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We report on the effect of columnar defects on the interlayer phase coherence&SmCBICUY Os
using Josephson plasma resonance as a probe. In the vortex liquid phase dps¢hresonance
field (H,) shows a characteristic exponential temperature dependence similar to that of the irreversibility
line. A drastic increase i/, occurs at a frequency-dependent temperature in the vortex liquid phase.
We interpret this change as a manifestation of field-induced recoupling of decoupled vortex liquid
by columnar defects. The double resonance peaks observed in this temperature range indicate the
coexistence of coupled and decoupled vortex regions. [S0031-9007(97)04419-0]

PACS numbers: 74.60.Ge, 72.30.+q, 74.25.Nf, 74.72.Hs

In high temperature superconductors, large thermafrequency is strongly modified by the presence of vortices
fluctuations and the small pinning potential suppress th§l5]. The magnetoabsorption in a Josephson-coupled
critical current density/.. This makes the irreversibility layered superconductor BSCCO discovered by E$uail.
line, which separates the region with vanishihgfrom [16] was confirmed to be due to Josephson plasma
that with a finite J., well below the mean field upper resonance (JPR) [17]. It is also reported that the JPR
critical field. The introduction of artificial pinning centers field (H,) shows a characteristic temperature dependence
by chemical modification [1] or by high energy particles with a sharp cusp at the irreversibility line [16,17]. All
[2,3] is an effective way to shift the irreversibility line these findings indicate that JPR can be a new powerful
to the practically useful range. Columnar defects (CDs}ool for the investigation of a vortex system, especially
introduced by the heavy-ion irradiation are reported to beéhe coherence along tleaxis.
effective to increase. and shift the irreversibility line In this Letter we report on the effect of CDs on the
towards higher temperatures in YBa,0; [2,3]. Inthe interlayer phase coherence of vortices using JPR as a
case of BiSLCaCuyOg+, (BSCCO) having much larger probe. A sharp increase in the phase coherence along the
anisotropy, the effect is more dramatic [4] compared withc axis was found in the vortex liquid phase. We interpret
YBa,Cu;0;. this change as a manifestation of the recoupling of

Accumulated experimental evidence shows that the vorvortices by CDs. The coherence sets in as a crossoverlike
ticesin a pristine BSCCO are decoupled at least well abovehange at a weakly temperature dependent magnetic field.
the vortex lattice melting line [5,6]. An important ques- BSCCO crystals used in this experiment were grown
tion one may ask is whether CDs are effective in pinningby the floating zone method. A large piece of the crystal
decoupled two-dimensional vortices, i.e., pancake vorticewvas cut into several pieces with approximate dimensions
Vortices in superconductors with CDs can be mapped ontof 1 X 0.5 X 0.01 mm® and irradiated with 5.8 GeV Pb
the problem of Bose patrticles in a random two-dimensionailons at the heavy-ion irradiation facility, GANIL (Caen,
short range potential [7]. In this framework, CDs are pre-France). Samples we used for JPR experiments have
dicted to suppress the thermal decoupling of vortices bylose-equivalent fields (matching fielgly) of 0.5, 2.0,
inducing strong localization of vortices on them [8]. Ex- and 10 kG, whose superconducting transition temperatures
perimentally, the presence of directional pinning due tor. are 87.0, 87.1, and 83.0 K, respectively. We also
CDs is suggested by the angular dependence of the irreaeasured an unirradiated sample withof 87.7 K as a
versibility line [9,10]. Flux-transformer-type experiments reference. The cavity perturbation method was used to
in the heavy-ion irradiated BSCCO also show the corredetect dissipation due to JPR. This method has advantages
lation of the vortices along the axis in the vortex liquid over the bolometric method used by other groups [16—
phase [11,12]. Despite these theoretical and experiment&B] because we can minimize the microwave power and
works, the detailed nature of vortices and the phase diaalso measure the frequency shift, which could give addi-
gram in this system remains to be clarified. tional information on the plasma resonance. We used three

The plasma with its polarization along thexis in high  cylindrical cavities of 24, 41, and 56 GHz. The sample
temperature superconductors has peculiar characteristiogas placed at the position so that the maximum ac electric
Its energy is much smaller than the superconducting gafield is applied perpendicular to the Cu@lanes. A dc
[13], which makes this plasma long lived since it barelymagnetic field up to 90 kOe was also applied perpendicu-
suffers from Landau damping [14]. The plasma resonanchar to the CuQ@ planes. Irreversibility lines were deter-
occurs when the incident electromagnetic wave frequencgnined by dc magnetization hysteresis loops measured by
coincides with the plasma frequency. The resonanca superconducting quantum interference device (SQUID)
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magnetometer (MPMS-XL5, Quantum Design) in the re-ment of vortices by CDs. Second, in the intermediate tem-
ciprocating sample mode. The sample was oscillated gierature regionf,(T) changes from convex to concave.
a frequency of 4 Hz with a travel of 0.5 cm. We de- For example in BSCCO witlB¢ = 10 kG, H,(T) is con-
fined the irreversibility field H;,,) by the criterion of/. = cave from 20 to 50 K, whereas it is convex from 50 to
20 A/cm?. We also used ac-susceptibility measurementd5 K. The change in the temperature dependencd of
and got consistent results by the SQUID measurementsan be attributed to the presence of two kinds of vortices
Detailed discussion oiif;,, determined by both methods in the system, line vortices and decoupled (pancake) vor-
will be published in a separate paper [19]. tices. In the low temperature high field region, there are
Figure 1 shows temperature dependenceHgf de-  many vortices which are not trapped in CDs since the num-
termined by SQUID measurements. The heavy-iorber of vortices surmounts the number of CDs. These vor-
irradiation maked4;,, higher below dose-dependent char-tices can be decoupled and maKg(7T) concave as in the
acteristic temperatures, which is consistent with previousase of the vortex liquid phase in the unirradiated sample
reports [9,10]. With increasingq, the upward shift of [16,17,20]. On the other hand, when the vortices aligned
H;; becomes larger and sharper. The steep ris#i@f by CDs are dominant as in the rangesof< T =< 75 K,
terminates at a field close tBy. The inset in Fig. 1 H,(T) is convex. This is just like the situation in the vor-
shows the same data in a logarithmic scale. This plotex solid phase in the unirradiated sample, where vortices
indicates that there are two temperature regions in whiclre well coupled and/,(7') is convex [21].
H;.(T) shows exponential temperature dependence; Figure 2(b) showd7,(T) at three frequencies together
Hi(T) o« exp(—T/Ty). Two values ofTy for higher and  with H;,, for BSCCO withBg = 10 kG. As we have seen
lower temperature regions are 4.8 and 33 K, respectivelyabove,H,(T) at 24 GHz show both convex and concave.
Temperature dependence of the JPR fi#lg(measured ~ With increasing the frequency{,(T) decreases and its
at 24 GHz for irradiated and unirradiated BSCCO is showrtemperature dependence in the intermediate temperature
in Fig. 2(a). It should be noted that JPR at high temperarange becomes weaker. This is because at fields close to
tures occurs above the irreversibility line, namely, in theor lower thanB¢, most of the vortices are trapped in CDs
vortex liquid phase. There are two remarkable points. ThendH ,(T) is mainly determined by the line vortices.
firstis the upward shift off, compared with that of the un-
irradiated sample. The shift becomes larger and sharper
with increasingBg as in the case off;;. According to | | | | | | | |
Bulaevskiiet al. [15], the resonance frequeney, is re- i (a) 1

lated t0 ¢, +1 AS w2  (COS,,+1), Whereg, , 11 is a 40 24 GHz i
gauge invariant phase difference betweaémandn + 1th | ~ Bg =10 kG ]
layers and ) denotes thermal and disorder average. When <-Bp=2kG ]
the interlayer coherencgosd¢, ,+1) increases, the reso- o By = 0.5 kG

nance fieldH, measured at fixed frequency should in-
crease. Thus, the increaseH), is a direct proof of the
enhanced interlayer phase coherence, namely, the align-
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FIG. 1. Temperature dependence Hf, determined by a

SQUID magnetometer for irradiated and unirradiated BSCCCFIG. 2. (a) Temperature dependence if at 24 GHz for
crystals. The inset shows logarithmic plots. The broken linegrradiated and unirradiated BSCCO. (b) Temperature depen-
shows a universal temperature dependenc#;gffor samples dence ofH, at 24, 41, and 56 GHz and irreversibility line for
with CDs close tdr,. irradiated BSCCO wittBy = 10 kG.
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Here, we comment on the location of the maximumwith By = 10 kG in this temperature range. From 66.0
in H,(T) with respect toH;,(T). As is clear from to 68.1 K, another small peak appears at about 2 kOe
Fig. 2(b), the maximum off, occurs close t@7;,(T) but  in addition to the sharp resonance peak which continues
at a slightly lower temperature. Previous reports [16,17from lower temperatures. It should be noted that the
showed that the peak i#/, locates onH;,(7). This field dependence of/Q is reversible with the sweep
difference originates from the criterion to estimdig,. rate of about 2 kOgmin. At higher temperatures, the
We used a lower criterion of. = 20 A/cn? to determine  magnitude of the higher field peak is diminished whereas
Hi.. The decrease iH,(T) at low temperatures is aresult the temperature dependent peak at lower field remains
of disorder-induced wandering of vortices which reducesip to 7.. These two peaks are plotted in Fig. 3(b),
the phase coherence [21]. The wandering of vortices isvhich clearly shows that peak at lower fields has weak
also a measure of.. So, in order to have an appreciable temperature and frequency dependence. The existence of
reduction ofH,(T), we need to have a certain amount of these two peaks may be explained by the fluctuation of
J. by going to a lower temperature/, at the maximum the density of CDs. The fluctuation of the defect density
of H,(T) is of the order of10* A/cm?. This value divides the sample into two regions, one with lower CDs
is quite consistent with the result of JPR in an organicdensity dominated by decoupled vortices and the other
superconductok-(BEDT-TTF),Cu(NCS), [22]. In this  with higher CDs density dominated by line vortices. At
superconductor withasmall < 1 X 10* A/cn?, H,(T)  lower temperatures, vortices in the former region satisfy
does not show a peak structure. the resonance condition at a lower field, whereas vortices

Now we focus on the detailed temperature dependende the majority of the sample are aligned by CDs giving a
of JPR near the sharp increaseHn. Figure 3(a) shows larger resonance field. As the ratio of decoupled vortices
the magnetic field dependence of the inverse of qualitpecomes higher with increasing temperature by thermal
factor (Q), which is related to the dissipation, for BSCCO fluctuations, the peak at higher field disappears. The
reason whyH, for the second resonance peak is nearly
temperature independent is not clear at the present stage.

In the decoupled vortex liquid statd, is related taw as
Hpy" = »?[20], whereu represents the strength of disor-
derinthe sample [15]. While itis predicted that= 1 for
a completely decoupled vortex system [20], it is about 0.8
and 0.7 for BSCCO [17] ané&-(BEDT-TTF),CuNCS),

[22], respectively. We calculatg using data at two fre-
quencies out of three after appropriate interpolation as
shown in the inset in Fig. 3(b). However, there is no

1/Q (arb. units)

H (kOe) reason to guarantee the above power-law frequency de-
————— pendence off, once we have CDs. Actually, the dis-

[ o= 41 GHz (b) 1 agreement of the twp.-T curves around 70 K shows that
_10L" » ©°°*56GHz M '] the above formula is not good in this temperature range.
8 o ™ ol 11 Below about 70 K increases to a large value reflecting
< Cop 27 ue 3 a small frequency dependencef®f. In this temperature
£ ‘o F’%'w ] range, the contribution from vortices trapped in CDs giving

constant contribution to the phase difference dominates.
Figure 4(a) shows a logarithmic plot off,(T) as
functions of normalized temperature for BSCCO with
Bg = 10 kG and the unirradiated sample at three frequen-
cies. AlthoughH,(T) in the irradiated samples shown
in Fig. 2(a) seems to overlap to that of the unirradiated
sample close tdl,, it is clear that both of them have
different temperature dependendd,,(T) in the irradiated
sample shows an exponential temperature dependence
Temperature (K) with weakly frequency dependefi, ~ 3.3 K (56 GHz)
FIG. 3. (a) Magnetic field dependence bfQ for BSCCO  Which is similar toH;,(7T) shown in the inset in Fig. 1.
with B = 10 kG at 56 GHz at 62.0, 66.0, 67.0, 68.1, 68.9, andSince H,(T) in the unirradiated sample is well fitted by
69.8 K. Arrows indicate small resonance peaks which appeathe formula for decoupled vortices [20], the separation

only after irradiation. (b) Temperature dependencefipfand  of wwvo H (T) curves strongly supports that vortices
the additional peak. Inset shows the temperature dependence the i ”d. ted | t letelv d led
of the exponenju using data at 24 and 41 GHz (open circles) In the irradiated sample are nol completely decoupled.

and 41 and 56 GHz (open squares). (c) Temperature swedfYith lowering temperaturel, shows a sharp increase
measurements df/Q. at frequency dependentemperature and continues to

1/Q (a. u.)
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transition from decoupled vortices to vortex line liquid in
this temperature range. However, there are several points
which are not in favor of this scenario. (i) As we have
shown in Fig. 3(a), there are no magnetic field hystereses
in the resonance curves. (ii) Careful temperature sweep
measurements with a rate of 0.2/#din shown in Fig. 3(c)
also show no temperature hystereses. (iii) The deviation of
H, from the exponential temperature dependence at higher
temperature shown in Fig. 4(a) is rather gradual, so we
interpret that the change i, (T) at H* is a crossover from
. . the decoupled vortices dominated region to the vortex line
] A liguid dominated region.
- () decoupled In conclusion, we found clear evidence of enhancement
o vortex of the interlayer phase coherence in BSCCO with CDs
//“ . * H ] using JPR. We interpret this phenomenon as a manifes-
L /}&~ 4 Hix tation of recoupling of decoupled vortex liquid by CDs.
L vortex 7. ] This recouplin ith a sharp i Hp(T)
line "V l pling occurs with a sharp increaseHp
i 4%” ] above a characteristic field which is weakly frequency de-
ok . Tl s aaasanasy ] pendent. H,(T) below this characteristic field shows an
0.8 0.9 1 exponential temperature dependence similaHtg. In
T/T the temperature range of the drastic chang# jn double
¢ resonance peaks are present, which is probably due to the
FIG. 4. (a) Semilogarithmic plot off, as a function of coexistence of coupled and decoupled vortex regions.
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structure shown in Fig. 3(a) may suggest a first order phase  with the same criterion as that féf, (7).
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