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The Josephson plasma resonance (JPR) is studied in BizSr2CaCu20s+y (BSCCO) crystals with macroscopic
inhomogeneities, which are introduced by two methods; fabricating the crystal in the form having arrays of mesa
structures (20x20 pm? ~ 100x100 ym?) or by irradiating heavy-ions in half of the arystal. The JPR in BSCCO with
mesa array shows an additional resonance peak indicating that the length scale where phase coherence is averaged
is smaller than the size of the mesas. On the other hand, the resonance fields in the half-irradiated BSCCO and
those after cutting the crystal into two are different, suggesting the presence of some kind of interference between

regions which have different macroscopically averaged phase coherence properties.

1. INTRODUCTION

The JPR in layered high temperature super-
conductors has now been accepted as a power-
ful tool to study vortex states{1-4]. This is due
to the fact that the plasma frequency, which is
determined by the gauge-invariant phase differ-
ence between neighboring superconducting layers,
is modified by the presence of vortices[5]. The de-
coupling nature of the vortex lattice melting has
recently been revealed in a convincing manner us-
ing this technique[4]. In a homogeneous super-
conductor, we have only one JPR as a function of
field, since the locally random phase difference is
averaged out in a semi-macroscopic length scale of
the order of 1 #m([6]. This is also true for heavy-
ion irradiated crystals, which have inhomogeneity
in sub-micron scale, except for the region of the
field-induced recoupling transition[3,7]. Estima-
tion of the phase coherence length is related to
the mechanism of JPR and is still to be deter-
mined experimentally. In contrast to the theoret-
ical prediction, a suggestion was made by JPR in
Biz(Sr,La)2CuOg4y that the resonance frequency
is determined by the averaged field over the sam-
ple size[8]. In order to clarify this problem we in-
tentionally introduce inhomogeneity in the crys-

tal and measure resulting JPR. One way for the
introduction of the inhomogeneity is to make an
array of mesa structures on top of a single crystal.
Inhomogeneity of the phase coherence can be in-
troduced either by the variation of oxygen content
near the processed region or by the size/boundary
effect on the vortex matter. Another way to in-
troduce inhomogeneity is to irradiate heavy-ions
into a part of the crystal. By doing this, the
phase coherence of the irradiated part is largely
enhanced compared with that in the unirradiated
part. JPR of the half-irradiated crystal and after
cutting the crystal into two are compared.

2. EXPERIMENTAL

The crystals used in the present study are
grown using the floating zone method[9]. Crystals
with an array of mesa structures are fabricated
by using Ar ion-milling. Two-dimensional ar-
rays of mesa structures with dimensions of 20x20
pum? (20-BSCCO), 50x50 um? (50-BSCCO), and
100x 100 pm? (100-BSCCO) with a separation of
about 20 pum between the mesas are prepared.
The thickness of the crystals is in the range of 12
to 20 pm, and the height of the mesa is about
half of the original crystal thickness (6 to 10 x#m)
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Figure 1. (a) Pays(H) at 42 GHz for 20-BSCCO
(21.7 and 49.2 K) and 100-BSCCO (25.5 and 49.6
K). (b) Paps(H) at 24 GHz (15.4 and 32.9 K) and
42 GHz (33.2 and 49 K) for 50-BSCCO. Arrows
indicate the new resonance peaks.

so that the volumes of mesa array and the sub-
strate crystal are comparable. The same fabrica-
tion process is utilized to make small crystals for
the study of the size effect on the vortex matter
and will be reported separately{10].

To minimize possible variation of the oxygen
content induced by Ar milling, crystals are an-
nealed at 350 °C for 24 hours in 0.1% O, atmo-
sphere after milling. All the measured crystals
are optimally doped and T is in the range be-
tween 89 and 91 K with AT, ~ 1 K. For the
inhomogeneous introduction of columnar defects,
half of the crystal (7T00x400x20 pm3) is covered
by 100 gm thick gold sheet during the irradia-
tion of 6 GeV Pb ions with matching field of 20
kG. Enhancement of the in-plane critical current
density only in the irradiated part is confirmed
by observing the critical state field profile using
the magneto-optical technique. After measuring
JPR in the half-irradiated crystal (HI-BSCCO),
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Figure 2. (a) Hp(T) at 42 GHz for 20-BSCCO
and 100-BSCCO. (b) Hy(T) at 24 and 42 GHz
for 50-BSCCO. Solid and open symbols show the
main and the new peaks, respectively.

it is carefully cut into two pieces using wire-saw
so that two pieces are pristine (HI-BSCCO-p)
and 100 percent irradiated (HI-BSCCO-i) crys-
tals. Finally, JPR in each piece is measured. JPR
is measured by the cavity perturbation method at
24 and 42 GHz[4]. The crystal is set in a cavity
so that microwave electric field is applied paralle]
to the c-axis. The external magnetic field is also
applied parallel to the c-axis.

3. RESULTS AND DISCUSSION

Figure 1(a) shows microwave absorption as a
function of field, Py, (H), for 20-BSCCO and
100-BSCCO at around 25 K and 50 K. At lower
temperatures, there appears a new resonance
peak at a field higher than the main resonance
peak. The intensity of the new peak is higher
at lower temperatures and it becomes lower and
difficult to resolve at higher temperatures. The
presence of the additional peak is especially ev-
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Figure 3. (a) Pass(H) at 24 GHz between 25
and 55 K for HI-BSCCO. Two resonances are ob-
served at higher temperatures, while three reso-
nances are observed at lower temperatures. Ar-
rows indicate the direction of field sweep. (b)
Pass(H) at 24 GHz and at 35 K and 55 K for HI-
BSCCO-i. Inset shows Py, (H) for HI-BSCCO-p
at 30 and 55K.

ident in 50-BSCCO as shown in Fig. 1(b). In
addition to the two resonances, one more reso-
nance at a lower field appears at 24 GHz. We
have measured more than six samples and all of
them show additional resonance peaks at fields
20 ~ 30 % higher than the main peaks after the
fabrication process.

Temperature dependence of the resonance field,
Hy(T), are plotted in Fig. 2(a) for 20-BSCCO
and 100-BSCCO. Hy(T') does not sensitively de-
pend on the size of the mesas. H,(T) for 50-
BSCCO at 24 and 42 GHz are shown in Fig.
2(b). All the resonance peaks at high temper-
atures show the temperature dependence which
is characteristic of the decoupled vortex liquid
state[1,2,4,11]. If the resonance field at a fixed
temperature is fitted by wZ o< H=#, p is close to
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Figure 4. (c) Hy(T') for HI-BSCCO, HI-BSCCO-
i, and HI-BSCCO-p. Note that Hp(T') in HI-
BSCCO-i is higher than the highest Hy(T") in
HI-BSCCO which is believed to come from the
irradiated part.

one. This is another strong indication that vor-
tices in a region responsible for the JPR are al-
most decoupled. The ratio and the magnitude of
the main and the new resonances weakly depend
on the doping level

Now let us discuss the origin of the two res-
onances. One of the possible origins is the in-
homogeneity of the oxygen content. Oxygen is
reported to be mobile even at room tempera-
ture and could diffuse in and out of the crystal
through sample edges. Since the mesa part has
larger surface area, the oxygen content in this re-
gion could be slightly higher compared with un-
processed substrate part, giving higher resonance
field due to the decrease in the anisotropy pa-
rameter. Another possibility is that the vortex
states in different regions of the crystal are dif-
ferent and the additional resonance occurs from
the minor region having higher phase coherence.
The region could be edges of the mesa and the
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crystal edges. JPR frequency is determined by
the following formula, w2 o< (o8 ¢n,n41), Where
®n,n+1 is the gauge-invariant phase difference be-
tween the neighboring layers and { ) indicates
the thermal and disorder average over phase co-
herent volume. The fact that we observe two sep-
arate resonance peaks in the crystal with mesa
array shows that the average is not taken over
the entire crystal. Theoretically, the phase coher-
ence length is calculated by balancing the typical
kinetic energy of supercurrents with the typical
fluctuation of Josephson energy, and is estimated
as Ly = A%/a, where )\, is the Josephson length
and a is inter-vortex distance[6]. At 1 T, L, is
estimated as about 2 um with v = 200. Hence,
the presence of the two resonance peaks is con-
sistent with the theoretical estimate of the phase
coherence length.

Figure 3(a) shows examples of Py, (H) in HI-
BSCCO. At higher temperatures, two resonances
are observed, while one more resonance becomes
prominent at low temperatures. In a heavy-ion
irradiated crystals at low temperatures, two reso-
nance are reported as a function of field due to the
nonmonotonic field dependence of the c-axis crit-
ical current[12]. Hence the presence of three reso-
nance peak is naturally interpreted in a way that
two of them coming from irradiated part and the
remaining one comes from the pristine part. Fig-
ure 3(b) shows F,,(H) after cutting the crystal
into two pieces. The pristine part, HFBSCCO-p,
shows only one resonance typical of pristine crys-
tals, while irradiated part, HI-BSCCO-i, shows
much higher resonance field. Temperature depen-
dence of H, is summarized in Fig. 4 in a loga-
rithmic scale. Astonishingly the resonance field
in HI-BSCCO-i is higher than the highest peak
in HI-BSCCO before cutting. Also the resonance
field in HI-BSCCO-p is lower than the lowest peak
in HI-BSCCO. All these trend is understood by
assuming that the resonance in each part of HI-
BSCCO is somehow affected by the neighboring
region having quite different phase coherence in a
macroscopic scale.

Evidently the results in both sets of exper-
iments contradicts to each other and we may
need to reconsider the mechanism of averaging
the phase coherence in JPR.

4. CONCLUSION

JPR in BSCCO having macroscopic inhomo-
geneity in the form of mesa array or nonuniform
introduction of columnar defects are studied. In
samples with mesa array, a weaker resonance is
detected in addition to the main resonance. The
additional resonance is possibly originated from
the different regions having different vortex states
in a macroscopic scale. The presence of the ad-
ditional resonance suggests that the phase coher-
ence is not averaged over the entire sample but is
averaged in a scale smaller than the size of mesas.
On the other hand, JPR in the half-irradiated
BSCCO occurs at fields different from that in the
separated pristine and irradiated parts. This in-
dicates that there is an interference of the phase
coherence in a length scale much larger than the
estimated phase correlation length.
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