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Peak effect in a superconducting DyBsCu;0-_ 5 film at microwave frequencies
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We report the observation of a peak in the microwd9e65 GH2 surface resistance in an epitaxial
DyBa,Cu;O;_ s superconducting film in magnetic fieldsarallel to thec axis) ranging between 0.2 to 0.9 T.
Such a peak is absent in the measurements done in zero field. The temperature and field dependence of the
peak suggests that this peak could be associated with the peak (Eff¢qthenomenon reflecting the order-
disorder transformation in the flux-line latti¢€LL). A strong frequency dependence of the PE is observed
close to the depinning frequency of the FLL.
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The phenomenon of peak-effd®E) in type Il supercon- wherey is the Bardeen-Stephen viscous drag coefficlerg,
ductors has attracted widespread attention in order to undethe pinning constant arfd is the external force on the vortex
stand the order-disorder transitfom the flux line lattice given by F=J®,, where ®, is flux quantumhc/2e. The
(FLL) in the mixed state of type Il superconductors. Thevortex impedance is thus given by
physical phenomenon associated with the PE is the occur-

rence of a peak in the critical current density below its dH
superconducting-normal phase boundahy.a varying tem- p=—, ©)]
perature measurement, the vortex state in a type Il supercon- ,7( 1+i E)

ductor undergoes a transition from an ordered state below the @

peak temperatureT(,) to a highly disordered state above ] o
T,.>" This phenomenon is rationalized within the where w,=(k/7) is the depinning frequency. At low fre-
Larkin-Ovchinniko¥ scenario, where the effective pinning dUencies p<wy), the vortex impedance is mostly inductive

force on the FLL is given by the expression, and dominated by pinning; at high frequenciesXw;), the
dynamics of the FLL is mostly resistive with pinning playing

a very minor role. There have been few stutfie¥*’on the
dynamics of the FLL in the microwave and radio frequency
) ) o o regime. However, there have been no reports pertaining to
wheren,, is the density of pinning sites,is the elementary  the observation of the PE at microwave frequencies in either
pinning force parameteR is the magnetic induction, and. 3 |ow T, or a high T, superconductor. It is instructive to

is the volume of Larkin domain within which the vortex explore the applicability of Eq2), within the collective pin-
lattice retains its spatial order. At,, V, reaches a minimum  ping scenarid;'® where the vortices within a Larkin volume
value due to the disordering of the FLL, thereby enhancingjastically respond like a semirigid body. In such a case, the
the Jc. Though this general description is widely acceptedotal external force per unit volume on the FLL withif is

the exact nature of the order-disorder transformation is stilyjyen asF=n®,J=BJ (wheren=vortex density. On the

. . O
an issue of intense researct! o . _ other hand, the total restoring force per unit volume will be
ac susceptibility measuremeh?s® carried out at excita- same as in Eq(1) and, thereforeks: (ny(f2)/V)Y2 This
tion fields in the range of a few tens of Hz to a few MHZ t0 ;|| have the same temperature and field variatiod asand

understand the dynamics of FLL reveal no frequency depeng| show a peak-like feature close . (or H
dence of the peak position of the PE. This suggests the as-

sociation of a true thermodynamic phase transition with this'D

10 L .
effect:” In these measurements the variation of dgén the superconducting filni2500 A, 90+0.2 K), grown by pulsed

superconductor is probed, where the force on the vortice o : )
becomes equal to the maximum pinning force. On the Othejﬁser deposition on a single crystalline LaAl8ubstrate. The

hand, a small microwave excitation induces a current, whic W:EthW;sSSu?nSZ%elgtrl]y tﬁ alt(t)emrid allrrlltc(i) t:e“rggzrsuite”rzlel:?ﬁs c())ff
is smaller than thd.. Therefore, the vortices oscillate close . K - 'eng ' o
microwave transmission were performed by stripline resona-

to the minimum of the pinning potential and experience . 3 o ;
restoring force close to it. The dynamics of the vortices :ttor techmquel. de magnetic field up to 0.9 T was _apphed
erpendicular to the film planéparallel to thec axis of

these frequencies is described by an equation of motion sug: . .
gested by Gittleman and Rosenbldfn, BCO film) using an electromagnet, and the temperature
was controlled within 30 mK.

_ Figure 1 shows the temperature variation of the surface
X+ kx=F, (2 resistance R,) at 9.55 GHz(corresponding to the first har-
n s

BJ.(H)=(np(f3/V)*?, (1)

)
In this paper we report the observation of a pronounced
E at microwave frequencies in a Dygax0;_ s (DBCO)
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FIG. 1. Surface resistand®; at a frequency of 9.55 GHz with 0 -
10 dB power for various applied field§q) as a function of tem- 0.0 0.2 0.4 0.6 0.8 1.0
perature. HereA=0, B=0.1, C=0.2, D=0.4, E=0.6, andF T,
=0.8 T. Inset:R; vs T plot in H=0.2 T at various power levels,
A=0,B=2,C=5, andD=10 dB. FIG. 2. Schematic diagrams @& variation of depinning fre-

guencyw, with reduced temperature, which shows a dip followed

monic excitation of the striplinemeasured in various mag- by a peak in the order-disorder transition region, @by surface
netic fields. Here, the current induced by the microwaved@Sistances vs reduced temperature. Note that the comparison of
was much smaller than thi of the material. Note thaR, ~ Plots in(a and(b) shows that since ™ w, > w, *, Ry shows a
displays a pronounced maximum followed by a dip featurePronounced peak and a d'gé;’:(’hereas‘f’@'?wp P, Rs shows a less
beforeT.. The temperatures corresponding to extreme posiPronounced peak. Fas>wp ™, the peak inR; is not visible.
tions shift to lower values as the magnetic field is increased.
The inset shows the plots & measured at different micro- cally depend on the measurement frequency. Wlhen
wave power levels. The temperatures corresponding to the»wgeak, the Rs will increase monotonically with field or
characteristic changes Ry do not change with the variation temperaturdsee the schematics in Fig(li?] without show-
in the microwave power level, indicating that the currentsing any peak. Whermgeak>w>wgip [i.e., w1 in Fig. 2(b)],
induced by the microwave field are lower than theof the  the measurement frequency will become larger thgnat
superconductor. In the stripline resonator technique one car’kome temperature and tf will increase. However, since
not access the normal steg of the superconducting mate- w, passes through a peak, at a h|gher temperature the mea-
rial, and, hence, cannot determine gH) very accurately.  surement frequency will again become lower thancaus-
The T¢(H) was therefore estimated from the upper criticaling theR to decrease. Therefore, in this frequency range, the
field (ch) determined from isothermal magnetization versusR_ will show a pronounced pedkf. Fig. 2b)]. The position
field (M-H) measurementgdata not shown for brevilyon  of the peak and the subsequent dipRpwill coincide with
another film grown under identical conditions. No PE hasthe dip and peak im,, respectively. This also follows from
been observed in these measurements since here one actudly. (3). On the other hand, whein < wg'p [i.e., w, in Fig.
probes the macroscopic shielding currents induced in the s&(b)], the peak will be less pronounced since the measure-
perconductors. ment frequency will cross, only once, where the surface
To understand the origin of the peak Ry, we have to  impedance will undergo a crossover from predominantly in-
consider the evolution df [cf. Eq.(2)] within the collective  ductive to predominantly resistive behavior aRg will in-
pinning scenario. Its evolution is similar to that &f and  crease. Usual estimates of thg, in a cuprate supercon-
will show a peak at the order-disorder transitiamhereV;  ductor, such as, YB&uO,_ 5 vary between 5 to 40 GHY.
becomes a minimujras the field or temperature is increased.This is therefore consistent with the fact that we observe a
Since within the Bardeen-Stephen modglaries smoothly  pronounced peak when the measurements are done at 9.55
with temperature, the depinning frequenay,, will also  GHz. The main difference between this microwave PE and
show a minimum followed by a peak at the order-disorderthe PE observed in conventional low frequency measure-
transition[see the schematic drawn in FigaP]. We identify  ments, such as magnetization or transport critical current ex-
the frequency at the dip asg'p and at the peak asgeak, periments, is that in low frequency measurements one actu-
respectively. The observation of a peak in Rewill criti- ally measures the peak in thke. This corresponds to the
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at (dV(x)/dx)y~o]. It is, however, to be noted that E) is

DyBazcu307_8 . .

8. Hi ¢ not applicable strictly at temperatures closeTo due to
large-scale motion of the vortices. This point will be elabo-
rated further.

To explore the frequency dependenceRyf, the surface

4l resistance was also measured using the fundamental reso-
nance(4.88 GH2 of the stripline. The plots oRs as a func-
tion of temperature at 4.88 GHz and 9.55 GHz are shown in

A:4.88 GHz at0.2 T Fig. 3(@ at magnetic fields of 0.2 and 0.8 T, respectivély.
g ol B:9.55 GHz at0.2 T as a function of magnetic field for the same frequencies are
é C:4.88 GHz at0.8 T shown in Fig. 8b). Both for the isothermal and the isofield
o 121 D:9.55GHzat0.8 T runs, we observe that the PE is much less pronounced and is
o« absent for temperatures below 80[Kig. 3b)], when the
measurements are carried out at a frequency of 4.88 GHz.

81 This is consistent with the scenario proposed earlier. How-
ever, one major discrepancy with the earlier scenario is the

@ shift in the peak position to higher temperatures when the
measurements are done at 4.88 GHz. According to(8q.
the parametric values of the peak and the dip positions in the

0 : : , , , Rs should be independent of the frequency. The usual treat-

74 76 78 80 82 84 ment of the frequency dependence of the Labusch parameter
T(K) due to thermal creep using the independent vortex scenario is
also unable to account for the frequency dependence of the

dip in the Rg values. This discrepancy could be due to our

(b) A:4.88 GHz at 76.04 K assumption that the collective pinning description strictly

104 B:9.55 GHz at 76.04 K holds all across the PE region.

C:4.88 GHz at 78.90 K The independent vortex picture of Gittleman and

D:9.55 GHz at 78.90 K Rosenblunt® described by Eq(3) assumes that each vortex

8 remains within the pinning potential minimum and therefore
flux creep is not taken into account. In the collective pinning
scenarid; this picture remains valid provided the motion of
the vortices inside/.. is small compared to the overall pin-

a 6 - ning potential arising collectively from the pinning centers
E inside the Larkin domain. Thus, withi¥., the vortices do

~ not experience the distribution in the restoring force arising
o« from the distribution in the pinning potential in the system.

49 However, close to the order-disorder transition, the usual
collective pinning scenafomay require some modification
as the vortex state transforms to an amorphous phase

24 where individual vorticegor bunches of vorticgsare pinned
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FIG. 3. (a) Plot of Rg vs temperature measured at fields)(at A 06 | : 6—8 : < %\‘ 3@%‘
0.2 and 0.8 T and with frequencies of 4.88 and 9.55 QHER, as - \ %%X % 69'%
a function of magnetic field at different temperatures and frequen- = T Z e \ -~
cies. 04  Ordered %.%K :
vortex solid o,
N \
point where the force on the vortex lattice is equal to the | \ \ v
maximum pinning force(dV(x)/dx),.x and the vortices 0.0 , , , \
start moving out of their pinning potential. Therefore, most 0.88 0.92 0.96 1.00
conventional measurements probe the temperature or field ThMe

dependence ofdV(x)/dX)max- [N microwave experiments,

however, the current is lower than the critical current and FIG. 4. Vortex phase diagram in a DyRau,0;_ 5 thin film

therefore a vortex moves close to its potential mininiue,
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in potentials of varying strength The evidence for this kind Based on the temperature variation Rf at 9.55 GHz
of glassy state close to the PE in a twinned YB8a;O, measured at various fields, we have constructed in Fig. 4 a
crystal (with H|c) has recently been observed by Paltentative vortex phase diagram for DBC@|c). The peak
et al!® This could cause the system to have a distribution inin Ry(T), which corresponds to a minimum in tlg, marks
time scales and lead to a shift in the position of the peak inhe onset temperaturd {,se) of the order-disorder transfor-
Rs, when the measurements are carried out at different fremation in the vortex state. The process of disordering is com-
quencies. At present we do not have a theory to explain thiplete at the peak ab, which corresponds to the minimum of
observation. Rs at T, (cf. Fig. 1). The phase diagram comprises an or-
A point worth considering while analyzing the responsedered vortex state, which crosses over to a fully disordered
of vortices at high frequencies is the effect of surface pin-state via a partially ordered phase, as the temperature or field
ning. By studying the frequency response of the superconis increased. This is in agreement with the vortex phase dia-
ductor in the mixed state, Placais and co-workel3argue  grams proposed at lower frequencies.
that the vortices in a single crystal of YBCO are held by In conclusion, we have observed a pronounced PE in a
surface pinning, while they are free to move inside the bulkthin film of DyBa,Cu;O,_ 5 at subcritical currents at micro-
Their experiments were, however, restricted to a narrow temwave frequencies close to the depinning lii€it55 GH2 of
perature range close M, which is higher than the range of the superconductor. This PE has been attributed to the order-
temperature where we have observed a nonmonotonic behagisorder transformations of the FLL as the temperature or
ior in Rs. It is not known, at this stage, how the collective field is increased. In contrast to the low frequency measure-
pinning scenario can be modified in the presence of surfacements on the PE, this phenomenon at microwave region has
pinning alone. However, two factors could be responsible fol pronounced frequency dependence both in terms of the
observing bulk pinning in our sample. Firstly, the epitaxial magnitude of the effect as well as the position of the peak
films grown by laser ablation have a larger density of detemperature. It would be interesting to study PE in high tem-
fects, including extended defects which act like surfaces inperature superconductors over a wider frequency range and
side the bulk of the crystal. Secondly, the thickness of thesat higher fields to understand the interrelation between the
films are of the order of the penetration depth near the med-abusch parameter, Larkin volume, and the vortex viscosity
surement temperature, which makes the distinction betweesind their effect on the order-disorder transition of the FLL.
surface and bulk pinning less significant as well as difficult
to detect. This issue can be resolved by a complete spectral
analysis of the complex penetration depth over a wide fre- The authors would like to thank Professor A.K. Grover,
quency range, which is beyond the scope of the preserRrofessor S. Bhattacharya, and Professor S. Ramakrishnan

study. for useful discussions.
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