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Clean-limit pair breaking and two-dimensional vortex dynamics
in ferromagnet-superconductor heterostructures
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Superconductivity in YBgCu,0; films of thicknessdy <500 A sandwiched between ferromagnetic and
nonmagnetic epitaxial layers has been probed. The irreversibility tempefigiyiein the vortex state maps
onto a clean-limit pair-breaking temperaturgy,, and a universal relation exists between the pair-breaking
field Hp, and an effective thicknesde(<dy) of the superconductor. The vortex response in these two-
dimensional(2D) films indicates a crossover temperatdrg which separates two regimes of flux motion
controlled by formation of dislocation§T >T*), and migration of preexisting dislocations and dislocation
pairs (T<T*) in the 2D flux line lattice.
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The coexistence of ferromagnetism and superconductivef Lag g:SIp3dMNO; (LSMO). In order to separate out the
ity, the two antagonistic quantum phenoménaas gained magnetic contribution, we have also measured the response
renewed interest in recent ye&r8.This spur in activity is a of YBCO films with boundaries of PrB&u;0; (PBCO). We
compound effect of the ability to realize well-controlled note that the singular effect of FM boundaries is to suppress
growth of superconductingSC)/ ferromagnetiqdFM) super- T, through pair breaking over a critical thicknegs=20 A.
lattices, the discovery of new compounds which show exoticThe field-temperaturéH-T) phase boundary above which
superconductivity and magnetism, and the search for spirpinning-dominated dynamics of the FLL becomes irrelevant
tronics and quantum computing related devices. The issuasan be identified with a clean-limit pair-breaking temperature
of fundamental interest in this area have beem @hase- T4). Our ac susceptibility technique allows measurements
shifted SC order parameter in the ferromagnetic 1dy#&  of FLL dynamics deep in thel-T phase space, which is not
exchange coupling between two FM layers separated by accessible to standard resistivity measurements. We identify
thin SC film? spin polarized quasiparticle dynamics in the the crossover temperatufi that separates two regimes of
superconductor, ete? ) ) thermally activated flux flow TAFF) associated with the for-

An important but rarely addressed issue in suchmation of dislocations, and migration of preexisting disloca-
FM/SC/FM sandwiches is the vortex state of the nearly two+ions and dislocation pairs in 2D-FLL. The characteristic en-

dimensional SC layer. It has been shown that the interactioBrgy of these processes scales with the effective thickness of
between two vortices separated by a distange the range  the superconducting film.
AT)<r<A(T) is V(r)=~(g/4m*A)In(r/§), where A(T) LSMO/YBCO/LSMO (FM/SC/FM) and PBCO/YBCO/
=2\§(T)/d is the effective magnetic penetration depth in aPBCO(NM/SC/NM) trilayers were deposited on chemically
film of thicknessd<\g, penetration depth in the bulk, and polished® SrTiO; substrates with pulsed laser ablation. A
&) is the coherence lengfiY. Thus, as long as the intervor- slow deposition raté~1 A/s) was used to realize a layer-
tex spacingay(=(¢o/H)) < A(T), the nearest-neighbor in- by-layer growth of LSMO(300 A), PBCO (100 A), and
teraction is logarithmic in separaticag. In the limit T~0,  YBCO (50 to 500 A. The SC and FM critical temperatures
this long-range interaction leads to a 2D flux line latticeof the films were established through resistivjigT) and
(FLL), which melts via copious nucleation of dislocations atmagnetizatiorM(T) measurements. For studies of vortex dy-
T=T,, where T, is the melting temperature. However, namics, we have used a miniature Hall probe-based ac sus-
frozen-in disorder changes the dynamics of the vortex stateeptometer, details of which are published elsewhéfhe
in a nontrivial manner. While for a 3D-FLL a vortex glass dc and ac magnetic fields in this setup are collinear and per-
phase is predicted in which the barriers for vortex motionpendicular to the plane of thex83 mn¥ thin film sample.
diverge with the decreasing driving force, in 2D such behav-The experiment involved measurements of in-phas$g and
ior is expected only in the limit of =~ 0.2 In the backdrop of quadrature (T}) components of the fundamental
this prediction, it becomes important to address how thgransmittivity314 The onset of nonlinear response is mea-
presence of FM boundaries would affect the FLL dynamicssyred by monitoring the third harmonic signBls. In the
in 2D superconductors priori, one expects the FM bound- weak screening regime, where the penetration dapgtof
aries to suppress the condensate density by pair breaking atite ac field is greater than the sample size, the fundamental
hence reduce intervortex interaction. However, it has alseransmittivity T}, is related to the sheet inductanceof the
been argued that the FM boundaries can promote pinning afuperconducting film a$/,=1-(4ma?/c?dL).}* Here,d and
the magnetic flux of vortice$.Indeed, ordered arrays of a are film thickness and effective radius of the film, respec-
submicron-size magnetic dots on Nb films lead to strondively, andL is related to the impedancg of the film as
pinning of vorticest? 1/L=wIm(1/Z). If the vortex motion in the weak pinning

In this paper we report vortex dynamics in thin regime is thermally activated, one expectsL1tb show
YBa,Cu;0; (YBCO) films sandwiched between FM layers Arrhenius behavior.
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FIG. 1. T. (open symbols plotted as a function ofdy in = g
FM/SC/FM and NM/SC/NM trilayers. Filled circles in the ~
figure represent the calculated, [defined as T(dy)=Tgq
_[ATc(dY)]tOtal+[ATc(dY)]interfaca' HerevTc(O) is the Tc of 500 A
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 theo(Ref. 20. Inset shows
R(T) and zero-field cooled(T) of a FM/SC/FM sample wittdy
=100 A. An enlarged view ofM(T) nearT, is also shown. FIG. 2. Panel(a) shows Tys measured at 121 HAH,
=1.0 O¢g as a function of temperature for a FM/SC/FM trilayer

In Fig. 1 we show the variation of; with the thickness  with d, =100 A at several values of dc magnetic fieit=0, 1, 2,
of YBCO film (dy). The critical temperature of our 5, 10, 20, 30, and 40 kQePanel(b) comparesT},, Tys, andR(T)
NM/SC/NM sandwiches is consistent with earlier measureof the film of panel(a) at Hy.=5 kOe.
ments ofT, on similar structures prepared by PLD and mag- . ] )
netron sputterind® Various reasons have been given for the In Fig. 2@ we show theT,;; of a dy=100 A film with
observed drop il asdy is reduced56 These include in- FM boundaries measured at 121 Hz. The onseT,gf on
terfacial stress, a drop iaxis coupling of the condensate as cooling from the normal state signals a nonlinear response of
the number of Cu@ planes is reduced, and nonuniform vortices to the applied driving forcé. It is certainly
changes in the interatomic distances of YBCO layers whichw-dependent, and in the limit ab~0, the temperature of
lower the hole concentration. However, the effect of uniaxialonset is the irreversibility temperatufg, ). It is interesting
pressure applied along tlaeandb axis of a YBCO crystal on to note that the appearance Bifs coincides with the tem-
its T, is nearly equal and oppositéThis result rules out any perature at whicH, starts to decrease from unitiig. 2(b)].
direct effect of a lattice mismatch-induced stressTgn Measurements ofy, yield the linear component of the re-

The onset of the FM and SC orders in the FM/SC/FMsponse of a vortex manifold in which pinning interactions are
heterostructures on cooling below 350 K is clearly seen inelevant. The fact thafl/, does not represent the pure
R(T) and M(T) data(see the inset of Fig.)2® We notice a  Bardeen-Stephen-type flux flow becomes clear from Fig.
much sharper drop in th&; with the decreasingly in this  2(b) where we compare thR(T), Tya, andT/,. The T, ap-
case. Such suppression ®f has been observed in other pears(correspondinglyT}, falls from unity) whenR(T) drops
manganite-cuprate heterostructures as #ellhe suppres- "¢ from its normal state value. The zero-frequency
sion of TC[(ATC.)tOta!] here is a compound effect of the pro- limit of Ty ), therefore, can be identified s, the criti-
cesses operating in the case of PBCO-YBCO-PBCO system . : Y
[(AT.)erracd and the pair-breaking effects of the magnetic_cal temperature at whick,. diverges and pinning becomes
layers[(ATy)qp]. If we assume that the interface effects arelrrelevant.

identical in the two cases, we can express the effect of pair Thealosst of pmnmgt;. a??(ljmts ;ota(jlosi of cird?ns?te stiff- q
breaking alone off, as(ATy)p,= (ATe) o= (ATntertace US- ness due to magnetic-field-assisted phase fluctuations an

ing this procedure, we have plotted the effectieof the pair breaking. A simple orbital pair-breaking sc.enario leads
FM/SC/FM structures as a function df. The solid line in  t© In[TC<H>/TC]:._770‘/4kBTC<H>’ where the energy is relat(?d

the figure is a fit to the equation(Fyq/To)=x(m2¢2/4dy), 1O pair breaking rate(7) " as 2a:ﬁ/7’k-2_1’22_ For a thin
where x(2)=Y{(1/2+2/2)~ y{1/2), Tqq, the transition tem- sample placed in a perpendicular magnetic field, the phase of

. . the order parameter changes by unity over the magnetic

D ey Wl 14 oo & 670 At ngamins - 1en0th Scald=(u/27H)1% Since ight, cuprates are in
function. This expression is deriv&dfrom the de Gennes— the cle_an_ limi€®* the quasiparticle dynamlcs IS expected_ to
Werthamer theory of proximity coupling and the Abrikosov- be ballistic oyle_r IengtillH even at alt,jz"u'[e flux density. This
Gorkov model for pair breaking by magnetic impurities. The'€ads i? 7k _UF/IH_UF(ZT_Z”%) and Ir{TC_(H>/T°]
fitting (Fig. 1) yields a&.~ 20 A. This simple picture allows =(~(2m) “hoel8kg | bo); (H)Y?/ T, where ve is  the

us to define the effective thicknedg; of the superconductor Fermi velocity. The inset of Fig. 3 displays the variation of
in the ferromagnetic sandwiches relative to the NM/SC/NMTc)/ Te with H. In the main panel of Fig. 3 we show a plot
trilayers asdgg=dy — 2&,. of IN[Te)/Te] vs HY2/ Ty for four samples of different
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FIG. 3. In (T¢u)/Te) plotted as a function 0H1’2/TC(H) for FIG. 5. Activation energyJy(0) plotted as a function ofi . for

YBCO films with FM boundarieg®—100 A, A—200 A, and films with FM and NM boundaries. They(0) was calculated from
¥—300 A) and NM boundariesA—100 A). Lower inset shows the slope of logy T}, vs 1/T plots (Fig. 4) for 0.2<T/,=<0.8. Inset
plot of irreversibility field vsT,)/T. Upper inset shows the pair- shows the activation energy at 1 kOe for several films as a function

breaking fieldH,0)- TheHpyg) of the films with NM boundaries is  Of der(dy —2&c). Note thaté.=0 for the films with NM boundaries.
represented by the symbét. The Uy(0) of these films is shown by closed symbols in the inset.

(ﬁerature being probed by thE, data is belowT, . We
note that while the log T/, vs 1/T plots for the range of

) . o0 0.9>T/,>0.15 can be approximated by a straight line, a
22 H
ing Hebardet al““ we have calculated the pair-breaking field distinct change in the slope is seen at a critical temperature

Hepo)- The upper inset of Fig. 3 showsgy) plotted as @ 1« 'yyhere T/, falls below ~0.15. This indicates a crossover
function of deff- A universal r6|ati0n, independent of other to a different regime of dynamics at lower temperatures
details such as film thickness and film boundary, exists be(T<T*). Interestingly, the logy T/, vs 1/T plots of thick
tweenHcyo and T in these ultrathin films. films (>300 A) are characterized by a single activation en-
Figure 4 shows the plots of lggT}, vs 1/T for dy  ergy down to the lowest temperature without any indications
=75 A with LSMO[Fig. 4@)] and PBCOFig. 4b)] bound-  of a T*.
aries. Here, it needs to be recognized that the range of tem- |n Fig. 5 we plot the activation enerdy,(0) aboveT* in
the limit T=0 following a dependence of the typdey(T)
I 0'?5 . 0',10 . 0‘,15 ~Uy(0)(1-T/T,), derived from theT dependence of the
A\ shear modulugcgs~ 1/A3) of the FLLS24 There are three
] noteworthy features of these datd:for the samedy, Uy(0)
d=75A ] of the FM/SC/FM trilayer is much smaller than thig(0) of
FM/SC/FM the NM/SC/NM layer:(ii) for dy <200 A, U(0) shows a
~In(1/H) dependence; andii) the Uy(0) scales with the
effective thickness of the SC layégx(=dy —2&;). The scal-
4 ing of Uy(0) with dgg 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. Th&Jy(0) of thicker films shows a deviation
from In(1/H) dependence at the higher fields. This is a sig-
. = nature of field induced 2D-to-3D crossover in the FL.

] 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?* 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 Tt T,
proceeds via nucleation and subsequent motion of disloca-
tions over the pinning barriers. The dissipation is character-
b AN Y % oty : ized by a resistivitypq=ps v, ex{~Aef/ T]-ngR?, wherepy is
e 0.0 ' the flux flow resistivity, v, the characteristic attempt fre-
(b) YT ™ quency,Asg the pinning barrier for dislocationsy the dis-
location density, andr =(RZ+R%)2, the length scale over

FIG. 4. Pane(a) shows log, T}, vs 1/T plot for ady =75 Afim ~ which two dislocations interact. Her®; is the collective
with the FM boundaries. The fundamental transmittivity ofka  pinning length andz, the radius of the flux bundle, which
=75A film with the PBCO boundaries is shown in pagie). moves by¢ when the dislocation is displaced by unit lattice

thickness. A linear dependence, irrespective of the nature
the boundaries is evident in all cases-at-5 kOe. Follow-

0.1F

(@)

d=75A
NM/SC/NM
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spacinga,. Since pinning is strong in thin films of YBCO high-T, superlattice¥ and amorphous alloy thin filn?S,the
(small R;), we can writeR ~R,. The number density of p(T) measurements are not sensitive enough to probe the
dislocations afT is n(T) ~ex~(eq/2T)In(Ro/ap)], where  |ow-temperature dynamics seen here. Recent mutual induc-
£4=Ceedag/ 7. For a YBCO film of thicknessly =300 A and  tance measurements of Calarteal 3 on thin YBCO films
M0)=1400 A, £4~10* K, in agreement with the data royeq) a change in dynamics at lower temperatures, which
shown in Fig. 5. In the region of 2D collective pinning, o athors identify with vortex excitations over the lowest

d > . = .
fAO‘(;:pd<iSSS(}- ;'tei)gr(m:eié aetszlg:t(i:;ellnﬂ%/hglgezé?mpreerafjlijrrsg' t%-rzate energy barriers of a pinning-potential landscape. However,
P y gy req the magnitude of this barrier has not been calculated.

dislocation, which is:qIn(Ro/8g) = eqln(8o/ £) ~ egn(Hea/ H). In summary, we have studied the dynamics of the mixed

The field dependence of thgy(0) shown in Fig. 5 is in ) . .
agreement with this prediction. Further, the scaling of theState in 2D films of YBCO sandwiched between FM bound-

U,(0) with the dos is embodied in the relationsg aries over a broad range of te':mperat'ure and vortex densijty.
=ceedad/ m, as long as the vortices are correlated along thef hese studies reveal two distinct regimes of thermally acti-
entire thicknessl of the film. vated dissipation deep in thé-T phase space. Our observa-
At lower temperatures, where the thermal activation is notions are in excellent agreement with the theory of disloca-
large enough to create free dislocations, the motion ofion mediated plastic TAFF in 2D-FLL. The characteristic
disorder-induced dislocations existing in the FLL BE0  energy of these processes scales with the effective thickness
leads to dissipation. The upper limit for the energy requiredd.4=dy —2&, of the superconductor. It is interesting to note
to move the dislocations in YBCO films is10° K. An-  that all effects of the FM boundaries on the mixed state are

other mechanism for plastic TAFF &t< Ty, is the motion of  embodied in the critical thickness over which supercon-
small dislocation pair§* Both these mechanisms will con- ductivity is quenched by pair breaking.

tribute to aT-dependent activation enerdy,(T), which is

smaller thansy. Examples of such behavior abound in na- We thank Lance Cooley, R. L. Greene, Deepak Kumar,
ture. In ionic solids, for example, the migration of preexist-Qiang Li, C. J. Lobb, S. B. Ogale, Myron Strongin, M.
ing Schottky and Frenkel defects leads to a low-temperatur8uenaga, and D. O. Welch for their critical comments on this
thermally activated ionic conductiviéf. Here, it needs to be work. The support for this research has come from the De-
emphasized that while a (lb/H)-dependent activation en- fense Research and Development Organization, Government

ergy has been seen i(T) of quasi-2D BiSsCaCuyQg,?’
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