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Second harmonics and compensation effect in ceramic superconductors
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A three-dimensional lattice of the Josephson junctions with a finite self-conductance is employed to model
the ceramic superconductors. The nonlinear ac susceptibility and the compensation effect are studied by Monte
Carlo simulations in this model. The compensation effect is shown to be due to the existence of the chiral glass
phase. We demonstrate, in agreement with experiments, that this effect may be present in the ceramic super-
conductors which show the paramagnetic Meissner efféf163-182809)07525-4

One of the most fascinating discoveries in condensed mat- The goal of this paper is to explain the CE theoretically
ter physics is the paramagnetic Meissner eff@@WE) in by Monte Carlo simulations. Our starting point is based on
certain ceramic superconductdrsThe nature of the unusual the possible existence of the chira_l glass ph&isewhich the _
paramagnetic behavior may be related to the appearance gmanence necessary for observing the CE should occur in
spontaneous suppercurrer(tr of orbital moments® The  the cooling procedure. Such remanence phenomenon is simi-
latter appear due to the existencemfiunctions character- lar to what happens in spin glass. Furthermore, the PME
ized by the negative Josephson couplid§srurthermore related to the CE can also be observed in the chiral glass

i : e ' phase’1®' There are several experimental resiflwhich
Sigrist and Rice argued that the PME in the highsuper- P : ’ P )
conductors is consistent with tiiewave superconductiviy. ~2PPear to corroborate the existence of such a glassy phase in

This effect is succesfully reproduced in a single loop model ceramic h|gth superconductors. . .
as well as in a model of interacting junction-lodis. In the chiral glass phase the frustration due to existence of

The mechanism of the PME based on the:ave symme- 0- and mr-junctions (O—Junct|ons correspond to posnwemJO—
try of the order parameter remains ambiguous because it seph_son contact energiéigads to nonzero SUPETCUTTEN's.
'Phe internal field(or the remanent magnetizatiomduced

not clear why this effect could not be observed in manyby the supercurrents in the cooling process from high tem-

ceramic materials. More |mp0rtantly, the pargmagnetlc reberatures to the chiral glass phase may compensate the ex-
sponse has been seen even in the conventiona(Rdfs. ternal dc field.

8-10 and Al (Ref. 1) superconductors. In order to explain  \ye model ceramic superconductors by the three-

the PME in terms of conventional superconductivity one caryimensionalXY model of the Josephson network with finite

employ the idea of the flux compression inside of a samplese|f-inductance. We show that in the FC regime the CE ap-

Such phenomenon becomes possible in the presence of thgars in the samples which show the PME but not in those

inhomogeneitie¥ or of the sample boundary.Thus the in-  containing only 0-junctions. In the zero field cool&FC)

trinsic mechanism leading to the PME is still underregime decreasing the external dc field also gives rise to the

debate'14 CE in the frustrated ceramics. Both of these findings agree
Recently Heinzekt al® have shown that the PME may with the experimental data of Heinzet al.*®

be analyzed by the compensation technique based on the We neglect the charging effects of the grain and consider

measurement of the second harmonics of the magnetic dbe following Hamiltoniarf:’

susceptibility. Their key observation is that the so-called

compensation effedCE) appears only in the samples which 1 ext

show the PME but not in those which do not. Overall, this H= _% Jij Cos(gi_ei_Aii)”Lﬁ % (Pp—@p )%,

effect may be detected in the following way. The sample is

cooled in the external dc field down to a low temperature and p .

then the field is switched off. At the fixed loW the second ® :ﬁ 2 A A :Z_WIJA(F)dF (1)

harmonics are monitored by applying the dc and ac fields to P2m o i '

the sample. Due to the presence of nonzero spontaneous or- ] ]

bital moments the remanent magnetization or, equivalentiyvhered; is the phase of the condensate of the grain attne

the internal field appears in the cooling process. If the direcsite of a simple cubic latticed is the fluctuating gauge po-

tion of the external dc field is identical to that during the field tential at each link of the latticepy denotes the flux quan-

cooled (FC) procedure, the induced shielding currents will tum, J;; denotes the Josephson coupling betweeri tthand

reduce the remanence. Consequently, the absolute value pgth grains,. is the self-inductance of a lodjan elementary

the second harmonidy,| decreases until the signal of the plaquett¢, while the mutual inductance between different

second harmonics is minimized at a fitfd.=H,,. Thus loops is neglected. The first sum is taken over all nearest-

the CE is a phenomenon in which the external and internaheighbor pairs and the second sum is taken over all elemen-

fields are compensated and the second harmonics becortay plaquettes on the lattice. Fluctuating variables to be

zero. summed over are the phase variablgs,at each site and the
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gauge variablesh;; , at each link.®, is the total magnetic
flux threading through theth plaquette, WhereaﬁégXt is the
flux due to an external magnetic field applied along the
direction,

model [ 10

HS if p isonthe(xy) plane

ext__
®p 0  otherwise, @ —
x
where S denotes the area of an elementary plaquette. The fc_>‘
external fieldH includes the dc and ac parts and it is given 3 10
by model II
2 b
H=H 4.+ H,.coq wt). (3) 3
1 b—
It should be noted that the dc field is necessary to generate i
even harmonics. 0 ' '
In the present paper, we consider two models with two 0 5 if’ 15 =0
types of bond distributions. Model I: the sign of the Joseph- de
son couplings could be either positiv@-junction or nega- FIG. 1. The dependence pf,| on hy. for model | and model II

ti\_/e (_7T-junction) a_nd the spin glass typ_e bimodat () dis- atT=0.1. The values of. are chosen to be equalto 1, 3, and 10 as
tribution of Jj; is taken. The coexistence of O- and ghown next to the curves. The results are averaged over 20 samples.
m-junctions gives rise to frustration even in zero external

field and thee chiral glass phase may occur at lowyheret denotes the Monte Carlo time. The dimensionless ac
temperatures: Model II: the interactions);; are assumed to field h,., dc field hy and inductance’ are defined as fol-
be “ferromagnetic” and distributed uniformly between 0 lows: ac de

and 2J. Obviously, there is no frustration in zero external '
field in this model. It has been also demonstrated that the
PME is present in model | but not in modelll. :ZWH“S :MS
The ac linear susceptibilty of models | and Il has been a by " b0
studied by Monte Carlo simulations. It was found that, due -
to the frustration, model | exhibits much stronger dissipationThe dependence of on the parameters of the system such
than model Il in the low frequency regime. Here we go be-as the critical current and the typical size of the grains is
yond our previous calculations of the linear acdiscussed in Refs. 7 and 17.
susceptibility’ We study the dependence of the second har- Our results have been obtained by employing Monte
monics as a function of the dc field. In this way, we canCarlo simulations based on the standard Metropolis updating
make a direct comparison with the CE observed in thdechnique. While Monte Carlo simulations involve no real
experiments® The second harmonics of a similar Josephsorflynamics, one can still expect that they give useful informa-
network model with a finite self-inductance were consideredion on the long-time behavior of the system. In fact, the
by Wolf and Majhofer*® However, these authors dealt with amplitude of the ac field we use is much smaller than the
the two-dimensional version of model Il and the CE has notypical energy of the dc part. On the other hand, the charac-
been studied. In this paper we are mainly interested in théeristic time for the sintered samples, which are believed to
CE in the frustrated three-dimensional system described bpe captured by our model, is of order ¥6s.'® This time has
model 1. the same order of magnitude as a single Monte Carlo step.
The dimensionless magnetization along thexis mor- ~ So the period of oscillations chosen in the present work is
; = ie i much longer than the characteristic tinigee below For
malized per plaquetten, is given by such a weak and slowly changing ac field the system can be
regarded as being in quasiequilibrium and the Monte Carlo
2 (q)p_qffxt)' (4) updating may be appliedA priori, the validity of this ap-
Np®o pTxy) P proximation is not clear but it may be justified by comparing
. our results with those obtained by other approaches to the
where the sum is taken over &il, plaquettes on thexy)  gynamics such as considered in Ref. 19. For the first har-
plane of the lattice. T.hg.re’al and Imaginary parts of the a¢nonics, our method and the method of Ref. 19 vield results
second order susceptibility,(w) and x3(w) are calculated  that agree qualitatively. Furthermore, our results presented in
as Fig. 1 for the second harmonics are also in a qualitative
agreement with the corresponding results obtained by solv-
, 1 (7~ ing the equations of motiot. So one can expect that the
x2(@)= hoc Wm(t)cos(Zwt)d(wt), standard Monte Carlo may actually give reasonable results
for the CE.
1 = We choose the gauge where the bond variaBleslong
Yi(w)= J' ﬁ](t)sin(Zwt)d(wt), (5) thez d|rect|.on are fixed to b.e zero. The lattices studied are
mhae) -7 simple cubic withL XL XL sites and free boundary condi-

L= (2 $o)2IL. (6)

~ 1
m=
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tions are adopted. In all calculations presented below, we 445
takeL=8 andw=0.001. The sample average is taken over
20-40 independent bond realizations(w) has been esti-
mated following the procedure in Refs. 7 and 20. Namely, at
the beginning of a given Monte Carlo run, we first switch on
the field (3). Then, after waiting for initiat, Monte Carlo
steps per spitMCS), we start to monitor the time variation
of the magnetizationt, is being chosen so that all transient
phenomena can be considered extinct. Wetgeto be 2
x10* MCS. After passing the poirit=t,,m(t) is averaged
over typically 200 periods, each period contains
tr MCS (tt=2#/w). The real and imaginary parts of the
second order ac susceptibility are then extracted via(&qg.
We seth,=0.1, corresponding te=-0.016 flux quantum per
plaquette. Smaller value &f,.turned out to leave the results
almost unchanged.

The dependence dfv,l,|x2|= V(x2) 2+ (x5)2, on hy at

T=0.1] is presented in Fig. 1. For small values 8f the FIG. 2. The second harmonics of model | obtained after field
oscillation of| x| shows up. Such oscillation has been foundcooling in a dc fielthy.=1 from T=0.7 toT=0.1. The temperature

for the two-dimensional superconductors in Ref. 19 and itgs reduced in steps of 0.05. At the lowdst 0.1 the dc field used in
nature is related to the lattice periodicity. Our new observacooling is switched off and the second harmonics are generated by
tion is that the oscillatory behavior is still present in the applying the combined fiel@3). The dc field is stepwise reduced
superconductors with 0- and-junctions (model |) but to from hy.=1 to hyc=0. The inductance is chosen to be equakto
less extent compared to model Il. It is clear from Fig. 1 that=4. The arrows indicate the sense of the changes in the dc field.
|X2| does not decrease at largg, but gets saturated. This is The results are averaged over 40 samples and are qualitatively the
an artifact of the assumption that the Josephson contact ef@me as those presented in Fig. 1 of Ref. 15.

ergiesJ;; are field-independent. The field dependencéiff _ ) ) )
should remove the saturation [of,| at strong dc fielddd-2 accord with the experiments, at the compensation point the

In order to study the difference between model | and'€@l @nd imaginary parts should change their sigour re-
model Il through the CE we have to consider the weak fieldUlts show thak; changes its sign roughly #ityc=hcom. A
region where the PME may be observed. For model | th&imilar behavior is also displayed by, but it is harder to
PME appears clearly fdng<1.” So the largeshy, we take ~ observe due to a smaller amplitude ygf .
is 1. In this weak field regime there is no periodicity|gb| Figure 3 shows the dependence of the second harmonics
versushy, which may complicate the study of the CE. The on hy. in FC regime for model Il. The calculations are car-
chiral glass phase is found to exist below a critical value ofried out in the same way as for model |. A difference is that
the inductancel, where 5<Z.<7.1 One has to choose, We start to cool the system fro=1.4 which is above the
superconducting transition poifts~0.9 (T is estimated

; model I, T=0.1J

10%,

therefore, anC which is smaller than its critical value and in
what follows we takel=4.

In this paper we focus on the system slze 8, £=4, 6 | model I, T=0.1J i
®=0.001, andlr' =0.1. Our preliminary studies show that the
gualitative results do not depend on the choise of the param-
eters of the system.

Figure 2 shows the dependence of second harmonics on
hgc in the FC regime for the superconductors described by
model I. Our calculations follow exactly the experimental
procedure of Heinzedt all® First the system is cooled in the
dc fieldhyg=1 from T=0.7 down toT =0.1 which is below
the paramagnet-chiral glass transition temperature
T.~0.17% The temperature step is chosen to be equal to
0.05. At each temperature, the system is evolved through 2
x 10* Monte Carlo steps. When the lowest temperature is
reached the dc field used in cooling is switched off and we
apply the combined field given by E¢B). We monitor the
second harmonics reducing the dc field frbgp=1 to zero
stepwise by an amount afhy.=0.05. |x,| reaches mini-
mum at the compensation field.,,=0.7+0.05. At this FIG. 3. The procedure to generate the second harmonics is the
point, similar to the experimental finding3the intersection  same as in Fig. 2 but for model 1. The system is cooled in a dc field
of x5 andyj is observed. This fact indicates thatt,,,the  h, =1 from T=1.4 to T=0.1. The results are averaged over 20
system is really in the compensated state. Furthermore, isamples.

10%,
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from the maximum of the specific hddior Z=4 and the ot

T
results are not shown her&he temperature step is set equal 6~ model I, T=0.1 2;'
to 0.1. Obviously] .| decreases with decreasihg. mono-
tonically. Thus, there is no CE because the remanent magne- zre ,,°°-°
tization does not appear in the cooling process. This result is
again in accord with the experimental data.

We now turn to the ZFC regime. The experiménshow I:'I e
that no CE can be expected if after the ZFC procedure one Broe ° I
increases the dc field. However, if the field is decreased a '\“f:-, BRI
remanent magnetization is developed and the CE appears. , ,
The results of our simulations for the ceramic superconduct- -0.5 0.0 0.5 1.0
ors described by model | are shown in Fig. 4. As in the FC hy,
regime the system is cooled from=0.7 toT=0.1 but with-
out the external field. Then a&=0.1 we apply the field FIG. 4. The dependence k,| on hy. obtained in the ZFC

given by Eq.(3) and study three cases. In one of thegis regime for model I. The solid circles correspond to the case when
decreased frorh,.=1 to —0.5. The values ofy,| are rep- the dc field is decreased frohy.=1 to —0.5. The open hexagons

resented by solid circles in Fig. 4. The CE is clearly seen aﬁnd squares correspond to the increaskygfrom zero to 1 and to

h. —0.15-005. At this point the real and imaginary parts s decrease from zero te-0.5, respectively. The inductance is

O]f"t”;]e s.econ(.i h.armonicsp also interséitte resulgtJS ar)é aot chosen to be equal t6=4. The sense of changes of the dc field is
how). It is not surprising that thé.. . in the ZFC regime marked by the arrows. The results are averaged over 25 samples.

S : b ller than in th ch:m h Fi 4 sh The compensation field in the case when the field is decreased is

appears to be smaller than in the regime. Figure 4 shows _q 15+0.05.

also the dependence pf,| on the dc field when it changes e

from hy=0 to 1 (open hexagonsand from hy =0 to . ) ) ) .

—0.5 (open squards Obviously, no CE is observed in this appear in the chiral glass_ phase in which the PME is present

case. The results presented in Fig. 4 qualitatively agree witRUt not in the samples without the PME.

those shown in Fig. 2 of Ref. 15. We thank M. Cieplak for a critical reading of the manu-

In conclusion we have shown that the CE may be exScript and H. Kawamura, D. Dominguez, A. Majhofer, and

plained, at least qualitatively, by using the chiral glass pic-S- Shenoy for discussions. Financial support from the Polish

ture of the ceramic superconductors. The CE is shown t@gency KBN(Grant No. 2P03B-025-13s acknowledged.
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