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Abstract Non-resonant microwave absorption (NMA)
measurements at liquid nitrogen temperature with system-
atic microwave power variation showed a two-peak structure
in the Bi-2212 textured crystals, similar to that observed in
the Bi-2212 single crystals (Srinivasu et al., in J. Supercond.
Incorp. Nov. Magn. 14:41, 2001). NMA signals from the
aged Bi-2212 single crystals show an emergence of a ‘third
peak’ as a function of microwave power. We qualitatively in-
terpret these second and third peaks as due to the microwave
power induced phase locking of several number of junctions
into coherent groups and then the destruction of the phase
locking by the applied DC field leading to decoupling or
fluxon motion, which gives the loss in individual junctions
belonging to these otherwise coherent groups.

Keywords Non-resonant microwave absorption - Bi2212 -
Weak links

1 Introduction

Ever since the discovery of the Non-resonant microwave/RF
absorption (NMA) in the High-Tc Superconductors (HTS)
[1] and followed by others [2-6], NMA has evolved into
a powerful spectroscopic tool to probe the superconductiv-
ity properties in HTS, such as granularity, critical current
density and fluxon viscosity coefficient, etc. [7-14]. NMA
spectra in anisotropic superconductors, such as Bi2212 and
Bi 2223 powders, single crystals and films, showed new and
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complex features [15-21] as compared to very simple line-
shapes in YBa;CuzO7_, (YBCO) [9].

For example, NMA when measured in a configuration
with the applied field perpendicular to the Bi2212 crystal
ab-plane, shows a narrow low field peak followed by a broad
shoulder like peak extending to high fields [16-21]. These
new features in the NMA lineshapes of the Bi-2212 sin-
gle crystals have assumed significance, as they are inter-
preted in terms of the intrinsic Josephson effect by Rastogi
et al. [18], AC magnetic field shaking of Josephson vor-
tices [21]. Two crucial experimental observations have to be
noted from Ref. [18]. The second peak in the NMA spectra
of Bi-2212 single crystal occurs only in a temperature win-
dow of 2-3 K, at the so-called ‘magic temperature’ near T¢,
and it occurs only when the DC applied field is perpendic-
ular to the crystal ab-plane [18]. The second peak is absent
when the DC field is applied parallel to ab-plane. However,
a more careful and systematic measurements by Srinivasu et
al. [19] showed that: (1) there is an evolution of the second
peak with microwave power and (2) the second peak occurs
even in the field configuration where the applied DC field
is parallel to the crystal ab-plane but with the microwave
magnetic field perpendicular to the ab-plane, at appropri-
ate microwave powers. Which means the second peak in
the NMA spectra of Bi2212 single crystal depends on the
mutual orientation of the applied DC field, microwave mag-
netic field and the crystal ab-plane, and actually evolves as
a function of microwave power. Excellent reproducibility of
the experimental results of Ref. [19] are demonstrated by
Ahmad et al. [20]. Thus one can see that the second peak
in NMA spectra of Bi-2212 crystals has great significance
and may be talking new physics. In this light, we report here
about the aging effects of the same Bi2212 single crystal
studied in Ref. [19], on the peak structure of NMA spec-
tra showing the microwave power dependent evolution of a
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‘third peak’ that occurs at much higher fields. Also we re-
port the microwave power evolution of the second peak in
the Bi2212 textured crystals for the first time.

2 Experimental

NMA measurements are done using an ESR spectrome-
ter. Residual field is nullified using a pair of compensat-
ing Helmholtz coils, ensuring that the field sweep actually
passes through zero field. The sample is placed in the cav-
ity where the microwave magnetic field is maximal. The mi-
crowave frequency is 9.28-9.32 GHz. The microwave power
is varied between 0.1 and 10 mW. All absorption signals
are recorded in the derivative form, which is usual in NMA
measurements. All measurements are done at 77 K. Further
details of the NMA measurements are given elsewhere [19].

The Bi-2212 single crystal was grown by the self-flux
method, at UNICAMP, as described in Refs. [19, 22]. The
bulk textured crystals are grown at the crystal growth cen-
ter, Anna University, by an indigenously built floating zone
apparatus, at a slow growth rate of 1 mm/h, as described in
Ref. [23].

3 Results and Discussion

Figure 1 shows the NMA signal vs. applied DC field (Hqc)
at various microwave powers (0.1 to 10 mW), measured at
77 K. The field configuration is Hy. L ab-plane and the mi-
crowave field is Hpw || ab-plane. One can see a very narrow
first peak (P1) and a broad second peak (P»), which evolve
with the microwave power. However, the power evolution of
the second peak is not as dramatic as is seen in the Bi-2212
single crystal (see Figs. 3 and 4 in Ref. [19]). But one can
see the two-peak structure as similar to that observed in Bi-
2212 single crystal. As this second peak has many interpre-
tations, we would like to discuss more about this peak here.
Masiakowski et al. [15], who observed this second peak in
the NMA spectra of Bi-2212, have associated this peak with
the second phase in their sample. However, this cannot be
true because now many groups [16-21] have observed this
second peak in several Bi-2212 crystals grown in different
laboratories of the world and not all these crystals are defec-
tive with impurities and second phases.

In fact, such a second phase is not reflected in any of
the characterization methods, X-ray diffraction, transport or
susceptibility measurements. Further, the fact that the sec-
ond peak evolves as a function of microwave power, and that
it depends on the mutual orientation of the Hyc, Hmy and ab-
plane of the crystal [19], simply rules out the ‘second phase’
interpretation. Ahmed et al. [20], on the other hand, explain
it by a ‘reentrant phase’ model. However, even though the
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Fig. 1 NMA signals from Bi-2212 textured crystal measured at differ-
ent power levels at 77 K, 9.32 GHz. The field configuration is Hq. L
ab-plane and the microwave field is Hpy || ab-plane

‘reentrant phase’ of Fisher, Lee and Nelson [24, 25] is well
established, to connect this phase diagram with the NMA
spectra and the peak structure, one has to describe the origin
of the microwave absorption or the loss mechanism. Exper-
imentally it is the microwave loss that is measured in NMA
and not the vortex phase diagram. Without the description of
the loss mechanism, the interpretation has no meaning. Fur-
ther, we would like to draw attention to the emergence of
a ‘third peak’ in the same Bi-2212 single crystalline sample
after considerable aging (after going through several cooling
and warming cycles and as well as several months of time
lapse) as shown in Figs. 2, 3.

As the microwave power is varied, a third peak (P3)
evolves in the NMA spectrum of the aged Bi-2212 crys-
tal, in the field configuration Hy. L ab-plane and the mi-
crowave field Hp,y || ab-plane. This ‘third peak’ (shown in
Fig. 3) cannot be explained by the reentrant phase model
by Ahmed et al. [20], as they have used up all the available
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Fig. 2 NMA signals from aged Bi-2212 crystal measured at different
microwave power levels at 77 K, 9.28 GHz. The field configuration is
Hyc L ab-plane and the microwave field is Hy,y || ab-plane

phases for the first and second peaks and valleys in the NMA
spectrum. This result from the aged Bi-2212 sample rules
out the ‘reentrant phase’ interpretation. The origin of exper-
imentally measured microwave loss and the peak structure
has been explained by Rastogi et al. [18] in terms of intrin-
sic Josephson junction effect. Such a model is reasonable,
because Bi-2212 is highly anisotropic, and intrinsic Joseph-
son effect is well known in these crystals. Further, they actu-
ally derived a microwave loss expression and simulated the
signals with the first and second peaks in the NMA spectra.
Further, Shaltiel et al. have interpreted the second peak in
terms of shaking of Josephson vortices [21].

3.1 Second and Third peaks

The microwave power dependent evolution of the second
and third peaks as seen in Figs. 1, 2, 3 in this paper and
also in Figs. 3 and 4 in Ref. [19] has to be understood

Microwave Power = 8mW
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Fig. 3 Blown up NMA signal at 8 mW from the aged Bi-2212 crystal.
The third peak (P3) is clearly visible

at least qualitatively. In the following we give a possible
qualitative explanation. The second peak could be originat-
ing from the intrinsic Josephson coupling. Such intrinsic
Josephson coupling was first established in Bi-2212 crys-
tal by Kleiner and Muller [26]. One of the very interesting
results in their paper is that the steps observed in [-V charac-
teristics by microwave irradiation shift to higher voltages as
the microwave power is increased, indicating an increase in
the number of phase-locked junctions’ increases with an in-
crease of microwave power. Thus microwave power induces
phase coherence among several junctions, and they act as
a single coherent group. Application of external magnetic
field shall destroy this coherence leading to easy decoupling
of the junctions. This will cause additional microwave loss.
The width of loss peak now shall depend on the distribu-
tion of coupling strengths of the junctions in that particular
group. This can explain the second peak. Aging can modify
or weaken some of the junctions or possibly modify or create
new vacancies and defects inside the crystal, which can then
act as weak links. This is because vacancies or defects on
the length scale of coherence length can in fact act as weak
links [27]. Suitable microwave power can then bring these
weak links to phase coherence which now act as another
group whose mean coupling strength, as well as the width
of distribution of coupling strengths, is different to that of
the group of weak links that is associated with the second
peak. Applied field then can bring decoherence in this new
group of weak links giving rise to the ‘third peak’ in the
NMA spectrum. Thus in our interpretation, the second and
third peaks can arise in the following way. As the microwave
power variation can bring in phase coherence among several
junctions at a suitable power level, applied DC field brings
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in decoherence, destroying phase locking and then decou-
pling these intrinsic junctions. Decoherence and destruction
of phase locking shall decrease the shielding ability of the
group of junctions. Then the junctions become more vulner-
able to flux as they no longer act as coherent group but as
single individual junctions. Flux can now either enter junc-
tions as fluxons or decouple the junction itself, giving rise to
microwave loss as described in the equations for microwave
loss by Rastogi et al. [18].

4 Conclusion

NMA spectra of Bi-2212 textured crystal shows two-peak
structure similar to that of Bi-2212 single crystals. The sec-
ond peak evolves with the microwave power. We reported
possible emergence of a new third peak in the NMA spec-
tra of aged Bi-2212 single crystal. We have given a possi-
ble qualitative explanation for the origin of the second and
third peaks in the NMA spectra of Bi-2212 crystals as due
to the microwave-induced phase coherence in the intrinsic
weak links and then the destruction of coherence among the
groups of weak links by applied DC field. Applied DC field
then decouples the junctions themselves, giving rise to the
microwave losses and the peaks.

Acknowledgements Acknowledgments expressed to Professor
Y. Kopelevich (UNICAMP, Brazil) for Bi-2212 single crystals and Pro-
fessor P. Ramasamy (Crystal Growth Centre, Anna University, India)
for the Bi-2212 textured crystals.

References

1. Bhat, S.V., Ganguly, P, Ramakrishnan, T.V.,, Rao, C.N.R.:
J. Phys. C 20, L559 (1987)

2. Blazey, K.W., Muller, K.A., Bednorz, J.G., Berlinger, W,
Amoretti, G., Buluggiu, E., Vera, A., Matacotta, F.C.: Phys. Rev. B
36, 7241 (1987)

3. Kachaturyan, K., Weber, E.R., Tejedor, P., Stacy, A.M., Por-
tis, A.M.: Phys. Rev. B 36, 8309 (1987)

@ Springer

10.

11.

12.

13.
14.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.
27.

Rettori, C., Davidov, D., Blelaish, 1., Feluer, I.: Phys. Rev. B 36,
4028 (1987)

Durny, R., Hautala, J., Ducharme, S., Lee, B., Symko, O.G., Tay-
lor, P.C., Zhang, D.J., Xu, J.A.: Phys. Rev. B 36, 2361 (1987)
Stankowski, J., Kahol, PK., Dalal, N.S., Moodera, J.S.: Phys. Rev.
B 36, 7126 (1987)

Bhat, S.V., Srinivasu, V.V., Kumar, N.: Phys. Rev. B 44, 10121
(1991)

Srinivasu, V.V., Bhat, S.V., Kumar, N.: Solid State Commun. 89,
375 (1994)

Srinivasu, V.V., Thomas, B., Hegde, M.S., Bhat, S.V.: J. Appl.
Phys. 75, 4131 (1994)

Srinivasu, V.V., Sreedevi, V., Hashizume, A., Kohmoto, H.,
Moehlecke, S., Ricardo da Silva, R., Kopelevich, Y., Endo, T.:
Physica C 362, 285 (2001)

Srinivasu, V.V., Pinto, R., Sastry, M.D.: Appl. Supercond. 4, 195
(1996)

Srinivasu, V.V., Thomas, B., Vasanthacharya, N.Y., Hegde, M.S.,
Bhat, S.V.: Solid State Commun. 79, 713 (1991)

Likodimos, V., Pissas, M.: Phys. Rev. B 65, 172507 (2002)
Rouco, A., Obradors, X., Bridtico, J., Tovar, M., Pifiol, S., Fontcu-
berta, J., Causa, M.T.: Physica C 235-240, 2027 (1994), Part I1I

. Masiakowski, J.T., Puri, M., Kevan, L.: J. Phys. Chem. 95, 1393

(1991)

Shaposhnikova, T., Talanov, Yu., Vashakidze, Yu.: Physica C 385,
383 (2003)

Shaposhnikova, T., Talanov, Yu., Tsarevskii, S.: Physica C 451, 90
(2007)

Rastogi, A., Sudershan, Y.S., Bhat, S.V., Grover, A.K., Yam-
aguchi, Y., Oka, K., Nishihara, Y.: Phys. Rev. B 53, 9366 (1996)
Srinivasu, V.V., Itoh, K.-i., Hashizume, A., Sreedevi, V.,
Kohmoto, H., Endo, T., Ricardo da Silva, R., Kopelevich, Y.,
Moehlecke, S., Masui, T., Hayashi, K.: J. Supercond. Incorp. Nov.
Magn. 14, 41 (2001)

Ahmad, G., Hashizume, A., Iwasaki, S., Yoshii, K., Reddy, B.J.,
Shahabuddin, M., Uthayakumar, S., Jayavel, R., Endo, T.: Phys-
ica C 388-389, 687 (2003)

Shaltiel, D., Krug von Nidda, H.A., Shapiro, B.Y., Rosenstein, B.,
Loidl, A., Bogoslavsky, B., Shapiro, I., Fujii, T., Watanabe, T.,
Tamegai, T.: J. Supercond. Nov. Magn. 22, 387 (2009)

Wu, W., Li, F, Jia, Y., Zhou, G., Qian, Y., Qin, Q., Zhang, Y.:
Physica C 213, 133 (1993)

Uthayakumar, S., Srinivasan, E., Jayavel, R., Subramanian, C.:
Physica C 383, 122 (2002)

Fisher, M.P.A,, Lee, D.H.: Phys. Rev. B 39, 2756 (1989)

Nelson, D.R.: Phys. Rev. Lett. 60, 1973 (1988)

Kleiner, R., Muller, P.: Phys. Rev. B 49, 1327 (1994)

Deutscher, G., Muller, K.A.: Phys. Rev. Lett. 59, 1745 (1987)



	Second and Third Peaks in the Non-resonant Microwave Absorption Spectra of Superconducting Bi2212 Crystals
	Abstract
	Introduction
	Experimental
	Results and Discussion
	Second and Third peaks

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


