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The flux-line lattice dissipation and the pinning force of,8r,CaCu,0g and YBaCu;0+ films and a
Nb/Cu multilayer are investigated with the vibrating reed technique. In magnetic fields oriented under a small
angle with respect to the film surfaces the Bi-2:2:1:2 film shows a series of pronounced dissipation maxima at
matching fieldsBy in the irreversible region of the magnetic phase diagram. The Y-1:2:3 film shows tiny
damping maxima, whereas no structure in the dissipation of the Nb/Cu multilayer is detected below the upper
critical field. The comparison of the matching fields to an anisotropic London model shows that the dissipation
maxima are caused by rearrangements of the flux-line lattice configuration due to interactions with the sample
surface. The different behavior of the high-temperature superconductors and the Nb/Cu multilayer is under-
stood by explicitly taking the surface barrier into account. Deviations from the surface induced commensura-
bility of the flux-line lattice due to the intrinsic pinning are discussed. Our results indicate that pancake vortices
in the Bi-2:2:1:2 film should be coupled below the irreversibility line and below magnetic fielés0.5 T
perpendicular to the film surface.

I. INTRODUCTION for the matching of the FLL to the sample surfaces. Brong-
ersmaet al! performed Monte Carlo simulations of the FLL
The structure of the flux-line latticé~LL) parallel to a in the Y-1:2:3 films using the anisotropic London model.
superconducting film with a thicknesly of the order of the  However, in contrast to the situation in Nb/Cu multilayers
penetration depth differs from the FLL in the thermody- the matching fields determined from the simulations are not
namic limit in a bulk sample. Due to the interaction of the in agreement with the experimentally observed field values
flux lines with the film surfaces an anisotropic FLL is at the flux-line dissipation maxima. The mechanism of the
formed?! At well defined field valueBy, N=1, 2, 3, ..., flux-line dissipation maxima in Y-1:2:3 films remained thus
which will be called matching fields, the FLL rearrangesunclear.
from a state oN—1 to N flux-line rows parallel to the film. In an attempt to understand the microscopic origin of the
The critical current density sustained by the surface exhibitslifferent behavior of YBaCu;O, and Bi,Sr,CaCu,Og4
minima at the matching fieldBy. films on one side and Nb/Cu multilayers on the other side we
The FLL parallel to a superconducting film has been studinvestigate in this work the flux-line dissipation and pinning
ied by a variety of methods. The matching fielBg have force of Bi-2:2:1:2 and Y-1:2:3 films and a Nb/Cu multilayer
been determined in conventional superconductors by eletising the same experimental technique, i.e., the vibrating
tron tunneling microwave absorptiof, and resistivity reed method. A major difference between these samples is
measurements.® Pruymboomet al” observed a periodic their anisotropy factory=A¢/\a,. \ap and A denote the
variation of the pinning force in 90 nm wide N@e chan- penetration depths for supercurrents flowing inafeplanes
nels. Torque magnetization measurements on Nb/Cu multand along thec axis, respectively. Whereas the Nb/Cu
layers show a series of maxima at field valugg in the  multilayer is nearly isotropic withy=1.2, the Y-1:2:3 film
magnetization perpendicular to the layBfsThe matching has an anisotropy constahty=>5 and the Bi-2:2:1:2 film is
fields By are in agreement with results of Monte Carlo simu-highly anisotropi¢® y=150.
lations of the flux-line positions in a superconducting film  The FLL in a Bi-2:2:1:2 film in a magnetic field at an
which were performed within the framework of the aniso-angle® with respect to the sample plane can be described by
tropic London mode¥. a tilted stack of pancake vortices. From theory it is expected
Hunnekeset al° investigated the flux-line dissipation in that only at very small anglef®|<arctanf %)=0.4° be-
YBa,Cu;0 films in magnetic fields parallel to the film sur- tween the magnetic field and the Cy®lanes the vortex
face with the vibrating reed technique. They observed a sestructure consists of pancake vortices connected by a lattice
ries of dissipation maxima in the irreversible region of theof Josephson vortices parallel to the superconducting
magnetic phase diagram which they interpreted as evidenq@anes:**°It was verified experimentally that the dissipation
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FIG. 1. Schematical setup of the vibrating re€ddenotes the @
angle between the external magnetic field and the film surface. s L i
in high-T. superconductors is mainly due to the motion of _ j
pancake vortice¥® ' Therefore the measurement of the FLL 030 . 6 . 3‘0 ‘ 6'0 — 9'0 -
structure and flux-line dissipation in magnetic fields slightly i
tilted with respect to the film surface provides information © (degrees)

about the interaction between Josephson and pancake vorti-
ces and between individual pancake vortices. Our results in-
dicate that the pancake vortices remain coupled in the fielgd- .i1— 55 k andB=4 T as a function of the anglé between

rangeB=6 T and angle range®|<15°, where we observe e magnetic field and the film surface. The solid line is a fit of Eq.
matching effects. (1) to the data.

The paper is organized as follows. In the next section the
experimental setup and sample preparation are briefly suns T.=89 K with a transition widthAT=1.0 K. From the
marized. In Sec. lll the experimental results for the Bi-10x10 mn? film three pieces called BF1, BF2, and BF3
2:2:1:2 and Y-1:2:3 films and for the Nb/Cu multilayer are were cut with a diamond saw. These parts have the dimen-
presented. The interpretation is discussed in Sec. IV. Th@ionslpxwp=2.20>< 1.25 mn? (BFY), |,Xw,=2.70x1.35

FIG. 2. Resonance frequency enhancement of Bi-2:2:1:2 film

main conclusions are summarized in Sec. V. mm? (BF2), and |, X w,=2.80x0.85 mn? (BF3). Further
details on the preparation and characterization of the Bi-
Il. EXPERIMENTAL DETAILS 2:2:1:2 film can be found in Ref. 19.

) ) ) o o The 200 nm thin YBaCu;O5 film was made at the A.F.

In this work the flux-line lattice pinning and dissipation in |4fte physical-Technical-Institute, St. Petersburg. It was de-
superconducting films is studied with the vibrating reed teCh‘posited on a KTa@ substrate by magnetron sputtering. The
nique. The films and their substrates are glued to silicor, 4yis is oriented perpendicular to the substrate. Details on
crystals with typical dimension$Xwxd=6.5X2.0x0.2  he preparation and characterization of this film are described
mm?. To drive the vibrating reed and detect its motion ca-ip Ref, 20. The measurements were performed on a part with
pacitively a thin silver layer of thickness 10 nm is sput-  gimensions .=2.2 mm.w.= 1.6 mm which was cut from
tered on the silicon crystals. A schematic drawing of theine center o? the film. P
vibrating reed arrangement is shown in Fig. 1. An external  The Nb/Cu multilayer was deposited at the Vrije Univer-
static magnetic field is applied at an angl® with respect  gjtejt in Amsterdam. It consists of 19 niobium layers of thick-
to the film surface. The vibration amplitudes are of the ordeess 10 nm that are separated by 10 nm copper layers. The
=10 nm. o outer Nb layers were covered with 50 nm Cu layers to pre-

The sample holder can be rotatedsitu with an angular vent the nucleation of surface superconductivity. The
resolutionA®=0.01°. The resonance frequency of the vi- yyyjtilayer was grown on a sapphire substrate in a two-
brating reed with the superconducting film glued 10 it iSejectron-gun UHV evaporation chamber. The resistively
vo~5 kHz in zero field and the quality factor in zero field is measured critical temperature Ts=6 K. Further informa-
Qo=ro/Avo~10" at T<70 K. A, denotes the half width  tjon on the characterization of the Nb/Cu multilayer is found
of the resonance curve. The resonance frequene2mv  n Refs. 8 and 9. Magnetic moment measurements were per-
and the inverse quality fact®,, of the whole system are formed on a multilayer strip of dimensiofg=10 mm and
measured as a function of magnetic fidd angle® and  w,=0.7 mm using a torquemeter with a resolution of 10
temperatureT. To obtain the inverse quality fact@ ' of  Nm. The vibrating reed measurements were performed on a
the superconducting filnQ,,; is corrected for the zero field multilayer with dimensiong,=2.7 mm andw,=0.7 mm.
valueQ, 1 The corrected inverse quality factar internal
friction) Q '=Q,—Q, ' is in the following frequently lll. EXPERIMENTAL RESULTS
called damping. . ,

We investigated two high-temperature superconductor A. BiSr,CaCu;0x film
films, namely a Bi-2:2:1:2 and a Y-1:2:3 film, and a Nb/Cu In this section the resonance frequency change and the
multilayer. damping of the Bi-2:2:1:2 films BF1, BF2, and BF3 in a

The Bi,Sr,CaCu,Og film was fabricated at the Tech- magnetic field are presented.
nische Hochschule Darmstadt by dc sputtering onto a In Fig. 2 the squared resonance frequency difference
SITiO; substrate. The thickness of theaxis oriented filmis ~ Aw?=w?(B)— »?(0) of sample BF3 is shown as a function
d,=320 nm. The inductively measured critical temperatureof angle in a magnetic fiel=4 T at T=25 K. Aw? is
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FIG. 4. Depinning line of the film BF3 & =80°. B, denotes
FIG. 3. (8 Aw? and (b) Q! of the Bi-2:2:1:2 film BF3 at the irreversibility field defined by the single damping maximum at
T=30 K, ®=0° and®=80°. The solid lines ina) are calculated ©=280°.
with Eq. (1). . . L. .
with increasing magnetic fiel <8 T, i.e., at®=0°,
maximal for magnetic fields parallel to the film surface. TheT=30 K and st T the_ FL.L IS _pmn_ed. From Eq1) we
resonance frequency enhancement is mainly due to thgXpectA w>B2. The solid lines in Fig. @) are calculated

shielding currents in the CuDplanes and is given BY from Eq. (1) with the effective moment of inertib obtained
from the fit to the angle dependent resonance frequency
w?(B)— w2(0)=wi2—wp,n—F2 (1)  change. They provide an excellent description of the data at

®=0° in the complete magnetic field range and of the data
with wi2=(Vp/|)(7TWp/4dp)(le,u0)CO§®. V,, denotes the at® =80° below the maximum i w?.
volume,w,, the width andd,, the thickness of the filml is Though the FLL is pinned a®=0°, T=30 K and
the effective moment of |nert|a of the silicon crystal with the B=8 T a rich structure of maxima is seen in the damping at
substrate glued to it. The first termq2 on the right hand side ® =0°*0.5°. Since the resonance frequency is continuously
of Eqg. (1) is the ideal resonance frequency enhancement iincreasing with magnetic field, these maxima aot due to
the case of infinitely strong pinning, the second temﬁ;n thermally activated depinning processes. Since they do not
accounts for corrections due to the finite pinning strengthappear in the damping for large anglé3|>15°, they are
w5, is inversely proportional to the Labusch paran@étét  not due to second phases. Similar structures in the damping
«. The third term on the right hand S|de of E(l) is a  of vibrating Y-1:2:3 films have been reported by hiekes
correction term due to the dampifig= Q " *w/2. The correc- €t allf The mechanism leading to the structures in the damp-
tion terms are generally small and can be neglected in a firdpg Q" will be investigated in the following.
approximatior?” In Fig. 5 the damping of film BF2 is shown é&x=5°, 10
The solid line in Fig. 2 is a fit of Eq(1) to the data with K <T= 70 Kon(a) a linear scale anth) a semilogarithmic
an effective moment of inertih=238x10 12 kg m?. The  scale. For clarity the damping curves(in have been verti-
pinning correction and the damping are neglected. From theally displaced. As can be seen from Figa)Sthe structures
fit the absolute orientation of the magnetic field with respecin the damping aff =30 K andT=50 K are considerably
to the film surface is determined with an accuracysmaller than the depinning peak which is measured at
A®=<0.5°. T=70 K. Note that the height of the damping maximum at
A comparison ofAw? andQ ! at®=0° and®=80° is  the depinning line is related to the magnetic field®%y
shown in Figs. 89 and 3b). The measurements were per- Qma «B2. The structures in the damping below the irrevers-
formed in decreasing fields, after field cooling the film BF3ibility field Bj, might tentatively be related to a partial de-
from aboveT, to the measuring temperatufe=30 K in an  pinning of the FLL.
applied fieldB=8 T. The damping a® =80° shows a single The peak structures in the dampingTat 30 K and 50 K
broad maximum aB=7 T that is accompanied by the van- are similar in shape but the damping maxima &t50 K are
ishing of the resonance frequency enhancement. Since ttshifted to lower magnetic fields. To align the damping
resonance frequency enhancement is a measure of the pimaxima in Fig. %b) the dampingQ~?! is plotted versus a
ning strength, we conclude that the FLL depins aboveeduced fieldB/B* with B*=1.0 T for T<30 K and
B=7 T atT=30 K, ®=80° andyy~5 kHz. B*=0.87 T for T=50 K, 60 K. Since the damping at
The maximum in the damping defines the depinningT=70 K does not show any maxima beloB;, we arbi-
line 2528 Figure 4a) shows the depinning line @ =80° trarily chooseB*=1 T for T=70 K. As a function of the
defined by the single damping maximum. The extracted dereduced fieldB/B* the damping at different temperatures
pinning line is in agreement with depinning lines found for displays a series of maxima at the reduced fields indicated by
Bi-2:2:1:2 crystals. %’ the arrows. The damping maxima are most pronounced at 30
In the following we turn to the discussion of the damping K <T= 60 K, whereas they are washed out at low tempera-
and resonance frequency change in a magnetic field orientedresT<20 K and close to the irreversibility line =70
under a small angle with respect to the film surface. Figur&K. The meaning of the scaling fielB* is discussed in Sec.
3(a) shows thatA w? at ®=0° is monotonically increasing IV B.
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FIG. 5. DampingQ~?! of Bi-2:2:1:2 film BF2 at®=5° and
different temperatures ofe) a linear and(b) a semilogarithmic
scale. For clarity only three damping curves are showi@ajnTo
show the peak positions clearly the damping curveéjrare ver-
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FIG. 6. (a) DampingQ~* and(b) resonance frequency change
w?—Aw? of Bi-2:2:1:2 film BF1 at®=0°. w? denotes the reso-
nance frequency enhancement due to the shielding currents in the
superconducting planes in the limit of an infinite pinning force.
Sincel'?< w?— A w? the differencen’— A w? is proportional to the

pinning correctionwsinoc a1 [see Eq(D)].

tically shifted. The damping curves have been multiplied by the

factors 1/3(10 K), 2/3 (20 K), 1 (30 K), 5 (50 K), 300 (60 K),
3000(70 K). B* denotes a scaling field with* =1 T for T<30 K
andT=70 K andB*=0.87 T atT=50 K, 60 K. The arrows indi-
integer values

cate the matching fieldsBy numbered by
N=1.2,... .

field cooled measurementd~C) show small dissipation
maxima atB;=0.45 T andB,=0.9 T, see inset to Fig. 7. In

the ZFC measurement &t= 20 K no dissipation maxima are
observed. Further measurements in the temperature range 6
K <T=< 40 K and angle range 820 =<5° showed no evi-
dence for damping maxima in the irreversible regime of the

Angular dependent measurements show that the dampirf§agnetic phase diagram.

maxima in the irreversible regime of tiee T plane disappear

for angles larger tha® ~15°.

The structures in the dissipation are correlated with
anomalies in the pinning force. In Fig(& the damping
Q! and(b) the squared resonance frequency change of the P {
film BF1 are shown a® =0°. From the measured resonance % //

4 ¥ T +

3 / 1= T T T

— -

2t 1 +

frequency enhancemento? the ideal resonance frequency
change due to the shielding currents in the superconducting

planes, see Eql), is subtracted, i.e., the correction term 00

wi=w’—Aw?<a ' is displayed in Fig. @). The anoma-
lies in the resonance frequency enhancement, i.e., in the pin-
ning force, are uniquely correlated with the dissipation "z
maxima. Sincel'’<w?—Aw?, the structures in the reso- +
nance frequency are not caused by the damping correctionin ™~
Eqg. (1) but are due to anomalies in the pinning correction
term w3,

B. YBa,Cu3z05 film
The dissipation of the Y-1:2:3 film was measured in mag-

film surface. In Fig. 7 the damping is shown®&=0° as a

function of magnetic field fof=20 K andT=70 K. The  cooled.

10

1 «:}ﬁﬁ‘ ¥ i
. / |

B (D

FIG. 7. DampingQ~! of a 200 nm thin Y-1:2:3 film at

netic fields oriented under a small angle with respect to th& =0°, T=20 K andT =70 K. The inset shows the damping at low
magnetic fields. FC stands for field cooled and ZFC for zero field
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FIG. 8. Magnetic moment perpendicular to the Nb/Cu  FIG. 10. Nb/Cu multilayer(a), (b) Aw? and(c), (d) Q * as a
multilayer as a function of magnetic field applied under an anglefunction of magnetic field af =4.5 K. The solid line in(b) is a fit
®=1° with respect to the layers. The temperatures are, from top t@f Eq. (1) to the low field data.
bottom, 2.2 K, 25 K, 2.9 K, 3.3 K, 3.7 K, 4.2 K, 5.0 K. The peaks

are labeled by the numbé. tively. The solid line in 1Qb) is a fit of Eq.(1) to the low
field data withl =125x 10" 2 kg m? neglecting the correc-
C. Nb/Cu multilayer tion terms. In Figs. 1@) and 1Qd) the dampingQ 1 is

shown on a linear and a logarithmic scale. A damping maxi-
multilayer is shown in Fig. 8 for different temperatures 2.2 K Mum 1S Seen at_thg upper critical fielt}, that is accompa-
nied by the vanishing of the resonance frequency enhance-

<T= 5.9 K. The magnetic field is applied under an angle - . . :
®=1° with respect to the layers. The magnetic momentent. Within the experimental resolution no structures in the

shows a series of pronounced maxima. When the afigle dl?_?lple::]oen can be resolved in the irreversible regime of the
between magnetic field and the layers is increased the heigﬁt P :

of the maxima in the magnetic moment gradually decreaseg _Fg?)m E:ghl?hvgemd:;esmr]gﬁé%t: g':'?hl: a;r-:-:f;? ;(eagﬂ dent
and vanishes aroun®~6°. The position of the peaks is ~ =~ - u gu P

independent of temperature implying that the penetratioﬁesonance frequency the anisotropy constant of the Nb/Cu

. . . _multilayer can be estimated. AssumingB.,(90°)
length \ 4, is larger than the thickness of the sample, I'e"sBcz(35°)=O.4 T at T=4.5 K an anisotropy constant
Nap=dyp - — B,(0°)/By(90°)=1.2 follows

The angular dependence of the squared resonance fré- —c2 c2 = '

guency difference of the Nb/Cu multilayer is shown in Fig. 9 for\rgvg dst;etsslothateggct\_/ Ik;raglgg rz]eaedng.iasf%%mzmsl?rzepser'
atT=4.5 K andB=0.4 T. Aw? has a triangular shape with w WV gnetic piitu

Aw?=0 for|®|>35°. bac"’l uT atB=0.1T.
The resonance frequency change and damping of the vi-
brating multilayer was measured as a function of magnetic IV. MODEL AND INTERPRETATION

field at constant angle 82®<8°. In Figs. 10a) and 1Qb)
Aw? is shown on a linear and a logarithmic scale, respec

The magnetic moment perpendicular to the Nb/Cu

The existence of a series of maxima in the dissipation of
vibrating Bi,Sr,CaCu,Og films has been shown in the pre-
ceding paragraph. Hunekeset al1° observed a series of dis-
sipation maxima in vibrating YBgCuzO+ films, if the mag-

o netic field is parallel to the film surfaces. The 200 nm thin
NbCu 8 Y-1:2:3 film investigated here showed only tiny dissipation

O 08F T=45K Qﬁ . maxima in the irreversible region of the magnetic phase dia-
g B=04T 38 gram. A Nb/Cu multilayer showed no damping maxima be-
= o6} g 2 J low B,,, but clear maxima in the irreversible magnetization
= | ?ﬁ K ] were observed.
5 = Since vibrating reed measurements on high-temperature
> 3 single crystalf thicknessd,>50 um much larger than the
5 penetration depti ,, do not show any dissipation maxima

below the irreversibility lin€>?* we conclude that the ob-
served dissipation maxima in the high-temperatditen
samples are related to the interaction of the flux-line lattice
with the sample surface. The flux-line lattice in the supercon-
© (degrees) ducting films forms a configuration that is commensurate
with the sample thickness. At the matching fields the flux-
FIG. 9. Angular dependence of the resonance frequency erline configuration is supposed to become unstable and rear-
hancement of the Nb/Cu multilayer @t=4.5 K andB=0.4 T. range to another stable configuration. We shall show that the

30 0 30 60 90
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seemingly conflicting results for the high- films and the The superheating field is the maximal magnetic field value
Nb/Cu multilayer can be consistently interpreted when thedor which the Meissner state is stable. In a zero field cooled

surface barrier is taken into account. magnetization measurement without an applied transport cur-
rent the surface barrier for vortex entry does not vanish for
A. Flux-line lattice configuration in a superconducting film magnetic fields up t@g,.

Aflux i d llel to th ; ¢ For the investigated Bi-2:2:1:2 film we hadg=320 nm,
ux line near and parallel to the surface of a supercon-)\ab:200 nm® ¢,,~2.0 nm3* and y= 15013 Therefore we

ducting sample experiences two forces. The Lorentz forc —4
. : i . . et from Eq. (2) B;;=9%X10* T and from Eq. (3

due to the interaction with the Meissner currents in a surfac% . e . -

region of depth\ , is directed into the superconductor. The =07 T. _The damping shoyvs maxima. at magnetic fields

reg PN ap . . P X o .~ BN=0.7T, i.e., the observed field scale for the occurence of

image force due to the interaction of the flux line with its L

: L the dissipation maxima is of the order of the superheating
image vortex is directed outwards. These forces lead to thg | B, and not ofB,,. Therefore we analyze the appear-

"’.‘ppe?grg‘once of surface barriers for the entry and exit of ﬂu}énce of the dissipation maxima within the model of Mawa-
lines. ™ tari and Yamafujtt

q l—?\e E;‘;‘ bgg;glrllelesttq a?e dsgpeé;%g%gﬁgg&fg?;n V\f'th The calculations are performed for a FLL parallel to the
p~"ab Investig y ' 9 film surfaces since in this case the method of image vortices

8 . . . . _
ersmaet al,” and Mawatari and YamafujiThese investiga can be used. We expect the results to be qualitatively un-

tions were performed within London theory. In the following . -
. changed in the small angle range where surface pinning is
Nap @and N\ denote the penetration depths for supercurrent 9 g 9 P 9

flowing in theab planes and along the axis, respectively, §trong,

de. d h h | he in th We note that this model is valid for three-dimensional-
¢ap AN ¢, denote the coherence lengths in the anes (3D) anisotropic superconductors. Since Bi-2:2:1:2 films and
and along thec axis. The anisotropy constant is defined as

] crystals are strongly anisotropic, they should be described
Y=Ac/Aap. 18 performed o simulati ¢ Within the Lawrence-Doniach mod&:* However, Joseph-
Brongersmeet al.” performed Monte Carlo simulations of 55 strings connecting the pancake vortices nucleate only at
the FLL parallel to a superconducting film with, <\, in

very small angle¥$'®with cot®>y. Using y=150 we obtain
the absenceof a transport current. They observed the forma-||<ol4o' For larger angles the Lawrence-Doniach model is
tion of N flux-line rows with a separatioA,=d,/(N+1),

equivalent to the anisotropic London model. Since the mis-
N=2,3,... . The fluxiines rearrange at well defined fields d p

f h lo simulati alignment angle in our measurementAi® =0.5° we can
By from N to N+1 rows. The Monte Carlo simulations are jnerret the results obtained on the Bi-2:2:1:2 films within
performed with a fixed number of vortices in a layer of thick-

; L GayE the model of Mawatari and Yamafdii.
nessd, and lengthlL. A varying vortex density is simulated — ginherg and Buzdi estimated the superheating field of
by variation ofL. Due to this simulation procedure the sur-

, ; ) . a bulk sample §,,<dp) in magnetic fieldsparallel to the
face barrier for the entry of vortices in the superconductmqayers in the Lawrence-Doniach model and obtained
film is neglected and the first row of vortices appears at the

lower critical field

BsHI = CI)O /’7T)\ab’yS (4)
= nl—-1». *
cl Wg €t for T<T* and
®, denotes the flux quantum. The reduced matching fields Bsu|=¢o/\/§77?\ab§ab (5)

Bn/Be1 an%\3 dependent on the parametgy/yd,. Brong-

ersmaet al” showed that 'Fhe_rearrangements of the flux linegy, T~ 1% The crossover temperatufE* is defined by
take place at the magnetic field values that correspond to th (T*)=s/\2. s denotes the layer separation. With
experimentally determined maxima in the magnetic momeng® - ) Y P ’

perpendicular to the multilayer. From this result we concludet;}a: EOO(QQ’_I’_T) 158(?;%:;65022" fzg"zéij:iiﬁg: tohtg
. _ . . . . SH‘ < =U. . SH' < Sh
that surface barriers for flux-line entry and exit are negligible atching fields are of the order 8, we conclude that the

in the Nb/Cu multilayers. This may be due to the rather thick™ " f di I h th
outer Cu layers evaporated on the multilay®rs. measurements were performed in an angle range where the

Mawatari and Yamafuliinvestigated the FLL parallel to a Bi-2:2:1:2 film can be described by the anisotropic London

superconducting film in th@resenceof a transport current theory.

J parallel to the film surface and perpendicular to the flux

lines by explicitly taking into account that vortices had to B. Bi,Sr,CaCu,0g film
cross the surface barrier. They analytically calculated the
critical current densityl, sustained by the surface, the sepa-
ration of the flux-line rowsA, and the flux-line lattice con-
stant along the rowA, . In this model surface barriers prove
to be important and the field scale of the matching effect i
the superheating field

In the Appendix the equations for the critical current den-

sity and the FLL constants derived by Mawatari and

Yamafuji are summarized. The field scale is the superheat-
ing field B¢, and the critical current density scale is the de-

Spairing current

B o 3 J o
h:— . d - .
® \/Ew‘fabdp P 2 \/577#0 71/2)\ gbgab

(6)
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FIG. 11. Theoretical critical current densify/Jq, of a super- ;ug T
conducting film in a parallel magnetic field, is calculated in the :{,
limit &,,/yd,<1. The critical current density is minimal at mag- 6
netic fieldsBy, where the FLL undergoes a rearrangement from
N—1 to N flux-line rows. 7] S S NN SN -
0 2 4 6 8 10 12 14
The single parameter in the theory is the rafig,/yd,. BBy,

With typical superconducting parameters of Bi-2:2:1:2
samples we obtaig,,/yd,<10" 3.

In the Appendix we derive the equations for the FLL con-
figuration in the first order ig,,/yd,, which is an excellent
approximation foré,,/yd,<10 2 and N< 20.

FIG. 12. (a) Averaged positiorX of the flux-line rows andb)
separatiorA, of the flux-line rows along the thickness of the super-
conducting film.(c) Flux-line row constani,. The inset to(a)

. o . shows a schematic picture of the flux-line configuratdnA, , and

In Fig. 111 the fgo!uced critical current .densﬂty/\] dp with A, are calculated ir? the limi€,,/ydp,<1 in theg presencg of the
J_dp:2>< 10" A/m 'S shown as a fun_ctlc_)n of the reduc_ed critical transport current perpendicularlfband parallel to the film
field B/Bg,. The critical current density is calculated with g face that is shown in Fig. 11. The arrows(@ mark the fields
Egs. (A2)—(A15). J. has a nonmonotonous behavior. Thep,  where rearrangements of the FLL take place. Note that due to
minima inJ. at fieldsBy occur whenever the FLL rearranges the presence of the transport current vortices nucleate in the film
from N—1 to N rows. In Fig. 12 we show the average posi- already belowBg;,.
tion X of the flux-line rows along the film thickness and the
flux lattice constant#,, along the thickness andl, along the 13 as a function of the flux-line row numbBt¥. In the limit
rows as a function of the magnetic fieBl The values of £,,/yd,<1 the fieldsBy depend linearly oM according to
X, A andA, displayed in Fig. 12 are calculated for a trans-
port current density equal to the critical current dendity
sustained by the surface barrieis, exhibits a sawtooth
structure that clearly marks the rearrangements of the vortex
lattice. For the Bi-2:2:1:2 film we obtain AB=By.;—By

The interaction of the FLL with the film surface creates an=0.71B.~0.5 T with a superheating field for an anisotropic
anisotropic FLL withA,=56 nm andA,=12.5 nm for the  superconductoBs,=0.7 T.

Bi-2:2:1:2 film atB=4Bg~=2.4 T. The anisotropic FLL is In order to compare the theory to the data we have num-
stabilized by the long range interaction between the flux linesbered the matching fields as indicated in Fig. 5. For tempera-
and between the flux lines and the film surface. The influencéures T<40 K no temperature dependence of the matching
of the sample surfaces on the flux-line configuration befields could be detected, for larger temperatures the damping
comes particularly clear if we compare the FLL constantamaxima shift to smaller magnetic fields. This is in qualitative
A, andA, to their corresponding values, anda,, in bulk  agreement with Eq.7). It was not possible to determine the
samples Magnetic fields parallel to thab planes of abulk  temperature dependence of the phenomenologically intro-
sample create an anisotropic FLL with lattice constantdduced scaling field* «Bg,. Furthermore not all expected
ap=(y®,/B)Y? parallel to the superconducting planes andmatching fields are observed. These deviations from the
a.=(dy/yB)Y? perpendicular to the planes. For Bi-2:2:1:2 theory will be discussed later.

By=Bg{0.19+0.71N). )

samples with an anisotropy constaypt=150 we obtain the In Fig. 14 the matching fields of the three parts of the

lattice constantsa,,=360 nm anda,=2.4 nm in a field Bi-2:2:1:2 film (a) BF1, (b) BF2, and(c) BF3 are shown at

B=4B4~=2.4 T, i.e., in this case ig,,>a.. 0 =0°x0.5°. The matching fields show a linear dependence
The arrows in Fig. 1&) mark the matching field8y. on the number of flux-line rowsl with slopesAB=0.68 T

The matching fields determined either from the discontinuifor BF1 and BF2 and\B=0.75 T for BF3. The matching
ties inA, or by the minima inJ. agree and are plotted in Fig. fields of film BF2 at® =5° are shown in Fig. 15. The sepa-
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FIG. 13. Calculated matching fieldBy in the limit
&apn/ vdp<<1. The matching fields are defined by the minima inthe g 15, Matching fields of Bi-2:2:1:2 film BF2 #=5° and
critical current density or equivalently by the jumps in the lattice 1o k <T< 60 K.
constant A,. The solid line is the functionBy=Bg{0.19
+0.71N).
estimate might be attributed to the surface roughness and to
the crudeness of that estimate.
The FLL at®=5° consists of tilted stacks of pancake
A vortices. From the angle independence of the matching fields
|©]=<5°. , . we conclude that the dissipation and matching effects in the
Thf slopesAB=0.7=0.1 T determined aB=0° and  \hole investigated angle range are due to pancake vortices.
©=5° are in good agreement with the theoretical estimaterese stacks of pancakes must be coupled in the investigated
AB=0.5 T for a thin anisotropic superconducting film. a4 B<6 T and angle®|<5° range, i.e., for magnetic

Therefore the fundamental mechanism causing the FLL disﬁelds B, <0.5 T perpendicular to the CuQplanes. Our re-
sipation maxima in the irreversible region of the magnetic -

ults indicate that the superheating fi of a stack of
phase diagram is the rearrangement of the flux lines at sma@ P g fidkd,

ration between two matching fields iAB=0.66 T at
®=5°, i.e., the slopeAB is independent of angle for

: " . '“Pancake vortices is of the same order of magnitude as the
angles to the film plane. The deviations from the theoretica uperheating field of a flux line in a 3D-anisotropic super-

conducting film.

Since the matching effects are not observed for angles
larger than® ~ 15° we conclude that surface barriers are not
important for|®|=15°. This is similar to angle dependent
measurements of the critical current density in NbTa fifins
which show that surface pinning is effective in an angle
range|®|=<15°.

Before discussing deviations from the model we turn to
— 1 the interpretation of the data obtained for the Y-1:2:3 film

6 (b) BF2 and the Nb/Cu multilayer.
 0=0° 1

By (D)

C. YBa,Cus;05 film

The 200 nm thin Y-1:2:3 film investigated in this work
has the parametersBy~=15 T, B;=10 mT, and
£an/ydp=10"3. We have used the valugg,=15 nm and
v=5. Therefore the first damping maxima are expected from
Eq.(7) at the fieldB;=1.35 T andB,=2.4 T. We measured
tiny maxima in the damping @,=0.45 T andB,=0.9 T.
The reduced matching fields can be understood assuming a
value for the superheating field that is reduced to one third of
the theoretical value.

N In the following we shortly discuss the results of idu
nekes et al1%%® who measured the damping of vibrating

FIG. 14. Experimentally determined matching fields of the Bi- Y-1:2:3 films with a thickness in the range 43 rad,< 600
2:2:1:2 films (a) BF1, (b) BF2, and(c) BF3 as a function of the Nm. All investigated films showed a series of damping
flux-line row numbem. The angle between the magnetic field and maxima as a function of the applied magnetic fiBlg¢2.5 T.
the film surface is®=0°+0.5°. The matching fields are deter- The measurements were carried oufTat20 K. The posi-
mined for temperatures 20 KT< 40 K. tions of the damping maxima of a 43 nm and a 275 nm thin




8666 M. ZIESE et al. 53

10" L L L L R S B B R 1.0
! (a) (b) ]
2 o8
NbCu
({E\ "P 06 = i
2 10°F . 3 o4
~— N ~ <
o o 404 =
o/
d02
Y ca NP I I f o N S 0.0
00 02 04 06 08 2 4 6 8 10 107 L0 1l N | L8 i
B (D) N 1072 107! 10° 10!

B (D)
FIG. 16. (a) Theoretical critical current densit, in a parallel
magnetic field calculated with the supercondcuting parameters of FIG. 17. Comparison of the dampin@~! of the Nb/Cu
the Nb/Cu multilayer.(b) Matching fields determined from the multilayer atT=4.5 K, ®=0° and®=4° and the damping of the
minima in J.. For smallN a linear dependencBy>=N is found Bi-2:2:1:2 film BF2 atT=60 K, ® =1.5°.
(solid line), for large N a quadratic dependend®<N? is seen

(dotted ing. with the calculated rearrangement fieldg=0.024, 0.058,

film were also measured at 50 K and 80 K, respectively. Theo‘122’ 0.185TN=1, 2, 3, 4, obtained from the Monte Carlo

- - - imulations’®  However, the rearrangement fields
matching fields were only weakly shifted by temperature. S|m_u ' B .
Except for the 43 nm thin film the results for all films By=0.060, 0.119, 0.188, 0.268 N=1, 2, 3, 4, obtained

investigated by Fionekeset al %3 can be qualitatively un- from the model of Mayvatari and Yamaf.'bjare significantly
derstood if surface barriers are taken into account. Howevel2rger than the maiching fields determined from the torque
the experimentally determined superheating fields of thénagnetization. This comparison proves that surface barriers
Y-1:2:3 films are lower than the calculated values. The refor the entry of vortices in the multilayer are not effective.
duction of the superheating fields might be attributed to surJhis is consistent with measurements of the critical current
face roughness. density due to surface pinning that is reduced in supercon-
The 43 nm thin Y-1:2:3 film investigated by Hoekes ductors plated with a normal met&.Furthermore graded
et al1° exhibits matching field®;=0.25 T andB,=0.8 T.  Ta/NbTa/Ta films with a smooth interface between the Ta
Brongersmaet al pointed out that the calculated lower and the NbTa layers show strongly reduced surface
critical field parallel to the Cu@ planesB=0.56 T is  pinning3®
higher than the first matching field. Due to this fact and the Why are maxima not observed in the dissipation of the
limited experimental resolutidfl of the damping measure- Nb/Cu multilayer? One possibility might be that the sensitiv-
ment the data for the 43 nm film are not conclusive withity of the vibrating reed technique is not sufficient. To check

regard to a comparison with the theory. this we compare the dampinQ ! of the Bi-2:2:1:2 film
BF2 atT=60 K, ®=1.5° and of the Nb/Cu multilayer at
D. Nb/Cu multilayer T=4.5K,0=0° and®=4° in Fig. 17. The flux-line dissi-

The Nb/Cu multilayer has the parametégg=16 nm and pation in the .Bi—2.:2:1.:2 film at t.he matching field_s_is larger
y=1.2. With an effective thickness$,~400 nm we obtain than the dissipation in Fhe muItllqyer at the transition to the
Jg=6.6x 101 A/m?2, B4~0.072 T, pandgab/ydpzo.036. nprmal 'state. From this comparison we conclude that the
Figure 16a) shows the calculated critical current density. dissipation level at the matching fields should be well above
The matching field8y determined from the minima in the the experimental resolution if it is due to the same dissipa-
critical current density are shown in Fig. (bf (®). For  tion mechanism as in the Bi-2:2:1:2 film.

small flux-line row numberd\ the matching field is lin- From the experimental results we conclude that a surface
ear inN [solid line in Fig. 16b)], whereasBy<N? is found barrier for vortex entry and exit is effective in the Bi-2:2:1:2
for large N [dotted line in Fig. 160)]. films, but is inefficient in the Nb/Cu multilayers. Therefore

In the experimentally accessible field ranBec0.4 T at one might speculate that in Bi-2:2:1:2 the FLL-dissipation
T=4.5 K five dissipation maxima are expected from themaxima at the matching fields are caused by the interaction
theoretical calculations presented in Fig.(d)6but are not of the vortices with surface barriers. In the vicinity of the
observed experimentally. However, the magnetization pemnatching fields the flux-line configuration is unstable and the
pendicular to the multilayers indeed shows four maxima atopping rate for vortices to overcome the surface barrier
T=4.2 K. The experimentally determined matching fieldsmight be enhanced. This interpretation naturally explains the
areBy=0.028, 0.060, 0.131, 0.21 N=1, 2, 3, 4. Taking absence of damping maxima in the Nb/Cu multilayer with
into account the uncertainty in the thickness of the multilayerouter Cu layers. The observation of only tiny damping
that originates from the 50 nm outer copper layers the exmaxima in the 200 nm thin Y-1:2:3 film might be due to a
perimentally determined fields are in excellent agreementorroded surface of that film.
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E. Deviations from the simple model is observed in a Nb/Cu multilayer. We have evaluated the

The model of Mawatari and Yamaftijpredicts rearrange- Matching fieldsBy, in the Bi-2:2:1:2 film defined by the dis-
ments of the FLL at constant field intervals3, thus evenly ~SiPation maxima at fixed angle and temperatufess0 K.
spaced dissipation maxima might be expected. In Contrasil:he matching fields _observed at afnged angle are found to_be
the damping of vibrating Bi-2:2:1:2 films generally shows €dually spaced with an angle independent separation

only a few of the expected maxima. The selection rules de2B=0.7+0.1 T at®=0° and®=5°.
pend on temperature and andde Calculations within the anisotropic London model show

In the model a defect free superconductor is assumed. THBat the flux-line lattice parallel to the film surfaces forms a
Bi-2:2:1:2 film, however, shows strong bulk pinning as canS€duence of states, each consistindNoflux-line rows At
be seen from the c8® variation of the resonance frequency Well defined field valuesSy the FLL rearranges suddenly
enhancement in Fig. 2. We observed that the dampin&om N—1 to N flux-line rows, whereas the critical current
maxima are most clearly seen in the intermediate temperdl€nsity sustained by the surface displays a minimum. The
ture range. At low temperaturds<20 K the formation of an  comparison of the rearrangement fields with the experimen-
ordered FLL structure is hindered by strong bulk pinning, attally determined matching fields shows semiquantitative
high temperatures near the irreversibility temperatiije ~ 2dreement.

thermal fluctuations destroy the FLL order or the coupling 1his work and the work of Hanekeset al.” show that
between the pancake vortices. the superheating fields of Bi-2:2:1:2 and Y-1:2:3 films are of

Moreover. beside the formation of a FLL commensuratetn€ same order of magnitude. We conclude that the stacks of

with the film thickness we expect a matching to the |ayereooancake vortices in the investi_gated Bi-2_:2:1:2_ film in the
structure due to the intrinsic pinning mechani&f? Ous-  angle range cé<y behave like flux lines in a 3D-
senaet al®® observed a nonmonotonic dependence of théNisotropic superconductor. Moreover, since only the pan-
magnetization of a twin free Y-1:2:3 single crystal in a mag-caKe vc_)rtlcgs in the CuPplanes are supposed to cause
netic field parallel to the Cu@planes. Their crystal has a dissipation® our results show that there is a coupling be-
thicknessd,=0.125 mm3\,,. A similar nonmonotonic Ween the pancake vortices in the field rarge6 T or
variation of the critical current density in Pb-Bi films with a B.=0.5 T. The competition between the commensurability
periodic variation of the Bi content was reported by Raffy of the FLL to the film surfaces and the layered structure as
et al%6 The maxima in the magnetization of the Y-1:2:3 crys- well as the isotropic bulk pinning might cause the observed
tal can be understood assuming a matching of the FLL to thdeviations from the surface pinning model.

IlO

layered structure that has a periodicity i.e., a.=ns, The magnetization _of the Nb/Qu muItiIay(_ar perpendicula_r
n=12,... % In the case of Bi-2:2:1:2 withy=150 and to the Nb layers exhibits a series of maxima at magnetic
s=15 A we obtain the matching fields fields By that agree with the rearrangement fields of the FLL
if the surface barrier for vortex entry is neglecteth con-
D, trast, in vibrating reed measurements on the Nb/Cu
anm, n=12,... . (8 multilayer no damping peak structure beld®y, that indi-

cates FLL rearrangements was found. The surface barriers of
These matching fieldB,, are of the same order of magnitude the Nb/Cu multilayer are reduced by evaporation of rather
than the matching fieldBy expected from a FLL commen- thick outer Cu layers. Therefore we propose that the dissipa-
surate to the film surfaces. Qualitatively the suppression ofion maxima observed in Bi-2:2:1:2 films and Y-1:2:3 films
damping maxima at the matching fielfls, can be under- are due to flux lines hopping over surface barriers.
stood from a competition between the matching to the film
thickness and to the layered structure, respectively. ACKNOWLEDGMENTS
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APPENDIX: CRITICAL CURRENT DENSITY OF A
SUPERCONDUCTING FILM IN A PARALLEL FIELD

In this appendix the equations for the critical current den-

V. CONCLUSIONS sity and the FLL constants of superconducting films in par-

) ) o o allel magnetic fields are summarized. Furthermore the criti-

In this work the flux-line dissipation and pinning force of ¢ current density and the FLL constants are derived in the
superconducting films has been investigated in magnetigrst order in the parametaf/d,. The calculations are per-

fields that are oriented under a small angle with respect to thgyymed for an isotropic superconductor. The results are gen-

sample surface. In a B8r,CaC,0g film a series of pro-  eralized to uniaxially anisotropic superconductors by the fol-
nounced maxima is found in the irreversible region of thejgwing scaling prescription:

magnetic phase diagram, a YBau3;O- film displays only
tiny dissipation maxima, whereas no damping peak structure A=Y\, Eoy V%, dp— YA, (AD)



8668 M. ZIESE et al. 53

The critical current density that a FLL parallel to a super- ) { _
conducting film is able to sustain due to the interaction with Joan=1- b—2\/§7-ra—(1—x) : (A8)
the film surfaces was calculated analytically by Mawatari Y
and Yamafujit The equations derived in Ref. 1 are summa-
rized here for convenience.

Th_e superconducting film extends in tlgez plang wlth j=b(1—Nay)(2x—1), (A9)
the film surfaces ak=0 andx=d,. The magnetic field
B=BZ is oriented along the axis, the transport current _ , 2\/§§
J=JV along they axis. (2x—1)*=a5—(1-Na,)*- —p L1tin(ba)],

A, andA, denote the FLL constants along the thickness (A10)
of the film and along the flux-line rows, respectively; see
inset Fig. 12. IfN flux-line rows at positiong; are present in V2m¢
the film, the averaged position of the flux-line rows along the axasz;
thickness of the film isX=N"!=N  x;. Since the Lorentz
force points in the po.sitivex direction, thg vortex rows are bn-pn<b<byy: j((:’,\le)x is determined by Eq¥A9)—(A1l)
pushed towards the film surfacesxatd,, i.e., X>d,/2. In and
the magnetic field rangB(y_1)nv<B<Byn, N=1,2,3, ...,

(3) J. in the presence dfl flux-line rows,N=2:

(A11)

the critical current density.=J), is supplied by the sur- =it (A12)
face barrier for vortex exit out of the film, in the magnetic

field rangeByny<B<Byn+1), N=0, 1, 2, ..., thecritical . 1 ay

current densityl. = J{), is determined by the surface barrier (2x=1)"=(1-Nay) 1=Na+ gl ac— | i

for vortex entry into the film. The crossover fiel@gy_ 1)y (A13)

and By denote the boundaries between magnetic field re-

gions belonging to different pinning mechanisms and are debyn<b<byn+1): ] ¢, is determined by EqgA9)—(A11)

termined by requiring the critical current density to be a con-and

tinuous function oB. The above-mentioned matching fields

are given byBy=Bn-_1n, N=1,23 ... . i=iten (A14)
We choose the following reduced unitg:=J./Jgp,

b=B/Bgp, bn-1)n=Bn-1)n/Bshs ban=Bnn/Bsh, . 4 —

ac=AJddy, a=Aj/d,, x=x/d,, and ¢=¢/d,. ifa=1-|b-2V2eN (1) . (AL5)

Jdp=<D0/2\/§7r,u0)\2§ denotes the depairing current,

Bsh=d>0/\/§w§dp the superheating field, and, the film The equations(A3)—(A8) and (A9)—(A15) have been

thickness. The model is valid in the IimitsiK(IZ)\)2<1 and  solved numerically.

E<\. We have obtained a simple analytical solution of the equa-
(1) J. in the Meissner phase: tions (A2)—(A15) in the limit &/d,<1.

b (1) J¢ in the Meissner phaseé/d,<1.:
0<b=by;:
0<b=<by,:
jCor=1-b. (A2)
j2=1-b. (A16)
(2) J; in the presence of one flux-line row:
(2) J¢ in the presence of one flux-line ro@/d,<1:

: AP
J=(b—\/§77a—y)(2X—l), (A3) boi<b=b,;:
b E—)?(1—)?) =£ I—1+In il ;o (A4) j(cléx:L, (A17)
2 V23 e 33
boi=<b=b,;: jg‘lgx is determined by EqgA3) and(A4) and 3V2m
ay=—7r—¢, (A18)
I =t (AS)
_ V3
_ 2 a X==|1+—|; (A19)
(2x—1)2=(1—%) 1—;y); (A6) 2 3
biysb=<by,:

byy<b<by,: j{, is determined by EqgA3) and(A4) and

() i = 1—b+b\/2—E 1—\/2—E (A20)
J=]cen (A7) c.en b b/’
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a

(A21) >7=%[1+ vai—(1—-Nay?]; (A26)

V2m
y= J 2§!
2b—1—-b+\/2—- o
bunsb=byn+1y:

x=1 1\/2 2 A22
=173 b- (A22) () _

c,en 1_b[1_2Nax(1_§)]r (A27)

(3) J. in the presence ofN flux-line rows, N=2,
éld,<1: , .

_N(2b—1)—y2b*-2b+1-N A28

b(N_l)NgbsbNN: ax= b(2N2_1) ) ( )
j o= b(1-Nay)(2x—1), (A23)

N
AN°—1- VBN*+1 ay=—p 4, (A29)
= X
\/577 _ 1 1-b(1—Nay
ayza—xbg, (A25) X_E 1+ —b . (A30)
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