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Superconductivity in YBa2Cu3O7 films of thicknessdY ,500 Å sandwiched between ferromagnetic and
nonmagnetic epitaxial layers has been probed. The irreversibility temperatureTirrsHd in the vortex state maps
onto a clean-limit pair-breaking temperatureTcsHd, and a universal relation exists between the pair-breaking
field Hpb and an effective thicknessdeffs,dYd of the superconductor. The vortex response in these two-
dimensional(2D) films indicates a crossover temperatureT*, which separates two regimes of flux motion
controlled by formation of dislocationssT.T* d, and migration of preexisting dislocations and dislocation
pairs sT,T* d in the 2D flux line lattice.
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The coexistence of ferromagnetism and superconductiv-
ity, the two antagonistic quantum phenomena,1 has gained
renewed interest in recent years.2–5 This spur in activity is a
compound effect of the ability to realize well-controlled
growth of superconducting(SC)/ ferromagnetic(FM) super-
lattices, the discovery of new compounds which show exotic
superconductivity and magnetism, and the search for spin-
tronics and quantum computing related devices. The issues
of fundamental interest in this area have been ap phase-
shifted SC order parameter in the ferromagnetic layer,2 the
exchange coupling between two FM layers separated by a
thin SC film,3 spin polarized quasiparticle dynamics in the
superconductor, etc.4,5

An important but rarely addressed issue in such
FM/SC/FM sandwiches is the vortex state of the nearly two-
dimensional SC layer. It has been shown that the interaction
between two vortices separated by a distancer in the range
jsTd! r !LsTd is Vsrd<−sf0

2/4p2Ldlnsr /jd, where LsTd
=2lB

2sTd /d is the effective magnetic penetration depth in a
film of thicknessd!lB, penetration depth in the bulk, and
jsTd is the coherence length.6,7 Thus, as long as the intervor-
tex spacinga0s=sf0/Hd1/2d!LsTd, the nearest-neighbor in-
teraction is logarithmic in separationa0. In the limit T,0,
this long-range interaction leads to a 2D flux line lattice
(FLL), which melts via copious nucleation of dislocations at
T=Tm, where Tm is the melting temperature. However,
frozen-in disorder changes the dynamics of the vortex state
in a nontrivial manner. While for a 3D-FLL a vortex glass
phase is predicted in which the barriers for vortex motion
diverge with the decreasing driving force, in 2D such behav-
ior is expected only in the limit ofT<0.8 In the backdrop of
this prediction, it becomes important to address how the
presence of FM boundaries would affect the FLL dynamics
in 2D superconductors.A priori, one expects the FM bound-
aries to suppress the condensate density by pair breaking and
hence reduce intervortex interaction. However, it has also
been argued that the FM boundaries can promote pinning of
the magnetic flux of vortices.9 Indeed, ordered arrays of
submicron-size magnetic dots on Nb films lead to strong
pinning of vortices.10

In this paper we report vortex dynamics in thin
YBa2Cu3O7 (YBCO) films sandwiched between FM layers

of La0.67Sr0.33MnO3 (LSMO). In order to separate out the
magnetic contribution, we have also measured the response
of YBCO films with boundaries of PrBa2Cu3O7 (PBCO). We
note that the singular effect of FM boundaries is to suppress
Tc through pair breaking over a critical thicknessjc<20 Å.
The field-temperaturesH-Td phase boundary above which
pinning-dominated dynamics of the FLL becomes irrelevant
can be identified with a clean-limit pair-breaking temperature
TcsHd. Our ac susceptibility technique allows measurements
of FLL dynamics deep in theH-T phase space, which is not
accessible to standard resistivity measurements. We identify
the crossover temperatureT* that separates two regimes of
thermally activated flux flow(TAFF) associated with the for-
mation of dislocations, and migration of preexisting disloca-
tions and dislocation pairs in 2D-FLL. The characteristic en-
ergy of these processes scales with the effective thickness of
the superconducting film.

LSMO/YBCO/LSMO (FM/SC/FM) and PBCO/YBCO/
PBCO(NM/SC/NM) trilayers were deposited on chemically
polished11 SrTiO3 substrates with pulsed laser ablation. A
slow deposition rates,1 Å/sd was used to realize a layer-
by-layer growth of LSMO(300 Å), PBCO (100 Å), and
YBCO (50 to 500 Å). The SC and FM critical temperatures
of the films were established through resistivityrsTd and
magnetizationMsTd measurements. For studies of vortex dy-
namics, we have used a miniature Hall probe-based ac sus-
ceptometer, details of which are published elsewhere.12 The
dc and ac magnetic fields in this setup are collinear and per-
pendicular to the plane of the 333 mm2 thin film sample.
The experiment involved measurements of in-phasesTH8 d and
quadrature sTH9 d components of the fundamental
transmittivity.13,14 The onset of nonlinear response is mea-
sured by monitoring the third harmonic signalTH3. In the
weak screening regime, where the penetration depthlac of
the ac field is greater than the sample size, the fundamental
transmittivity TH8 is related to the sheet inductanceL of the
superconducting film asTH8 =1−s4pa2/c2dLd.14 Here,d and
a are film thickness and effective radius of the film, respec-
tively, and L is related to the impedanceZ of the film as
1/L=v Ims1/Zd. If the vortex motion in the weak pinning
regime is thermally activated, one expects 1/L to show
Arrhenius behavior.
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In Fig. 1 we show the variation ofTc with the thickness
of YBCO film sdYd. The critical temperature of our
NM/SC/NM sandwiches is consistent with earlier measure-
ments ofTc on similar structures prepared by PLD and mag-
netron sputtering.15 Various reasons have been given for the
observed drop inTc asdY is reduced.15,16 These include in-
terfacial stress, a drop inc-axis coupling of the condensate as
the number of CuO2 planes is reduced, and nonuniform
changes in the interatomic distances of YBCO layers which
lower the hole concentration. However, the effect of uniaxial
pressure applied along thea andb axis of a YBCO crystal on
its Tc is nearly equal and opposite.17 This result rules out any
direct effect of a lattice mismatch-induced stress onTc.

The onset of the FM and SC orders in the FM/SC/FM
heterostructures on cooling below 350 K is clearly seen in
RsTd and MsTd data(see the inset of Fig. 1).18 We notice a
much sharper drop in theTc with the decreasingdY in this
case. Such suppression ofTc has been observed in other
manganite-cuprate heterostructures as well.19 The suppres-
sion of TcfsDTcdtotalg here is a compound effect of the pro-
cesses operating in the case of PBCO-YBCO-PBCO system
fsDTcdinterfaceg and the pair-breaking effects of the magnetic
layersfsDTcdpbg. If we assume that the interface effects are
identical in the two cases, we can express the effect of pair
breaking alone onTc assDTcdpb=sDTcdtotal−sDTcdinterface. Us-
ing this procedure, we have plotted the effectiveTc of the
FM/SC/FM structures as a function ofdY. The solid line in
the figure is a fit to the equation lnsTcs0d /Tcd=xsp2jc

2/4dYd,
where xszd=cs1/2+z/2d−cs1/2d , Tcs0d the transition tem-
perature of 500 Å thick YBCO,jc the boundary layer thick-
ness over whichTc is reduced to zero, andc the diagamma
function. This expression is derived20 from the de Gennes–
Werthamer theory of proximity coupling and the Abrikosov-
Gorkov model for pair breaking by magnetic impurities. The
fitting (Fig. 1) yields ajc,20 Å. This simple picture allows
us to define the effective thicknessdeff of the superconductor
in the ferromagnetic sandwiches relative to the NM/SC/NM
trilayers asdeff=dY −2jc.

In Fig. 2(a) we show theTH3 of a dY =100 Å film with
FM boundaries measured at 121 Hz. The onset ofTH3 on
cooling from the normal state signals a nonlinear response of
vortices to the applied driving force.14 It is certainly
v-dependent, and in the limit ofv,0, the temperature of
onset is the irreversibility temperatureTirrsHd. It is interesting
to note that the appearance ofTH3 coincides with the tem-
perature at whichTH8 starts to decrease from unity[Fig. 2(b)].
Measurements ofTH8 yield the linear component of the re-
sponse of a vortex manifold in which pinning interactions are
relevant. The fact thatTH8 does not represent the pure
Bardeen-Stephen-type flux flow becomes clear from Fig.
2(b) where we compare theRsTd , TH3, andTH8 . TheTH3 ap-
pears(correspondinglyTH8 falls from unity) whenRsTd drops
by ,104 from its normal state value. The zero-frequency
limit of TirrsHd, therefore, can be identified asTcsHd, the criti-
cal temperature at whichlac diverges and pinning becomes
irrelevant.

The loss of pinning amounts to a loss of condensate stiff-
ness due to magnetic-field-assisted phase fluctuations and
pair breaking. A simple orbital pair-breaking scenario leads
to lnfTcsHd /Tcg=−pa /4kBTcsHd, where the energya is related
to pair breaking ratestkd−1 as 2a=" /tk.

21,22 For a thin
sample placed in a perpendicular magnetic field, the phase of
the order parameter changes by unity over the magnetic
length scalelH=sf0/2pHd1/2. Since high-Tc cuprates are in
the clean limit,23 the quasiparticle dynamics is expected to
be ballistic over lengthlH even at a dilute flux density. This
leads to tk

−1=vF/ lH=vFs2pH /f0d1/2 and lnfTcsHd /Tcg
=s−s2pd1/2"vF/8kBÎf0d ; sHd1/2/TcsHd, where vF is the
Fermi velocity. The inset of Fig. 3 displays the variation of
TcsHd /Tc with H. In the main panel of Fig. 3 we show a plot
of lnfTcsHd /Tcg vs H1/2/TcsHd for four samples of different

FIG. 1. Tc (open symbols) plotted as a function ofdY in
FM/SC/FM and NM/SC/NM trilayers. Filled circles in the
figure represent the calculatedTc [defined as TcsdYd=Tcs0d
−fDTcsdYdgt0tal+fDTcsdYdginterface]. Here, Tcs0d is the Tc of 500 Å
thick YBCO (82 K). This expression represents the critical tempera-
ture only under the influence of the pair-breaking field of LSMO.
Solid line is a fit to the pair-breaking theory(Ref. 20). Inset shows
RsTd and zero-field cooledMsTd of a FM/SC/FM sample withdY

=100 Å. An enlarged view ofMsTd nearTc is also shown. FIG. 2. Panel (a) shows TH3 measured at 121 HzsHac

=1.0 Oed as a function of temperature for a FM/SC/FM trilayer
with dY =100 Å at several values of dc magnetic field(Hdc=0, 1, 2,
5, 10, 20, 30, and 40 kOe). Panel(b) comparesTH8 , TH3, andRsTd
of the film of panel(a) at Hdc=5 kOe.
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thickness. A linear dependence, irrespective of the nature of
the boundaries is evident in all cases atH.5 kOe. Follow-
ing Hebardet al.22 we have calculated the pair-breaking field
Hcps0d. The upper inset of Fig. 3 showsHcps0d plotted as a
function of deff. A universal relation, independent of other
details such as film thickness and film boundary, exists be-
tweenHcps0d andTc in these ultrathin films.

Figure 4 shows the plots of log10 TH8 vs 1/T for dY
=75 Å with LSMO [Fig. 4(a)] and PBCO[Fig. 4(b)] bound-
aries. Here, it needs to be recognized that the range of tem-

perature being probed by theTH8 data is belowTirrsHd. We
note that while the log10 TH8 vs 1/T plots for the range of
0.9.TH8 .0.15 can be approximated by a straight line, a
distinct change in the slope is seen at a critical temperature
T*, where TH8 falls below<0.15. This indicates a crossover
to a different regime of dynamics at lower temperatures
sT,T* d. Interestingly, the log10 TH8 vs 1/T plots of thick
films s.300 Åd are characterized by a single activation en-
ergy down to the lowest temperature without any indications
of a T*.

In Fig. 5 we plot the activation energyU0s0d aboveT* in
the limit T=0 following a dependence of the typeU0sTd
,U0s0ds1−T/Tcd, derived from theT dependence of the
shear modulussc66,1/lB

2d of the FLL.6,24 There are three
noteworthy features of these data:(i) for the samedY , U0s0d
of the FM/SC/FM trilayer is much smaller than theU0s0d of
the NM/SC/NM layer;(ii ) for dY ,200 Å, U0s0d shows a
,lns1/Hd dependence; and(iii ) the U0s0d scales with the
effective thickness of the SC layerdeffs=dY −2jcd. The scal-
ing of U0s0d with deff at 1 kOe is evident in the inset of Fig.
5. Note that the data for NM/SC/NM films also fall on the
same curve. TheU0s0d of thicker films shows a deviation
from lns1/Hd dependence at the higher fields. This is a sig-
nature of field induced 2D-to-3D crossover in the FLL.25

The observation of two activation energies agrees with the
prediction of Feigelman, Geshkenbein, and Larkin for ther-
mally activated plastic motion of vortices in 2D-FLL with
weak pinning.24 Since the energy cost of moving a pinned
vortex is much more than the energy required to create and
then move a 2D dislocation, the vortex motion atT,Tm
proceeds via nucleation and subsequent motion of disloca-
tions over the pinning barriers. The dissipation is character-
ized by a resistivityrd=rf yo expf−D«p

d/Tg ·ndRI
2, whererf is

the flux flow resistivity, yo the characteristic attempt fre-
quency,D«p

d the pinning barrier for dislocations,nd the dis-
location density, andRI =sRc

2+R0
2d1/2, the length scale over

which two dislocations interact. Here,Rc is the collective
pinning length andR0 the radius of the flux bundle, which
moves byj when the dislocation is displaced by unit lattice

FIG. 3. In sTcsHd /Tcd plotted as a function ofH1/2/TcsHd for
YBCO films with FM boundaries(j—100 Å, m—200 Å, and
.—300 Å) and NM boundaries(n—100 Å). Lower inset shows
plot of irreversibility field vsTcsHd /Tc. Upper inset shows the pair-
breaking fieldHpbs0d. TheHpbs0d of the films with NM boundaries is
represented by the symbolL.

FIG. 4. Panel(a) shows log10 TH8 vs 1/T plot for adY =75 Å film
with the FM boundaries. The fundamental transmittivity of adY

=75Å film with the PBCO boundaries is shown in panel(b).

FIG. 5. Activation energyU0s0d plotted as a function ofHdc for
films with FM and NM boundaries. TheU0s0d was calculated from
the slope of log10 TH8 vs 1/T plots (Fig. 4) for 0.2øTH8 ø0.8. Inset
shows the activation energy at 1 kOe for several films as a function
of deffsdY −2jcd. Note thatjc=0 for the films with NM boundaries.
The U0s0d of these films is shown by closed symbols in the inset.
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spacinga0. Since pinning is strong in thin films of YBCO
(small Rc), we can writeRI ,R0. The number density of
dislocations atT is ndsTd,expf−s«d/2TdlnsR0/a0dg, where
«d=c66da0

2/p. For a YBCO film of thicknessdY =300 Å and
ls0d=1400 Å,«d<104 K, in agreement with the data
shown in Fig. 5. In the region of 2D collective pinning,
D«p

d!«d. Hence, at sufficiently high temperatures, theU0sTd
for dissipation is essentially the energy required to create a
dislocation, which is«dlnsR0/a0d=«dlnsa0/jd,«dlnsHc2/Hd.
The field dependence of theU0s0d shown in Fig. 5 is in
agreement with this prediction. Further, the scaling of the
U0s0d with the deff is embodied in the relation«d
=c66da0

2/p, as long as the vortices are correlated along the
entire thicknessd of the film.

At lower temperatures, where the thermal activation is not
large enough to create free dislocations, the motion of
disorder-induced dislocations existing in the FLL atT=0
leads to dissipation. The upper limit for the energy required
to move the dislocations in YBCO films is<103 K.25 An-
other mechanism for plastic TAFF atT!Tm is the motion of
small dislocation pairs.24 Both these mechanisms will con-
tribute to aT-dependent activation energyUosTd, which is
smaller than«d. Examples of such behavior abound in na-
ture. In ionic solids, for example, the migration of preexist-
ing Schottky and Frenkel defects leads to a low-temperature
thermally activated ionic conductivity.26 Here, it needs to be
emphasized that while a lns1/Hd-dependent activation en-
ergy has been seen inrfsTd of quasi-2D BiSr2CaCu2O8,

27

high-Tc superlattices28 and amorphous alloy thin films,29 the
rfsTd measurements are not sensitive enough to probe the
low-temperature dynamics seen here. Recent mutual induc-
tance measurements of Calameet al.30 on thin YBCO films
reveal a change in dynamics at lower temperatures, which
the authors identify with vortex excitations over the lowest
energy barriers of a pinning-potential landscape. However,
the magnitude of this barrier has not been calculated.

In summary, we have studied the dynamics of the mixed
state in 2D films of YBCO sandwiched between FM bound-
aries over a broad range of temperature and vortex density.
These studies reveal two distinct regimes of thermally acti-
vated dissipation deep in theH-T phase space. Our observa-
tions are in excellent agreement with the theory of disloca-
tion mediated plastic TAFF in 2D-FLL. The characteristic
energy of these processes scales with the effective thickness
deff=dY −2jc of the superconductor. It is interesting to note
that all effects of the FM boundaries on the mixed state are
embodied in the critical thicknessjc over which supercon-
ductivity is quenched by pair breaking.
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