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Orientation of vortices in a superconducting thin film: Quantitative comparison
of spin-polarized neutron reflectivity and magnetization
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We present a quantitative comparison of the magnetization measured by spin-polarized neutron reflectivity
(SPNR and dc magnetometry on a 1370 A-thick Nb superconducting film. As a function of magnetic field
applied in the film plane, SPNR exhibits reversible behavior whereas the dc magnetization shows substantial
hysteresis. The difference between these measurements is attributed to a rotation of the vortex magnetic field
out of the film plane as the applied field is reduced. SPNR measures only the magnetization parallel to the film
plane, whereas dc magnetization is strongly influenced by the perpendicular component of magnetization when
there is a slight sample tilt; thus combining the two techniques allows one to distinguish two components of
magnetization in a thin film.

I. INTRODUCTION of this technique for Nb by Zhanet al® included the effect

. f the electron mean fr h . Th m hni
The current transport properties of type-Ii superconduct—0 the electron mean free path an e same technique

” o . was also used to determing for high-temperature super-
ors depend critically on the mobility of vortices and, there'conducting oxided.All of these studies were performed at
fore, the subject of vortex pinning has attracted cons;iderabIﬁ)W field, belowH,;. Recently, it was demonstrafstithat

[l cl- [

attention® Since the addition or removal of a vortex requires gpNR is also useful at higher fields, abd¥g , where it can
an encounter with the superconductor’s surface, the interatg,-,em information on vortices. In pa’rticular ’Haet al® ex-

tion of vortices with surfaces and interfaces play an imporyacted the average vortex density for the field parallel to a
tant role in the current transport propertfesEor thin-film thin film of YBa,Cus0,, (YBCO) and a large hysteresis
superconductors, the surface has a substantial effect on VQbop was observed.
tex behavior. In this case, a large anisotropy between vorti- |n this paper, we compare SPNR and dc magnetization
ces parallel or perpendicular to the film plane might be anmeasurements on a Nb thin film for the field applied parallel
ticipated. For example, recent studies of artificially layeredto the surface. The two measurements exhibit different field
superconducting thin films suggest that vortices parallel talependences: hysteresis is observed for the dc magnetiza-
the surface can order spatially due to the interaction with theéion, whereas the SPNR is reversible. The difference is at-
surfacé. tributed to the magnetic field of vortices that is generated
In studies of thin-film superconductors it is useful to ap-perpendicular to the film plane as the applied field is de-
ply the magnetic field parallel to the surface. This geometrycreased. By quantitatively comparing the SPNR and magne-
can, however, be problematic for experiments. A magnetizatization measurements, we have deduced the rotation of the
tion measurement presents special difficulties due to thenagnetic field as a function of the applied field.
large demagnetization factor perpendicular to the surface
combined with a small sample tilt angle that is unavoidable.
On the other hand, local probe techniques, such as the Bitter Il. EXPERIMENTAL DETAILS
method, scanning probe techniques, and Lorentz microscopy, o ) )
are constrained to measure the magnetic flux as it emerges A NO/Al thin-film bilayer was grown by sputter deposi-
through the surfacéi.e., vortices are perpendicular to the tion on a 1-crf (1102) single-crystal AlO; substraté® A
surfacg. Alternatively, small-angle neutron-diffraction 50-h pumpdown in a UHV-compatible stainless-steel
methods require large volume samples so that thin films carvacuum chamber was preformed with simultaneous substrate
not be studied. Since the selection rules for the specular rdaking at 520 °C. Before deposition a cold trap was filled
flection of spin-polarized neutrons from a thin film guaran-with liquid nitrogen, providing a base pressure of less than
tees that only the magnetization parallel to the surface id <1078 Torr. Sputter deposition was performed under a 7
measured, spin-polarized neutron reflectii8NR should X 10 3-Torr atmosphere of Ar. With the substrate tempera-
be useful for measuring the magnetization of thin-film superture held at 470 °C, a 1370-A -thick layer of Nb was depos-
conductors. ited at a rate b8 A /sec. Without breaking vacuum, the
The application of SPNR to thin-film superconductorssubstrate temperature was then reduced to 120°C, and a
was demonstrated by Felcher al® where the London pen- 760-A -thick layer of Al was depositeth situ on the Nb
etration length\, was measured for Nb. Further refinementsurface. The superconducting transition temperature was de-
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* : * * FIG. 2. The London penetration length was determined to be
0.2 0.3 0.4 0.5 0.6 _ : = .
A.=490+110 A by measuringR/R as a function of angle at 600
20 (degree) Oe and 2 K, where the vortex density is negligible. The curves are

) calculated for different screening lengths without including vorti-
FIG. 1. (@ The number of counts are measured as a function oteg.

scattering angle for spin-up and -down neutrons reflected from a
AIND/AI ;0 film at 2 K and 1000 Oetb) The difference between sample used for the neutron experiments. This sample was
the spin-up and -down reflectl_V|ty divided by the average reflectiv-c;t to 0.36¢0.26 cn?, and placed in the magnetometer cry-
ity for the two spin statesAR/R, is obtained from the data i@.  ostat such that the sample surface was near parallel to the
The solid curves are calculated using the model of Ref. 8, with &ypplied field. The tilt angle between the sample surface, and
magneflg screening length of 490 A and a uniform vortex density ofhe applied field was set when it was mounted in the magne-
15 pm=. tometer. The angular reproducibility was0.25° and the
zero angle was determined from a fit to the angular depen-

termined to beT.=9.25+0.25 K from the magnetization dence of the dc susceptibility measured at low field. The
measured at 50 Oe, which is consistent witt=9.11 K  reported magnetization curves were obtained for the sample
(transition width 0.06 K found by four-probe resistivity cooled in zero magnetic field.
measured on an adjacently grown sample. The residual resis-
tivity ratio was measured to &g k/p10 k= 25.4. IIl. RESULTS

The SPNR measurements were performed using the )
GANS reflectometét at the Missouri University Research ~ The number of specularly reflected spin-up and down
Reactor(MURR) with a neutron wavelength of 2.35 A. A neutrons, measured as a function of the scattering angle 2
supermirror was employed to select the spin state of the neder the sample heldta2 K and 1000 Oe, is shown in Fig.
tron beam to be perpendicular to the scattering plane, and thka). Thg interference fringes arise from the fw_ntg thickness
spin state could be switched using a flipper coil locatec®f the film. A least-squares fit using a reflectivity madel
downstream from the mirror. A polarization analyzer was not/ields the Nb film thickness (132010 A) as well as the
used. The beam width at the sample positier).23 mm, A/Nb (3010 A), and Nb/AYO; (2=1 A) interface
and the angular divergence of the beam, 0.018°, were meéoughnesses._ Since the neutron-scattering cross segﬂon qf Al
sured in the scattering plane. During the data analysis, thi§ Small relative to Nb and the neutron absorption in Al is
instrumental resolution as well as the incident beam polarPegligible, the Al layer had little effect on the measurement.
ization efficiency, 93%, were taken into account. The specuX-Tay specular reflectivity, measured on the same sample,
lar reflectivity was consecutively measured for spin-up andave an Al thickness of 76630 A and a roughness of 70
-down neutrons near the critical angle for total external re-+16 A at the air/Al interface, and the other quantities were
flection. The sample was mounted in a cryostat having &onsistent with the neutron measurement. The magnetic con-
superconducting split-coil magnet where the field was ap1r|but|on to the neutron reflectivity can be observed by plpt.-
plied perpendicular to the scattering plane and parallel to théng the difference between the spin-up and -down reflectivi-
sample surface. The sample was always cooledt®2 K  ties, AR, divided by the average of the spin-up and -down
in zero magnetic field before a field was applied. reflectivity, R, as shown in Fig. (b).

A Quantum Design superconducting quantum interfer- The London penetration length, for this sample was
ence devicdSQUID) magnetometer was used for the mag-obtained from a SPNR measurement at small applied field
netization measurements which were performed on the sam@00 Og, as shown in Fig. 2. Since the contribution of vor-
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FIG. 3. The field dependence AR/R was measured at a single FIG. 5. The vortex densityy as a function of applied field is
angle 2=0.38°, for ascending and descending field at 2 K. Thedetermined 82 K from the SPNR data in Fig. 3 assuming a uniform
lines are a guide to the eye. London screening dominates at lowpatial distribution of vorticesy, =490 A, and the model of Ref. 8.
field, but above~1000 Oe the introduction of vortices leads to These results show tha is independent of whether the applied
saturation and the eventual reduction ®R/R. No hysteresis is field is ascending or descending. The data point given by the solid
observed upon reducing the field. The data point given by the soli§duare was obtained after cycling the applied field from 0 to 3000
square was obtained after cycling the applied field from 0 to 300d°€ t0 —3000 Oe to 600 Oe.

Oe, t0—3000 Oe, and finally to 600 Oe, which was the field during

the measurement. AR/R increases steadily untit 1500 Oe, where it begins to

decrease as large numbers of vortices enter the sample. It can
%iso be seen that the data for descending field follow the
ascending field data and there is no remanence at low field.
This reversible behavior is quite different from the previous
PNR study of a YBCO film, wherAR/R exhibited a large
ysteresis loof.

The data were analyzed to extract the vortex density using

tices to the magnetization is negligible at this field, the dat
were fif assuming no vortices. This vyielda, =490
+110 A, in agreement with previous work.

In order to observe the effect of vortices, the reflectivity
was measured as a function of applied field at a single posi®
tion of 26=0.38°, whereAR/R exhibits the first maximum.
Figure 3 shows the results for ascending and descending
fields. With ascending fieldopen circley it is seen that
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0.3 0.4 0.5 FIG. 6. The magnetic moment determined by the SQUID mag-
20 (degree) netometer and measured as a function of applied fiekdaexhib-

N its hysteresis. The arrows indicate the order in which the data were

FIG. 4. AR/R is measured as a function of angle at 2000 Oe andcollected, starting from an initially zero-field-cooled sample. These
2 K after reducing the field from 3000 Oe. It is shown that the results depend on the angle of tilt between the applied field direc-
analysis is independent of the particular choice of vortex distribution and the film plane. The inset shows the initial sldpeear
tion. The curves are best fits for different spatial distributions ofregion without vortices at small fieldf the magnetic moment as a
vortices: uniform distribution withn;=40 um~2, vortices in a  function of the tilt angle. Demagnetization effects quantitatively
single row at the center of the film withy =28 um~2, and vortices  explain the low-field angle dependence and the solid curve is a best
in a double row about the center of the film witi=33 um 2, fit to Eq. (3.5.
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a model presented previoudlyAlthough this requires the gesting there are no transitions of the vortex distribution in
spatial distribution of the vortices as input information, thethe film. These data, as well as other measurements per-
analysis of the present experiments does not depend on tliermed at higher fieldnot shown, permit an estimate of the
choice of distribution, as shown in Fig. 4 for data taken atupper critical fieldH.,~5300+ 300 Oe. From this, the co-
2000 Oe after the sample had been subjected to a field dference length can be calculategk= (®/(27H,) = 250
3000 Oe. The three fitted curves correspond to different spax8 A . This is somewhat smaller than the 390 A obtained
tial distributions: a uniform distributiosolid curve with a  for Nb by Proninet al, who also reported the London pen-
vortex density of 4qum™2, vortices arranged in a single row etration depth to be 350 & Since the samples were grown
in the middle of the film(dashed curvewith a density of in the same sputtering system using the same procedure, the
28 um~2, and vortices arranged in a double rdwotted  difference might arise from the fact that the two techniques
curve with a density of 33um™2. The given densities were determine the coherence length in somewhat different ways.
chosen to yield a best fit for each spatial distribution. ThereUsing the magnetic screening leng#90 A) and coherence
is only a small difference between the curves, because thength (250 A), we estimate the lower critical field in
interference between the reflections from the front and backhe thin-film  limit} Hg,=®Ko(&/A)/(4mNE) X (1
interfaces of the superconducting film dominates over thei 2e~t2\), to be ~1000 Oe, which agrees well with both
contribution from the vortex spatial distribution. This effect the SPNR(Fig. 5 and the magnetization measurements
depends on the relative nuclear scattering lengths of the layfrom the smallest tilt angle of 0.5° in Fig. 6.
ers, and was not observed previously for YBCO/SiIIO The most striking features of the SQUID data are the
Using the magnetic screening length=490 A and a |arge hysteresis, in sharp contrast to the SPNR measurement,
uniform distribution of vortices in the model of Ref. 8, the as well as the strong dependence on tilt angle. Both features
average vortex density parallel to the surfagg, was deter-  are interrelated, and we first discuss the effect of angle.
mined from the data of Fig. 3. The result, shown in Fig. 5, |f a magnetic fieldH, is applied perpendicular to the
givesH¢;~1000 Oe, and the vortex density is found to in- surface of a superconductor, then the magnetization perpen-
crease steadily at higher field. Alsoy exhibitsLeversibIe dicular to the surfac, is strongly affected by the geom-
behavior. The full angle-dependent curves AGR/R are cal- ~ etry according t&"*°
culated and compared with the data in Fig¢h),l 2, and
4—the good agreement demonstrates that it is sufficient to H —n &,

measureAR/R at a single angle in order to obtain. 4mM, =- (1-N)
We now discuss magnetization measurements that pro-

vide additional information on the vortex behavior. The whereN is the demagnetization factam, is the component
SQUID magnetization measured as a function of appliedf vortex density oriented perpendicular to the surface, and
field for different tilt angles is shown in Fig. 6. For each ®, is the flux quantumhc/2e=20.679 Gum?. Note that
angle, the sample was first zero field cooled to 2 K. Then, ®, is just the component of magnetic field perpendicular
magnetization was subsequently measured from zero to the the film plane. For a field applied parallel to the surface of
maximum field, and then to zero field. Abotk,; the mag- a superconductor, assuming a uniform distribution of vorti-
netization curves do not show the maxima that have beenes, the magnetization parallel to the surfatgis obtained
observed in some artificially layered superconductssg- by direct integration of the equations in Ref. 8,

(3.9

47M =1f“2 H cosiz/h,) _ n(I)OJ‘tIZ e—lz—z'\/xL_e(z—t/z)/xLSinf'([Z’th/Z]/?\L)
") costivan) 2\ J -2 sinh(t/\)

4 ezt

sinh([Zz' —t/2]/N)|
sy |92

B 2N t
dz——(HH—nH<I>0) 1—Ttan 2_)\|_ , (3.2

wheren| is the component of vortex density parallel to the ®.¢=0.37%,. Figure fa) shows the magnetization ob-
surface. The magnetic field generated parallel to the surfadmined from the SPNR results of Fig. 5 using E8.2).

is nj®eys, where In the SQUID magnetometer the magnetization is mea-
sured along the direction of the applied field, so when the

o\ t sample surface is slightly tilted from the applied field by an
q)e”:q)o[l__'-tam—(_” (3.3 angle 6 a projection of the components of magnetization

t 2N parallel and perpendicular to the surface will be measured:

is the average effective flux quantum of a vortex that is
screened by image fields due to the surfaces. For this sample, M cosf+M, siné. (3.9
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T i ' " ' " i =0.998+0.0015, which is slightly larger than the value
0.994 estimated for our sample geoméftry.

More generally, we can include the effect of vortices on
the magnetization measured with the SQUID by substituting
Egs.(3.1) and(3.2) into Eq.(3.4), which gives

OF o Ascending field
- [ e Descending field

i n, ®,siné
_ X 4TM =47M ot Ny cosO+ ——"—, (3.6

N\
—600 (0) ; 1 whereM, is the Meissner term in the absence of vortices,
[ . . . ) ) . 1 given by Eq.(3.5).
500 1500 2500 _ The conclusion is that the magnetometer is h_ighly sensi-
H (Oe) tive to the component of magnetization perpendicular to the
film. Although this component diminishes with decreasfhg
the demagnetization factor causes the denominator of Eq.
(3.1) to be small. Thus the SQUID measurements can, even
for very small angles of tilt, be dominated by the magnetiza-
jREfIEEE.s Q tion perpendicular to the film. This effect is also much larger
II 'Oo.b.‘\ 1 for the vortex contribution than in the Meissner regime, since
Teeg ‘®-- the Meissner effect diminishes as %inbut the vortex con-
Or i, > ®y. | tribution diminishes more slowly, as sih Therefore, we
Or

T
1

1000

@"O. | conclude that the irreversibility observed in the SQUID mea-

4mM ()

surement is due td/, , since, the SPNR showel to be
1 reversible.
(b) In order to quantitatively compare the SPNR and SQUID
‘ . ‘ . ! ] experiments, the SQUID magnetization was measured by
-2000 0 2000 following the same field history as the SPNR measurement,
H (Oe) as shown by the small data points in Figh)Z This was done
for the sample tilt angle nominally set to zero. The open

FIG. 7. (8) The magnetization as a function of applied field is Circles in Fig. 7b) are the ascending field SPNR data replot-
determined from the SPNR data in Fig. 5 using &2 (b) Quan-  ted from Fig. Ta). As can be seen, the SPNR and SQUID
titative agreement between the SQUID and SPNR measurments f§easurements give quantitatively the same magnetization for
achieved using the model described in the textbirthe small data  the virgin ascending field, indicating that the magnetization
points are the SQUID magnetization measured at 2 K as a functioand vortices are parallel to the film plane. Moreover, the
of applied field using the same field history as the SPNR experiquantitative agreement between the two data sets also indi-
ment. The arrows indicate the order in which the data were colcates that sample tilt effects as well as any contribution from
lected. The open circles are the magnetization from the ascendingortices perpendicular to the surface are insignificant for the
field SPNR data replotted frorfe), showing that the SPNR and virgin ascending field.

SQUID measurements lead to the same result: for ascending field, The SQUID and SPNR measurements differ only subse-
the vortices are parallel to the film plane. The large solid circles argyuent to the virgin magnetization, which suggests that a
the descending field SPNR data converted to the conditions of thFhagnetic field due to vortices is generated out of the film
SQUID measurement assuming the model described in the text. Tr}ﬂane as the applied field is reduced. Thus, for a descending
sqlid square comes from the SPNR data point measured after C¥ield, the data were analyzed using two components of mag-
cling the field to—3000 Oe. netic field, one parallel (®¢¢) and one perpendicular
o . . (n, ®,) to the film plane. The parallel magnetic field is ob-

This is demonstrated quantitatively for our data in theained directly from the SPNR measurement, and it is desire-
low-field Meissner regime, belowd,. In this regime, the gpje to obtain the perpendicular field from the SQUID data.
magnetization of a superconducting film at an angle with theHowever, as can be seen from H8.6), the perpendicular

T

RETTTIeeEs:
|

—-1000

1

applied field will be field contribution to the SQUID magnetization also depends
on the sample tilt angle, which is not precisely known, so
2N t H sirfe that an additional piece of information is required. It is found

4mMo=—H C°52‘9|1_ Ttanl‘(z—)\L)]— 1-N that good quantitative agreement between the SQUID and

(3.5 SPNR data can be obtained by assuming that the sum of the
parallel and perpendicular magnetic fields is equal to the

The inset to Fig. 6 shows the slope of the low-field magnetianaximum trapped fieldQma,Pett=nNPets+n, Py, Where
moment data of Fig. 6 as a function of tilt angle, where then|,,, is the maximum vortex density parallel to the film
solid curve is the result of a least-squares fit to Bcp) with plane, which occurs at the maximum applied field. The large
two free parametersl and a scale factor. The latter permits solid data points in Fig. (b) show the SQUID magnetization
an accurate determination of the magnetization, which alspredicted from the SPNR data using this relationship and a
contains small instrumental effed§As can be seen, the tilt angle of 0.12°. Note that this angle is essentially zero to
curve represents the data quite well and we obtdin within the experimental error of setting the angle; however,
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T T T T IV. DISCUSSION AND CONCLUSIONS

& 800 ® ; The good quantitative agreement between the SQUID and
o * nd, SPNR data using the above analysis supports the basic con-
- 600 o 41 clusion that the initial magnetic field of the vortices is paral-
= O n%, (012" tiK) lel to the film plane and that it subsequently rotates perpen-

o 400 O n® (0.5 til) dicular to the film plane as the applied field is removed.
= Although the analysis presented in Figbfassumes that the

g 200 7 trapped magnetic field is strictly conserved, one cannot draw

g’ Ofeeeees Pt S S S this conclusion because of the uncertainty in the sample tilt
= (Cl) [ angle. Figure 8 demonstrates the range of perpendicular

. . \ . . . \ ) magnetic fields that can be obtained, which depend upon the
assumed sample tilt. Assuming the maximum tilt leads to a

100+ 4 lower limit on the maximum trapped perpendicular magnetic
~ 80} i field: nlmaxd>o=0.25ﬁumax®eff. In this limiting scenario,

) 75% of the magnetic field leaves the sample when the ap-
a 60+ 4  plied field is reduced to zero. In any case, it is safe to con-
clude that a significant fraction of the magnetic field is

=, 40+ o 0.12° tilt 7 trapped at remanance, and that it is oriented perpendicular to

| a 0:5° filt | the film plane.

3 20 Based on previous studies, these results are different from

Or (b) 4 what one might expect. For example, our SPNR

investigatiof of a YBCO thin film showed a large hysteresis
' ' ' loop and remanence, indicating a strong preference for the
0 1000 2000 3000 vor?ices to remain parallel to thgfilm plan?a.pFrom the smaller
H (Oe) coherence length of YBCO one expects significantly stronger
vortex pinning in YBCO than Nb. However, the rotation of
FIG. 8. For descending applied field, the SQUID and SPNRthe trapped magnetic field in Nb rather than the removal of
measurements are used to determine the magnetic field in théortices is not expected. Other studies of anisotropic
sample.(a) The magnetic field parallel to the surface, given by the superconductot§ have found that the vortex density perpen-
solid circles, is obtained directly from the SPNR measurement. Thelicular to the surface is essentially proportional to the pro-
perpendicular magnetic field, shown by the open circles (0.12°) angection of the applied field. However, those studies were per-
open squares (0.5°), is obtained by solving E&6) using the  formed on thick crystals, and the vortices were examined
SQUID and SPNR data and by assuming the given sample tiltipon field cooling. Given the isotropy of Nb, we expect that
angles.(b) shows the angle between the magnetic field and thehe observed magnetic field rotation is due to the thin-film
surface for the two assumed angles of sample tilt. nature of the sampléhicknessk, ~2.8).
We can speculate on two surface-related mechanisms that
give a lower equilibrium energy for vortices oriented perpen-
its finite size qualitatively impacts the shape of the magnetidicular to the film plane. First the vortex density in the per-
zation curve by determining the size of the hysteresis loopPendicular direction is no more than 37% of the maximum
The solid square SPNR data point was measured at 600 Grarallel vortex densitybecausen; ma,Po=<nNjmaxPet) and
after cycling the field to-3000 Oe. In that case, the maxi- this leads to a lower vortex-vortex repulsion for vortices re-

mum density of vortices was assumed to be the same as wegented perpendicular to the film plane. A second mecha-

measured by SPNR at 3000 Oe, and this also gives goo'aism relates to the weaker vortex binding enetgge-body

agreement with the SQUID data. An alternative model Wheré'nteractior) for the parallel geometry where there are two

the total vectorial magnetic field is conserved, correspondin nerggl cotnt;ﬁ)utlonts af'st'”g f:_om thteh ?ﬁrfd@e? repulsive .
to (numax@eff)ZZ(n||(1>eff)2+(mq>o)2, gave a substantially erm due to the vortex interaction wi e surface-screening

. ield, and an attractive term due to the interaction with the
FhooourgL ?ﬁ?gﬁ;ﬁ&ﬁ:?ﬁ;?&gi ZI;'?:; and SQUID data, alffnage vortex. The _repulsiye term is proporti_onaIHo and
. o ' . . will dominate at higher field, thereby leading to smaller

The perpendicular magn_et|c field _c_an_also be thalned InE)inding energy for vortices parallel to the surface. Whether
dependent of such models if a specific tilt angle is assumed e ‘mechanisms are relevant will depend on kinetics as
In this case, we have chosen two angles: 0.5° and 0.12°. Thgg|| a5 crystalline anisotropy. It could be that the latter plays
former is twice the maximum that could have been set exz role in the YBCO thin filnd
perimentally, and the latter is the value obtained from the A|so of interest are the pinning, rotation, and nucleation
above modelwhich we take as the lower limit because a pehavior of vortices in this geometry. One might expect, to a
smaller angle would unphysically given, ., ®, first approximation, that the mechanism for vortex rotation is
>Njmax®ers). The result of this analysis is given in Figa8  similar to vortex removal: the vortex line must move toward
which shows the individual magnetic-field components. Fig-a surface. However, the vortices appear to rotate rather than
ure 8b) shows the resulting angle between the magnetic fieléxit the sample, suggesting that opposite ends of a vortex
and the film plane'wztanfl(nldbolnHCI)eff). line penetrate the opposite planar surfaces of the film. Once
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rotated, the vortex pinning is much stronger in the perpenperimental work is necessary in order to gain a better under-
dicular geometry. Vortex rotation alone, however, does not standing of the vortex behavior in this geometry.

explain these results. Given the magnitude of the perpendicu-

lar magnetic field found in Fig. 8, many additional vortices

must be generated when the field is reduced because the ACKNOWLEDGMENTS
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