


1;,Introductiong'

':The method ’of polarized neutron transmisSion through i
sample has been proved to be rather effective in revealing the
origin of magnetic phenomena not only in magnetics but also in_

'type II superconductors placed in an external magnetic field.

-7"Hav1ng high penetrating ability and oriented magnetic moment

‘ﬂthe polarized neutrons are very senSitive to the microscopic

/

‘distribution of the magnetic field ins1de a sample:'and;w

»therefore,.may serve as. microscopic probe even in the case off

*a zero mean value of the macroscopic magnetic moment of a’,‘

'sample

“Two principal set—ups are conventionally used in staging‘“’

‘_polarized neutron transmission experiments [1] Namely,, eyf‘
[ neutron beam polarization vector 3 is directed either parallel i
;’(or normal to the externaly magnetic field direction kg In the

‘ flrst set—up, _'he{; neutron beam depolarization is studied

3,giv1ng information about the value of the static fluctuations

f<(AB) >. In the second the change in the Larmor preceSSion,{

‘ffrequency is measured which is related to change of the mean

: value of the induction <B> of the magnetic field 1n a: sample.‘.

The advantages prov1ded by the neutron depolarization method 1nf:

application to type II superconductors were first demonstratedf»

din- [2] This method as well as the neutron spin preceSSion”

e

method were {used in the ‘investigation _of‘ the' magnetic

properties of high temperature superconductors (HTSC) [3~7]

N

However,,they all Were made at relatively 1ow temperatures.[




-~

~

T<0. 5T“. At‘theISame'time, near’ Te (at T>0 7T ) HTSCs happen to

N

exh1b1t numerous new properties that often f1nd no unamb1gous

1nterpretation [8] In th1s respect. ut111zat1on of neutronsja

gives def1n1t1ve advantages, wh1ch are examp11f1ed 1n/[9]

-arAThe: a1m of the present paper to summarize some

S

representative ~resu1ts7iobta1ned 1n the polarized ‘neutron

,experiments on HTSC The paper 1s organ1zed as; follows

A

2 contains the -new: data from the neutron depolarization‘

measurements on two YBa Cu o samples at temperatures from?”i

377- 8

T8K- to 125K and external magnet1c fields up to 5 kOe InifV

‘Section 3 the exper1menta1 resu1ts on’ re1axat1on of a quenched\

_magnet1c flux 1n YBa Cu 07 6 ceram1cs at T—78Kix'

neutron sp1n prece551on' measurement

: ;a'ré‘

- both. measurements were carr1ed out on 'the pol r1zed neutroni5:

‘Uspectromete

_Frank Laboratory of Neutron Phys1cs, JINR Dubna The details

of SPN—1 are g1ven»

advantage of analy21ng}the dependence of polarizat1on on the'y

[

\neutron wavelength ‘wh1ch ,1n turn, venables one to 1mproveigr

'1substant1a11y the accurac

»

,of the measurements

'concluded w1th

2 Neutron depolarization measurements

3

In depolarization exper1ments the neutron po1ar1zat1on on :

transmission through samp1e 1s measured [1]

P() = DOIRL(N),

{spin—flipper eff1c1ency, f % 1'«ht53

Sect1on*'

#obta1ned in:‘—‘A

] = "fiwith,the sp1n—f11pper on and off respectively.f“
presented The*; S RS

WSPN—i on the h1gh flux pulsed reactor IBR—Z of the¢“ o B
o ‘*4 1x19x52mm o
L[10 11] This spectrometer has theh'

‘fg(sample'II)

[

‘hquaperjisff‘

i) P, measured at . 250K; .

RORS

O

where h 1s the neutron wavelength P ~fPIP ~the neutron beam‘
TN

’:‘polarizat1on. Here P and P are the polar1z1ng eff1c1enc1es of

- the neutron polar1zer and analyzer, respectively,:‘f 1s the{,f

In turn.' the neutron beam depolarization value 1n the

f’sample 1s defined v1a the sample depolarization coefficient.‘

L

(at (A) -1 (A))(I m+1 (a))

D(A)-

(i (A)+1 (A))(I m -1 (a))'

2_where I and I are the neutron 1ntens1t1es on the detector~

ere carried out on two plate 11ke!i
. 3

AEfThelcinvest1gat1onsfi

;f51ntered samples of YBa Cu3 6 9,.measuring 3. 7x13 5x16mm and

3

i hav1ng h den51ty p 4 Qg/cm ’and 5\thet4'
: ; anc. e

3 5Asuperconduct1ng temperature T 89 2K (sample I) and T -90 4K

‘*The polarized neutron beam of the cross section :

h.2x6mm (on sample I) and 2 x 26 mm . (on sample II) wasx
r'Ftransmitted through the centers of the samples; The magnetic‘*

yfield on the sample was varied from zero to 5 kOe The mean—ﬂg

L S

fhfield square dev1ation on the sample d1d not exceed 1Ak;The_‘
:~’temperature of the sample ‘was kept 1n the range from 77 to 125K~

;jwith an accuracy of tO 1 K.~The measurements proceeded in three-'




’11) the sample cooled down in the external magnetlc f1eld ~20
Oe start1ng from the temperature of 250 K to the temperature,

at wh1ch the measurements were performed' Y

The P(H) measurements were performed at‘T=78 2K 79 4K

83. 4K 84 3K 87 OK

88 5K and 90 6K w1th the cool1ng rate of

4 K/m1n Flgure 1 examp11f1es the results of the depolar1zatlon

,measurements on sample I The rate of the jmagnet1c f1eld;5:

. v

var1atlon was d1fferent but o - essent1ally d1fferent behavxor

has been observed For example, F1g 1(a c d)

“’ \

5

measurements w1th the magnet1c f1eld var1at1on rate ca 200,

; w1th 1ncreas1ng vmagnet1c Vf1eld (forward)\fthe"polar1zat1on,..f

<0

~decreases and reaches m1n1mum at H The a alogous polar1zatlon

1ntergranular and 1ntragranular space [3 6] In the f1elds H<H5

magnet1c f1eld penetrat1on 1nto the;1ntergranular space (see

'1[3])

g

The P(H) vcurvesi obta1ned 1n a decreas1ng f1eld mode
(backward) behave l1ke the forward ones but start1ng from some"

Hﬂ+>H they go somewhat above them Th1s fact p01nts to the'

ex1stence of p1nn1ng at H<H Q"f'i'if,\‘ ‘:.:‘ ”_k;{, i

,//

At - -
Dt

1llustrates the»

‘of the depolarlzat1on P/P of the s

‘\magnetlc f1eld mode (forward)f

= H and H,

L Hikoe]

e

thig. The experlmental data on the magnet1c f1eld dependence

.\,,

(ample at temperatureS'>a)

78, 2 K, b) 84. 3 K, c) 87 o K Q. 90 s x o _the 1ncreas1ng_ |

,o»;f_ the decreas1ng magnetlc

f1eld mode (backward), A - the repeated forward mode after the:f

-7

: backward curve has been measured and the f1eld decreased down:

k‘j;s to 30 Oe The \sol1d curve (forward) and the dashed curve

(backward) are. the spl1ne approx1matlons of the experlmental~“

~results The arrows polnt to the pos1tlons of the m1n1ma at H =




On some backward P(H) curves at H k H

max1mum 1s seen, wh1ch

be related to the estab11sh1ng of a more homogeneous 1nduct10n,'

dlstrlbutlon 1n the gra1ns (see, e g [6])

backward curves show a tendency to P = 1

’p1nn1ng The l1ke behav1our of the forward and backward curves

Vil
allows the conclus1on that the p1nn1ng at these temperatures is

'rather weak

< Furthermore, as F1g 1a shows P(H) comes to saturat1on at“f

H'=3k0e ’At T =

.the 1ncreas1ng f1eld mode has a second m1n1mum, H2

,the flgures the pos1tlons of the m1n1ma Hi and H

arrows)

/ el

temperature 88 5K

the - v1c1n1ty of the 7second‘fm1n1mum man1fest some

7
S

(Flg 1b) ,"' that may ;be
e

p1nn1ng effect select1v1ty w1th respect to the magnet1c f1eld

,/.1'

]1rrevers1b111ty

The P(H) obta1ned 1n thefreg1on of the superconductlngzpv

trans1t10n a

N

from the polarlzatlon curves taken at lower temperatures

,1ncreas 1ng

~w1th a mean value close to un1ty Another pecu11ar1ty 1n thefﬁ

behav1our of the curve:‘cons1sts 1n the fact

i

measurlng t1me 1s short (the 1n1t1al part of the curve),vthe‘\

exper1mental data spread exceeds ‘stat1st1cal errors and the.f

curve 1tself rem1nds n01se. The curve P(H) measured at 87 OK;,f:

Bk

(Flg 1c) has a th1rd m1n1mum at H —3 8k0e (marked w1th the H

1, + 6H ‘a local f

1n accordance w1th the Bean model,'can‘

However, at H<H the ;‘

probably, due to weak :(

‘84 3K (Flg 1b) the P(H) dependence measured 1n?
at 2k0e (1n‘?
‘are shown by::\
The P(H) curves have the second m1n1mum up to theg
Itl1s not1ced that the backward curves 1n:¥,
local(ii‘

connected w1th theggi

‘T—90 6K (Flg 1d) shows the behav1our d1fferent
W1th§

' agnet1c f1eld the fpolarlzatlon rema1ns constantf(

that e -

“3",\,,

- beam polar1zat10n at theksample temperature T
'Timagnet1c f1eld .

‘ ;,(b),, ,Qm1n1mum JV\f',kA

87 K and the

Q for the f1rst (a), H

/1' and the second

Fig 3 The pos1t10ns of the m1n1ma H and H

represents‘ the external magnet1c f1eld dependence

; depolar1zat10n P/P as the functlon of the sample temperature./

Jon’ the curve that:

~

,of the



arrow)J’QThe"samea/behavior: wasﬁ*observedfﬁat?hTsaa.SKH«at

,H 1 85k0e

Now,,let us d1scuss in ‘more : deta11 the appearance of thel

e

'second m1n1mum 1n the behav1or of P(H) near T “As- 1s known,

neutron depolarlzatlon per10d1c1ty 1n f1eld may ar1se from

e . i

neutron sp1n precess1on around the magnetlc 1nductlon d1rectlon'-'

in a sample 14fThef depolar1zat1on'

'osc111atlons 1n the case of the so called spat1a1 resonancef’

[12 13] Note,s that 1n all the above enumerated cases theil

presence of precess1on br1ngs some per10d1c dependence of P(A) i

RS

: for every glven value of the f1eld H However, theumeasurementslkf"

reg1on,\HaS;*'

\convent1onal superconductors [2]

\ N '\

By assum1ng that;the depolarlzatlon‘process goes 1n the i

’1nterlor of the gra1ns w1th an average‘s1ze of ca 10 um, we\

Sl S '~~/_"

est1mate the max1mum polar1zat1on precess1on phase acqu1red onj

neutron fl1ght through theﬁtlocal reg1on ‘w1th the ‘1nduct1on o

 B=1KG, as;7j

' where\ u'=1B7 is:xthe‘ubarmor
neutron gyromagnet1c rat10, and t l/v 1s the t1me the neutron

.. of the wavelength A needs to go through the sample of length t

may also exper1ence >

observed nff

preces51on frequency, f73 isp the f

11;”l At Q < 1 the process of depolarlzatlon 1sAdef1ned by the

'd1spers1on '<B > ;of the; perpend1cular 1nduct10nr component

b [14 15] and the number N of the space reg10ns along the neutron-

' f11ght traJectory In thlS case ‘the. spectral dependence ofi

ythe depolar1zat1on has the form ;iffi‘ ‘75/: ,:.f‘-j}'7b§ 43

i D(A) exp{—N(B > }

f(g)lf

The polar1zat1on 1n dependence on the magnet1c f1eld onﬁ

1:!che sample may behave as follows At H>H the p1nned flux

mbeg1ns to flow and the polarlzatlon starts growing to jits j

'fiinitlal value Th1s polar1zat1on behav1our was observed 1n the
'~}conventlona1 type II = superconductors [2] d: 'ln ' ox1de,

:; superconductors at low temperatures [4 6] At 78K<T<T the“

'“qurves H (T) and H (T) are descr1bed by,a parametrlzed funct1on

: (‘5‘)"/

;?Table I g1ves the values for the parameters T and m for two

'samples The value obta1ned for T 1s near the temperature.»ate

wh1ch the sample res1stance turns 1nto zero

To uncover the reasons for the appearance of the second

i

'7,m1n1mum on the P(H) curve one needs to clar1fy the character of

; Tthe t1me dependence of" polar1zatlon P(t)

\', F1gure 4 shows th1s dependence taken at T 5d7K andﬁthe




N 2

Table I - o S Lo fl‘>‘}\f}‘a.

8 Hi(sample'1)7_d}Hé?sample'Ij"T:THé(sampleflI)r:'

Xfm 1.21~~’;-;14f'gf;.17,‘c5 = 1,270
m .o 5+o 1 ',‘fjﬂ 3.6:1.5 2.6%0.5 Y
* ’jjas 0:0.4 K f:r; 95.243. 9K gs.1r1.iK v
" Fig.4. Th

CHikoe)

Fig.s. The exper1mental data on the magnetlc field dependence
- of the depolar1zatlon P/P at the sample temperature 87 4K

taken under more ad1abatic cond1t10ns (see the text)

vvalue, _7j

~

A pos51ble: and

/

“ndecrease..}nj absolutef

quite probable' explanatlon5
1{behav1our of SP(t) cons1sts 1n‘the follow1ng

fjequlvalent to ‘1ncrease of the 1nductlon B;

f1eld value H 300 Oep wh1ch 1s the’ 'intermediate of*those,‘
"correspondlng to the f1rst and second m1n1mum As 1s seen theﬂ

depolarlzatlon SP(t) decreasesf w1th t1me,v reflect1ng the

magnetlzatlon §in' accord w1th ‘the‘

7'Adependence SP o <B >.f However.f at some‘ certa1n moment the

' depolarlzatlon starts increaslng and tends to‘pitsp/lnltlal

AR A

1l L

of - thls‘

;hChange 1nit 1st

» because Iof the

'~.magnetlzat10n H<0. As a consequence,: the smallest change 1n

magnetlzatlon causes change 1n SP(t). wh1ch 1n turn, reflectsw

. ey

*4,

1?second ' m1n1mum under

<

";iobtalned w1th sample II.

e

\

Lo

*i“change in: the P(H) behaviour Then the concluslon follows that
?,the depolarlzatlon growth of SP(t) results 1n the appearance of
ﬁ;the second m1n1mum 1n P(H) As for the poss1ble or1g1n of thek
w‘ﬁi;second m1n1mum on the f(H) dependence, 1t can be related to the;
'ﬁinon—equlllbr1um behav1or 'of the‘ magnetlc flux flow. Th1s

;Tconclus1on ‘is conf1rmed by the fact“of d1sapearance of th1s.

more ' ad1abat1c (quas1equ111br1um)'

i

'cond1tlons as. dep1cted in F1g 5 show1ng P(H) measured after the;
islow coollng of the sample fOllOWlng the scheme the\samplef

) coollng rate in: the 1nterva1 from 250 K down to 291 K was: 4i
;'bgK/m1n and in the . 1nterval 91 87 4K"1t was 1K/h. Up to the value'
if H 2 4k0e the curve shows one m1n1mum at H followed by a

: monotonous r1se ~1n polarlzatlon The s1m11ar results were

his behav1or reflects the well—known

1; long—tlme character of magnetlc relaxatlon, usually;related tok

;31ljfpfif



b
y
¥

a rather compllcated magnetlc pattern in: HTSC materails,' uhich,‘j”-“ . -'1"ab1e_r‘,"II;V“" EoN

3. Neutron spin precession measurements: ' e v i He (0e) ot o prT(sTT) e B T o x®/n
. i T o e el PR C - g . s e S e » : 9 RSt SR T TR I L h

To measure the t1me dependence of a captured magnetlc‘ - oo 1650 s (O 1. 00+/ 0 45)10 _,0 7+/ 0. 1j S 2.2

5;

flux, we. use the method of the Larmor prece551on frequency of' ' 79 . (2 65+/ 0 15)10 1. 14+/ 0 15 1.18

neutron sp1n 1n51de a sample p1aced in a magnet1c f1e1d [10] i R g ( 558*'/"015)10 f..1;08f/7035r»:—""‘f‘-~1-'0'§ L

1f the d1rect10n of the 1nc1dent polarlzatlon vector ? (A) 1s_‘_ - u4-?33"'7/,‘:3;7"‘45)_,107; t,0'-31*7:/7,0-‘2;311‘5

\perpendlcular to‘"l? of a superconductor, then at ‘the sample”‘

out1et the neutron polarlzatlon dependlng on the wavelength*ﬂyl

where P (7\ ¥

;P A 1s the
. "( ) K S onc“-LSO\e B

‘ch'71oe\
-Hfc =1550e

the{’._ sample }' correspondlng to

- ‘(m’/h)“f]‘f asgx)ax.' : (‘#"), =
[RISTAE Moy g -

L 1s the part of the neutron traJectory (1nc1ud1n>h:'that 1n the-”w&‘” F
e ) .
_sample) where the sp1n prece551on takes p1ace. .

TranSLtlonw to the . superconductlng state 1eads to the BERES

“~

- change of the ‘f1e1d B(x) 1n51de the sample wlth the depth t

SRR - 'l-"i.' 6 il‘he "tinie'de’ end'ence ’df ‘B/B. at T 78K for the certa1n :
V(the 1ength of the sample along the neutron path 1s 18 3 mm) s g p : / o :

, ] am lied’ f1e1ds 1) Hp =1650e, 2y m —710e,-3) i, -480e, 4)
In thls case the dlfference of : the precessxon frequency I PP - ) : _ ) fe. ol fe ne T .

= ~ : CH, —220e.
measured above and below T 1s proport10na1 to the average“ . e fc g
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f1e1d in the superconductor. Consequently; ﬁthey‘lntegral j(7) i_,—.

B QA(T)‘— w (T>T )
“where b/=:d{0§633nG_1cm_1K’}TandaB(T)*and*B 'are,related)as,if:

B(T) = Bé‘% uo(i—N)M(T) S

Ll

Here. N 1s the demagnet1zatlon factor,‘M 1s the magnet1zat1on
In order to reduce the demagnet1zat1on factor,‘ the sample

is mounted so that 1ts longest s1de is parallel to the external

=%' N )
f1eld d1rect1on Measurements were carr1ed out on a plate llke,:u‘~

51ntered sample (3 7x13 5x18 3 mm ) of YBa Cu

N

It was lim1ted by the neutron beam cross sect1on (2x8 mm )'

study the t1me dependenc”

gsample was cooled 1n the external f1eld Hf ("f1eld—cooled";*V

reg1me) At T—120K a homogeneous stat1c magnet1c f1eld was>

rw[<B(x T)> - B ] ‘ Ti/af'f';(éig‘

.;(?),,

s
: 306 9 '.’ : ‘vvlri .
hav1ng 'eifsuperconductlng ‘temperature T, 90 4K ;”In‘ the*frf'

of the trapped flux magn1tude,.the?"f;'

'sw1tched on.‘and then the sample temperature was decreased down:

to T—78K.,0ne hour after the start of the cool1ng, the f1e1dff~f"

gradually (for 3 sec) decreased down to B —24G The momentv

-when the f1e1d was sw1tched off was cons1dered as the start of

the measurement of wkversus t1me In 104—105s the sample was
(

heated up to T 120K Then the frequency w (T>T ) was: measured }e»V

N

for several hours &_;'Gf

Ty he f1eld H

~values of ‘B(T)/B at T—78K for H.
B 0. 8x10
,var1ous values of Hf

ff‘of B 1n the l1m1t of errors l1es w1th1n the 1nterval 0<B<1

_s1ntered YBa Cu

”the remnant 1nductxon of the magnetlc field trapped 1n a sample
versus observat1on t1me '.i The measurements were' made for'

several values of H (220e, 480e,‘710e, 790e and 1650e) In

F1g 6 1t is- seen that the magnltude of the magnet1c 1nduct1on'

‘1n a bulk s1ntered superconductor decreases ‘w1th 1ncreas1ng
"observat1on t1me The rate depends on the value of the remnant

-/trapped f1e1d 1n wh1ch the sample was cooled In the course of

f N 1ncrease 1n the 1nterval of observat1on t1mes'

3’ 5.

ff1o <t<10 'S, the decay rate grows and the t1me dependence of the:

"41nductlon starts to dev1ate from the logar1thm1c law

The t1me dependences of the 1nternal f1e1d amplitude ‘are .

“«~approx1mated by the LSQ—method us1ng the follow1ng funct1ons

Tizlf(t) 1n(t/t ) [15] and f(t)—exp[ (t/t)B] t17] The exper1mental

71 Oe, 79 Oe a1d3

lec —484Oe

P

*5165 Oe for t>10 s are best f1tted by the parametr1c dependencef

PR B S

R

"f(t) - A+ B exp[—t/r)B] 1n the observat1on t1me 1nterval up to

5

P

Table II summar1zes the values of t’; and B (see,[17]) for‘A

From Table II 1t g

seen that the value‘;

R

Thus, 1n the presence of a: stat1c external magnet1c f1e1d

3B change +in the magn1tude of a magnetlc f1e1d trapped in"‘

o’
as the funct1on of the observat1on t1me
.5

273 6 9t

'exh1b1ts the nonlogar1thm1c behav1our for t<10 s and has the

‘nonmonotonous character, wh1ch 1s seen qu1te well for H ce. =

"165 Oe.f The observed long—t1me- relaxat1on behav1or of the»

magnet1zat1on can be expla1ned qua11tat1vely in. the framework

of the mode—coupl1ng theory of superconduct1ve glass [18]
' ‘ ST o '




4. Summary Tif}f° : S
- The Vneutron depolarlzatlon

1nhomogeneous magnetlc flux 1n a superconduct1ng YBa Cu o, _

'ceramlcs has shown, that 1n general the character of changes

n the magnet1c state of the HTSC conflrms the observatlons forﬂ

: l""‘v. : \
the low temperature superconductors

Ly
pecu11ar1t1es were observed In part1cu1ar, from the sameness

of the P(H) behav1our 1n theglncrcas1ng and decreas1ng f1e1d7

e

w1th respect to the f1e1d d1rectlon 1t follows that p1nn1ng 1s y

rather weak above T

T the P(H) has a secon '(non—equ111br1um) m1n1mum, wh1ch was

'assumed to appear due to the

;magnet1c flux relaxatlon Such behav1or was conflrmed by thed-

: observed n'nonmonotonouslﬂg

The authors erel /much 1ndebted 'to Dr' V K Fedotov jand

them and for useful

1nvest1gat10n 'of ~Lthei

However,‘~severa1 new ‘-

79K In the 1rrevers1b111ty reglon nearf‘” )

»long t1me character ‘of rthe'
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