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Strong pinning in high-temperature superconducting films
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Detailed measurements of the critical current dengijtyof YBa,Cu;O;_ 5 films grown by pulsed laser
deposition reveal the increasejgfas a function of film thickness. Both this thickness dependence and the field
dependence of the critical current are consistently described using a generalization of the theory of strong
pinning of Ovchinnikov and IvleyPhys. Rev. B43, 8024(1991)]. From the model, we deduce values of the
defect density (1# m~3) and the elementary pinning force, which are in good agreement with the generally
accepted values for O3 inclusions. In the absence of clear evidence that the critical current is determined by
linear defects or modulations of the film thickness, our model provides an alternative explanation for the rather
universal field dependence of the critical current density found in,¥BgO; s films deposited by different
methods.
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I. INTRODUCTION result of fluctuations in the defect density ny(
~107-10" m 3>¢e¢ 3 s the effective defect density and
High vortex pinning forces leading to high critical cur- ¢<1 is the anisotropy parameter of the superconduetor,
rents are an indispensable prerequisite for superconducting0.14 for YBgCu;O;). The volume pinning force, is
thin films if these are to be used in electronic and powemnbtained fromF,=(WV;")*? where the pinning strength
applications. The “volume” pinning force exerted by mate- W= nd(fg), f, is the elementary force exerted by one defect
rial impurities on flux vortices opposes their motion, which on a vortex line, and the averaging is carried out over a unit
is at the origin of flux noise and dissipation. Strong vorteXcell of the vortex lattice. The correlated volurg= Rg'—c,
pinning decreases noise in electronic and superconductinghere the correlation lengths, and R, are the distances,
quantum interference devicéSQUID's) and leads to high- yespectively, parallel and perpendicular to the magnetic in-

quality factors necessary for the correct operation of radioyyction, at which the relative displacements due to pinning,
frequency and microwave filters and cavities. Prese”t'daX/[u(Rc,O)—u(O,O)]2)1’2 and ([u(O,LC)—u(O,O)]2>1’2, are

films of the high temperature superconductor ¥8&0O;_ 5 equal toé.

combine a high critical current density (Ref. 1) with a high The very high measured valugs=1x 10" Am~2 (see
critical temperatureT, and are thus ideal candidates for below) imply, however, thatR, does not, under the usual
widespread application. The optimization of the critical CUr-experimental conditions, exceed the vortex spacig
rent through identification and tailoring of defect microstruc-:(2(1)0/\/§B)1/2_6 In other words, the small-scale displace-
tures which lead to high pinning and reduced vortex Créepnents of neighboring vortices are independent. An estimate

has therefore attracted a lot of inter_est in the high-g¢ tha longitudinal correlation lengtfor “Larkin length”) L
temperature superconductdiTC) community. under the conditiorR.=a,
C ]

Several types of pinning defects have been suggested as
being responsible for the largg’s in HTC films. Foremost
are the oxygen vacancies in the strongly superconducting J3e2e,| M2 i) 12
CuGO, layers of these materials. Due to the small coherence Lc= (m) ~8§<]~—) ;
length ¢ and the large condensation energy of the cuprates, ¢ ¢
such vacancies are potentially very effective pinning centers;
their effect may in principle explain the high critical currents shows that..~10 nm, much less than the usual film thick-
encountered in YBHu0,_ 5 films22® Vortex pinning by — nessesi=100 nm. Herejo=4¢,/3\/3®¢ is the depairing
these dense defects of typical diameer-3 A<¢ is best  current densityeo=®§/4muohZ, is the typical vortex en-
described by the theory of weak collective flux pinnfrft},  ergy scaled,=h/2e is the flux quantum) ., is the penetra-
in which a net force on the vortex lattice exists only as ation depth for supercurrents flowing in the Cufayers, and
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wo=4mx10"7 H m~L. Contrary to the case of weakly pin- €t al!* showed that a “characteristic field'or vortex den-
ning fims in the two-dimensional limit, in whichj,  Sity), beyond which the critical current density of
«(ngq/d)¥27 the critical current density YBa,Cu;0; _ 5 films decreases, is correlated with the surface
density of screw dislocationsngy. Sequential etching
n <fp>§2 12 n (fp>§3 23 showed the screw dislocations to extend throughout the film
= \ 7 ~Jo| 27—~ (2)  thickness, allowing for the possibility that the vortices are
0 ¢ 16880 pinned along their entire length on the nonsuperconducting

is field and thickness independent. Using the explicit formdislocation core of radiugo<¢.'* The smaliness ofcy
<fp>1/2 Leo(D, /&) for oxygen vacancies, whei@, is the ~ Means that unlike amorphous columnar defects, to which the

oxygen ion radius, one has dislocation cores are often compar&dpinning is more
likely to be due to the core-induced variation of the mean

[ 2MgDH\ 3 free path in the vicinity of the dislocations¢ mechanism
] Jo(m) (3)  Supposing that the pinning of an individual vortex line on a

sd

1+
€o

dislocation core leads to a critical current den$ﬁ§(0), the
Note, however, that underdoped twin-free ¥BasO,_; critical current density at higher fields will be equaljfd(0)
single crystals, in which the increase of the sustainable cuimes the fraction of pinned vorticas . The latter is deter-
rent density due to an increasing density of oxygen vacanciegined by the probability that a given vortex encounters at
in the CuQ layers as one underdopes the material is consisteast one dislocation core in an allowed amg{i/(goao de-
tent with a concomitant decrease Bf,” show an exponen- termined by equatintyS® to the loss of elastic energy due to
tial temperature dependence of the current density that is N@fe deformation of the vortex lattid8;18so that
observed in thin films.

YBa,Cu;0,_s films typically form through two- Dyngus?

dimensional nucleation and island growtt? with lateral is- jﬁdzjC o)n=j: (O) exp( — —Bp) }
land sizes that increase with growth temperature and film &o 5)
thicknesst:*? The significant thickness modulatiorsl re- (
lated to the presence of the islands and the associated varia-similar formula was used by Darat al. to deduce the
tions of the vortex line energy as a function of the positionvalue of the “characteristic fieldB* = CDonst Y&,. Due to
lead to pinning of vortices in the thinnest portions of thethe nonhomogeneous current distribution in superconductors
film. The maximum pinning force will be close to that depinning from the linear defects would be initiated by the
needed to drive a single-vortex line out of such a trough. Ifnucleation at the film surface of vortex kinks joining two
this mechanism is dominant, the experimentally measuredislocation cored® As a result, the experimentally measured
critical current density is expected to follow, low-field “critical” current j5%(0) should be rather smaller

than the critical current density in the absence of flux creep

py 2meg od 3\3w¢ &d Dy and decay rapidly with time. The time decay will be even
Je %W a oo a <73 @ more rapid when the applied magnetic field and the vortices

are not aligned along the dislocation cores. Hence, in anal-
with D the average island diamefein their detailed study of ogy to the case of heavy-ion-irradiation-induced amorphous
the relation between film roughness and the current densityyacks, pinning by extended linear screw dislocation cores
Joosset al. suggested that this is indeed the ciSdowever,  should lead to a sharp cusplike maximum in the field-
the magnitude of the critical current density and its increas@rientation—angle dependence of the experimentally mea-
as a function of the film thickness for films thinner than  sured critical current®
2\ 4p could only be explained by these authors by invoking It should be remarked that in the case of pinning by thick-
the lowered vortex line tension in such thin films, in which ness variations, the low-field critical current is controlled by
the effective penetration depth is equal tv,2/d, and by the film surface. Hence, the total screening current as well as
assuming an unidentified supplementary bulk pinningthe characteristic field of flux penetratidh. in a magnetic
mechanism. Furthermore, the sttitsestricted itself to fields experiment(see belowis independent of the film thickness
moH,<0.3 T andT=5 K. d, and the apparent current dengityecreases inversely pro-

The discovery of growth spirals with a central screw dis-portional tod.

location in sputtered or metal-organic chemical-vapor- In what follows, we present a detailed study of the critical
deposited(MO-CVD) YBa,Cu;0,_ 5 films®1® immediately  current density of YBgCu;O; _ 4 films grown by pulsed laser
led to the suggestion that extended defects rather than microleposition as a function of film thickness, field magnitude
scopic point defects are the main pinning cenfefehe  and orientation, and temperature. It turns out that the field
growth spirals appear in laser-ablated films only when theorientation and thickness dependencej ofdo not provide
substrate is heated above 850°C during deposition in aany evidence for pinning by screw dislocations or other cor-
oxygen pressure exceeding 50 Pa, while below this temperaelated disorder in our films. Yet the temperature and field
ture, the films are formed through island growthin the  dependence df; is entirely comparable to that measured in
latter case, screw and edge dislocations are to be expectéitins which contain these defect$!*
only in the troughs between islands, effectively halting easy To explain our results, we propose that the relevant pin-
vortex motion along these. Recent experiments by Danming centers in our films are sparse insulating or normal me-
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tallic second-phase inclusions. These are known to exist in . *
sputter-deposited YB&uW;O,_ 5 films as plateletlike YO4 L=s+ s[l—exp(—ngué)]E kexp(—knDuS)
inclusions of size 1%15x10 nn¥, with typical densities k=1
n~10-10° m~3.22% Other authors have reported the
presence of ¥Oj inclusions in laser-ablated films as well, - - @
with typical densities;~10?> m~2 for inclusions of diam- 1—exp(—npuj)
eter D;~3-5 nm and n~10"t m3 for _ i , _
D;~10-20 nm?*®Pinning by such large defects turns out @d jc=Fp/B=(f} na/ Pos)[1—exp(-noup)]. Hereng is

to be conveniently described using an extension of the theor{je areal density of defects in the Cut@yers ands is the

of strong pinning of Ovchinnikov and IV, which we shall ~ distance between layers. This result has the same “two-
develop below(Sec. I). Our model is, to our knowledge, the dimensional” form as the resulb) for linear defects extend-
only one that consistently describes both the field and thicki"d throughout the thickness of the film. For contintibus
ness dependences of the critical current density irfuperconductors,

YBa,CuzO; _ 5 films.

S

)

(> 1
c:f Lexp(—mugL)dL=—, ®)
Il. STRONG PINNING BY SPARSE LARGE POINT PINS 0 n;ug
A. General formulation which giveg®
Strong pinning by large point defects has been described ,
by simple substitution of the elementary pinning force of a . _fp,max 2 9
large voidf'p'max into the collective pinning expressida).® Je= D, Nillo - ©)

This procedure makes the implicit assumption that there are
many inclusions in a region of volumeagL. A comparison In the case of real sampldsf finite thickness in the field
of the longitudinal correlation length,~10 nm, which fol- ~ direction and especially for thin films, the derivatia(8)
lows from a collective-pinning analysis of experimental criti- Pecomes inappropriate in the limiuzd<1, in which not
cal current density data, with the expected mean distancevery vortex line can find a defect. For such small defect
between large defectd;~30 nm, shows that this approach densities or sample thicknesses, one should evaluate the
is inappropriate. probability P=1—exp(— niugd) that a vortex line encounters

In order to obtain the critical current density for sparseat least one defect in the volume3d. However, the
pins, one should not start from the statistical average of theame conditionn;u3d<1 implies P~n;u3d. Hence, the
pinning forces of the different defects, but, rather, evaluateyritical current denSitYJ'c=(f'p,ma>!q)od)7’ has the same
the probability that a vortex line will be pinned at all. A form as Eq.(9). We shall, therefore, assume that E§),
nearby defect will be able to trap a vortex line if the gain inyglid for both nuid<1 andnuid=1, is applicable irre-
pinning energyU,~f, ,.& is sufficient to outweigh the spective of the defect density and the film thickn&ss.
elastic energy loss due to the vortex lattice deformati@n)
caused by displacing the vortex line onto the defect. The
maximum allowed lateral displacement of the vortexde-
termines the “trapping area* u? within which a large de- 1. Pin breaking

fect is an effzecti_vle pinning site. The bufkkolumg pinning The trapping area antf, ,,,, can be obtained using two
force Fp=(apd) "Zi'f, max IS given by the direct sum of gitferent approaches, corresponding to the different mecha-
the elementary forces of the individual defects that can efpjgms by which a vortex can be liberated from a defect: pin
fectively pin a single vortex, i.e., those that lie withig of  preaking and plastic depinnirf§ The most obvious possibil-
the vortex lattice position, normalized by the voluragd ity is “pin breaking,” in which the applied force must exceed
available to the vortex. Any vortex line will be pinned on the attractive forcef! exerted by a defect on a vortex

B. Trapping area

_ _ ,max
average byN=d/L defects, where is the average distance line. Plastic depinnigg only occurs if the pins can be consid-
between such “effective” pinning centers, so that ered as “infinitely strong,” i.e.f|, ,,,,2 &0, which is not the
case in what follows. Exploiting the similarity of pinning by
i d fi extended pointlike defects with pinning by amorphous co-
o= p’;‘ax —= p’zm_ax. (6)  lumnar defect$! the elementary pinning force of an inclu-
ad £ agl sion of extentiperpendicular to the field directipD; can be

N . _estimated as the product of the fraction of the vortex core
The probablllty to encounter a second effective defect at dISv0|ume occupied by the defect and the condensation energy
tance £ from a first defect located a=0 is given by the B2/2uo=te0£72. Following Ref. 5, the resulting pinning

product of the probability to encounter none in the intervalforce can be approximated by the interpolation
0<z< L and the probability to find at least onezat L. In

the case of layered superconductors considered in Ref. 26, z 2 z
where the only effective defects are those situated in the [ ~en| B S et
CuO, layers, this yields fo.ma 80(45) In( ! 2§2) 80(45 A, 10
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whereD? is the extent of the defect along the field direction. ~For convenience, we shall leave Eqd42),(13), and
Note that the above expression corresponds T, (15),(16) in their general form, since this permits one to take
pinning”>; pinning by the variation of the mean-free path in the possible effects of thermal smearing of the pinning
the vicinity of the defect is relatively unimportant, becausepotentiaf**°into account by simply replacing(T) by the
the quasiparticle scattering probability in the layer of thick-appropriate temperature dependence.

nessé, surrounding the defect is negligible as compared to

the total scattering cross section of the inclusigg is the 2. Low fields: Single-vortex limit

BCS coherence length , . A glance at Eqs(11)—(16) shows that at low fields the

‘The maximum allowed vortex displacemeng is ob-  rapping area and hence the critical current have an unphysi-
tained by balancing the elastic energy loss with the pinningy| givergence. The correct low-field limit of the trapping
energy gainJ,~f, ..,.£. Taking explicitly into account the  area is obtained by starting from the line tension of a single
range of the pinning potential, Ovchinnikov and Ivlev yortex lines,~=2¢,. Balancing the energy of elastic defor-
obtained® mation of a single line with the pinning energy;u?/ L
=U,, one hasi?=(U,/e;) L and

128 1/4 U 5/4a5/4
i3 |52 % & -
of ¢ f LexpnU,L%ey)dL . 0
Here we have approximated the vortex lattice shear modulus 2= Om = _( b1 ) )
Ces™ 308, 2 and the nonlocal tilt modulus s~ &2sa, °. f exp(mUpL2e,)dL JainiUp
Note that for fields in  excess of B, 0
=0.410 " (e£4/U )19 the maximum allowed vortex ex-
i 2,02 The trapping area becomeg= (U, /n;s,)*? and
cursion becomes comparableag and ug~ag. g pl s
The critical current density follows from combining Egs. . "
(9)! (10)1 and(ll), J _n]_/2 flp,max 7TUp "“0 28]1/2j [DIZF(T)]S/Z
[DZf(T)]9/4 q)O 5/8 ‘ I (I)O €€ . e 2e .
. . I
JC%OOSG&'JOW(E) (B<Ba), (12) (18)
The single-vortex limit is realized for fields such
_ _ @, that (Up/ﬂ'nisl)”zS(Up/sso)ao, ie., B=B*
ch0.3751iJODiZ}'(T)E (B>B,). (13) =7dyni(U,/eg).

. 3. Very thin fil
The above expression can be compared to the result of a ery fhin fims

simpler estimate, which follows from an approach initially A second limit, in which the results of Sec. Il B 1 do not
suggested by Vinokuet al. to describe pinning by dense hold, is that of very thin films of thickness<L,. Note that
point pins and vortex wandering in layered this condition is also violated at very low field8
superconductor®. The energy of elastic deformation of a <®ge/d?,®y/\2,. In YBaCwO;_; we have Ly(B
representative vortex segment of lengtin its lattice cellis =10 mT)=150 nm, which is comparable to typical film
U= Cggu’L + cqs(u?/L)a3. Minimization with respect td.  thicknesses. Under these conditions, the probability for a
yields the optimum length.o=ag(C4s/Ceq)Y?~2ca, over  Vortex to be trapped by an inclusion is determined by its
which a vortex segment can fluctuate independently from itgbility to bend sufficiently within the film thickness; i.e., the
neighbors. Note thalt, is equal toL, on condition thaiR, tilt contribution dominates the elastic energy. We thus need
=a, exactly. The distance,=u(L,), to which a vortex may to repeat our considerations fop=d, which will minimize
wander, is obtained by equating the pinning energy gijn  the elastic energy in this case. The total energy of a vortex in

to U (Ug,Lo); this gives the cage of dimensiorsgd is given by
U U u2 2
2__ “p P Cogu?d+Cyy—a3—Uy~e;——U,. 19
o (CeeC44)l/2ao 88030- (19 ° T P d P 19
The critical current density Equating this to zero yields§=d(Up/sl) and the critical
current density
. _ [DIFAT)]? [ D) 2 -
1c.=0.087Hjo———| = (B<B,), (15 i
B . fp,max Upd
Je=Ni—g— 5 (20
P 0 &7¢gp
_— .7 “o =
Je=0.3781]DiAT) B (B>Ba), (16) Thus, for very thin films, the critical current density should
_ be field independent and increase linearly with film thick-
with B,=®o(e80/Up)2. ness.
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light microscope with nearly crossed polarizers. In this con-
figuration, the reflected light intensity is proportional to the
local magnetic induction perpendicular to the garnet, allow-
ing direct observation of flux penetration into the
YBa,Cu;O; _ s film. The “critical” screening current density

j can be obtained directly from the distancebetween the
flux front and the film edge at a given applied magnetic field
H, and temperature,j=aH./d=mH./[darccosh/w
—X;)], wherew is half the film width andH.=jd/= the
“characteristic field” for flux penetration? Alternatively,
one can fit the position of the flux front as function of the
applied fieldH,,

1
FIG. 1. Tapping mode AFM image showing the surface mor- X =W 1——H , (22
phology of a laser-ablated YB&u; O, _ ;5 thin film of 300 nm thick- COSI’( 7T a)
ness. jd

to obtain the low-field limit of the current density
The magneto-optical imaging of the films was used not
d only to obtain current densities at fields smaller than 300 G,
but also to select the most homogeneous films for magne-
tometry experiments using a local Hall probe
" ( g2, )1/2 magnetometet? A commercial miniature GaAs Hall probe,

Under the condition thaB<B*, the crossover from the
“thick thin-film” single-vortex limit (Sec. [IB 2 and the
“thin-thin film” limit occurs when the thickness is reduce
below the crossover value

(21 placed in the center of the film surface, is used to measure
the local induction as function of the applied magnetic field.

determined from the equation of the trapping araésin The result is converted into the so-called “self-field” of the
either limit. sample,H;=B—H,, created by the circulating screening
current. The latter was determined from the width of the
hysteresis loop oH at constanB and calibrated using the
values obtained from the magneto-optic experiments. In this

Thin films of YBa&Cu;O,;_s were deposited on 1.2 way, the temperature and field dependences of the screening
X 1.5 mnt LaAlO; substrates by KrF laser ablation from a current were measured in fields of up to 2 T and temperatures
stoichiometric target. The deposition was carried out ontdetween 30 and 85 K. In order to obtain results in the tem-
substrates heated to 785 °C at 280 mT@®.7 Pa oxygen perature range close td., measurements in the ac mode
pressure, in the so-called “off-axis” geometry; i.e., the sub-were carried out by applying a 1.5 Oe ac field of a frequency
strate surface was oriented parallel to the plasma plume axisf 7.75 Hz. The ac Hall voltag&/(f), measured using a
From previous experiments, we know this geometry to pro-dual-reference lock-in amplifier, was converted to the in-
duce films featuring homogeneous flux penetratmmaum  phase fundamental transmittivity of the sampld),
scalg. We have prepared different series of films of seven=[V(f,T)—V(f, T<T)/[V(f, T>Ty)—V(f, T<T.)].>3
different thicknesses, from 100 to 500 nm, using exactly theJsing this technique, the critical temperature of all films was
same deposition procedure. After deposition, the film edgéound to be similarT, ranging between 88.8 and 91.7 K.
was etched away to produce &8.9 mnf YBa,Cu;0;_ 5
squares used for further investigations.

The obtained films were characterized using x-ray diffrac- V- RESULTS
tion with Cr Ka radiation and atomic force microscopy  Transmittivity experiments as a function of dc field orien-
(AFM). The diffraction experiments revealed the existencdation performed at different temperatures and field magni-
(5 at. 99 of a secondcubic) phase. In AFM experiments we tudes do not reveal any cusp in the angular dependence of
observed a surface morphology characteristic of islandhe transmittivity wherH , is oriented along the film normal
growth, with occasional outgrowthsee Fig.1 The growth  (Fig. 2). This indicates that it is unlikely that directional pin-
islands had a typical lateral size of about 300 nm. This ising by correlated disorder determines the critical current
very similar to the results found by other authors under thelensity. If such pinning is due to the dislocations cores, it is
same deposition conditiot$!* We do not find the spiral masked by another mechanism of strong pinning, which re-
growth mechanism to be relevant to our samples—a commains to be identified.
parison with the deposition conditions of Ref. 12 indicates In order to evaluate the thickness dependence of the criti-
that growth spirals are not to be expected. cal current density without ambiguities in the conversion of

All films were characterized using the magneto-opticalmagnetic moment to current density, we turn to magneto-
technique for flux visualizatiof: A ferrimagnetic garnet film  optical imaging of the flux penetration. Figure 3 shows the
with in-plane anisotropy is placed directly on top of the su-flux penetration into five films of thicknesses X00
perconducting film. The garnet is observed using a polarize&<300 nm, atT=65 K. Nearly all films of this batch show

WniUp

Ill. EXPERIMENTAL DETAILS
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FIG. 2. Field-orientation dependence of the in-phase fundamen- 25 ) 75 100G

tal transmittivity for a laser-ablated YB&u;O; _ 5 thin film 250 nm

thick, for fields of 200 Og@) and 2 kOe(b). The temperature is FIG. 3. Magneto-optical images of flux penetration into laser-
decreased from 86 K down to 79 K 1L K steps. The ac field had an ablated YBaCu,O,_ s films of thicknessi=300 nm, 250 nm, 200
amplitude of 1.5 Oe and a frequency of 7.75 Hz. nm, 150 nm, and 100 nm, respectively, at 65 K. Bright areas corre-

. . spond to a high magnetic induction perpendicular to the film, while
at least one weak link, possibly due to the presence of a graig regions are areas of low flux density. Horizontal sequences

boundary in the substrate. These are easily rendered Visiblgrespond to constant film thickness and varying applied figld
due to the preferential flux penetration along them. Nevertihe values are indicated below each framehile the vertical se-

theless, the remaining areas feature homogeneous flux peguences are deliberately chosen such thatd is approximately
etration and are sufficiently large to obtain reliable results folconstant—a procedure which reveals the weaker pinning in the

the flux front position and the screening current density. Thehinner films. This is most clearly seen for the lower fields. Weak
image frames are chosen so that the vertical sequences halires in the films are revealed as the bright lines of preferential flux
H,/d~const, a procedure that should yield similar flux pen-penetration.

etration if the screening current were the same for all films. It

is clearly seen, however, that for constéh/d flux penetra-  Eq. (10) for the pinning forceD;=15 nm andD/=10 nm

tion is easier in the thinner films. The effect is quantified byfrom transmission electron miroscofyEM) experiments?2
measuring the position of the flux front relative to the film £0=1.7x10 Y (1-t% Jm? E=2[(1+t)/(1—-t?)]¥?
edge and converting this to the characteristic field and nm, t=T/T., andT,=91.7 K. The obtained defect density
screening current densifyusing Eq.(22). The result of this  corresponds to a crossover thicknels=60 nm at 65 K,
procedure is plotted in Fig.(d). We find thatj manifestly comparable to the experimental data.

increases before reaching a plateauder200 nm. This in- In order to check the plausibility of the above results, we
crease and the subsequent plateau are in contradiction Wiave prepared two other series of Y.Bar O, _ 5 thin films

both the constantt(d) predicted for weak collective pinning using the same nominal deposition conditions. All films in
[Eqg. (2)] and the constariti; andjod ™" expected for pin-  these batches were homogeneous without grain boundaries.
ning by linear defects or by thickness variatidi&. (4)].  Magneto-optical measurements confirm the thickness depen-
However, it is in agreement with Eq€l8) and (20) derived  dence of the critical current density, as depicted in Figls) 4
for sparse inclusions or large point pins, which predict thatand 5. For small film thicknessgsincreases witf, reaching

the sustainable current should increase with thickness befog plateau ford~200 nm. The current density decreases
reaching a plateau fat=d*. The experimental data show a again for the 500-nm-thick film, perhaps due to the deterio-
slope 4.3<10", which can be compared to the theoretical rating epitaxy as one increases the film thickness too much.
value ni(f, na/ o) (Up/s%s0) predicted by Eq(20). This  The increase of the critical current density with the film
yields, at 65 K, a defect density=1x10?* m~3, if we use  thickness is observed at all temperatures. The only excep-
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] FIG. 5. Compilation ofj(B=0) values for 20 films of thick-
39 K] ness 136cd<500 nm obtained from different growth batches. The
11011k ﬁﬂ K’ data points show the average current density measured on films of

] the same thickness, while error bars indicate the rms deviatign in

r 65 K+

N NI threshold. This decrease was recently interpreted in terms of
0 100 200 300 400 500 600 creep of unpinned vortices through the forest of vortices pre-
d (nm) sumably trapped on screw dislocation cores, a mechanism
that ought to lead to 8~ dependence of the screening
current density. However, the same field dependence is easily
explained in terms of strong pinning; see E@<) and(15).
The straight lines in Fig. 7 show fits to tiBe >® dependence
predicted by Ovchinnikov and Ivlev; the power-law prefac-
= mH, /[d arccoshw/w—x;)]. The drawn lines indicate the linear t©'S @ré given in Fig. 8. Adapting the same parameter values
increase ~4.3x 1017d for d=200 nm and the plateau reached for 85 for the fits to the zero-field current density, one sees that
larger thicknesses. This behavior is in agreement with the predict€ temperature dependence of the prefactor withstands the
tions (18) and (20). (b) Film thickness dependence of the screeningCOMparison with the predictiofi2) rather well. Again, using
current density for various temperatures. Data points were obtainedl® same parameters for the Yf8a50;_ ; material and the
by fitting the position of the flux front as function of applied field to Size of the %03 inclusions, we obtain the drawn line of Fig.
Eq. (22) 8 for n;=2.6x10?* m~3, very close to the previously ob-
tained values. While the temperature dependence predicted
tions are the data for the 150-nm-thick films, for whigh by Eqg.(12) matches well the data at higher temperatures, it
tends to the values measured in thicker filmsTat0.4T,.  fails at temperatures below 35 K, again indicating that
(open diamonds in Fig.)5A similar low-temperature behav- pinning by other mechanisms may become important there.
ior can be noted in Fig. 1 of Ref. 3. This may either indicate Note that the field dependence of the sustainable current
that a background pinning by other types of defects such adensity does not follow a pure power law by any means, but
dislocations or oxygen vacancies starts to play a roleTfor gradually bends over from B~ °® behavior to a B depen-
=35 K or that the crossover thicknes$ decreases with dence. This dependence is again in agreement with the
decreasing temperature, a behavior that may be expecteatirong-pinning scenario: at high fields the vortex displace-
from Egs.(10) and (21). ments due to pinning become comparable to the vortex spac-
The temperature dependence of the low-field critical curing and the critical current density starts do decrease more
rent density can be rather well described using ®4) and  rapidly, asj.<B ! [Eq. (13)]. The magnitude of the fielB,
the same parameter values as above, as indicated by tlaewhich this effect is expected is typically of the order 1 T.
lower solid lines in Figs. @) and Gb) (for d=100 nm). Fits

FIG. 4. (a) Dependence on film thicknesisof the characteristic
field H, (®) and the screening current densjtygH./d (O) of
laser-ablated YBA#u;0; _ 5 films in the limit of small flux densities
B, at T=65 K. Data points were obtained from inserting the posi-
tion x; of the flux front at various applied fields ip==H./d

using Eq.(18) for larger film thicknesses are equally success- V. DISCUSSION
ful [upper lines in Figs. @ and &b)], althoughn;=3
x 1071 m~3 instead ofn;=1x 10" m~2 should be used. The above results show that, even if perfect agreement is

We now turn to the field dependence of the screeningiot found, strong pinning by XO3 inclusions can very well
current. Typical results are depicted in Fig. 7, which showsexplain the large magnitude, as well as the temperature, field,
data for the 250-nm-thick film. These are in every aspecand thickness dependence of the critical current density in
representative of the data for all other films and very similadaser-ablated YBauO;_ s films. The primary indication
to those found previousf®'*The sustainable current den- for this is the observed dependence on film thickness of the
sity shows a low-field plateau of constant current, followedscreening current densityfirst increases as function of film
by a smooth decrease ¢ffor fields higher than a given thickness before saturating at~250 nm and eventually
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i FIG. 7. Field dependence of the screening current density of a
o~ 1010 laser-ablated YB#&u;0;_ 5 film of thickness 250 nm, at different
I temperatures 58T<75 K. Solid lines indicate model fits tp
m «B~%8 [Eq. (12)]; the power-law prefactor values are plotted in
- Fig. 8.
10° _ _
E ] d=200 nm. Finally, the role of deep trenches that modify
20 30 40 50 60 70 80 90 100 the total current circulating in thin filmiéis excluded by the

T(K) magneto-optical observgtions, which show homogeneous,
featureless flux penetration. Thus, we conclude that the ob-
FIG. 6. (a) Temperature dependence of the low-field sustainables€rved thickness dependence is in agreement with the sce-
current density of laser-ablated YE2u,0;_ 5 films of thicknesses  hario of strong pinning by extended point defeotdy.
100 nm<d<300 nm, deduced from fits to ER2). The tempera- Further evidence is the the lack of a cusplike angular de-
ture dependence can be very well fitted to E@€) (lower curve pendence of the critical current density for field aligned close
and (18) (upper curve—see text Parameter values are,(0) to the film normal, which argues against a predominant role
=120 nm, £(0)=2 nm, the defect size®;=15 nm andD;  of extended linelike defects such as screw dislocation cores.
=10 nm, B;=1 T, and a zero- temperature elementary pinningThe large difference between the algebraic temperature de-
force f}, ;,.,(0)=8x10""* N. (b) The same, on a semilogarithmic pendence of . with the exponential dependence observed in
scale, in order to bring out the behavior n&ar. clean YBaCu;,O,_ 5 single crystals renders the relevance of
weak collective pinning by oxygen vacancies unlikely. These
slowly falling off again. This dependence is very similar to observations gain in importance if we note that the field and
that measured by Jooss al!® Other authors also report the temperature dependences reported here are observed in
increase of as function of film thicknesd, but with a maxi-

mum atd~100 nm followed by a much more rapid drop of 31013

j.1>363"Proposed explanatiotts'® have been the increase of -
the effective penetration depth froxy, towards ngb/d for 25108 [
films thinner than 2,,,%® a bad film morphology and ill- :
connected islands foid<100 nm?3® and differences in de- 2101 |
fect structure between the thinner and the thicker fithmale 5 i
note that the fact that films from different sources display % 15101 |
maximumj for widely different film thicknesses, 100 nm and & [
250 nm, respectively, exclude that the relative magnitude of 110" F
d and\ ., is at the origin of the increase ¢td). However, F
our model explains this difference quite naturally in terms of 510" |
Eqg. (21) and the different density of second-phase inclusions .
in different films. An effective penetration depthk?bld 0

would modify the current density obtained from pinning by
thickness variations, butot the pinning force in the case of
core pinning, for instance, by extended point defects or linear g, 8. Prefactors nudfl Py iBSs

p,max

defects. The differences in optimal thickness also seem te-n;f, . .®g(U,/ee0) 4 P5% Y3 obtained from the fits in Fig.

exclude bad film morphology as an explanation: while suchy. The drawn liné indicates a fit to E(L2) using the same param-
an effect may be likely for very thin films of thickness much eter values as in Fig. G\,,(0)=120 nmg£(0)=2 nmB,

less than 100 nm, it cannot explain an increasg(dj upto =1 T,D;=15 nmpD?=10 nm] andn;=2.6xX10?* m~3,

T(K)
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YBa,Cu;0,_ s films quite irrespective of the deposition shorter longitudinal dimensions. The rapid decrease of the
method and conditions. While generally neglected, smalRctivation energy with magnetic field would be due to the
Y,0; inclusions are ubiquitous in YBEu,O,_ 5 films de- ~ decrease in the average number of dgects, by which any
posited by different methods and may provide an explanatiogiven vortex line is effectively pinned.e., £ becomes of the
for both the magnitude and behaviorjefand the generality order of the film thicknegs The high-field regime of con-
of this behavior. In our case, the defect density needed tetant activation barrier can be explained if one assumes that
explain the experimentally observeid, 1x107'<n;<3 there is fewer than one effective pin per vortex line. Our
x10°* m~3, means that the precipitates occupy betweerexperimental resultj~1x 10?* m~2 implies a distance be-
0.2% and 0.6% of the sample volume. The 5% of secondaryween defects of the order 100 nm, comparable to both the
phase material found in the x-ray analysis would be preserdmallest film thicknesses and vortex spacingBat0.2 T.
as larger Cu@ outgrowths which do not pin vortices effi- So, indeed, in the field regime of decreasi{®), there is
ciently. fewer than one effective defect per vortex, and the flux creep
Strong pinning by larger pointlike inclusions dominatesactivation energy should be given by the energy barrier
over collective pinning by oxygen vacancies because thermaleeded to break free a line from one defect. The power-law
fluctuations in high-temperature superconductors efficientlyffield dependence implies that the fraction of vortices pinned
smear out the pinning potential of the vacandreEven at in this way suffices to keep the whole vortex lattice at rest; at
zero temperature it is energetically more favorable to pin ahe thresholdcritical) current density, the entire vortex lat-
vortex on rather large inclusions than to have it lower itstice depins until a vortex line is trapped by the next defect.
energy by wandering through the weak collective pinningOnly at higher fields, where the experimenitéB) data sig-
landscape. Restricting ourselves to the single-vortex limitnificantly deviate from a power-law, do we expect creep ef-
pinning on a large inclusion yields an energy gaiy,D?;  fects, vortex lattice shear, and plastic deformations of the
this should be compared to the potential energy gain due tgortex lattice to become important.

pinning by oxygen vacancies in the voluméz Strong pin-

ning by Y,Oj3 inclusions is more favorable if VI. CONCLUSIONS
1 , £\* We have measured the dependence of the sustainable cur-
ZsoDi>Up L. ' (23 rent density in pulsed-laser-deposited ¥Ba;O,_s thin
C

) o ) ) ) films on film thickness, field orientation and magnitude, and
wherelf, is the pinning energy gained in a correlation vol- temperature. While the field and temperature dependences of
ume due to weak collective pinning by the oxygen vacanciegne current density show the qualitative behavior often re-
and{~0.63 is the wandering exponehSubstitutingl from ported in the literature for laser-ablated, sputtered, and MO-
Eq. (17), assumingjp:so(lLsg2nUD;‘§2)1/3 for 8« pinning ~ CVD thin films, the film thickness dependence is consistent
(pinning by mean free path fluctuationand the oxygen ion Only with strong pinning by sparse, large second-phase in-
radiusD,~3x10"1° m, we find that for physically allow- clusions(such as ¥O;). A model description of such pin-
able oxygen vacancy densities strong pinning by %O ning in @fferent_ limits of qux.Ime density and film th|ckr_1ess
inclusions is always more favorable. is consistent with the experimentally found behavior, if one

In the above, we have disregarded the effects of flu@Ssumes the inclusions to have the typical size<15
1o thi L otifi X 10 nn? obtained from previous TEM studié$?® with a

creep. While this can more or less be justified at low tem- ) P 7Ot ' )
peratures where creep rates are small, at higher temperatur@@fect densityn;~1-3x10** m™°. Such a defect density
flux creep certainly determines the observed sustainable cuptggests in turn that at high fields, only a fraction of the
rent density. Experiments by Klaassenal2® show that in  Vvortices are pinned; these suffice to hold the entire lattice at
the low-field regime of constant current density the activa-est until the critical current density is reached.
tion energy for flux creefc, is of the order of 600 K; the
a_lctivation barrier rapidly decreas_es and b_ecomes constant at ACKNOWLEDGMENTS
fields wherej decreases as function Bf This low value of
E.. much lower than the value predicted by nucleation-type This work was partially supported by Polish Government
creep models for depinning from linear extended def#t5, Grant No. PBZ-KBN/013/T08/19. We also gratefully ac-
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