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Nonresonant microwave absorption study of intrinsic Josephson coupling in BiSr,CaCu,0g4
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The results of nonresonant microwave absorpt®dRMA) studies in Bi2212 single crystals for thi|c axis
andH|ab plane are reported. In the former orientation, over a few degrees Gelpihe NRMA signal shapes
evolve continuously as a function of temperature. We interpret these results as indicative of rapid strengthening
of Josephson coupling between the pancake vortices in the, ®il@yers on cooling belowl .. For H|ab
there is almost no change in the signal shape in the temperature range studied. In this case, no loss component
attributable to Josephson coupling is observed.

[. INTRODUCTION viscosity of the Josephson vortices are orders of magnitude
lower than that of Abrikosov vortice$,the dominant contri-
The layered structure and the extremely shwetxis co-  bution to the microwave loss comes from the former when
herence lengtlé,; of the Bi,Sr,CaCu,Og (Bi2212) super- present. We have, therefore, subjected the Bi2212 system to
conductor suggesthat it consists of stacks of superconduct- NRMA studies for H|c and Hl|lab orientations. Many
ing sheets of Cu@ bilayers Josephson coupled across arworkers®!* have reported on the microwave absorption
intervening nonsuperconducting medium. Wil{0)< 1 A studies of Bi2212 single crystals. Recently, a paper by Ba-
(Ref. 2 and the interbilayer separation=s 15 A2 for tem-  ginskii et al.'® describes the electromagnetic absorption stud-
peraturesT=<T.—1 K, £.<s/2 and therefore a description ies in these crystals in 700 MH2) range. They observe an
in terms of the Lawrence-Doniach mo8iéd applicable. In-  additional absorption which they attribute to the Josephson
deed, direct evidence for such Josephson coupling in Bi2212omponent of the vortices. We present here a more elaborate
was provided by Kleineet al® through the demonstration of and quantitative analysis of the process of the Josephson
ac and dc Josephson effects in these crystals. In additio§oupling and examine our results in the light of viscous mo-
there have been several stufie§ providing indirect evi- tion of vortices in layered superconductors. A preliminary
dence for the occurrence of interlayer Josephson couplingeport of this study has been presented eaffiéfor H|c,
For example, Duramet al® interpret the results of their me- very close toT (~1 K), we find a signature of a response
chanical oscillator experiments in terms of two-dimensionalattributable to the viscous motion of Abrikosov vortices in
Abrikosov (pancake vortices nucleated in the planes inter- the superconducting layers. Over a few degrees below this
connected by Josephson strings between the gpl@nes. temperature, a particular component of NRMA rapidly
Groveret al.” have reported the observation of superpositiongrows, reaches a maximum and then diminishes, which we
and interplay between two magnetic responsesHiyc in  interpret as due to “thickening” of the Josephson-junction
Bi2212 in the temperature interval <T<T,, whereT* is  medium to the flow of quantized flux. Fét||ab, there is no
the magic temperature at which the temperature dependenhange in the shape of the NRMA signals over the same
magnetization curves fdi >H,;,(=0.1 kO¢ intersect, i.e., temperature interval, presumably because in this orientation,
dM/dH=0 for H>H,,;, at T=T*. They attribute the two no nucleation and stacking of pancake vortices is warranted.
magnetic responses to the superconducting fluctuations in tHestead, the steady fieldH(|ab) is shielded by the so-called
individual bilayers and the superconducting network madecoreless Josephson vorticég?
up of Josephson current flows across weakly coupled LuO In the technique of NRMARef. 11 the sample is sub-
bilayers. However, there have been fewer reports over thigcted to a steady magnetic field and microwave radiation of
years which provide information about the onset and the&known power is made incident transverse to it. A standard
strengthening of the phase-locking phenomenon across thentinuous-wave nuclear magnetic-resonari®dMR) or
normal to superconducting crossover region. electron-paramagnetic-resonari&R) spectrometer can be
The method of nonresonant microwave absorptionused to study the magnetic-field-dependent absorption of the
(NRMA) has emerged as a sensitive and specific technique or microwave radiation. The signal is recorded using a
for the study of absorption of microwave radiation by Jo-magnetic-field modulation in conjunction with phase sensi-
sephson junctions in highi; superconductors- Since the tive detection and therefore the field derivatd#@/dH of the
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absorbed poweP is recorded. In single crystals and single
crystalline thin-film samples the field-dependent dissipation
of microwave power originates in the viscous motion of
guantized flux caused by induced microwave currents. The
intensity and shape of NRMA signal depend upon various
parameters like temperature, dc magnetic field, microwave
power, and above all, on the nature of the sample. Exotic
phenomena such as paramagnetic Meissner effalias
Wohlleben effedt have characteristic NRMA signal$ The
technique of NRMA has been very effective in distinguishing
between the dissipation originating from intra- and inter-
granular regions in superconducting sampfes.

II. EXPERIMENTAL

We have recorded NRMA signals in single-crystal
samples of Bi2212 using a Bruker ER 200D X-band EPR
spectrometer equipped with an Oxford ESR 900 continuou
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FIG. 1. Magnetization vs temperature #dfic measured using a

superconducting quantum interference device magnetorf@temn-
Stum Design, MPMS). Note that the diamagnetic response extends

flow cryostat. The rectangular cavity operated in the,HE by a few degrees beyond the nomifak-82.5 K.

mode with the magnetic vectdd s being maximum at the
center of the cavity where the sample is placed and directe
along the vertical. The dc magnetic fiditl is varied in the
horizontal plane and thubkl L H; always. The sample had
dimensions 2 mm, 2 mm, and 5@m along thea, b, and

c directions. Thus, tha andb dimensions were much larger
than \;, the Josephson penetration deptk-Q.14-0.7
wm).° Therefore, we are in the large junction limit leading to
the formation of Josephson vortices. The sample was placed
at the center of the cavity mounted on a flattened end of a
quartz rod with a small amount of glue. The temperature was
crosschecked with a calibrated copper-constantan thermo-
couple situated close to the sample. The values of magneti@-
field modulation and microwave power were 4 (& 100
kHz frequency and 20 mW, respectivelyd was swept from
—50 to 1050 G and the microwave frequency was 9.45 GHz.
The sample temperature was varied from 4.2 to 100 K. How-
ever, in this report we shall concentrate on the nominally
reversible regime limited to a few degrees belbw It must

be mentioned here that conventionally the microwave sur-
face resistance is measured using the cavity perturbation

technique. Such measurements give the surface resistance

directly and then it is straightforward to fit the results with
various theories. A few such studies on single crystals of
Bi2212 are listed in Refs. 21 and 22. However, with the
combination of field modulation and phase sensitive detec-
tion, the EPR technique is highly sensitive and has enabled
us to distinguish between different sources of dissipation of
microwave power.

The studies being reported here have been made on air-
annealed single crystals with nominal composition Bi2212.
The crystals were grown by the traveling-zone flux
method?® Such crystals always admit the possibility of tiny
intergrowth of layers of Bi220% and they are also, not free
from dislocationg® These act as intergranular weak links
giving rise to characteristic low-field NRMA signalsee be-
low). The two sample pieces used for NRMA study were
well characterized by electrical resistivity and by ac and dc
magnetization measurements. The crystals in the as grown
form had nominall . of 84 K with AT=0.7 K. After anneal-
ing in air, the two pieces had nomindl,~82.5 K with

e

lll. RESULTS

gre being explicitly shown in this report had value of 80.8

K (see Fig. 1 It is apparent from the data of Fig. 1 that
superconducting fluctuations give significant diamagnetic
contribution up to several degrees above its nomiialalue

of 82.5 K (as determined from zero-field resistivity and in-
phase ac susceptibility measuremgnts

Figure 2 shows NRMA signals recorded at various tem-

ratureg77—86 K for H||c orientation. It is apparent that
the line shapes evolve continuously as the temperature

77K

x2

x2

e

79K
x4
"y 80K
g X4
2
) 81K
2 j\ x2
‘B
c
S
£ M x1
83K x10
84K x100
’J 85K x100
86K x100
e
| I 1 1 !
-500 200 400 600 800 1050

Field (Gauss)

FIG. 2. NRMA signals at various temperatures fjfc. Espe-

cially noteworthy is the temperature-dependent evolution of broad

AT~0.35 K. The particular sample on which NRMA data winglike structure in the intervals 78—81 K and 83—-86 K.
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absent now. Instead, only a marginal increase in the intensity
] of the signal between 86—80 K is seen. However, we do

78K observe a kink at low fields in the temperature range 77—80
Jk'\——”" K suggestive of a coupling signature, which may be due to

77K

= 79K slight misorientation of theb plane of the crystal with re-
Z \Nﬁ'_ spect to applied steady field.

2 80K

= PE—

2 m IV. DISCUSSION

W —H—

é \f\*am xb, | Coffey and Clerf® have presented a detailed phenomeno-
- 86K logical treatment of microwave surface impedance in terms
" x10, of comple>§ penetratiqn depth as function of frequency

86.5K x200 », magnetic-flux densit and temperaturg&. However, we

present here an analysis relevant to our data using the sim-

l . , . pler and somewhat more transparent method due to Portis

-50 0 200 400 1050 et al?’ particularly applicable to NRMA experiments. It de-
Field (Gauss) scribes the complex surface impedance of a superconductor

subjected to a static magnetic fiditl and incident upon by

FIG. 3. NRMA signals at various temperatures féfab. The microwave radiation. The surface impedante Ry—iXg
temperature dependent evolution of the line shapes observed for

H||c is absent for this orientation. Where the real part

Re=Xo{[ — 1+ (1+4f2H?/B2)Y2)/2}1/2 (N
moves across nomind* (80.8 K) and T, (82.5 K) values. s=Xoll ( o 2

The signal at 77 K shows that NRMA is dominated by aand imaginary part
narrow signal. Such narrow signals are usually observed in
ceramic samples of high-temperature superconduétors, Xs= XO{[1+(1+4f2HZ/Bg)l/2]/2}l/2

where they originate from intergranular weak links. We be-with X,=4mw\ x*%c? andB,=8mrwur?5/ ¢, where\ is
lieve that in case of the single-crystal sample of Bi2212, thehe London penetration depth,is the microwave frequency,
narrow signal at 77 K and the narrow, low-field component,, is the coefficient of viscosity experienced by the moving
at other temperatures, arise from inevitably present wealuxons, u is the magnetic permeability, angl, is the unit
links of interunit-cell variety in this system. As the tempera-f|yx. f stands for the fraction of free or weakly pinned flux-
ture moves toward3™* value, we start to see another com- ons_ In the NRMA context, the induced microwave currents
ponent of absorption as a broad winglike sigts#e NRMA  cause dissipation by driving the fluxons and real part is the
signal at 79 K. This component grows in intensity across the|pssy part. We have to therefore compute the derivative
80—81 K region and it appears to diminish as the temperagR_/dH) of the real part of surface impedance as a function
ture approaches nomina, value. We associate this particu- of static fieldH. It is a usual practice to do this computation
lar component with the evolving Josephson coupling befor a given value o8, which incorporates all other impor-
tween the CuQ bilayers in this temperature interval. tant parameters likey and\. To do a meaningful compari-

Further, the microwave power was varied and the signalgon between calculated and observed signals, we need to first
were recorded as a function of the field at an intermediatgjentify the different sources of dissipation.

temperature of 80 K. It was observed that the intensity of the  As mentioned earlier the central narrow signal at 77 K
“Josephson” component is proportional to the square root ofrig. 2) and other temperatures comes from the Josephson
the power, indicating that we are in the Ohmic region. For-junctions in the intergranular region. Such signals can be
ward and reverse sweeps of the magnetic field showed NQptly described by a model due to Dulgtal?® The loss in
measurable hysteresis. The signals in the interval 84-86 Kych junctions occurs due to reduction of critical currents as

are about 25 times weaker than those at lower temperaturege magnetic field easily penetrates. The expression for field
The signal shape at 84 K once again appears to reveal thgyrivative of the loss is given by

existence of absorption from two different sources which

could be identified with superconducting fluctuations persist- (17212 ,R)*?

ing aboveT,; and/or a part of it could be attributed to small

regions of the sample insufficiently air annealed. An impor-

tant feature of the signal at 86 K is the characteristic quasi- —dl; )

linear dependence of dissipation on field, which usdily X| g Hutlusin(®o) |codwyt), 2

associated with the motion of Abrikosov flux lines in bulk of

the material. If we choose to follow the evolution of NRMA Wwherel ,, is the induced microwave curren, is the junc-

signals from 86 to 77 K, the signals in the interval 86 to 82tion critical current,R is junction resistanceH), is the

K would appear to serve as precursors of signals which folmodulation field,wy is the modulation frequency®,, is the

low below 82 K. phase, anchlgFZ(H) (F(H) is the envelope of the dif-
Figure 3 shows the NRMA signals recorded féfab at  fraction relation[sin(mH/ )1/ (7H/ do)).

various temperatures. The significant difference from the sig- At sufficiently low temperatures, fdd||c, straight stacks

nals forH||c is apparent. The dramatic evolution of the sig- of pancake vortices are forméd.Thermal motion of the

nal shape as a function of temperature observed earlier gancakes sets in at higher temperatures disrupting the

e

SM= IR (h28) o )? (1 N) T2
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straight stacks. When the pancakes move away from the core
axis, a phase change between the pancake vortices associated L L -
with the Josephson current across the layers is created, giv-

ing rise to Josephson vortices connecting the pancakes. The W& 701
i\‘*\:&»\F\ _
B S |

formation of such Josephson vortices is energetically favor- |
able for intervortex separation larger than the phase screen-z

ing length®® Then, since the vortices are mobile, the cou-
pling of the pancakes through the Josephson strings can bez
understood to be in a state of dynamic equilibrifirfor a

Intensify {arb. un
{
)
z

given field and temperature. This is similar to the static case 81K
of a tilted vortex(away fromc axis) where the pancakes are W T T
not stacked straight but are displaced leading to the forma- ‘ |
tion of Josephson strings connecting the pancakes. e

We postulate that the dominant contribution to the micro- o 200 200 600 200 7000
wave loss comes from the viscous motion of these Josephson Fiold (Gauss)

vortices which terminate at either end on pancakes in the

planes driven by microwave currents. This state of flux flow FIG. 4. Calculated derivative&ontinuous linesof the power

is established after crossing the irreversibility litke) which loss vs fieldH at various temperaturdésee text, (+) marks repre-

is not only a function of the magentic field and temperaturesent the observed signals.

but is also dependent on the measuring frequency Our

operating frequency of 10 GHz is close to but lower than thevhereAP, is the power absorbed when all the junctions are
estimated depinning frequency sf 40 GHz for Bi2212:3 It~ decoupled at a given temperaturg; is the mean decoupling

is therefore expected that part of the loss occurs due to thefield.

mally activated flux flo(TAFF). Further, some fluxons also ~ We add this expression to that describing complete flux-
will be unpinned due to the proximity of the operating fre- flow state to account for the total power loss after crossing
guency to the depinning frequency_ So, to account for thdéhe IL. Therefore, the field derivative of the power loss for
loss below the IL we add a fraction of the thermally activatedH <Hi; is given by combining Eqg2) and(3)

fluxons in the expression for the real part of the surface im-
pedance. Since most of the fluxons are unpinned due to the d_P: + d_Rs
combined effect of thermal activation and the proximity of dH ™M dH"-

the operating frequency to the depinning frequency, no . ]
much hysteresis is expected as is experimentally observe}diOr H=Hiy, we combine Eqstl), (3), and (4):
As we increase the magnetic field isothermally we cross the dp dR, dP,

IL to enter a complete flux-flow state where all the fluxons szM+ m+ a9

are free to contribute to the microwave power loss.

If f is the fraction of completely free fluxons Bt<<H;;  Figure 4 shows an evolution of calculated NRMA signals
(irreversibility field, the number of pinned fluxons is following this approach along with the experimental results
(1—f). Let U(H,T,w) be the activation energy of pinned in the temperature range 78—82 K. The two are seen to
fluxons, then the fraction of thermally activated fluxdRs match quite satisfactorily. For these calculations we took
can be written ag-=(1—f)exp{—[U(H,T,w)/KT]}, where  both 5 and A to be temperature dependent,

U=U[(1-T/T)¥*H]In(w,/w).*? 7(T)=doHeo(T)/pac?, where the upper critical field
Therfore the modified expression for the real part of theH ,(t)oc(1—t2)/(1+1t%) (Ref. 26 (t=T/T,), and \(t)
surface impedance is =\(0)/(1—t*%528 Therefore, By(t)=8mwul?(t) n(t)/
o 1212 $o=Bo(0)/(1+1t?)? such thatB,(0)=8mwu?(0)7(0)/
Re=X, — 1+ 1+4(f+F)2—2) } for H<H,, ¢, . For \(0) we substituted 3000 ARef. 31) and obtained
o two sets ofB,(0) values as 100 and 1000 G. These values

(3)  imply #(0) values to be 107 and 10°° cgs units, respec-
and atH=H,, f=1, hencec=0, so we get back the earlier tively. Such values forp(0) are usua'lly.cor)sidered reason-
expression(1) with f=1 which describes a complete flux- able for the two known sources of dissipation due to viscous
flow state. motion of fluxons namely, the intragrain weak links and the

Kleiner et al® have shown evidence for series arrays ofPulk in ceramic samples. At an order of magnitude level,
Josephson junctions consisting of different numbers of phasierefore, the identification of above values with the cor-
locked coupled layers of Bi2212. This would lead to a dis-"éSponding two components fét|c in Bi2212 single crys-
tribution of coupling strengths of such arrays and in turn al@/S appears reasonable. For the relative proportions of the
range of field values required to decouple them. To describEV0 components of dissipation at different temperatures in
this aspect we use a treatment analogous to the one used b{g- 4. we have been guided by the relative intensities of the
Silva et al? to take into account the decoupling of Joseph_experlmentally observed signals at the equivalent tempera-

son junctions_ The power loss due to decoup"ng can be Writtures in Flg 2. We, therefore, labeled the calculated curves in
ten as Fig. 4 by the respective temperature values.

In the flux-flow model by Portit al?’ the dissipation
P;=AP (1—e (HHd), (4)  due to flux flow starts from near zero fields. Also, the peak in
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the field derivative of the surface impedance occurs close tooherence between pancakes located across nearest-neighbor
zero field®® In the experimentally observed signals, the CuO, bilayers evolves over a narrow range of temperature
broad part identified with the appearance of Josephson cointerval across the nomindl* value. In contrast, foH in
pling has peaks at high fields. We believe that the onset afhe ab plane, no loss component attributable to Josephson
the complete flux-flow state can be associated with theseoupling is observed pointing out that it is necessary to have
peaks, so that the field value at the peak can be termed as theme c-axis component of the magnetic field. Only then,
irreversibility field H;, which defines the crossover from pancakes displaced from teeaxis can arise and to compen-
TAFF to free flux-flow state. sate for the phase difference between these pancakes, the
Josephson strings would form.
V. SUMMARY

To conclude and summarize, we have studied the tem-
perature dependence of magnetic-field-dependent microwave
absorption in Bi2212 single crystals. Adfic, the absorption A.R., Y.S.S., and S.V.B. would like to thank CSIR, UGC,
is seen to consist of three different components. One of thesend DST, India for financial support. Useful discussions with
components can be correlated with the presence of Josephs@GnN.R. Rao, T.V. Ramakrishnan, and Chandan Dasgupta are
coupling between the CuQplanes. The key result is that gratefully acknowledged.
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