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Experimental search for the chiral glass transition in a ceramic BjSr,CaCu,Og sample
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The nonlinear susceptibility of a melt-castBi,CaCyOg sample, displaying both the paramagnetic Meiss-
ner effect and magnetic aging, has been studied experimentally. The presence of magnetic aging in this sample
proves that the spontaneous orbital magnetic moments exhibit correlated and frustrated dynamics at low
temperatures. The possible existence of a chiral-glass phase transition was investigated by extracting a quantity
corresponding to the order parameter susceptibility of the glass phase. It is shown that the expected divergent
behavior of this quantity is hampered by relaxation effects and that the sample is out-of-equilibrium already at
temperatures slightly below the superconducting transition temperéfgreTime dependent magnetization
experiments indicate that the magnetic relaxation at temperatures close to buTb&alue to isolated orbital
magnetic moments, not yet being part of the collective orbital moment state that develops at slightly lower

temperatures.
DOI: 10.1103/PhysRevB.70.064501 PACS nuni®er74.25.Ha, 74.72.Hs, 74.81.-g
[. INTRODUCTION symmetry into the so called chiral-glass st&tén this phase,

local supercurrents circulating between grains and forming

It is by now well known that granular highs supercon- loops carrying a half flux quantum, are frozen in a spatially
ductors can display spontaneous orbital moments. This wasndom manner. It was also argued that the critical exponents
first observed in sintered BBr,CaCyOg (Bi-2212)  associated with the chiral-glass transition are close to those
samples;2 but has more recently been observed in artifi-of the three dimensional Ising spin gld8sExperimentally,
cially engineered grain boundaries in thin films of as far as we know, there has been only one attempt to esti-
YBa,Cu;0,° and TLBa,CuQ;,s* These observations give mate critical exponents in a sample displaying both the PME
strong support to an explanation basedmojunctions arising and magnetic agintf. In this particular study, a dynamic
naturally due tad-wave pairing of the superconducting order scaling analysis was performed finding a value of the critical
parameteP;® one possible candidate for this pairing is the exponentzv in reasonable agreement with theoretical expec-
de_,2 state. In case of sintered Bi-2212 samples, the existations. The experimental uncertainty in that work was how-
tence ofw junctions gives rise to the paramagnetic Meissnerever too large to make definite statements about the univer-
effect (PME), implying a positive field cooledfc) magneti-  sality class of the transition.
zation below the superconducting transition temperature. It In this work, we have studied the nonlinear susceptibility
should be noted though that a positive fc magnetization i©f a Bi-2212 sample displaying the PME as well as magnetic
not enough to evidencd-wave pairing of the superconduct- aging in relaxation experiments. A quantity corresponding to
ing order parameter since this has also been observed in cotie order parameter susceptibility in the chiral-glass model
ventional superconductofs® For these superconductors, was extracted from the low field limit of the nonlinear sus-
the explanation instead is based on the idea that during cooteptibility. It is shown that this quantity first increases
ing, the surface becomes superconducting before the bulitrongly on decreasing the temperature but its magnitude
and hence the magnetic flux in the sample becomes consaturates on a further decrease of the temperature. It is ar-
pressed creating an enhanced magnetization. gued that the saturation behavior is due to relaxation effects

Recently, magnetic aging was observed in relaxation exand therefore it is not possible to probe equilibrium proper-
periments on a melt-cast Bi-2212 sampleThis off-  ties. Comparing to measurements of the magnetic relaxation
equilibrium property of the dynamics, which has been extenperformed on the same sample, we conclude that it will be
sively studied in disorded and frustrated spin systems likeexcessively difficult to fulfill the requirement of equilibrium
spin glasse$? strongly suggests a correlated and frustratecconditions over any extended temperature range. Differences
behavior of the orbital magnetic moments in such samplesetween real samples and models for the chiral-glass phase
The idea of a collective state for the orbital magnetic mo-are also discussed.
ments has recently been corroborated by Monte Carlo simu-
lations on a three-dimensional lattice of Josephson
junctions!* In these simulations, the Josephson coupling was
assumed to be a random variable taking the valuasd —J The system investigated in this work is a granular
with equal probability, representing 0 and junctions, re- Bi,SL,CaCyO, sample, withx~8.18, manufactured by a
spectively. Using this model, it was possible to reproduce almelt-cast procesS.The sample is single phased apart from a
of the experimental findings described in Ref. 12. Moreoverminor fraction of a Bi2223 phase, which is nondetectable in
the same model has previously been shown to exhibit a zeno-ray diffraction, but is revealed from a faint anomaly in the
field equilibrium phase transition with a broken time-reversalM vs T curves at about 105 K. The onset of superconductiv-

IIl. EXPERIMENT
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ity occurs atT.~87.5 K and the transition width, as defined
by the low field dc magnetization data, is approximately 5 K. 0
A comparison with typical sintered samples shows that the
grains are significantly larger and more densely packed in
melt-cast samples. High resolution transmission electron mi-
croscopy studies showed that our sample has an extremely
polydomain microstructure on am length scalé® These
domains are preferablyaxis oriented with atomically sharp
interfaces(width <1 nm), parallel to thec-axis. The inter-
face plane can freely rotate around thexis, resulting in a
rather broad distribution of the interface orientations separat-
ing domains in theab-plane. 20
The nonlinear ac susceptibility experiments were per-

formed uging a low-field superconducting quantum interfer- -\~ 4 | hoce and out-of-phase” components of the ac
ence dEf‘WC.E{SQ.UID) magnetometel In this set-_up, the_dc . susceptibility \F/)ersuz(temperatu“re F'?'he ?gsults gre shown for two
magnetic field is ger_lerated by a small solenoid working iNyalues of the superimposed dc fieldg=0 andH,=0.1 Oe. The
persistent mode during measurements. The sample spacejiget shows the nonlinear susceptibility,, vs dc fieldHo at T
shielded byu-metal and niobium cans, resulting in, at the —=gg 7 k. f=17 Hz andh=0.8 mOe.

position of the sample, a residual field of less than 0.5 mOe.

The longitudinal component of this field is further reduced
by applying a compensating field yielding a longitudinal re-
sidual field of less than 0.1 mOe. The sample was glued to
sapphire rod and was placed in one of the middle coils of a
third order gradiometer. During all measurements the sample

was kept stationary. . Figure 1 shows the temperature dependence clo$gdb
The ac field was generated by a copper coil wound on ghe in-phase and out-of-phase components of the ac suscep-
sapphire cylinder, placed around the sample. The ac fielqbi"ty for two superimposed dc fieldsHo=0 and H,
amplitude and frequency were, unless otherwise stated:.1 Oe. The characteristic and rather anomalous features of
0.8 mOe and 17 HZ, respectively. A Second, Compensatioa PME Samp'e are tha{t’ becomes‘nore diamagnetiapp'y_
coil was also wound on the same cylinder. The ac coils wergng a weak dc field whiley” is suppressetf. This is further
centered in the two middle sections of the gradiometer. Themphasized in the inset of this figure, where the nonlinear
current fed through the compensation coil was adjusted iRysceptibility vs dc field is shown foF=86.7 K. Here it is
such a way as for the output of the SQUID electronics to beseen that the characteristic PME behavior is observed up to
zero for temperatures abov. The in-phase(x”) and the  dc fields Hy~ 0.3 Oe, while for larger fields the behavior
out-of-phase(x”) components of the ac susceptibility were typjcal for type-Il superconductors is observed, implying that
simultaneously measured by an EG&G model 7260 lock-irfield generated intergranular vortices are penetrating the ma-
amplifier. terial making it less diamagnetic. It is known that to probe
The possible existence of the low temperature chiral-glasgtrinsic zero-field critical properties of a Josephson junction
phase can be tested by studying the order parameter suscefetwork, the condition 2H,S/®,=<1, whereS is a typical
tibility, x,, which according to Ref. 15 is expected to show aloop area, should be fulfillett. If we takeH,=0.3 Oe to be
negative divergence at the chiral-glass transition temperahe cross-over field, below which intrinsic properties are be-
ture, Tg, ing probed, the typical loop size becomgd~ 3 um, which
Xo# (TITy= 1)Y= €7, 1 agrees nicely with the size of the po_Iydomain micro_structur(_a
observed for our sample. The requirement of probing equi-
where y is a critical exponent. Experimentally, can be Jibrium propertiesvanishing out-of-phase component of the
obtained from measurements of the equilibrium nonlinear agc susceptibilityis fulfilled for temperature3 =86.5 K, but
susceptibility, ;= xo—dm/dH, where x, is the zero field the magnitude ofy” remains small down to temperatures
susceptibility and the magnetizatiomis written as slightly below 86 K.
) Figure 2 showsy/, vs Hy at different temperatures. The
nonlinear susceptibility is shown for field$;<0.1 Oe, i.e.,
In this study,H is composed of an ac field with angular in the field range where the intrinsic properties of the system
frequencyw and amplituden superimposed on a dc fieldy,  are being probed. For low enough fielgg, follows anHg
H(t)=Ho+hsin(wt). For h<H,, the lowest order terms of dependence reasonably well, with=2. There is a tendency
the nonlinear ac susceptibility become however of decreasing at temperature$<86 K and in the
3) low field limit. Moreover, at temperatures below those in-
cluded in Fig. 2, the magnitude of,, saturates, something
Thus, by measuring the nonlinear susceptibility in the limitwhich can be attributed to relaxation effe¢ts. Fig. 1).
Hy— 0, one obtains direct information gf. Another impor- Figure 3 showsy, vs temperature; the values g} were
tant requirement is to ensure that equilibrium properties arextracted from the low field dependenceyqf shown in Fig.

x'and x" [% of 1/4x]

! 1
84 85 86 87 T K] 88

being probed, i.e. close to the transition measurements need
50 be performed in the— 0 limit.

Ill. RESULTS

M= xoH + xoH> + xuH®+ -+

Xni == 3xHG ~ 5xaHg =+
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FIG. 2. The nonlinear susceptibility;, versus dc fieldH, for 6
different temperatureesymbolg. The dashed curves correspond to o ®)
fits of a H3-dependence to the low-fielg,-data.f=17 Hz andh s L . % o 0.17Hz ]
=0.8 mOe. ® o ° 0 i
< o
- [e]
2. Also included in this figure is a fit of the experimenjal Q ! o °
data to Eq(1), excluding data foilf <86 K (dashed ling As PN 0 Dn”nnn 5 .
can be seen in this figure, thg data follows the expected . or o I 7
H . =) 000 o o©
behavior reasonably well at temperatuiies 86.2 K, while = s o ol
at lower temperatures the increaseyglevels off, exhibiting 5 20 g SE 7
clear deviations from the expected divergent behavior. It = qoooe”? 8
needs to be emphasized that the margin of error for the criti- 1B %9 .
cal exponenty given in Fig. 3 is too large for a precise L
assessment of the universality class of the chiral—-glass phase 0 ‘ L “Oponsenaoon
transition. The deviations from criticality is linked to relax- 84 85 86 87 T 88

ation in the Josephson junction network, something which
will be further discussed below.

A negative divergence of the nonlinear susceptibility at
the intergranu!ar transition of a granular Yf8al,0g sample superimposed dc field.Hy=0 and Hy=0.1 Oe. (b) x'(0)
Wa.s re.portEd n Ref. 22. It was argued th_at the result_s Wergx’(o.l 0e vs temperaturd for two frequenciesf=0.17 Hz and
indicative of a chiral-glass phase appearlng_below this temrZ 17 112 h=0.8 moe.
perature. However, the analyses of the experimental data pre-
sented in Ref. 22 are not impeccable. More in particular, the _. .
nonlinear susceptibility was extracted from the experimental . F'9uré 4a) shows the temperature dependence of the in-
results without considering effects due to magnetic relaxP"@se and out-of-phase components of the ac susceptibility

ation and no attempt was made to perform a proper scaliné;Or two freq.uencies,f=0.]..7 Hz andf=1.7 H.Z’ and for the
ame superimposed dc fields as used in Fig. 1. These results

FIG. 4. (a) In-phasey’ and out-of-phasg” components of the
ac susceptibility versus temperatufe The results are shown for
two frequenciesf=0.17 Hz andf=17 Hz, and two values of the

analysis. indicate that there is a noticeable frequency dependence of
8000 : x'(0) at temperature¥<86.4 K. Moreover, it is below this
b temperature wherg”(0) increases in magnitude, thus indi-
° % cating that the system is out-of-equilibrium for temperatures
6000 - Ve y=34,T=853K below 86.4 K. This is further emphasized in Figbyjwhere
o x'(0)-x'(0.1 Og, which can be taken as a measure of the
= nonlinear response applying a dc field Bf=0.1 Oe, is
§ w000 - © | shown vs temperature. A clear frequency dependence is seen
: . for temperatureg <86.4 K.
s 5
2000 - \0\ q IV. DISCUSSION AND CONCLUSIONS
Q\o\ The results presented above expose some serious difficul-
| 6“;;-—6.-6 ties met when attempting to explore the possibility of a
°85.5 " w5 TIK chiral-glass transition. Why is it that Monte Car{ivC)

simulationd® on the three dimensional lattice model, intro-
FIG. 3. The order parameter susceptibiligyversus temperature duced in Ref. 23 to describe the PME, find evidence of a

T. The dashed line corresponds to a fit of fhedata to Eqy(1). f chiral-glass transition, while the same evidence continuous

=17 Hz andh=0.8 mOe. to elude the experimentalist? To be able to address to this
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question, one will have to compare the chiral-glass modelelaxation of the magnetization makes the susceptibility
with a real sample displaying both the PME and collectiveparamagnetic for observation timés 30 s, which clearly
behavior as evidenced by magnetic aging in relaxation exindicates that the magnetic relaxation is due to the time de-
periments. pendent polarization of spontaneous orbital moments. Still,
The MC simulations described in Ref. 15 were performedat this temperature, there is no sign of magnetic aging; it is
on rather small and fully equilibrated lattices. Moreover, thenot possible to detect magnetic aging until the temperature is
simulations used temperature independent coupling constantg|ow T=85.5 K. This can be contrasted to spin glasses that
+J, which implies that spontaneous orbital moments canyypibit hoth magnetic aging and a phase transition to a low
arise in multi-junction loops even for arbitrarily weak €ou- omperature glass state. For spin glasses and for temperatures
pling constants: As a consequence, the equmbl;gém Z€T0 7> T, long time relaxation is due to correlated spin dynam-
iﬂse!ﬁ igi?fargtlbvl\ll:?r/] Itshgasﬁglaeg-ljr;itgi;ﬁ}htﬁéggﬁ)r?;o d-SI:y% ics and magnetic relaxation ends at a well defined tempera-
= 2 ture dependent maximum relaxation timgT). Moreover, if
\ivhere there appears a cr|t|cal_ value for the pafamﬂef the spin system is equilibrated for a waiting time= 7,,(T)
Z2mLdl CD_O' a quntaneous Orb.'tal mome.n.t only exists formagnetic aging effects are absent. The absence of aging in
L>1. It is also in contrast with a multi-junction model conjunction with a logarithmic relaxation in the case of the
where the coupling constants aré andeJ and wheree>3,  pME sample therefore indicates that the relaxationTat
since also in this case there appears a critiablue below =86 K is due to isolated orbital moments with a rather broad
which spontaneous orbital moments cannot eXist. distribution of energy barriers to yield a logarithmic relax-
In a real sample, temperature dependent coupling coration. The isolated moments exhibit magnetic relaxation as
stants are a reality and there exists a distribition of couplingvell as a nonlinear response, which may mask the equilib-
constants both for 0 and junctions. A likely scenario is as rium behavior of the collective state of the orbital moments.
follows. Below T, the grains become superconducting andwhether or not these effects will destroy the chiral-glass
the sample displays diamagnetic behavior because of intrgshase transition is left for future work to resolve.
granular screening currents. Some of the superconducting In summary, the requirement of performing experiments
loops made up of connected grains will be frustrated an@n a sample in equilibrium turns out to be the most difficult

carry weak spontaneous orbital mome@f:pt's-z for weak cou- to fulfill. The origin of these difficulties can be traced back to
pling constan®&), while for other loops there exists a critical the complexity of the Josephson junction network in real

L-value, implying that for these loops no spontaneous mo_samples, inclu_ding temperature ‘?'epe”der?t coupling con-
ments v;/iII arise until on decreasing temperatuldas be- stants and the influence of magnetic relaxation from isolated

come sufficiently large. As a consequence, in a real samplé’,r_bital moments not being_ part of the_collective state. The
the Josephson junction network at high temperature is dilutgxture of collective and isolated orbital moment effects,

with respect to spontaneous orbital moments but the numb@rnd the nonequilibrium state of the latter, makes it difficult to

of loops that carry spontaneous orbital moments increase‘:’svidence a chiral-glass transition in the presently investi-

with decreasing temperature. The equilibrium susceptibilit)fJatecj Bt|;12212 .'T‘tamplte. HOV\llever, g%r.tther exlﬁ)er;merg)ta:] Su.Jd'
is therefore diamagnetic close 1Q, but will become para- I€S on other melt-cast samples exnhibiting collective benhavior,

magnetic as the network develops on decreasing the tent™ ewder_lc_ed by, e.g., magnetic aging, are_neede_d to make a
perature. Close td,, it may even be that there will exist more definite statem_ent regarding the p(_)ssmle ex_|stence of a
isolated orbital moments not being part of the collectivelOW-t€mperature chiral—glass phase in ceramic High-
state. The evidence for this comes from magnetic relaxatioﬁamples'

measurements performed on the same sample, studied in

Ref. 12. Even at temperature as highTas86 K, the relax- ACKNOWLEDGMENT
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