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Abstract

o

Isracl

Spin-glass-like models were invoked for explaining

the irreversible magnetic susceptibility observed

in

high-T. superconductors. However, similar irreversible

features are found 1in ordinary superconductors and are

interpreted in terms of trapp=sd flux. To demonstrate the

difference in the magnetic response between ordinary

sup=srconductors and high-Tc oxides Wwe rotate the

sample relative to the magnetic field and exhibit data

for the angular- dependence of the magnetization for Nb

and for YBa-sCu=s(O . The results for the latter

resemble those obtained for classical spin-glasses but

differ from those obtained for Nb.

PAC3 numbers: 74.30 Ci1, 74.70 TYa, 75.30 Gw, 75.30 Kz.
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the resemblance to the masnetic behaviour ot spin

g

lagsez <=2
Most ©f the experimental claims for spin-glass-like featurses
are based on irreversible properties found in the magnetic
sSusceptibility. However, it 1s well known that in typ= II
superconductors’extended lattice defects which act as pinning
centers for the flux lines give rise to macroscopic irrever -
sible phenomend”) The main purpose of this work is to £ X -
perimentally compare irreversible Propertices  in two sSystems:
{1) NE an ordinary tyvpe II superconductor, and
(11) YBao=CuxGs an high-T. ceramic superconductor .(=)
We describe two experim=snts. In the firet cne We measure the
magnetic responses of zero-field-cooled (ZFC) and ot field-
cooled (FC;, s=amples. In the second we measure the responss of
the magnetization to rotation with respect to the external
field. We
conclude that in some aspects YBazCu=(0» behaves

ditferently than Nb and similarly to classical spin-glasses.

One of the characteristic fingerprints of spin-glasses 1is
the "history dependence" ©f the magnetic response: The

magnetic susceptibility of a sample which is cocled in zero

tield (ZFC) differs from that of a sample which is cooled 1n a
field (FC). A very similar beshavicour its found for the High-Te
Superconductor YBa-CusOo (Figure la) . Howsver. it is

clear that on this bacis the analogy 1o spin-glasses is some-
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Wwhat zupsrticial. The same hiliztory depsendence 1s tround o Wb
(Figur<e 10) where, using the superconductivity termincicgvy, the
ZFC and the FC curves repressnt the chielding and the Meicsner
effect respectively. The fact that we do not observe a full
Meissner eftfect 1S attributed to trapped f{flux which 1ig
accumulated at higher temperatures during the cooling process,
when the mixed-phase 1s crossed. Thus, du= to the pinning
torces, the number of flux vortices present at low temperature
l1s higher than that in thermedynamic egquilibrium and strongly
depends on the magnetic history of the sample.

Another spin-glass characteristic is a field-induced macro-
écopic ANlsSoOtropy. The remanent magnetization 1s coupled to
the macrescopic aniscotropy and can be rotated as a rigid
body ¢®-*??> but nonrigid rotations are observed for relatively
high fi=elds and tenperatures . ¢t We have recently

reportedﬁzjon similar features 1in a high-T. superconductor.

We have studied the angular dependence of the fisld cooled
magnetization of YBa=CuxD- via measdurements of the
magnetization on a vibrating sample maghetometer (VSM) with a
Zrn~-rotating sample holder. In the FC measure=ments the sample
was cooled in an applied field H from well above the transition
temperature To to the measuring temperature, which 18
stabllized to better than 0.1 K. With the same tfield on. the
sample was rotated by an angle ¢ relative to the applied
magnetic fiszld. We then measured the mnagnetization M as a

function of O.
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Figure.. exhlbits tvplical M(O) data tor FZ juns 1n variouos
fields tor {Baxluxl- (tfig. 2Z.a) and for Nb . tfiz. Lo
both taken at T = 4.2 K. The most obvious featurs in this

figure 1s the strong angular dependence for the FC magnetiza-
tion. To understand this feature we recall that in VAEM measure-
ments the measured magnetization M 1s the projection of the
, : > . _ : ny
total sample magnetization m on the direction of the field H.

- + - [ - ]
The megnetization m 1s composed of reversihble and irreversible

components:

>
m = xﬁ + My (1)

In the supercenducting state the bulk susceptibility is of
-
course 1sotropic and thus the reversible contributicn yH is
- -
always 1in the direction of H. The irreversible part, M,-r~, on

the other hand. might be coupled to the sanple and rotate with

it. It should also be taken into account that as a recult of
the external  field, M,.. might lag by an angle © relative to
the sample for a rotation © of the sample. Thus, th= measured

contribution of the irreversible magnetization is eXp=cted to

te M, rrcos(@-2) where @ ¢ 0 and the measured nNagnetization 1is

M = XH + M oo (0-9) (Z)

Least square analysis of the low-fie=ld dats according to Eg. (2)

vields & = 0, implying a strong anlsotropy. It is important to
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note tnet  1in tihe 1ow-trisld limlit M{E) 1s reversitole=., 1.=.., Uirz
sampl=s 1 rotated rtrom U o Zx and back to O oand fI(O) 1z oonlv

slightly alilt=red.

Figure 2.a displays clearly the etfect of thse applisd
magnetic field on the angular dependence of tine tilie=ld-coo0l=d
magnatization for TBaz=Cu=sQ» . For the conveniencs of
representation we precs=snt M/H data. Generally sp=aking, all
curves &xnibit the same shape. However, note that M((Zn) <« M{O)
and this difference 3is more pronounced for the higher tislds.
More important, M(J) 1is no longer reversible. This is demon-
Strated in the inset ¢i Figure 2.a where we exhibit the angular

1,500 O=. At

depsnd=ence of the magn=stizZaticon at 4.2 K for H
an angle ©* {(which decr=ases with increacsing ti=ld and tempsera-
ture) there 1s a total breakling of the rigid moment and the O
curve colncilides wWwith the ZFC onhe. We note that very similar
results, referred to as "broken rigidity"”, were observed in
classical spin glassesg .Gto-211}

Rotating the sample in the presence of a field results in
a torque on the trappsed flux. Since My, (which 18 a result
of the fluxons) 1is coupled to the sample due to pinning
mechanism, the energy of the system increases by the rotation.
If My rotatss as a rigid body, the increace 1In enersgy on

rotating the sample by an angle O 1= given by

A€

rot () E{(d)-€()) % MiseH{l-Ccosw)} . ()
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Wli=ln Le,sev2d)  Decomez of the order of the PLNNing Snarsy

. We  SXp=IlU U0 tind a breaking in the rigidity of M, ..

=
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according to egquation (3) and find that
the ensrgy nesded for breaking the pinning  in YBa-Cux0,

at T

1
o
B
e
X
It

1500 O is €, = 7.8 «10%=zrg : ( We

estimate the M, value by measuring the difference between
the FC branch and the ZFC branch in zero rotating angle). Once
the system gets enocugh ensrgy to break the pinning, the amount

of fluxcns decreases in an irreversible process. The FC signal

is not recovered wh=n the sample is rotated back from 2x to O

(inset, fig. 2.a), demonstrating that the new configuration 1is
energetically lower than thes original FC configuration. This
suggests that in hisgh-T. superconductors, unlike Spin

glasses, the FC branch of the magnetization is an unstable

branch. Msasurements of the magnetization vs. time in those

materials confirm this conclusion a1 show clear time

dependence for both the ZEC and FC branches of the

magnetization, <+

To complete the experimental description. we compare the re-
sults with FC data for Nb(Figure 2.bj). The figure exhibits M(Q)
dependenciss for N which recsemble those of YBa=Cu=O- .
There are. however, tWwo  1mportant differyernces - (1) M{©) /H
curves for HNb  coincide for the various fields for mest of the
angular span. Thils result is surprising since M is expected teo

b= lin<e=zr wlth H only 1n the pure Ssup=rconducting state,. Here

B

W g€ linearity of M and Myee- 1in the miced phase. {(ii) In
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che high-11e=1d regimse wWe  observe a wlat=auw  above an ansle

.

e (H),1lmpiving that thiie magnetic moment 1= not  cababl-=s of

following the samples but the lzg - 1S & constant (ses 1ns-=t,

Filgure =Z.b). (Very =similar resulits, thouzgh on a limited
angular sgpan, were obtain=ed by Heis=<*“9? i higs torque-

experiments). The plat=au in hisgh {fields is limited to 2 small
angular span and the overall shape of M(Q) 1s symmetric around
n and 1is reversible, implying that WMy~ 1 etill a rigid
body. We thus demonstrate that for Nb the macroscopic moment
Miv» 18 able to recover after a full Zn rotation. In other
words, when €.,« 1is of the order of €, M,.. is =still =
rigid body but its orlentation changes temporarily in order to
decreas= the system energy.
Recent thecories*®-*¢? and simulationg*t*=-172 nredict

field-induced frustration in granular superconductores, and as a

Qo magnetic

t

result, glassy behaviour and irreversible responcse
field. The difference in the 2ZFC/FC branch., though consistent
with the glassy picture, is found also in ordinary supercon-
ductors, and might be explained in terms of trapped tlux. The
rotation experiment, however, shows a clear distinction between

the response of Nb and YBa=CuxG- . We note that the

difference in the behaviour 18 really dramatic and 1s very

unlikely that 1t 1s mer<ly quantitative: For Nb we find rigid
Irotations at T/Te =~ Q.5 Wwhereas tor 1BazCuxQ- . tor
cemparable fisglds., the rigidity 1= bLroken for T/Te < 0.05.
Moreover, the behaviour f ound for TEa=Cu=l ic very
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Simiezl To  tThat @ found ror <lassgzcal spln-zlaszes., N LiE Ll e -
rore conciude that the rotation experiment gives support Ho the

E13aSsyY plctulrs suggested tor the high-T< c=sramice.
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Lero-field-cooled (shielding) and field-cooled (Meisspner)

curves for (aj; YBaz=CuxO- and (b) Nb.

Angular dependence of the FC magnetization for (&)

YBa=Cu=x0> and (b) Nb at 4.2K for various fields. The
inset to (a) shows the irreversitble angular dependsnce for
H = 1.5kQe, at 4.2 K. The inset to (b) shows th-= lag 2~

as a function of the rotaticn angls © for h = 1kQe.
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