduced X 2 

( - 1.3 at two compo­
nents instead of -1.1 at three components) and to 'l ~ 190 ps, 
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r 2 ':! 480 ps. Since no variations of rs were found in the temperatu­
re range inve1tigated, the final analysis of all time spectra was perfor­
med at a fixec averaged value of this parameter. 

Our measurements in the temperature range of 80-130 K and 
at room temperature showed that the change in the positron annihila­
tion characte ~ in our samples at their transition to the superconduc­
ting state is relatively small. The transition to the superconducting 
state is seen to lead to larger r 1 and r2 , to a small intensity of J2 and 
parameter S ( l"igure). 

If one considers that the component with r1 • 180 ps is rela­
ted to the free positron annihilation in the space between lattice points, 
the small increase in r1 observed at the supperconducting transition 
of the sample may indicate a change in the electron structure which 
leads to a lcwer electron density. The component with r2 ':! 350 ps 
typical of. annihilation of positrons captured by lattice defects should 
be perhaps associated with oxygen vacancies. A decrease in intensity 
of J2 and paameter S at T < T

0 
allows an assumption that the num­

ber of these defects reduces in the superconducting state. A larger 
r2 can be associated with the decreasing electron density or the increas­
ing size of 1he defects. The weak component with r 3 ::: 1.9 ns is 
probable duE· to positronium production in the porous structure of 
the metal-oxi<le ceramics. 

It is sta:e in Ref. 171 that the lifetime r1 (139 ± 7 ps) does not 
depend on the sample temperature, the lifetime r2 (- 210 ps) noti­
ceably deere 'lSeS at the superconducting transition while J 2 ( - 30 ") 
increases. it [s strange,' however, that the parameterS in the supercon­
ducting state decreases as in our experiments. A possible reason for 
discrepancy between our results and those of Ref.l71 is a difference 
in the composition of the san1ples investigated. 

In the E!Xperiments 161 only the Doppler broadening of the anni­
hilation line was studied. The results for the Y -Ba-Cu..Q system do 
not contradict our data. 

An . abn nmal behaviour of r 1 , r 2 and J 2 aroung T 
0 

was obser­
ved in Ref/ 81 • The lifetimes r 1 and r 2 have a sharp maximum of 
half-width .. 1 K while J2 has a deep minimWD .. However, the values 
of r1 and r1 below and above T

0 
agree with our results for the case 

of resolving ~he time spectrum into 2 components. Beside1, an unusu­
al increase in the j;ositron thermalisation time t 

0 
(by ... 130 ps) was 

observed in Ref. 1 1 at T . An anomaly like this was found neither . c 
in our paper, nor in Ref./77 . 

Having compared the above results one may say that: (a) the 
superconducting transition of Y -Ba-Cu..Q systems affects positron 
annihilation character; (b) quite probably, annihilation process is 
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Figure. Temperature dependence of the parameters r1, r 2 , .1s! and S. JJashed lines 

denote the mean parameter values in re,ions below and above T
0

. 

very sensitive to the internal structure details of the samp:es and to 
their preparation technique. It is proved. by the opposite temperatu­
re dependence of r2 and J2 in this paper and Ret/11 , and by their 
different absolute values. 

In conclusion the authors express their gratitude to Prof. K.Ya.Gro­
mov and Prof. Ts.Vylov for the constant and stimulating interest in the 
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work, to z Skorzynski, A.K.Kachalkin and A.I.Akatov for technical 
assistance in setting up an experiment. 

The at.thors are also thankful to the leader of the programme 
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YAK 538.945 

JINR Rapid Commzmicatiom !'o.4 [30]-88 

EFFECT OF HIGH ENERGY RADIATION ON CRITICAL 
PARAMETERS OF SUPERCONDUCTING CERAMICS YBa 1Cus07 
A.S.Alexandrov, A.A.Astapov, V.M.Drobin, L.N.Zaitsev, 
A.V.Kuznetsov, V.I.Lushchikov, E.I.Diachkov, E.A.Protasov, 
G.P.Reshetnikov, V.V.Sikolenko, V.I.Smirnov, V.N.Trofimov, 
S.V.Chernov, A.L.Shishkin 

Critical temperature (Tc) and critical current density Gc) (If high 

temperature superconducting (HTSC) ceramics YBa2 Cu3 0 7 were measu­
red as functions of dose from Sx10 3 Gy to 3xl08Gy. Samples were 
irradiated at room temperature by protons with energies 0 .( 6 and 
8.09 GcV and by 1 1?c with energy 3.65 GeV/nucleon. RadiatiOn de­
gradation of critical parameters jc and Tc of HTSC-cerarnics is stron­
ger than in the NbTi alloy based superconductors and is ob tiously 
connected with the formation of disordered regions, leading to the 
electron localization and to the infractions of Josephson conta< ts bet­
ween ceramics grains. 

The investigation has been performed at the Laboratory of High 
Energies, JINR. 

Bmumue H3JiytJeHHH BbiCOKOH 3Hepruu Ha KpHTH'IecKue 
napaMeTpbi csepxnpoao,z:vimen KepaMHKH YBa 2Cu30 7 

A.C.AneKCaHApoB HAP· 

H.3MepeHbl 3aBHCHMOCTH KpHTH'ICCKOH TeMneparyphl (Tc) I. MOT­
HOCTH KpHTH'ICCKOrO TOKa (jc) BhlCOKOTeMneparypHOH CBCpXripDBO­
}J,HIUeH (BTCII) KepaMHKH YBa 2Cu 30 7 or A03hi B ,IJ,Hana30He 5 · 10 ll 
3' 1Q8 fp. 06nytJCHHe npoBe}J,eHO npH KOMH8THOH reMneparype 
nporoHaMH c 3Heprneii 0,66 H 8,09 f3B H .11,11,paMH ll 2c c JH~prneii 
3,65 fJB/HyKJioH. Pa,IJ,HanHOHHaH }J,erpaAanHH KpHrHqecKHx m paMer­
poB j c H T c BTCil-KepaMHKH CHnhHee, 'ICM y CBepxnpoBo~;HHKOB 
Ha OCHOBC NbTi CnnaBa, H CB11JaHa, ITO-BH,IJ,HMOMY, C o6pa30HaHHCM 
pa3ynop.ll,ll,O'ICHHblX o6nacreii, npHBO}J,Hll\HX K ITOKaJIH3l!UHH JJ:eKTpD· 
HOB H HapyrneHHIO }J,)K03C$COHOBCKHX KOHT8KTOB Me)l(}J,y rpaHyiTaMH. 

Pa6ora BhmonHeHa B Jla6oparopHH BhiCOKHX JHeprnii 1)H..HH.. 

Samples and Conditions of Irradiatinn 

Single-phase samples of YBa2Cu30 7 ceramics were prepared as 
described in ref.(l) and had dimensions not exceeding lx4x15 mm. 
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Such sample size was determined mainly by ceramics mechanical 
strength, b} the construction of current and potential contacts, and 
by the eros; section of extracted beam from a synchrophasotron and 
phasotron o: JINR in the region of irradiation. 

Samples were irradiated at room temperature directly by protons 
with energr EP "' 660 MeV and 12 C nuclei with energy E = 

= 3.65 GeV /nucleon, and also by protons with energy Ep • 8.09 GeV 
through a •:opper target. Dose fractions after the samples successive 
irradiations :D) are presented in the table. 

At D ; to& Gy the doses were determined both directly, using 
the coloure:l fllm dosimeters (12)& and by fluence ( ¢) of the beam 
through thE samples. At D ~ 10 Gy the doses were determined by 
the fluence only (taking into account nuclear interactions) by measu­
ring the activation from the 27Al(p,3p3n) 22Na reaction of the alumi­
nium foils the samples were rapped in. Transition coefficients from 
¢to Dare: 

KP (EP ... 0.56 GeV) = 2.9 x 10-lloay. sm 2 ; 

K 12 (E .. 1.660eV/nuc) =17 xlo-10 Oy. am2. 
0 

In all cases the dose determination error did not exceed 20 ~. 
Following ref. (3), for the protons with EP 
of displacements per atom was calculated 
unit flueilcE . 

• 0.66 Ge V the number 
as cd ·6.4xl0-21l per 

E f f e c t o f I r r ad i at ion on jc and Tc 

Measurements of the volt-ampere characteristics (V AC) and re­
sistance of samples R(T) after each irradiation fraction were carried 
out independently on three different apparatuses by using the standard 
4 contact nethod. As a rule, with increasing dose the regular growth 
of specific resistance was observed at room temperature. 

The l'l!lative change in critical current density caused by a dose 
ic(D)/jc

0
(ll) for all the irradiated samples of YBa2 Cu 90 7 ceramics 

(3) and fo1· the NbTi alloy based superconductors (1 and 2) is shown 
in fig. 1. Data on samples, primarily different in quality and specific 
resistance mder normal conditions and then irradiated by protons, 
are in goo1l enough agreement and lie on a common curve (3). At ir­
radiation v'ith heavy charged particles (in our case carbon nuclei) the 
degradatiou curve shifts to the region of smaller doses. It should be 
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Fig. 1. Dependence j (D)/i (D) for c co 
the low temperature NbTi super-
conductors i"adiated by reactor neu­
trons ( 1) and protons with energy 
30 GeV (2), and for the HTSC­
ceramics YBa

2
Cu

3
o7 i"adiated by 

protons with energy 0.66 and 
8.09 Ge V (3) or nuclei 112c with 
energy 3.65 GeVjnucleon (4). Deno­
tions are indicated in the table. 

\ noted that the irradiation under 
\ similar conditions of a mono-

0,7.L' q crystal of a YBa2Cu3o7 compo-
\ und investigated in work (4) 
3 has increw!d j c by 2-3 times, 

L-L 
1 

while the reported here HTSC-
td0 D. J/ kg ceramics are by 1-2 orders 

of magnitude less radioresistant 
than the NbTi superconduc­

tors, which are also sensitive to the type of irradiation at equal 

104 108 106 

doses. 
Figure 2 shows the dependence of the relative critical tempera­

ture of the given HTSC ceramics on the doses Tc (D)(f co (D) in com­
parison witl. the results on irradiation of Chevrel phases and A-15 struc­
tures (6). I>ata on different samples lie also on a common curve a.'1d 
are in agreo!ment with earlier data (7,8). The observed in work (4) 
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0,95 
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76 

Fig. 2. Dependence Tc(D)/Tc
0

(D) 
for the HTSC-ceramics YBa 

2
Cu3o7 

under irradiation: a) by protons 
and L 2C nuclei (solid curve with 
experimental points on it, symbols 
being explained in the table; b) by 
neutrons with En > 0.1 MeV (the 
data on single-phase ceramics ( +) 
and monocrystal ( 0) are given); 
c) by a-particles with Ea =6.1 MeV 
(the results are obtained with a film 
1-2 p. m thick (V )). 



degradation of T 0 at irradiation of a monocrystal YBa
2 

Ct 
5

0 
7 

by fast 
neutrons is as yet difficult to explain. 

Conclusions 

Under irradiation the disorder regions seem to arise in a YBa2Cu8o7 
compound. Spontaneous recombination of initially knocked out atoms 
due to thermally activated (in track) zones of disorder in a crystal 
with a dielectric layer allows the use of the dose dependEnce of criti­
cal parameters in place of the dependence on the number of displace­
ments per atom. 
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HAMArHH lJEHHOCTb KEP AMHKH YBa 2Cu 30 7 _ x 

llOCflE OEJIYqEHHH PEJlHTHBHCTCKHMH 
HJlPAMH YrJIEPOJlA 

H.H.roHqapoa, O.E.OMeJI&RHOBCKHH * 
IIpmeneH&I HJMepeHHll R(T), )((T)H M(B) o6paJUOB KepaMHKH 

YBallJ.307-x ,,ofinyqeH!IbiX penHTHBHCTCKHMH nnpaMH <J>mpa H yrne­
pona (1.13KCHMaiihllbiH <Pmoeuc 6,3 ·10 12 nn./cM2). KpHBbie R(T) H 

)( (T) Ofllly'leH!IbiX o6pa'lUOB He OTnH'I310TCll OT KpHBbiX )JJIH HCXOAHOfO 

o6pa3U!. 8 To ll<e apcMH paJHHUa Me)l(,lzy M_H M+' a cnenoaaTen&Ho, 
H BeJ1H'IHH3 BIIYTPH3epe11110H ITP.OTHOCTH TOK3 je, npoXOAHT '1epe3 
MaKCHI'.-yM, nelKamHil: upH <PmoeHcax, MeH&lllHX 2 · IOU Hn./cM 2 (nnn 

cnyqan, Korna MamHmoe none napaiinen&Ho TpeKaM) . 
Pa6ora a&monHeHa a Jla6opaTOpHH B&IcoKHx JHeprnil: OHHH. 

Magne1.ization of YBa 2Cu 30 7_x Ceramics after 
Irradia;ion with Carbon Relativistic Nuclei 

I.N.Go 1charov. O.E.Omelyanovsky 

R(T), )((T) and M (B) of samples of Y Ba 2Cu 30 7 -x ceramics were 
measured after irradiation with relativistic nuclei of fluorine and car­
bon ·(maximum tlucncc of (>.J ·1012 nucl./cm2). The curves of R(T) 
and )((f) for irradiated samples do not differ from those for an initial 
sample. At the same time the difference between M_ and M+ and, 

conseqt ently, the value of intragrain current density jc pass via ma­
ximum located at the flucnces less than 2 ·10 12 nucl./cm 2 (for 

the case when magnetic field is parallel to tracks). 
The investigation has hcen performed at the Laboratory of High 

Energie ;, JINR. 

Hccne;~oBaTh BJIHRHHe o6nyqeHHR Ha caoifcTaa BTCll Bll)I{Ho 
KaK C TQqJCH 3peHHR noJiyqeHHR cymeCTBeHHOH, nopoif yHHKaJibHOH, 
HH<l>OpMaQI<H 0 <l>H3HKe 3T0f0 RBJieHHR, TaK H C TQqKH 3peHHR HCOOJlb· 
30BaHHR 310rO HOBOfO KJiacca CBepxnpoBO,IJ,RJ..UHX MaTepHaJIOB B pa· 
,IJ,HaQHOHHbiX OOJIRX (yCKOpHTeJJH, TepMOR,Il,epHble peaKTOpbi, KOCMH· 
qecKHe annapaThi H T . .n..) . 

* l/1u3to ~tecKuu uHcruryr uM. JI.H.lle6eoeea AH CCCP, MocKea 
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B pa3mr'IHhiX na6opaTopHRx MHpa y)l(e BhmonneHbi nepBbie 

HCCJie,D;OBaHHH CBOHCTB BTCn, o6ny'leHHblX ueuTpoHaMH /l- 4/ H 

HoHaMH /6-91. npe)l(,!l;e acero, o6uapy)l(euo, 'ITO ouu ropaa:~;o 6onee 

'IYBCTBHTeJibHhi K o6nyqeumo, 'leM coe,D;HHeHHH Tuna A15 (Nb3Sn, 
Nb 3 Ge, V3 Si ) - ,D;JIH cuu)l(eHHH KpHTH'IeCKOH TeMnepaTyphi ,D;o onpe­

,D;eneuuou ,!l;OJIH OT HCXO,!l;HOH Tpe6yiOTCH B 10-20 pa3 MeHbUlHe BeJIH­

'IHHbl qmroeucoB 'laCTHII. npu 3TOM YTBep)l(,!l;aeTCH, 'ITO 0 5nyqeuue 

CHJibHee BJIHHeT Ha Me)l(3epeHHyiO CBH3b, 'leM Ha BHyTpeHHIOK· OMaCTb 

3epua BTCn-KepaMHKH. B pH,D;e pa6oT 12 - 8 • 8, 91 nonyqef:hi oqem 

HHTepeCHhle H HeO,D;H03Ha'IHbie pe3yJihTaTbl 0 BJIHHHHH OI5JiyqeHHH 

ueiiTponaMH H HOHaMH ua KpHTH'IeCKYIO nnoTuocTb ToKa BTCll. Tpauc­

nopTHhiH KpHTH'IeCKHH TOK, H3MepeHHbiH JIH6o nponyCKaHHeM qepe3 

o6pa3ell TOKa OT BHernuero HCTO'IHHKa, JIH60 nyTeM HaBe,!leHHH ero 

B KOJibiie, HeH3MeHHO CHH)I(aJICH B pe3yJibTaTe o6Jiy'leHHH lfTO )l(e 

KacaeTCR BHyTpH3epeHHOH DJIOTHOCTH TOKa jc B KepaMHl:e HJIH jc 

B MOHOKpHCTaJIJie, Bbi'IHCJieHHbiX H3 H3MepeHHH MarHHTHOrO VIOMeHTa, 

TO OHH 3aMeTHO B03paCTaJIH npH !}>JIIOeHcax HeHTpOHOB, COOTE eTcTBylO­

UIHX Ha'laJiy Oa,IJeHHR T c, CBH,D;eTeJibCTBYR 0 nOBbiUleHHH lHHHHHra 

BHxpeBbiX HHTeH (DO·BH,!l;HMOMY, Ha o6pa30BaBUlHXCH B pH3Y.JibTaTe 

06Jiy'leHHR MHOrO'IHCJieHHbiX MHKp006JiaCTRX C yxy,D;UleHHblliiH CBepx­

npoBO,!l;RlUHMH napaMeTpaMH). 

B uacToRmeu pa6oTe npoae,D;eHbi H3MepeHHH HaMarHM'IeHHoCTH 

o6pa3IIOB BTCn-KepaMHKH ,D;o H noCJie o6ny'leHHR peJIHTHBIICTCKHMH 

R,D;paMH C IIeJiblO o6Hapy)I(HTb ero BJIHRHHe Ha BHyTpH3epeHHY 10 KpHTH· 

'leCKYIO OJIOTHOCTb TOKa. 

06pa31lbl H3roTaBJIHBaJIHCb DO MeTOAY TBep,D;OTeJibHOii ,D;H!}>!}>y-

3HH /lO/ C MHOroKpaTHbiM nepeTHpaHHeM, npeCCOBaHHeM H OT)I(HrOM 

HX. }lJIH OKOH'IaTeJILHOrO OT)I(Hra B ne'lb 6hiJIH noMeiUeHbl O,!l,HOBpe­

MeHHO HeCKOJibKO COpeCCOBaHHbiX ,!l;HCKOB O,D;HHaKOBOi! MaCChi. 

B OKOHIIaTeJibHOM BH,D;e o6pa3llbl HMeJIH BH,!l; ,!l;HCKOB ,D;HaMeT)lOM 5 MM 

H TOJIIUHHOH 1,6 MM. 

06Jiy'leHHe o6pa3IIOB DpOBO,!l;HJIOCb npH KOMHaTHblX TeMnepa­

Typax ua BhiBe,D;euuoM ny'IKe cHHxpo!}>a3oTpoHa OIUIH (Ila,D;aarneM 

nepneH,D;HKYJIHpHO DJIOCKOCTH ,!l;HCKOB) OpH :meprHH 3,65 f 3B/HyKJI. 

06paaeu I I · 1 o6Jiyqeu R,D;paMH 1 ;F 9 + c !}>moen coM 0,002 · 
·10 12 R,D;./cM

2
, a o6pa31lhl II. 2, II. 3, II. 4 u II· 5 u6Jiyqeubi 

R,D;paMH yrnepo,D;a 
1 :C 8 + C tPJIIOeHCaMH COOTBeTCTBeHHO 3,4; 2,9; 2,0; 

6,3 ' 1011. 2 
R,D;./CM !. <bJIIOeHCbl onpe,D;eJIHJIHCb no H3MeHeHHK• OJIOTHO­

CTH IIBeTHOrO DRTHa OJieHO'IHblX pa,D;HOXpOMHhiX ,D;eTeKTOpoB, KOTOpbie 

6biJIH npoKanu6poBaHhi raMMa-u3JiyqeuueM ao BHHH<bTI 11, c uc­

nonL30BaHHeM paCIIeTHbiX ,!l;aHHhiX no HOHH3aiiHOHHbiM noTepHM 
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RJJ:ep yrnepo.na B nnenKe .nannoro cocTaaa • . 3nu3o.n;uqecKHH .nonon­
HHTeJibHhiH KOHTpoJib 3a napaMeTpaMH nylJKa ocy~eCTBJIRJICH nyTeM 
H3MepeHHH C HOHH31lUHOHHhiMH KaMepaMH ( MHoronpOBOJlOIJHhiMH -
.IJ;JlH onpe.IJ;(!JleHH.fl npoqmJIH nylJKa H C .IJ;ByM.R 60JiblliHMH 3JleKTpo.n;a­
MH .IJ;Jl.fl oupe.n;eneHHH noJIHOrO noTOKa .R.D;ep). TOIJHOCTb B onpe.n;e­
JieHHH C001'HOUleHH.fl <J>moeHCOB He Xy:>Ke 10%, a TOIJHOCTb B onpe.n;e­
JieHHH a6CO.IIJOTHOH BeJIHIJHHbl He xy:>Ke 35%. 

)J,n.R acex o6pa3~0B npoao.n;HJIHCh H3Mepeuu.R KpHBbiX nepexo.na 
no conpoTJIBJieHHJO H no MarHHTHOH aocnpHHMIJHBOCTH. Pe3ynhTaThi 
npe.n;cTaaneHhi na puc. 1. 06nyqeuue ue npHBeno K H3MeneuHJO KpHBhiX 

nepexo.na ( B npe.nenax 1%) . 
HaMarHHIJeHHOCTh H3MepRJiach c noMO~hJO qyacTBHTeJihHoro 

au6pauuoHJmro MarHHToMeTpa /11.0/ npu TeMnepaType 4,2 K nyTeM 
Me.nnennor·> yBeJIHIJeHHH u noCJie.n;yJO~ero yMeHbrnenu.R MarHHTHoro 
non.11 B.$ 8 Tn. 3nn3o.n;ulJecKH pa3aepTKa MarHHTnoro nonH ocTanaa­
nuaanach H onpe.n;enRJioCh paauoaecuoe 3Ha1Jenue I M(B) I, KoTopoe 
6hmo na 8-9% HH:>Ke, IJeM a cnyqae neuyneaoH: pa3BePTKH. KpHahre 

{0 

"Q 0,15 
~ 

~ 
t a.s 
~ 

0,25 

0 

~---------

~ 

·o 15 80 85 
T,K 

~ 95" 

"Q 
4,0 ~ 

~ 
~ 

o,5G 
u 

~ 

Puc. 1.1'eMneparypHbLe KpUBbLe nepexoda Heo6.!1y'leHHozo o6pa3/.IO U3 

HOpMartlHOi!O 8 CBepxnpoaodJIUICC COCTOJIHUe no COnpoTUB/ICHU/0 U BOC· 

npUUM'Il !BOCTU. 

* Aarop>L Bblpa:JICOIOT npu3Hare!lbHOCTb B.B.Fenepartoaou, A.A.FpoMOay u 

M.H.FypcKo.'<~y 3a noMOUib npu Ka!lu6poaKe dereKropoa, a ra1o1Ce A.ll. rJepeaa­

reHKO, 8bl110 1HUBUICMY pac'leTbl UOHU30/.IUOHHbiX norepb. 
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-M(B) HMeJIH xapai<TepHbiH BH,ll; C Mai<CHMYMOM H OtJeHb MaJibiM H3-

MeHeHHeM npu B > 4 Tn (eM., HanpHMep, /llO/). KpHTHtJt!CI<aR nnoT­

HOCTb TOI<a nponopuHoHaJihHa ~ = M _ - M + , r.u.e M + H ~ _- pasHo­

necHbie 3HatJeHHH MarHHTHblX MOMeHTOB o6paaua C001BeTCTBeHHO 

npu nno.u.e H BhiBo.u.e nonH. Tai< I<ai< reoMeTpHtJeci<He pa3l,i!epbi aepeH 

B o6paauax (a Tai<)Ke H caMHX o6paauon) He MeHmoTCH rrpH o6nytJe­

HHH, TO H3MeHeHHe f1M OTpa)KaeT H3MeHeHHe BHyTpHaepeiHOH I<pHTH­

tJeCI<OH nnoTHOCTH TOI<a /llll/. BenHtJHHbi f1M 1 /m 1 , HopiV HpoBaHHbie 

* I< 3THM )Ke BeJIHtJHHaM )l.JIH Heo6nyqenHoro o6paaua , np,~.U.CTaBJieHbi 

Ha puc. 2 (a.u.ecb m 1- Macca cooTBeTCTByromero o6paaua). l13Mepe­

HHH npoBO.U.HJIHCb B ycnoBHHX, I<or.u.a none napannenbHO Tpei<aM 

(T.e. napannenhHO ocH .U.HCI<OB) H nepneH.U.HI<ynnpuo Hill. CooTBeT­

CTByromHe nann o6o3uatJHM I<ai< Bll" B.L . 
.AHanua peaynhTaTOB noi<a3hiBaeT, tJTO B cnyqae Bjj , T .e. I<or.u.a 

OHHHHHr Ha Tpei<aX HaH6oJiee 3<f>Q>ei<THBeH, I<pHBbJe HaMan:uqeHHOCTH, 

a CJie)l,OBaTeJibHO, H BHyTpH3epeHHOH nJIOTHOCTH TOI<a j
0 

E 3aBHCHMO­

CTH OT Q>nJOeHCa npOXO)l,HT qepe3 MUI<CHMYM, Jie)KamHH, OtJeBH,D;HO, 
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Puc.2. 3a6UC:tMOCTb 6HYT­

pu3epeHHOU KpUTU~eCKOU 

lt/IOTHOCTU 1 'JKQ OT fji/110-

eHCa dJZJI C/1 y~aee, Kazda 

MamuTIIoe ncwe napan­

Jle.rtbHO TperaM (CMOUJ­

Hble 3Ha~KU I u nepneu­

ouKyJZ!IpHo l M. 

* 3aMeTuM, ~TO noC!Ie o6Jzy~eHuR ROpaMu rjiropa c Matlbl,.f gi111oeucoM 

(2 ·10 9 Ro.jcM 2) yKa3aHHoe oTHoweuue Of/JI o6pa3l{a II ,J u ucxoonozo o6pa3-

l{a II .a He orf!u~anocb or eduHUl{bZ, ceutJere.n&creyR o uadeJICHOCTU e&z6pau­

Hoii HOpMUpGBKU. 
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npH cpmoeHcax, MeHhllll1x 2 ·10 12 HJJ../CM 2 (Kor}J.a c~eJJ.HHe pac­
CTOHHHH ME )K}J.y TpeKaMI1 OKa3blBaiOTCH He MeHee 70 A) . J1 XOTH 
BeJIHtrnHa 1\1 aKCHMyMa Hei13BeCTHa, 3HaMeHaTeJibHbiM HBJIHeTCH TO, 
lfi'O snepBbi ~ JJ.JIR o6pa3u;os BTCll Ha6JIIOJJ.eH ni1HHHHr Ha oTJJ.eJihHbiX 
TpeKax. 3To llO}J.TBep)K}J.aeTCH 11 TeM, lfi'O B CJiyqae B ..L HHKaKoro poCTa 
j

0 
He o6Haf:y*eHo, KaK 11 cJieJJ.osano O)f(H}J.aTh. EcTecTBeHHo npeJJ.no­

JIO)I(HTb, lfi'O 06JiyqeH11e qaCTI1LJ;aMH C OOJiee BblCOKHMH JII1HeHHblMH 
nepe}J.aqaMH 3HeprHI1 (Hanp11Mep, 6oJiee TH)I(eJiblM11 HJIH MeHee 6biCT­
pbiMH HOHalfiH) np11 TeX )l(e cpJIIOeHCax npHBe}J,eT K 6oJiee 3aMeTHOMY 
yBeJIHq~Hmo j

0 
TaKI1X o6pa3UOB. 

qTO KacaeTCH yMeHbllleHI1H j 0 npH cpJIIOeHCax, npeBbllllaiOILI;11X 
3·10 12 HJJ./cM 2 (KaK JJ.JIH B11 , TaK 11 }J.JIH B..L), To, BI1JJ.HMO, 3}J.ecb 
HaqHHaiOT n peBaJI11poBaTh npou;eCCbi, np11BO}J.HILJ;He B KOHLJ;e KOHLI;OB 
K llOJIHOMY HCqe3HOBeHI1lO BbiCOKOTeMnepaTypHOH CBepxnpOBO}J.I1-
MOCTH BCJie}J,CTBI1e MaCCI1p0BaHHOrO o6JiyqeHI1H TaKHX MaTepl1a­
JIOB /1-8/. 
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Kpan<Ue coo6UjeHIJ.II 011Jll1 N"4 [30]-88 
Y,llK 537.312 + 541.15 + 548.539 

1/NR.Rapid Communications 1\~.4 [30]-88 

THE STABILIZATION OF HIGH-TEMPERATURE 
SUPERCONDUCTOR Y 1 Ba2Cu3 0 7 _ 8 SURFACE 

S.A.Korenev, D.Valentovi~, V.I.Lushchikov 

A technique is suggested for stabilization of a high-temperature 
superconductor Y

1 
B~Cu3o7 _8 surface by means of a high-c1rrent 

pulsed electron beam (J = 12.5 + 65 A/cm2, E = 70 + 200 keY, 
t = 300 ns, P = 0.001 Pa). The quality of the remelted surfac ~ film 
is characterized and first experimental results are discussed. It is :.hown 
that within 50 days after the electron beam processing, no die ectric 
film was developed at superconductor surface and superconductor 
characteristics did not change. 

The investigation has been performed at the Scientifical-Meth Jdical 
Division, JINR. 

Cra6HJJH3aQHH noHepxHOCTH BbiCOKoreMneparypHoro 
ceepxnpoBOAHHKa Y 1 Ba 2Cua 07 _ 8 

C.A.KopeHeB, Jl.BaneHrosHq, B.H.flyLUHKOB 

Qficy)f(J:laeTCll MCTO,IJ; craf»mHJai.(HH BbiCOKOTCMIICparypHOfO <BepX· 
npoBO,IJ,HJIKa Y1 Ba 2Cu3 07..c nyreM onnasneHHll ero nosepx11ocTH 
HMnYJibCHb!M CHJibHOTO~b!M JJieKtpoHHbiM nyqKOM H npHBOIJ,JITCJI 
nepsbie JKcnepHMeHTaJibHbie peJyJibtatbl. B JKcnepHMeHtax H< n0111r 
JOBaJICll JJICKtpoHHbiH nyt!OK C napaMetpaMH: nllOTHOCTb TOK8 l 2,5+ 
+ 65 A/cM2, KHHCTHqeCK8ll JHeprHJI JJieKtpoHOB 70 + 200 K38, 
llllHtemHoctb HMnyJILca roKa nyqKa - 300 He. OfinyqeHHJI nposoAH­
JIHCb B BaKyyMHbiX yCJIOBHIIX fipH ,IJ;aBJieHHH OCT8TOIJHOfO raJa 
p - 10-3 na. 3KcnepHMeHtaJ1bHO llOKa33HO, qyo B teqeHHe 50 ;yroK 
nocne ofillyqeHHll Ha nosepXHoCTH KepaMHKH Y 1 Ba2Cu 3o7.s orcyr­
cmyer ,ll,HJJieKrpHqecKBll nnenKa, a csepxnpoBo,IJ;JILUHe xapaKtepHcTH­
KH o6paJUa He yxy,IJ;lll8IOTCJI. 

Pa6ora BhmonHeHa B OaueHHcTHryrcKoM Ha~o-Mero.IJ;H'« CKOM 
Ot)J.eJICHHH QIUJH. 

Y -Ba-Cu-0 high-temperature ceramic superconductive materials 
are investigated in many laboratories throughout the world1 

t/. Howe­
ver, a certain progress has been achieved in fabricating superconductive 
high-temperature ceramics having stable superconductive characteristics. 
It must be mentioned that Y1 Ba 2Cu 3o7_8 surface is degrac.ed during 
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storing sulerconductive samples in atmospheric environment. Appa­
rently the surface degradation is caused by devel~ment of a surface 
dielectric ltyer composed of metal hydrooxidel2 

• The existence of 
such a film may cause surface unstability problems. 

In this rapid communication a method of the superconductor 
surface stabilization by means of a high current pulsed electron beam 
surface remelting is suggested, and our first experimental results are 
presented. 

The s·1rface thermoprocessing of many materials using concent­
rated pulse: I of high power beams (laser, electron, etc.) results in a stable 
protective l:tyer 131 . 

In accordance with 131, for the case of pulsed electron beam 
used for th ~ surface thermo processing it is necessary to have the beam 
power den:~ity higher than 106 W /cm2 and the surface freezing velo­
city of mat•!rial higher than 10 5 K/8ec. 

Analy::ing the model of the nanosecond electron beam interacti­
on with material surface 141 it may be shown that the physical pheno­
mena whic 1 are taking place during the electron pulse beam stabili­
zation of ;he Y 1 Ba

2
Cu3 0 7_8 surface may be characterized as the 

adiabatic 01 tes. 
Due to lack of data in literature we have used approxin1ative 

thermophy:,ical data for our material and we have estimated the time 
constant oJ the e-beam remelted surface freezing as 10-4 sec. Thus the 
superconductor surface may be modified by our electron beam up to 
penetration depth of the electrons. (See fig. 1). The details of experi­
ments wit:1 our electron beam source may be found in 151 

. The cera­
mic sampks which had been processed were placed behind e-beam 
source ancde (cathode-anode-sample). The vacuum in the apparatus 
used was 1C -s Pa. 

The dimensions of our experimental Y1 Ba2 Cu 30 7_8 supercon­
ductive sarr ples were 25x5x1 mm8 and they were prepared in the Labo­
ratory of Neutron Physics of the JINR at Dubna. The converted dielect­
ric surface layer was mechanically removed directly prior to the elect­
ron beam Jrocessing. The surface of our experimental samples prior to 
and after t1e e-beam processing may be seen in SEM pictures (fig. 2). 
The picture of remelted surface is in fig. 2b. Using the results of 131 we 
have estim; tted the maximum surface temperature within the interval 
of 1500-2000 ° C during -sample processing by means of e-beam. 

The depth of modified layer estimated from SEM pictures (not 
shown) as 50-60 Mffi corresponds to fig. 1, penetration depth of elect­
rons being ::00 ke V. 

We have measured the electric resistance R of the samples imme­
diately after the e-beam processing and 50 days after. The simple measu-
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Fig. 1. Depedence of penetration 
dept h on energy of electrons E for 
l';_ Ba

2
Cu3o7

_
8 

material . 

....... 
Fig. 2. SEM picture of Y

1 
Ba

2 
Cu

3
0

1 
-8 

superconductor prior to (a) and , 
after(b)(c) processing by electron beam 
(energy of electron - 200 keV, cur­
rent density - 50 A/cm2 ). 

Fig. 3. Measuring scheme of resistance 
R along the sample length: CK -
superconducting ceramics, 3 
electrode, N - number of electron 
pulses applied along length of sample, 
In -Indium layer, Cu - Cu electrode. 0 6 12 Y, MM 
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Fig. 4 The resistanse R along sample 
length Y dependence on number N 
of electron pulses applied (histo­
gramm). 

3 ring scheme is shown in fig. 3; 
and the results, in fig. 4. It may 

2 be seen that the resistance R 
of the surface processed is about 
two orders of magnitude lo­
wer than the resistance of 

9 12 15 
y 0 unprocessed regions, R does 

· MM not depend on the number of 

ently-N, md R remains the 
least. 

e-beam pulses applied subsequ­
same within 50 days after processing at 

The lillalogic results were obtained for Nb3 Ge in
1 61 

where cha­
racteristics of the surface did not depend on N too. 

The evidence of a dielectric layer present on unprocessed 
Y1 Ba 2Cu3 D7 _ 8 surface was proved by impedance measuring. Ori­
ginally all our samples had capacitive impedance but, after the e-beam 
processing the impedance was pure ohmic. The ohmic impedance was 
checked on the samples immediately after their dielectric film was 
removeq mechanically but, it became capacitive few hours after again. 

We believe that the high power pulsed electron beam stabilization 
of Y 1 Ba 2Cu 30 7 • 8 superconductive surface should be one of the 
new possitmties in the high temperature superconductivity technology. 

We sl:ould like to express our thanks to O.L.Orelovich, V.A.Alty­
nov, S.V.I<ostuchenko for their help and B. V. Vasiliev for useful dis-
cussions. 
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JJNR Rapid Communications.NJ.4 [30]-88 

THE EMISSION CHARACTERISTICS 
OF Y1 Ba 2Cu 30 7 • a CATHODE 

S.A.Korenev 

The results are presented of experimental investigation of the elect­
ron beam in diode with cathode on the base of Y1 Ba2Cu 3o7.8. After 
corresponding cathode training, the cathode made from Y 1 Ba2Cu2 0 7 • 8 
material may be practicable of stable current electron beam yeild. 
It is shown experimentally that at the voltage of diode of about 100+ 
7 300 kV there <exists an evident possibility of forming the ell ctron 
beams with the current density of 70 A + 380 A/cm2. The rr otion 
velicity of cathode plasma in the direction of anode for this material 
of a cathode amounts to (I + 3) · 106 cm/s. 

The investigation has been performed at the Scientifical-Meth )dical 
Division, JINR. 

3MuccHoHHbre xapaKTepHCTHKH KaTo.D;a H3 Y1 Ba2Cu8 0 7 . 8 

C.A.KopeueB 

fipHBOWfTC.Il pe3yn&TaThi JKCIIepHMeHTanbHOfO HCcne.D;OBaHH.Il cpop­
MHpoBaHH.Il JneKTpoHHbiX rry'IKOB B AHOAe C KaTOAOM CO B3pblBHOH 
JMHCCHeii: Ha OCHOBe Y1 Ba2Cu3 0 7.[). llocne tpeHHpoBKH Kl TOAa, 
HJroroBneHHoro H~ Y1 Ba2cu3~.&·MO)I(l:IO ocyi.UecrBn.IIT& cra6w: &H&rii 
TOKOOTOOp rry'll<a JneKTpoHOB. 3KcrrepHMeHTanbHO IIOKaJaHO, 'f!') IlpH 
Harrp.R)KeHHH Ha AHoAe 1007 300 KB MO)I(l:IO cpopMHpoBaT& JneKrpoH· 
H&re rry'IKH c rrnorHoCT&IO roKa -70+ 380 A/cM2. CKopocr& ,!l;BH)ICeHH.R 

KaTO,!l;HOH rrna3Mbl B CTOflHY aHOAa AJI.Il JTOfO MarepHana KaTO)(a CO· 
craBn.Rer - {1 + 3) • 10 eM/c. 

Pa6ora BbillOnHeHa B 06JueHHCTHyYTCKOM Hay'lHO·Mi:TOAlflJI CKOM 
OT.D;eneUHH OJ.UUf. 

In high temperature superconductor research,. attention is paid 
to the emission characteristics of superconductors111 

In this rapid communication the experimental results of the elect­
ron emiss~on from the Y 1 Ba2Cu 30 7.8 superconductor cathode work­
ing in explosion regime are given. 

The experiments have been performed on high-curren; electron 
beam source 12~ The electron source consists of a high-voltage Arka­
diev - Marx pulse generator (peak voltage - 100-300 kV, pulse dura­
tion 300-1000 ns) and vacuum diode. The anode was made fl'Om stain-
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less steel grid having transmission coefficient ~ 0.6. The cylindrical 
Y 1 Ba2 Cu2 0 7 • 0 cathode fixed on a liquid nitrogen cooled support 
has diame1er 6 mm and the tip radius 3 mm. 

The emission characteristics of 3 cathodes (having resistivities 
p - 2 n. em; 10-1 n . em; 2.5 . 10-2 n . em) have been investigated. 
The cathode temperature prior to impulse starting was measured by 
a Cu-cons;antant thermocouple. The apparatus vacuum pressure was 
5 · 10-5 'lor. The electron beam current was registered by an integra­
ting Rogo 1ski transformer and a Faraday cup; the voltage, by high 
resistance • JUlse attenuator. 

In fi~. 1 the voltage-current characteristics (v.c.ch.) of diodes 
having the plasma initiation regime temperature T 1 ~ 300 K (fig.la) 
and T2 ~ 79 K (fig. 1b) are displayed. The cathode-anode distance 
is 1 em. A;; one can see analysing the v.c.ch., the current yield of diode 
does not :lepend on the cathode resistivity at both temperatures T 1 
and T 2 • ~~he experimental results could be explained as following. 
Due to t 1e cathode surface geometrical microinhomogeneities the 
explosive <athode plasma is formed under the high voltage pulse influen­
ce. The cathode plasma here is the electron emitter. As can be seen 
in fig. 2a, where the part of cathode is shown, the cathode has a large 

<( . 
n 

0 
:n 

0 0 
lO c.o 

0 
M 

0'- I I 10 

50 150- 250 U,KV 50 150 250U,KV 
Fig. 1. Volta~e-cu"ent characteristics of electron source diode with cathode made 
of Y1 Bap_Cu2 0,.[) fort 1 ~ 300 K (a) and t2 - 79 K (b) and for: o- p - 2.5 x 
xJo-2 O·cn!; •- p -Jo-1 O·cm; ! - p- 2 O·cm. 
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amount of different inhomogeneities on its surface, causing effects of 
local electric field shielding in the primary flare region, so the electron 
current oscillates. However, after dozens of pulses (the cathode train­
ing) these oscillations disappear, as a result of melting of the catho­
de surface by cathode plasma. The SEM picture of such a cathode 
surface (after 10 pulses, 300 keV, 300 ns) is presented in fig. 2b . 

As can be seen in fig. 1, the v.c.ch. of the electron current yield 
corresponds to the Child-Langmuir law. 

The velocity of cathode plasma may be calculated from the com­
mutation characteristics of diode. We have calculated V c.p. - 3x 
x10 6 cm/s for material resistivity p - 2.5 · 10-2 + 10""1 n. em and 
V c.p. - 106 cm/s for p - 2 n ·em. In comparison with the · other 
cathode

6 
materials, of carbon fibe'r, for example, having V c. p . c. !. 

- 5 · 10 cm/s, an Y 1 Ba 2CU .p7 _ 8 cathode permits us to enlarge the 
electron pulse beam duration approximatily 1. 7 ·.;- 5 times. This 
pulse enlarging permits one to construct planar source working at micro­
second regime, having such a cathode with anode-cathode distance 
- 1 em and pulse duration - 1 JJ.S • 

Conclusion 

1. After corresponding cathode training, the cathode made from 
Y1 Ba2CU3 0 7 _ 8 material may be used for construction of high current 
pulsed electron beam sources giving stable and homogeneous electron 
beam pulses. The electron current yield satisfies the Child-Langmuir 
law. 

Fig. 2. SEM picture of Y1 Ba2Cug07_8 cathode surface prior to (a) and after (b) 
cathode training (10 pulses, U - 300 kV, rp -300 ns). 
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I 

2. The electron beam of microsecond duration can be formed in 
the planar diode, which is possible due to the use of Y 1 Ba2 Cu 307 . 0 
cathode. 

I would like to express my gratitude to D.Valentovic, O.G.Zamolod­
chikov, S.P.Kobeleva, O.K.Smimova for giving me kindly their super­
conductive Y1 Ba2Cu30 7 • 0 ceramic material for construction of the 
above discussed cathodes. 
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113MEPEHME KPMTWIECKOrO TOKA KOJibQEBblX 
OEP A3QOB BbiCOKOTEMllEPATYPHOrO 
CBEPXllPOBOllHMKA EECKOHT AKTHbiM METOllOM 

B.M.llauKoa, JI.Muy, M.H.roHqapoa 

0nHC3H MeTO)J, 6eCKOHTaKTHOfO HJMepeHIDI KpHt~eCKOfO TOKa 
B KOJibUeBblX o6pa3Uax BbiCOKOTeMneparypHOfO CBepxnpo O)J.HH· 
Ka (BTCil). IloKaJaHa cxeMa coJ)J,aHHoro lllTOKa, rrorpy>KaeMor·o 
B rerrHeBbiH )J,biOap C lliHpoKHM ropiiOM . .IbtanaJOH HJMepeHHJI KpH· 
r~ecKoro roKa B o6paJue ~ 4000 A B HHtepBaJie peryrrHpyeMoii 
reMneparypbi o6paJua 4,2.;- 150 K. IloKaJaHbi peJyrrhratbi HJMe­
peHHJI KpHr~ecKoro roKa o6paJua BTCil HJ Y1 Ba 2Cu a' 0 7 _ 8 · 

Pa6oTa Bb!IlOJIHeHa B Jla6oparopHH BbiCOKHX JHeprHii OJ.UIH. 

The Measurement of Critical Current in HT~C Ring Pro~s 

by the Noncontact Method 

V.I.Datskov, L.Miu, I.N.Goncharov 

The method of noncontact measurement of critical current in the 
ring probes of high-temperature superconductor (HTSC) is described. 
The construction of a created rod inserted in a helium storage dewar 
with a wide neck is presented. The range of critical current measure­
ment in a probe is 5.;- 4000 A, and the range of controlled tempera­
ture for a probe is 4.2 7150 K. The results of the critical current 
measurements for the HTSC of Y1 Ba2Cu 3 0 7-8 probe are shown. 

The investigation has been performed at the Laboratory of High 
Energies, JINR. 

I13BecTHbiH MeTO.U. 4-KOHTaKTHOrO H3MepeHHR KpHTuqecKOrO 
TOKa o6paJuo8 BTCll o6na.u.aeT onpe.u.eneHHbiM He.u.ocTaTKOM. B Mec­
Tax DO.U.BO.U.a TOKa K KepaMHKe HMeJOTCH pe3HCTHBHbie yqaCTKH, B KO­
TOpblX npH OOJiblllHX TOKax B03MO)I(eH HarpeB KepaMHKH, BeJJ.Yll.UiH 

• K HCK3)1(eHHIO pe3yJibTaTOB H3MepeHHH. C .u.pyroH CTOpoHbi, H3BeCTHa 
pa6oTa/l/ DO H3MepeHHIO KpHTHqecKHX TOKOB 06biqHbiX CBepxnpoBO,lJ,­

HHKOB 6ecKOHTaKTHbiM MeTO.U.OM, HCKJIJOqaJOil.UiM pa30rpeB o6pa3Ua. 
AaTOpbi HaCTOHUleH MeTOJJ.HKH C03,lJ,aJIH lllTOK ,lJ,JIH 6ecKOHTaKT­

HOrO H3MepeHHR KpHTHqecKoro TOKa o6pa3uoa BTCll. llpHHUHDHaJib­
HaH cxeMa H3MepnTeJibHOH qacru lllTOKa noKa3aHa Ha puc. 1. Konb-
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UeBOH o6p a3eU 1 HaCa)ICHBaeTCR Ha Tpy6Icy 2 H DO.D::lKHMaeTCR npH­

)I(}fMOM 3 TaKHM o6pa30M, tiT06bJ cepe.n;HHa o6pa3Ua 1 0Ka3aJiaCb Ha 

o.n;HoM ypoaHe c nnocKOCTbiO .n;a'l"'HKa Xonna 4. BcR c6opKa noMemeHa 

B KBa3Ha.z:t:Ha6aTH'lecKyiO H3MepHTenhHyiO KaMepy 5, TeMnepaTypa KO­

TOpoH C DOMOJUbiO BHeiiiHero 3neKTpoHHOrO TepMoperynRTOpa, Harpe­

BaTenR 7 H TepMOMeTpa 6 MO)f(E!T H3MeHRTbCR OT 4,2 .z:t:O 150 K. TeM­

nepaTypa o6pa3Ua H3MepReTCR C DOMOJUbiO TepMOMeTpa 8 Ha OCHOBe 

yronbHOro pe3HCTopa Tuna TBO. I13MepuTenbHaR KaMepa 5 noMemeHa 

B CBepxnpOBO.n;RIUHH coneHOH.n; 9, H006XO.z:t:HMbiH .z:t:nR C03.D:aHHR 3Kpa-

7 

6 

2. 

~I II II t ~ ~rr;mt1T 
1 

it 

¢45 

Puc. 1. CxeMa U3MepUTe.tlbHOU 'IGCTU 

WTOKG. 
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HHpyromero TOKa B KOnbUeBOM 

o6pa3ue. Ha puc. 2 noKa3aHa 

6noK-cxeMa annapaTypHoro 

o6ecne'leHHR MElTO.z:t:HKH. )laHHaR 

MeTO.IJ:HKa pa6oTaeT cne.n:yiOIUHM 

o6pa30M. lUTOK C yCTaHOBneH­

HbiM B HeM KOnbUeBbiM o6pa3· 

UOM BCTaBnReTCR B renHeBbiH 

.IJ:biOap C IIIHpOKHM ropnOM 

~CT.TOKQ 
+NB-234 

~ -A 

x.llK.Ll·HXl3 

yl...L 

Puc. 2. ElloK-CXeMa annaparypHozo 

o6ecneveHWi MeTOOUKU. 



Puc. 3. 3a8UCUMOCTb nOKQ3QHUU OQT· a.r-------...,.---~ 

'IUKa X0/1110 or TOKa co!leHouoa •T• / 1 
J 

wroKa: 1 - 6e:J o6p0314a BTCII; 
~ I 

2- c o6p03/40M BTCII. 

2P A 

,lJ;HaMeTpOM 2:_ 45 MM. 3aTeM 
6c - --~----

noCJie OXJiruK,ll;eHHH C nOMO~blO LO 

TepMOperynHTOpa yCTaHaBnHBa· 
eTCH Heo6xo.n;HMaH TeMnepary­

pa o6pa3Qa. I13MepHTeJILHbrn 
TOK .n;aTtrnKa XoJIJia .. 100 MA 

CTa6HJibHOCTblO 10-4. IlpH BBe-

0 0,5 

2 

i.O 2.0 ],.,II 

,neHHH TOKa B CO,lJ;eHOH}J; (pHC. 3) none B HeM HapaCTaeT no 3aBHCHMOC· 

TH 1, cHrnan c .n;aTtrnKa Xonna cooTBeTcrayer 3aBHCHMOCTH 2. B 3TO 
apeMH B KOnLQeBOM o6pa3Qe BTCII HaBO}J;HTCH 3KpaHHpyro~:H TOK, 
npenHTCTBYIO~HH npoHHKHOBeHHIO MarHHTHOrO nonH coneHOH,D;a 
B OTBepCTHe C ,naT'IHKOM Xonna. IlpH }J;OCTH)f(eHHH KpHTH'leCKOH BenH· 
'IHHbi 3KpaHHpyro~HH TOK B o6pa3Qe Ha'IHHaeT pa3pywaTbCH, H }J;aT'lHK 
Xonna noKa3biBaeT npoHHKHOBeHHe nonH coneHOH,D;a BO BHyTpeHHee 
ornepCTHe o6pa3Qa. BenH'IHHa MarHHTHoro nonn coneHoH,D;a B naaHbiH 
MOMeHT coorneTCTByer nono)f(eHHJO TO'IKH A Ha 3aBHCHMOCTH I H pas­

Ha Be. KpHm'lecKH:H TOK Ie KOnbQeaoro o6pa3Qa MO)f(HO onpe.ne­

JIHTb no ¢opMYne: 

(1) 

r.ne IM - TOK coneHoH.n;a B MOMeHT nepexo.na KOnLQa, K - K03cpcpH­
QHeHT nponopQHOHaJibHOCTH, nonyqaeMbiH 3KCnepHMeHTaJibHO npH 
KaJIH6poaKe. KanH6poaKa 3aKnroqaeTCH a 3aMeHe o6pa3Qa BTCII Ha 
pa3pe3HOe Me}J;HOe KOnbQO C TeMH )f(e pa3MepaMH H BBe,lJ;eHHH B Hero 

TaKoro TOKa, 'lT06hi nonyt~HTb aaanorH'lHOe noKa3aHHe .n;aTtrnKa Xonna 

::: Be (pHc. 3). IloCJie Ka)f(}J;oro nepexo.na KOnbQa BTCII Heo 6xo.n;HMO 
ero no.norpeaaTh .no TeMneparypbi Bbillle KpHTH'leCKOH ( -100 + 
+ 150 K) ,nnH CHHTHH OCTaTO'lHbiX 3aM0po)f(eHHbiX TOKOB H 3aTeM 
OXJia)f(}J;aTL .no HY)f(HOH TeMnepaTypbi. 

Ha ,naHHOM lllTOKe 6bm HCnhiTaH 
H3 Y1 Ba2Cu 30 7_ 8, npHroToaneHHbrn 

H nonyt~eHHaH 3aBHCHMOCTb Ie = f(T) 

KonLQeao:H o6pa3eQ BTCII 

JI.MHy. Pa3Mepbi o6pa3Qa 
nOKa3aHbi Ha pHC. 4. lliTOK 

HMeeT BTOpOH CMeHHbiH coneHOH.n;, n03BOnHIO~HH BCTaBnHTb ero 

B anepTypy ( - 40 MM) 6onLworo caepxnpoao.n;n~ero coneHoH,D;a 

B reJIHeBOM KpHOCTaTe. B 6onhlllOM coneHOH,lJ;e MO)f(HO HCnbiThmaTb 
o6pa3Qbi B MarHHTHOM none 0 + 8 Tn. 
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-------, 
~··J Y, 8a1Cu307.S' 

Puc. 4. 30BUCUMOCTb K[JUTU'IeCKOZO 

TOKO lc KO/IbijeBOZO o6p03ij0 U3 

Y1 Ba 2Cu 30 7 ~ or Te.Mneparyp&l T. Qll {g ,.,. 

~
5 

! I 

"' 2001 .. ---. .............. 

-~ 
TeXHH'IeCKHe xapaKTepHc­

THKH MeTO,nHKH: 
IH 

--- 50 -r5 till T. /( 

1. ,llHana30H perynHpoBa­
HIDI TeMnepazypbi 4,2 7 150 K 
C TO'IHOCTbiO - 0,057 0,1 K. 

2. CTa6HJII>HOCTb no.~UJ.ep)l(a-
HIDI BHeiiiHero MarHHTHoro no­

JIR c 6omUIHM conenoH,noM B KpHocTaTe O;. 8 Tn c TO'IHOCTbiO 0,01 Tn; 
3. ,llHana30H H3MepReMbiX KpHTH'IecKHX TOKOB KOJlbUeBbiX 

o6p83UOB - 5;. 4000 A c TO'IHOCTbiO 0,5 A. 
4. Pa3Mepbi KOJibUeBbiX o6pa3UOB: 

- BHyTpeHHHH AHaMeTp 5 MM; 
- BHeUIHHH AHaMeTp -10.;. 19 MM; 
- BbiCOTa KOJlbUa - 5 ~ 10 MM. 

ABropbi C'IHTaiDT CBOHM .nonroM Bbipa3HTb 6naro,napnocTb 
E.B.MHTbKOBCKOMY 3a noMOillb npH H3rOTOBJieHHH UITOKa, IO.A.IliH­
UIOBy, B.M.,Upo6HHy 3a none3Hbie o6cy)I(AeHHR. 

JlHT e paTypa 

1. Kim Y.B., Heampstead C.F., Strnad A.R. - Phys.Rev.Lett., 1962, 
9, p.306; - Phys.Rev ., 1963, 129, p.528. 

PyKonHcb nocTynHna 4 MaR 1988 ro,na. 
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TEMPERATURE DEPENDENCE OF CRITICAL CURRENT 
AND I-V CHARACTERISTICS (IVC) IN THE YBa2Cu30 7 (Y) 
AND Bi2Sr2 CaCu20 8 (Bi) CERAMICS 

V.M.Drobin, E.I.Dyachkov, V .N.Trofimov 

The temperature dependence of the transport critical current Icr and 
the I-V characteristics (IVC) for Y and Bi ceramic samples has been 

measured . For 0.05 s; T /Tcr < I, it was found that Icr ~ (Tcr -T)a 
for both the types of high -Tc superconductors, with a = 1.24 and · 
1.48 (two samples) for Y and a= 2.58 for Bi. For the low volt age 
region of the IVC (V ~ I mV), voltage and current could be naturally 
normalized so that for the nondimensional quantites U = i y( T) both 

for Bi and Y . At the same time a great discrepancy in the temperatu­
re dependence of the characteristic parameters of the IVC fit point 
to a quite different process of transport current dissipation in Y and Bi. 

The investigation has been performed at the Lab<;>ratory of Hi g_h 
Energies, JINR . 

TeMnepatypHaR 3aBHCHMOCTh KpHTH'IecKoro TOKa 
H BAX KepaMHK YBa

2
Cu

3 
0 7(Y)H Bi2Sr2 CaCu 208 (B1) 

B.M.Jlpo6HH, E.H . .IlMI'IKOB, B.H.Tpo$HMOB 

l13MepeHa 3aBHCHMOCTb OT TeMIIepaT)'pbl tpaHCOOpTHoro KpHTH· 

'!eCKoro toKa IKp. H BAX o6p83UOB H3 KepaMHK Y H Bi. B IJ.Hana:JO­
He 0,005:; T/TKp.< 1 wu1 o6oHx nmos BTCn IKp.~ (T~ep.-T)", 
rne Mil Y a= I ,24 H 1,48 (2 o6pnua), Mil Bi a - 2,58 . .II.n11 Ha­
'18Jl&H&Ix yqactKOB BAX (U ~ 1 MB) MO)IQ{O ecteCTBeHH&IM o6p 30M 
ssecTH HopMHpoBKY U H I taK, 'ITO B 6e3pa3MepH&IX seJIH'IHHax 
U = i)'(T), KaK Mil Bi, taK H Mil Y. B to )l(e BpeMJI 6on&lllaJI pa3HH· 

ua s 3aBHCHMocTH ot T xapaKtepH&IX napaMetpoB no3Bonllet en nat& 
BbmOA, 'ITO MexaHH3Mbl IJ,HCCHOauHH tpaHcnOpTHOrO TOKa B JTHX 
KepaMHK8X BeC&Ma p8311Htfibl. 

Pa6ota B&monHeHa B Jla6opatopHH BbiCOKHX 3Hepntii OH.HH.. 

The four-terminal measurement of Icr (T), R(T) and the IVC 
were taken in the set-up which cryogenic part is shown in fig. 1. The 
ambient magnetic fields were not compensated. Two samples made of 
one Y pellet and one sample of Bi were used. The superconducting 
ceramics were prepared by a standard ceramic sintering process, but 
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Fig. 1. The lower part of the set-up. 1 -
external stainless tube, 2 - insulating 
gasket 3 - heat drain for terminals and 
current leads, 4 - constructive stainless 
tube, 5 - cu"ent leads, 6 - leak-tight inlets 
of cu"ent leads, 7, 8 - chamber, 9 -
heat drain, 10 -pumping tube, 11 - sample 
holder, 12 - heat screen, 13 - heater, 
14 - current electrodes, 15 - sample, 
16 - TVO thermometer, 17 - Hall's sen­
sor, 18 - capacitive themwmeter, 19 -
cu"ent lead soldering. 

without pressure before the final 
sintering for Bi. The dimensions of 
sample were about 10x2x1 mm3

. 

The sample chamber (7, 8, fig. 1) 
is leakproof due to a very suitable 
cone-cone connection. All measu­
ring wires and current leads pass 
through LHe or LN 2 and so keep 
the longitudinal heat conductivity 
of the insert away. The temperature 
of the sample holder (11) is stabili­
zed by a capacitive thermometer 
(18) and the thermostabilizer cr-201 
(Intermagnetics) better than about 
0.1 K within the whole measuring 
range from 4.2 K up to Tcr . When 
the lower part of the insert is immer­
sed in LHe, a power of 1.5 W is 
needed to warm the holder with the 
sample (15) up to 60 K. The tempera­
ture was measured by a TVO-thermo­
resistor (16) with an absolute accura­
cy better than 0.7 K at 77 K and 
0.05 K at 4.2 K. Two current direc-
tions were used to measure the IVC 
with a voltage resolution of 0.1 1-' V. 
The contacts were made in the follo­
wing way: a thin Ag film was formed 



initially at Y1 and then the leads were soldered by the Wood's alloy, 
for Y2 and Bi the contacts were prepared by rubbing in the Wood's 
alloy and the liquid alloy In-Ga-Sn (T m = + 10.3 ° C), respectively. 
The resistance of a single current contact is: 

;;;: Y1 Y2 Bi 
T,K 

293 1,3 ::; 2 2 
10 ::; 0.1 5 ~0.15 

The critical current was estimated graphically from the IVC at a 
voltage level of 111V and is denoted as I cr. 1 . Over the range 0.05 ::; 
:::; T /T cr < 1 the results can be well expressed by the formula 

l = A(T - T)a, cr. 1 cr (1) 

where Tcr = 86.3 K for Y and T cr = 78 K for Bi. In the lnl cr -ln(Tcr -
-T) plot the straight ljne corresponds to (1), as shown in fig. 2 (the 
current unit is rnA). The points marked with arrows were obtained 
with the samples directly immersed in LHe. Two points in the circle 
demonstrate the overheating effect for Y2 with high resistivity con~ 
tacts at low temperatures, where the thermal power dissipated in each 
contact was about 100 mW. As is seen in fig.3, the critical tempera­
ture estimated from fitting Icr (T) by (1) coincides for Bi with that 
one obtained graphically from R(T) and differs by 1.7 K forY. In accor­
dance with (1) and fig. 2, the critical current density can be expressed as: 

Y1 1cr. d. (T) = 3 
3.12 · Hf (Tcr - T)l ,48 (A· cm-21 

Y2 I cr. d. 
(T) = 2.98· 10-2 (T - T) 1,24 [ A. cm-2 ] (2) 

cr 

Bi I cr. d. 
(T) = 3.28 · 10 ... 4 (T cr _ T)2,58 (A· em - 2] • 

The difference in I cr. d. and in a for Y1 and Y2 may be caused by 
heating Y1 while forming the Ag-contacts ( ~ 300° C, 5 sec). For the 
IVC -measurements a previously fixed current was supplied for a while 
of 1-3 sec and the voltage was measured by a digital voltmeter. For these 
data processing the IVC were expressed in a double logarithmic plot 
lnU - ln (I- I ), where the units of U and I were in 11V and rnA, respec-cr 
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1,0 , 
RITifR12931 

0,5 

tively. The value of Icr. 1 was 
used as a first approximation for 
Icr. A certain value of Icr was 
found to exist for each T < T cr , 
when the corresponding IVC can 
be expressed in such a plot by a 
straight line.This current is deno­
ted as I cr.o . It is obvious that 
Icr.o will be the critical current 
for U .. 0, if the U(l)- depen­
dence can be extrapolated to 
U < 1~-LV. Thus, a number of 
straight lines can be obtained 

Fig. 3. SN - transition of the samples. 
1 - Y 1, 2 - Hi. The arrows show 

, .---- , 1 • _.,.-;, , 1 ~ • critical temperatures obtaind from jitt-
70 a eo & 90 100 . I (T) 

mg cr. · 
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lnU 

11 

10 B< 

9 

8 

7 

6 

5 

T.K 
1- 69,4 
2 - 52,8 

3- 20,1 
4- 5.4 

U0 =163mV 

l 0 =1,1A 

U,.•0,73SmV 
l 0 =9,03mA 

T,K 
1 - 6l,9 
2 - 52.2 
3 - 41,1 
4 - 31.5 
5 - 10,1 
6 - 4,24 

0 2 3 4· 5 IS 

Fig. 4. The low voltage ( U < 1 m V) parts of the /VC: a) Bi, b) Y 1. 

for different temperatures 
(fig. 4). As is seen, these 9 '6 
lines pass through nearly 
one point and so the nor- 8 

rnalized quantities can be 7 

used: u = u;u 0 and i = 6 

= (I- IcrJ/1
0

, where U
0

= 
= 163 · 10 3 1-1V I = 1 lx 5 

' 0 ' 
x10 3 rnA for Bi and U0 = 4 

= 735 1-1V, 10 = 9.03 rnA for 
Yl. In the new ln u - ln i 3 

coordinates all the IVC pass 2 

through the origin and the 
expression for the IVC is 
extremely simple: 

0 

. y(T) 
u = 1 (3) 

10 20 30 40 50 60 70 80 90 

Fig. 5. ·Y VS temperature. 
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The temperature dependences of I cr. 0 and Y are shown i.ri fig. 2 and 
5, respectively. A great difference in these curves for Bi and Y is quite 
obvious. 

Co n clusions 

For both the types of high-Tc superconductors I cr. ,1' = A(Tcr -T)a 
over the range 0.05 ::; T/T cr < 1, but for Y a < 2 while for Bi a > 2. 
It is known that a = 2 corresponds to a SNS-type weak link and so the 
transport critical current is probably limited by different reasons in 
these ceramics. Although the IVC for Y and Bi can be expressed by the 
same formula (3), the temperature dependences of I cr. 0 and Y for 
these ceramics are not similar. This points to different processes of 
current dissipation in accordance with the previous conclusion. 

We are indebted to O.Zamolodchikov for the ceramics samples 
and E.Fischer for usefull discussions. 

Received on June 1, 1988. 
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SQUID OPERATING AT LIQUID NITROGEN TEMPERATURES 

V.F.Bobrakov, B.V.Vasiliev, V .N .Polushkin 

A two-hole rf-squid fabricated from high-temperature superconduct­
ing yttrium-based ceramic is described . Squid operates at liquid nitrogen 
temperatures and demonstrates all principal features of rf-squid signal . 
At high frequency the noise level of the high-T

0 
squid is only three 

times as much · as the corresponding level of the commercial helium 
rf-squid . The 1/f-noises begin from approximately 100 Hz so that at 
low frequencies the high-T 

0 
squid sensitivity is by 1.5 order le s than 

the helium squid sensitivity . 
The investigation has been performed at the Laborato ry of Neutron 

Physics, JINR . 

CKBH,ll;, pa6oTaiO~HH npH a30THOH TeMnepaType 

B.q>.Eo6paKOB, E.B.BaCHJibeB, B.H.IIonywKHH 

0IIHCaH ):ijiyXHH,TzyKTHBHbiH paAHoqaCTOTHbiH CKBH)J;, H3fOTOBlleHHblH 
HJ BbiCOKoreMIIeparypHoH KepaMHKH Y1 Ba2cup7-CKBHA <PYHKI.Qio­
HHpyer npH reMIIeparype )KH,l:(Koro aJOra, npo.11Bmu1 Bee ocHOBHbie 
OC06eHHOCTH CHrHallbHOH xapaKrepHCTHKH, llpHCylllHe paAHoqacror­
HOMY CKBHAy. YpoBeHb wyMoB BbiCOKoreMIIeparypHoro CKBHJ];a B 
JJ;HanaJOHe BbiCOKHX qacror npHMepHO B TpH pa3a npeBbiWaer COOT· 
BercmyrolllHH ypoBeHb HHJKoreMIIeparypHoro CKBHJ];a. IIIyMbi mna 
1/f Ha~aiOTC.II npHMepHO OT 100 f~ TaK, qro H3 HH3l<HX qacrorax 
qyBCmHTenbHOCTb BbiCOKOTeMIIeparypHOrO CKBHJ];a npHMepHO Ha 
nonropa nopHJJ;Ka xy)!(e qyacmHrenbHOCTH HHJKoreMIIeparypHoro 
CKBHJ];a . 

Pa6ora BbiDOnHeHa B Jla6oparopHH HeiirpoHHoii <l>HJHKH OlUUI. 

1. Introduction 

The conventional low-temperature squids are the most sensitive 
devices used for precision measurement of magnetic fields, magnetic 
field gradients, voltage and other parameters that can be transformed 
into magnetic ones. However, the wide practical use of such squid 
is limited because its operation requires liquid helium. 

The high-temperature superconductors (HTS) discovery has pro­
mised to make a revolution in the measurement technique by widespread 
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application of high sensitive squid-based devices operating at liquid 
nitrogen temperatures. Therefore, the efforts in creating the HTS squids 
were made at several laboratories of many countries. The first success 
in this area was the development of the so-called bulk-squid 11 - 41 that 
is a lump of HTS ceramic with rf-coil wrapped round it. The magnetic 
field generated by the coil destroys a number of weak links between 
the superconductor grains which causes the reaction similar to respon­
se of conventional rf-squid, though it is accompanied by very large 
noises. These noises are at the level of 10-9 T/Hz 12 that is some four 
orders more than low-temperature squid noises which makes this squid 
interesting only as a demonstration model. 

The more sensitive low-temperature squids are the thin-film dc­
squids151 . Nevertheless the high-temperature thin-film squids are not 
created up to date. In spite of the efforts made in this area the best 
thin-film squids operate below 60 K with the same sensitivity as the 
bulk-squids 161 . 

To date the most widely applied are low-temperature rf-squids 
that combine high sensitivity (up to 10-13 T/Hz 112 in the white noise 
region) with reliability and ease of operation. At present there are 
created the HTS rf-squids operating at 78 K with sensitivity level of 
10-11-10- 12 T/Hz112 17,8/ . 

The purpose of this paper is to describe the HTS rf-squid with 
sensitivity approximating to 10-13 T /Hz 112. 

2. S q u i d P r e p a r a t i o n 

This squid was made from Y1 Ba 2Cu 30 7 ceramic obtained by 
standard proceedings through solid-state reaction method191 . Tempera· 
ture dependence of the ceramic sample resistance measured by usual 
four-contact method have shown that it becomes fully superconductive 
at temperature about 90 K (fig. 1). 

Before the last annealing this ceramic powder was pressed into 
pellets. In these pellets for squid preparation there were drilled holes 
a little mo re than 1 mm in diameter and there was filed a weak-junction 
of about 10 microns thick. In this way there were made both one-ho· 
le and two-hole squids. Approximately every fifth squid was operating 
well. 

The squid parameters were measured on standard equipment 
designed for conventional low-Tc squids and fabricated by the Experi­
mental Physics Facilities Division (EPFD) of our Institute 1101 

. The mea­
surements were performed in a standard transport liquid nitrogen de­
war. For elevated temperature mesurement the squid attached at the 
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Fig. 1. Temperature dependence of yttrium-based ceramic re­
sistance. X -axis - temperature, K. Y -axis - resistance, arbitra­
ry units . 

..-..- ·· .. _ .... 
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measurement rod. Wll;S. just lifted to the dewar's neck. In order to pro­
tect squid from moisture during the measurement it was placed in a 
sealed valv.e. All . these proceedings have provided ceramic squid opera­
tion for several ·cooling-heating cycles. There was observed some de­
gradation of the contact critical current after cycling, but such squids 
have lasted for 10 cycles and more. Some of the squids have operated 
well only at elevated temperature, its critical current at nitrogen tem­
perature being too large. 

In order to suppress the external noise influence squid in nitrogen 
dewar was screened by mu-metall magnetic shield that reduced earth 
magnetic field to 10-8 T and the external noise to a low enough level. 
However, it was observed earlier that the magnetic field within the 
shield had a slow . drift and fluctuated, so the squid sensitivity measu­
red in such conditions could be found lower influenced by these fluc­
tuations. 
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3. Re s u 1 t s 

In order to test the squid there were measured its voltage-current 
characteristics first. There was as usual modulated squid pumping ampli­
tude which gave a standard knee-picture well known for low-tempera­
ture rf-squids and permitting to optimise with the "naked eye" squid­
circuit coupling. For example, fig. 2 shows 2-hole ceramic squid vol­
tage-current characteristic received at liquid nitrogen temperature. 
The squid applied magnetic field modulation at optimal pumping gave 
the convent ional "triangular pattern". This triangular signal with about 
1.6 · Hr9 T period and amplitude about 10 1.1. V received in a band­
width 1kHz at first three plateaus in a 2-hole ceramic squid at 78 K 
is shown in fig. 3. These measurements have shown large portion of 
1/f - noises in the spectrum originating at much higher frequencies 
than 1/f-noises of low-temperature rf-squid. Figure 4 shows Fourier­
spectrum fo r 2-hole ceramic rf-squid noises received at liquid nitro­
gen temperature (upper curve). At the same figure there is shown for 
comparison Fourier-spectrum of standard (made in EPFD of JINR) 
2-hole helium-temperature rf-squid (lower curve). The noise measure­
ments were carried out under different conditions: niobium squid 
was screened by perfect superconducting shield and ceramic one scree­
ned by mu-metal shield which could affect the measurements. 
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Fig. :! . Voltage-current characteristic of ceramic 2-hole rf­

squid. uperatin!? at 78 K. X -<Jxis - squid pumping amplitude. 

Y -<Jxis - squid signal amplitude. 



temal magnetic field, recieved in the first 3 plateaus. Opera­

ting u?mperature- 78 K. Bandwith - 1KHz. X -axis - mag­

netic field . 3.1 nT/div. Y -axis - squid signal, 20 p.V/div. 
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Fig. 4. Fourier-spectrum of ceramic 2-hole rfsquid at 78 K 
(upper curve) and of" standard low-temperature 2-hole rf 

squid at4K (lower curve). X-axis - frequency, Hz. Y-axis -
. d . ,1./'Hl / 2 n01se ens1ty, 'l'o z . 
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4. C on c 1 u s i o n s 

The ceramic squid 1/f-noises are so large because the weak-link 
area has probably a number of intergrain contacts switching quite at 
random alike the bulk-squid. 

The fact that at high frequencies the ceramic squid noise level 
at liquid nitrogen temperatures is about 3 · 10-4 flux quantum (about 
5 · 10-13 T/Hz112 ) which is about rf niobium squid noise level at liquid 
helium temperature is not surprising, because it is well known that 
the white noise level of niobium squid (about 10-4 flux quantum) 
is defined by its preamplifier. 

It should be noted in conclusion that despite a lower sensitivity 
of the described squid in comparison to its low-temperature analogue, 
especially at low frequencies, its development has demonstrated that 
the extremely sensitive HTS squid will be created in the near future. 
On the other hand the reported squid can be applied because of its 
rather· high sensitivity and ease of operation, for instance, in field trial 
for earth magnetic field anomaly measurements. Furthermore, it seems 
that making use of method described above one can develope a 2-hole 
squid with unequal holes. Such squid can be used to handle several 
problems in solid-state physics and probably in magnetic cardiography. 
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