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Vortex distributions near surface steps observed by scanning SQUID microscopy
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We have used a scanning superconducting quantum interference device microscope to image individual
vortices near lithographically patterned surface steps in weak-pinning superconducting thin films of amorphous
MoGe. The field-cooled vortex distributions are strongly influenced by the surface steps, with an enhanced
vortex density along the thin side of the steps and a wide vortex-free region along the thick side of the steps.
The surface steps induce orientational order that persists for many intervortex spacings away from the steps.
We study the effects of surface step pinning for different magnetic-field strengths and step heights by analyzing
the intervortex spacing and computing vortex correlation functions. For certain sample configurations, we are
able to apply a Lorentz force to the vortices and observe an asymmetric vortex response near the surface steps.
We discuss the interaction between a vortex and a surface step and consider possible mechanisms for gener-
ating the vortex distributions which we observe upon field cooling.
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\Vortices experience a wide variety of interaction poten-on the vortex distributions and dynamftg:A/arious mag-
tials in type-ll superconductors. Various sources of vortexnetic imaging techniques are available for studying these dis-
pinning can lead to enhanced critical current densities fotributions, including  Bitter  decoratiol?, Lorentz
high current applicatiorfsand reduced flux noise in thin-film microscopy'! scanning Hall-probe microscop$, magnetic
superconducting devicésAt low magnetic fields, surface force microscopy, and magneto-optical imagir§.For low
steps and thickness variations in thin films can provide anagnetic fields, scanning superconducting quantum interfer-
substantial vortex pinning potential. The effects of surfaceence devicSQUID) microscopy(SSM) provides the best
step pinning can be observed best by imaging individual vorresolution of individual vortice$?%°
tices near regions of controlled thickness variations in thin We have observed substantial distortions of field-cooled
superconducting films. An understanding of vortex interacvortex distributions in thin amorphous MoGe superconduct-
tions with surface steps could lead to increased pinning iring films with macroscopic etched surface trenches imaged
thin-film superconducting devices, thus improving perfor-with a SSM. Our SSM allows direct observation of the spa-
mance. The use of lithographically patterned surface steps tial distribution of vortices in the sample as a function of the
control vortex distributions could be useful for studies of cooling field strength foB<<100 mG. In the uniform region
weak-pinning vortex channélgand in the realization of vor- of the film far away from any trenches, as well as in samples
tex ratchet$. At the mesoscopic level, vortex motion con- with no trenches, we find a disordered vortex distribution
trolled by surface steps could make possible observations afith the average vortex densi§/®, expected for cooling
quantum interference effects. in a uniform magnetic-flux densityd, where we assumB

A surface step can affect the vortex distribution and dy-=H, over most of the square during the cooling process,
namics in several ways. The change in sample thicknesappropriate for this platelet geometry in a perpendicular
across the step leads to a variation in the vortex line energfield. However, inside the trench regions, we find that the
as determined by the line tensian,~(®y/4m\)?In k. This  average density of vortices is up to 50% higher than the
energy can be quite large, on the order of 100—1000 K nm oflensity in the thick part of the sample. For a given value of
step height. In addition to the line energy change, the thickB, the average vortex density in the trench is independent of
ness variation near a step in a thin film can distort the distrithe depth of the trench, at least for trench depths ranging
bution of vortex screening currents. In a superconductingrom 25 nm to 125 nm on a 200-nm-thick film. The vortices
film which is much thicker than the penetration depth, vorti-in a trench are not evenly distributed, but rather form rows of
ces oriented along the thin axis of the film can tilt to accom-enhanced vortex density along the thin side of the surface
modate features such as surface steps. However, the samp$teps at the edges of the trench. In addition, we observe a
presented in this paper were all fabricated from films whichvortex-free band in the thick region adjacent to the step be-
were thinner than the penetration depth, thus the vorticefore the vortex distribution recovers a uniform intervortex
behave essentially as two-dimensiofD) objects. Some of spacing further away from the trench. The trench edges in-
the first experimental studies of vortex interactions withduce orientational order in the vortex distributions both in-
steps involved transport measurements of superconductirgjde and outside the trench that persists for several lattice
films with periodic thickness variatiorfs. More recently, di-  spacings.
rect magnetic imaging investigations of vortices in supercon- Our SSM scans a 1@m-diameter Nb pickup loop a few
ductors with surface steps have shown the influence of stepmaicrons above the sample surface. The flux which penetrates
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the pickup loop is coupled into a remote dc SQUID through
a superconducting flux transformer. The SQUID is a custom
Nb-trilayer device which we fabricate in our cleanroom fa-
cilities. An image is produced by raster scanning the pickup
loop and SQUID over the sample surface at the end of a
pivoted scan arm driven by room-temperature stepper mo-
tors. The SQUID and pickup loop assembly is attached to the
scan arm with a flexible hinge that maintains it at a shallow
angle with the sample while the tip of the pickup loop sub-
strate is in contact with the sample surface. This allows the
pickup loop to track the sample surface during scanning,
maintaining a separation of a few microns, thus providing
good spatial resolution. While the contact force between the
tip and the sample is relatively weak, we find it advantageous
to coat the sample with a protective insulation layer to pre-
vent damage to the sample surface. We typically coat our
samples with abogt 0.5um of sputtered Sigand 0.1 um FIG. 1. Vortex distribution in a 200-nm-thick weak-pinning

of AIZO_S' The entire SQU”_D aSS_emb'y a”d,samp'? are €Ny MoGe square with no surface steps. The sample was cooled in 30
closed in a vacuum can which is immersed in a helium bathyoe and the edge of the square is visible at the right side of the
The sample can be heated above the bath temperature withgage.

noninductively wound heater. The bath is surrounded by a

double-walled u-metal shield which reduces the residual ) . o o
magnetic-flux density to less than 1 mG. This value WaélNere.obtamed Wlth the reverse scan (_jlrectlon. _Thls limits .our
determined by cooling a superconducting film, then counting™2ding to a single pass over a particular region, following
the number of vortices which are trapped in the film over awhich the sample must be heated abdyend then recooled
given area due to any residual field. A Helmholtz coil sur-in order to restore the intrinsic vortex order. Images upon
rounding the sample allows for the application of small mag+ecooling a given region in the same magnetic field yielded
netic fields. For the images shown here, the applied magnetigualitatively similar vortex distributions.

field was held constant during the imaging. The size of the The pinning properties of transition-metal glasses have
pickup loop determines the spatial resolution of the imagingbeen studied thorough®y, and the weak bulk pinning en-
We are unable to resolve neighboring vortices if the spacingures that the surface steps play a dominant role in the vortex
approaches the pickup loop diameter, 40n, thus we have potential landscape. Thin films of 200-nm-thick amorphous
primarily imaged these samples in small fields, belowMoGe were sputter deposited onto Si substrates. The films
100 mQe. had the following propertiesT,=6.5 K, p,=1.8 uQm,

_In weak-pinning superconductors, we have observed afindS=dB.,/dT|;,=—2.8 T/K. Because of the short elec-
interaction between the raster scanning and the vortices | onic mean free path in these films, the dirty-limit expres-
the sample. This interaction causes shifts in the positions o

vortices in the images, so that two repeated scans over thaons can be applied, yielding\(0)=550 nm, £(0)

same area of a weak-pinning sample will yield different dis-:4'.2 nm, andk=80. The penetratlon_depth at4.2 K, where
tributions of vortices. We have not observed these disturl® images presented here were obtained, is about 670 nm, as
bances in previous images of stronger-pinning Nb ﬁ|ms,measured Wlth_a two-co_ll screening t_echnlque. Th_e films
placing a rough upper bound on the strength of the perturbVeré patterned into a series of 2-mm-wide squares with stan-
ing interaction. By studying the shifts of the vortex positions,dard photolithography and Ar-ion milling. Figure 1 contains
we have determined that the interaction is localized to withire (508 xm)® image of the vortex distribution near the edge

a few microns of the contact point between the tip and theof one of these squares, cooled in 30 mOe. Even at this small
sample surface. The pickup loop is roughly 30n from this  magnetic field, the vortex pattern exhibits many regions of
contact point. If we reverse the scan direction, such that theixfold orientational order, although there is no long-range
pickup loop images a vortex before it is passed over by th@rder. Except near the edge, the vortex density corresponds
tip, then we obtain well-ordered vortex images, although @0 B~30 mG, confirming thatB=H, for most of the
second scan over this same region would show significargample, as expected for this geometry. There are no vortices
shifts in the vortex positions. The reverse scan images obwithin approximately one vortex spacing of the sample edge,
tained initially after field cooling appear to be unaffected byas the screening currents are at a maximum here.

the interaction of the scanning tip with the vortices roughly  Surface trenches were generated by partially ion milling
50 um away from the image location, as no anisotropy re-the squares in the pattern shown in Figa)2 Each square
lated to the raster scan direction is observed in the orientazontains only one depth of trench, which is in the range of 11
tional order of the resulting vortex distributions. The interac-nm to 125 nm. A typical sample consists of four squares,
tion between the vortices and the scanning tip, and possiblgpaced by several hundred microns, with a different trench
applications of the controlled moving of vortices, will be depth in each square so that the sample as a whole covers the
discussed further in a future paper. All images in this paperange of trench depths. The thickness variation near a trench
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is shown schematically in the cross section of Fidp) 2The

typical field-cooled vortex distribution in the vicinity of a  FIG- 4. Images around the central trench for different trench
surface trench is shown in Fig. 3. The trench runs verticallyiePths and cooling field strength& 25-nm steps, 16 mOeb)

in the center of the image, following the octagonal path. Thef>-M Steps, 48 mOdg) 125-nm steps, 16 mOe; arid) 125-nm
average vortex density in the trench is higher than in the'epPs: 48 mOe.

thick regions away from the trench, with excess vortices con- L .
centrated into two rows along the inside edges of eaci’d the magnetic-field strength and the surface step height

trench. Although the trench edges are not visible directly inith images around select locations of @éloGe squares.
he vortex distribution in the vicinity of the trench can be

the images, the separation of these two vortex rows is alwa . . i
g P Y escribed by four quantities: the width of the vortex-free

several microns less than the trench width, confirming that'™=> : o )
the vortices are indeed pinned at the thin inside edge of thE£9ion adjacent to the step, the vortex spacing in the high-

steps. In the thick region of the sample, there is a vortex-fred€Nsity region along the surface steps, the average vortex
region adjacent to each of the steps with a width on the ordef€nSity in the trench, and the vortex density in the thick
of the intervortex spacing. Beyond this vortex-free area, thd€9ion away from the trench. In addition, several image

vortices tend to form rows which are parallel to the trenches@n@lysis techniques can be used to study the ordering of the

indicating a long-range influence of the step pinning. Quali-/Ortex distributions around the trenches.
Figure 4 contains four images obtained around the same

tatively similar vortex distributions around surface steps in

other superconducting samples were observed with vario€9ion of the middle trench for the-MoGe squares with
magnetic  imaging  techniques, including Bitter 22-NM and 125-nm-deep trenches for two different cooling

decoratiofi'®3and Lorentz microscop¥. field strengths. As the sample is cooled in larger magnetic

In order to quantify the influence of the surface steps orfields, both the vortex density along the steps and the overall
vortex density increase. The width of the vortex-free region

the vortex distributions, we have studied the effects of vary-"~’ ; i
adjacent to the thick side of the steps decreases for larger

fields. The vortices in the sample with the 125-nm-deep
trench appear to be more strongly aligned with the steps and
a larger fraction of the vortices in the trench are pinned at the
step than those in the 25-nm-deep trench sample.

The width of the vortex-free regions in the thick portion
of the square adjacent to the step can be estimated by mea-
suring the distance between the high-density vortex row in-
side the trench and the vortices adjacent to the vortex-free
region. In order to account for irregularities in the edge of the
vortex-free region, this distance was measured at several dif-
ferent locations for each step, and the values were averaged.
If the square contained a uniform triangular vortex lattice
only, then the spacing between the row of vortices along the
low side of the step and the first row of vortices parallel to
the step on the thick side should bg=(/3/2)a,, Where
ao=1.075/®,/B for a triangular lattice. Thus, we plot the
widths of the vortex-free regions & 2 in Fig. 5a) for the
four different trench depths. The data generally fall along a

FIG. 3. Vortex distribution around the central 60-nm-deep Straight line which is about 20% steeper than the field depen-
octagonal trench in a 200-nm-thick-MoGe square, cooled dence of the vortex row spacing in a uniform triangular lat-
in 65 mOe. tice. Plotting the slopes of these linear fits for each step in
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FIG. 2. Layout of sample with trench patterns. The three
100-um-wide octagonal trenches were etched into the surface after

the square was defined. Up to four different squares with different
trench depths could be located on one sample.
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1S 150 - L ] FIG. 6. Plot of the fractional enhancement of the vortex line
E 100 \ - density in the row along the low side of the steps for éhMoGe
2 50 1 b i squares. (1/—1/ag)/(1/ay) is plotted against the trench depth for
3 0 (b) several cooling field strengths, showing the compression of the vor-
% 0 ' : tices compared with the corresponding uniform lattice.
0 50 100 150

Sfs Feight (i) high-density vortex rows, although the vortex density be-

FIG. 5. Plot of the width of the vortex-free regions adjacent totween the rows is also about 10%—-15% higher tBatb,,.
the surface stepga) Width plotted againsB‘llz for the four dif- The excess vortex density in between the rows is somewhat
ferent trench depths along the step closer to the edge of the squatarger in shallower trenches, but this is offset by the greater
along with fits for each step height. The dashed line represents theompression of vortices in the high-density rows along the
vortex row spacingb, for a uniform triangular lattice(b) Plot of  steps in the deeper trenches, shown in Fig. 6. Thus the total
the slopes from the fits ifa) showing an independence of trench vortex density enhancement in the trenches is independent of
depth, where the dotted line is the corresponding valudfor the trench depth, as can be seen in Fig. 7. In contrast, the
vortex density in the thick region of the square, away from
the trenches, is not significantly altered. It can be estimated
%%/ counting the number of vortices in a given area directly.
This average vortex density away from the trenches is also

side of the surface step can be obtained directly from thélotte{j In Fig. 7 for several of the differeatMoGe square

. b ina th ber of : in th | amples presented in previous images, and the data fall
Image by counting the number of vortices In the row along Qwithin 5% of the uniform vortex lattice dependence, indi-
given length. We compare this measured vortex spading, '

with the intervortex spacing expected for a uniform vortexcated by the dashed straight line.
lattice at the same fieldyg, by plotting (1L — 1/ag)/(1/a). A standard approach used to characterize ordering in vor-

the fractional enhancement of the vortex line density, as tex lattice images is the Delaunay triangulation technique. In

function of the trench depth in Fig. 6. This graph shows thaf is procedure, each vortex site is connected to its nearest
the vortex density along the steps is enhanced when com-

Fig. 5(b), we see that the widths of the vortex-free regions

of trench depths imaged.
The vortex spacing in the high-density row along the low

pared with the uniform lattice with a compression which is 00— -
larger for deeper trenches. = Inside enohes: 'S
T 4000 |- nm :
The average vortex density inside the trench can be deter- &£ A 60nm
mined by counting the number of vortices between the > ¢ 90nm PN
. PR = 3000F ® 125nm - B/o A
vortex-free regions along each step and dividing by the @ & 0
trench area in the image. The vortex density obtained in this .3 & , .
manner is significantly higher than the density expected fora  x 2000 - e Ofsdetenches:
uniform vortex lattice with the corresponding value of vortex € "-" /@K’ ©  90nm
density,n=B/®,, and is essentially independent of the step = 10001 "~ o fzom ]
height. This behavior can be seen in Fig. 7, where the aver-
. . . . il 1 1 1 1 1 1 1 1 1
age vortex der_15|ty in the trench for the d!fferent step heights 00 20 20 60 80 100
is plotted against the cooling flux densit$, For a given B (mG)

value ofB, the data for the different step heights vary by no

more than 3%. The plot also contains a straight line indicat- FiG. 7. Plot of average vortex density versdisor several dif-

ing the expected number of vortices for a uniform lattice inferent trench depths. The plot contains the average vortex density
the trench, given by/d,. The total number of vortices in both in the trench regions and in the thick, uniform regions away
the trench is up to 60% larger than that expected for a unifrom the trenches. Dashed line corresponds to the vortex density for
form lattice. This enhancement is due predominantly to the uniform lattice,B/®,. Dotted curve is a guide to the eye.
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. F(KF(—k
S(k)= (K)F( ),

™ @

whereNy, is the number of vortices in the image. The auto-
correlation function is the inverse Fourier transform of the
structure factor

G(F)=pf S(k)ek Tdk, (5)

wherep=N,,/A is the average vortex density over the image
areaA which contains vortices. ThLG(F) gives the prob-

ability of finding a second vortex at a given displacement
from any point in the 2D vortex distribution. For a perfect

trenches with different orientationé) the trench depth 125 nm, triangular IatticeQ(F) is itself a triangular lattice, whereas a

running Vertica”y, an({C) the trench depth 90 nm, hOriZOnta”y random vortex dlstnbuuon produces no StructureG(]F)
oriented. The images contain the Delaunay triangulations Whicr]:igures 8d)—8(f) show this quantity calculated for two im-
join the vortex locations. Points with square symbols have a five-ages in samples with trenches with different orientations and
fold coordination and points with triangle symbols have a sevenfoldone image of a sample with no trenches. There is little struc-

coordination. The few sites with eightfold coordination are not . > . . . >
marked. Imagéa) is cooled in 32 mOe, and imagés) and(c) are ture inG(r) for the uniform sampl¢Fig. 8(d)], while G(r)

obtained with a cooling field strength of 27 mOe. The correspondfOr the samples with trenches cooled in similar fields shows
ing autocorrelation functions are shown below each image)ia  iN€s which indicate the alignment of vortices in rows paral-
(f). lel to the trench edges. The sample edge which is present in
Fig. 8(c) does not influence the autocorrelation function, Fig.
neighbors via bonds. To each lattice site, we can then assig#f), as strongly as the trench. Autocorrelation functions cal-
a coordination numben;, equal to the number of nearest- culated from images containing an edge of samples without
neighbor bonds. The sites with coordination numbers othefrenches showed only weak structure related to the ordering
than six, characteristic of an Abrikosov triangular vortex lat-relative to the sample edge. For samples containing trenches,
tice, are marked in the images to identify the location ofthe alignment along the trench orientation has a long range
defects in the lattice. Figureg@—8(c) contain these trian- correlation of several vortex spacings along the direction par-
gu|ati0n5 for images of two Samp|es with trenches and On@”El to the trenches. This is quite remarkable because at such
with no trenches. Dislocation pairs of adjacent fivefold andlow fields, the vortices are in a single vortex pinning regime
sevenfold coordinated sites tend to form along the steps o¥here the intervortex interaction decays exponentially, thus
the trenches due to the abrupt jump in vortex density acrosglosest neighbors interact only weakly. However, in the pres-
the step. Thus these defects along the steps are caused by @iie of surface steps there is a screening current flowing
presence of the steps and are not necessar"y related to inté}ara”d to the trenches and this Screening current interacts

FIG. 8. Images aroun¢h) the uniform sample and samples with

vortex interactions.

We can quantify the alignment of the vortex lattice in-
duced by the trench edges in several ways. One approach
to calculate the vortex density autocorrelation function

G(r)={(p(R)p(R+1))g, (1)

wherep(F) is the vortex density and the average is over the

entire vortex distribution. This quantity gives the probability

of finding another vortex at positiaﬁ relative to any vortex
lattice point. It can be calculated from a vortex image by
identifying the position of each vortex, from which the vor-
tex density function can be defined

p(N=2 8(r=ry). (2)
The 2D Fourier transform of the density
F<E>=fp(r>e—‘k"FdF 3

is used to generate the vortex lattice structure factor,

with the vortices to align them parallel to the trenches.
Another technique for characterizing the vortex distribu-

tign is to study the orientational order. Using the Delaunay

triangulations, for each vorteéxwe can assign each connect-

ing bond Fij an angled;; measured relative to a fixed axis.
From these, we define the orientational order parameter for
each lattice site

R L
‘Pe(ri)=;j21e'6"ii,
-

6

where the sum is taken over all nearest-neighbor bonds of
the pointr;. A measure of the bond-orientational order of the
lattice, based on this quantity, is the orientational correlation
function, defined as

1 - - -
Ce(r)=m<‘l’e(R)‘1’§(R+f)>é, (7)

where the average is over the image &id) is the number

of pairs in the pattern separated by distancEor a perfect

triangular lattice,Cg(r) should have peaks of unit height

054529-5



B. L. T. PLOURDEEt al. PHYSICAL REVIEW B 66, 054529 (2002

0.15
0.10 |

=

~

O o005}

FIG. 10. Images of vortex shifting in 15@m-wide, 100-nm-
thick a-MoGe strips with and without a surface step. The corre-
sponding strip cross section is shown to the left of each row of
images. Transport current orientation and direction of vortex shift
are indicated above image&) Strip with no step cooled in 43
mOe, and no applied transport curre. Strip with no step cooled
in 43 mOe, then transport current increased+0.35 mA (=2

1.8 - . X 10 Alcm?), shifting the vortices towards the top edge of the
r - () - strip. (c) Strip with no step cooled in 43 mOe, and transport current
16 - N increased to—0.35 mA, shifting the vortices towards the bottom
= 14 i - i edge of the strip(d) Strip with a 40-nm step cooled in 43 mOe, and
L no applied transport currenfe) Strip with a 40-nm step cooled in
12 |- Ce(r) ~ " n . - 43 mOe, then transport current increased #®.25 mA (=2
- X 10° Alcm?), shifting the vortices towards the top edge of the
bed ) T strip, i.e., against the steff) Strip with a 40-nm step cooled in 43
0O 20 40 60 80 100 120 140 mOe, and transport current increased-t®.25 mA, shifting the
) vortices towards the bottom edge of the strip, i.e., away from the
Step height (nm) step.

FIG. 9. (a) Plot of the orientational correlation functions as a
function of average intervortex distance calculated from images o . - . .
the sample with 25-nm-deep trenches, cooled in 27 mOe. The cur (c), showing that for Increasing step height, the F’ecay ex-
is a power-law fit.(b) Plots of peak heights dE(r) for the four ponent decreases. Thus Fhe images of samples with tren_ches
different trench depths, all cooled in 27 mOe, plotted on a log scaleShOW more long-range orientational order than samples with-
The straight lines indicate power-law decay fits which are less steefut trenches cooled in similar fields. Deeper trenches result
for deeper trenches. Also shown is the exponential decay fit to théh Stronger orientational correlations.

pacing give the decay exponents which are plotted in Fig.

peak heights for a sample with no trenches cooled in 32 nt€e. In addition to observing field-cooled vortex patterns
Plot of decay exponents from the power-law fits versus depth ofround surface trenches, we have imaged samples with a
trench. strip geometry, allowing us to drive transport currents

through the vortex distribution. The strips were patterned
whenr corresponds to a multiple of the lattice spacing. If thewith the same procedure used to produce the square samples
vortex distribution is amorphous, thé®y(r) will decay ex-  described earlier. In the weak-pinniagMoGe strips, small
ponentially, while if the vortex lattice has hexatic order only, transport currents easily shift the vortex distribution across
it is expected that there is a power-law decayGg{r).2#?®  the strip width. Figure 1@) contains an image of the field-
Figure 9a) showsCg(r) with r scaled by the average inter- cooled distribution in a 15@sm-wide a-MoGe strip with no
vortex distance for the 25-nm-deep trench sample along witlsurface step and no transport current. In FighlLGhe trans-
a power-law fit of the peak positions. The peak decays foport current was increased t0+0.35 mA (=2
this trenched sample and samples with three other trenck 10° A/cm?), with a corresponding Lorentz force towards
depths are plotted on a log scale in Figb)9 showing the the top of the image. The vortices are observed to shift to-
power-law decays. For comparison, the peak decay for @ards the top of the image, and the self-field of the transport
sample without trenches is plotted, showing an exponentiaturrent can be seen as a brighter contrast of the bottom edge
falloff. At small r, the magnitude ofC¢(r) for the samples of the strip relative to the top edge. Figure(d0shows the
with trenches is lower than that for the sample withoutshift of the vortex distribution towards the bottom edge of
trenches becaudgg(r) is calculated over the entire image, the strip for the opposite polarity of transport current.
thus averaging over many defects which occur along the The addition of a surface step to the strip makes the vor-
steps. The slopes of the plots of |g&Cs(r)] vs intervortex tex response asymmetric. Figure (40 shows the field-
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cooled vortex distribution in a 15pm-wide, 100-nm-thick ~ steps in Fig. 6. Also the taller steps lead to a stronger order-
a-MoGe strip with a 40-nm surface step and no transporing of the vortex distribution parallel to the step directions.

current. This image shows the typical vortex distribution, However, we do not believe that the line energy effect is
with a higher density of vortices along the low side of theby itself sufficient to explain our images. In the first place,

step and relatively few vortices on the thick side adjacent tove observe the vortex distortion near the step even in
the step. As the transport current is increased with the Lorsamples cooled and imaged in the applied magnetic field. In
entz force directed against the step, the vortices are conthis case, there should not be forces trying to expel the vor-
pressed into the step, but they do not cross from the thin sidéces from the samples, eliminating any dynamical mecha-
of the Strip to the thick Side, as shown in F|g(&DThus the nism as the Origin of the vortex distributions. Also, the en-

vortex line tension barrier at the step impedes vortex motioftanced vortex density in the trenches and the width of the
up the step. For the opposite current polarity, with the Lor-vortex-free regions which we observe are |_ndep§ndent of
entz force directed away from the step, the vortices depiﬁrench depth. One would expect some variation with trench

from the step and move towards the bottom edge of the stripﬂepth if the change in vortex line energy dominated the be-

as shown in Fig. 1@). At larger values of applied transport df’i\?o?’ It 'Sf our view that it !{S nece?rs]aryt to cgnsder (tjhfh
current, the images are complicated by the entry of new vor- Istortion of screéening currents near the step edges and the

tices into the strip due to the self-field of the transport currenPOSSIbIIIty of surface superconductmty a_Iong the edges to
. develop a full model for the vortex distortion.
at the edges of the strip.

T e Th h i i h f th
The vortex distributions and dynamics in patterned weak—f e abrupt change in vortex density at the edges of the

inning fil infl dd callv by th renches corresponds to substantial screening currents flow-
pinning films are influenced dramatically by the presence of,q 40ng the steps. These screening currents repel vortices in

etched surface steps. The images of field-cooled vorticege thick region away from the steps, producing the vortex-
near trenches show an enhanced density of vortices pinngghe regions. This phenomenon was previously analyzed by
along the thin side of the steps and a vortex-free region in thgonsidering the screening current distributions around a cir-
thick portions of the film adjacent to the steps. As notedcylar hole in a superconducting film for different numbers of
previously, these distributions are qualitatively similar toyortices trapped in the hofé.If a finite quantized flux is
those obtained in other vortex imaging studies around naturapped in the hole, then the screening current associated
rally occurring surface steps in various superconductors uswith this flux is peaked near the perimeter of the hole. Thus
ing several different techniqués!~13As a result, we do not a vortex outside of the hole will be pushed away due to the
believe that the vortex distributions we observe are related thorentz force associated with the screening currents. If more
possible damage due to the ion-milling process. This wa#lux is trapped in the cavity, then the current-density peak
tested directly by fabricating aa-MoGe square sample in moves in closer to the perimeter of the cavity. Thus the width
which the entire surface of the square was partially ionof the vortex-free region adjacent to the cavity should de-
milled prior to patterning the trenches. After etching thecrease for larger cooling magnetic-field strengths, as shown
square shape into the film as described above, the entire sun the measured field dependence plotted in Fig).5This
face of the 200-nm-thick square was ion milled down to afield dependence follows a similar trend to that expected for
thickness of 150 nm. Octagonal trenches were then patternaélle spacing of the first vortex row from a sample edge based
and ion milled further to a depth of 43 nm. SSM images inon magnetization screening currents flowing along the
the vicinity of the trench displayed the same excess concersample edgé>~?” However, such a treatment does not agree
tration of vortices along the low side of the steps and sameguantitatively with the data of Fig.(8), as the calculation of
vortex-free region adjacent to the step. Thus if the millingRef. 25 does not apply for flux densities less than
caused any surface damage in the thick region away from thé,/(A%/d)2~4 G. A model accounting for the discrete vor-
trench, it did not noticeably affect the observed vortex dis-tex positions at the low fields of our images as well as the
tributions. influence of the flux in the trench on the screening currents at
The distribution of vortices in the vicinity of the trench the steps is required.
edges is likely determined by several factors. One significant The pinning of the vortices at the inside edge of the trench
contribution is the substantial vortex line energy barrier atis more difficult to explain. The distribution of the screening
the steps. For ous-MoGe films, this energy ranges between current around each vortex should be distorted near the sur-
4.8x10° K and 2.4<10* K for the step heights we have face steps. The related problem of a vortex near the interface
fabricated. This barrier prevents the motion of vortices fromof two superconductors with different penetration depths was
thin to thick regions across a step. Thus the motion of vortifirst considered in Ref. 28. The authors calculated the forma-
ces across a transverse step driven by transport currentstisn of a vortex potential minimum located near the inter-
asymmetric. This dynamical mechanism was invoked to exface, leading to the pinning of a row of vortices along the
plain a similar response observed in Bitter decoration imagemterface. Such a mechanism could be applied tathéoGe
of vortex creep near surface steps in Np8gystals® In our  square trench samples presented in this work, as the film
experiments, vortices which nucleate in the trenches duringhickness everywhere is less than the penetration depth of
the field cooling are inhibited from escaping out of the trench670 nm. Thus the effective thin-film penetration depth/d,
by the line energy barriéf Larger jumps in line energy, is indeed different between the thin region in the trench and
corresponding to taller steps, pin vortices more strongly, ashe thick regions in the rest of the square. However, direct
shown by the plot of vortex density along the low side of theapplication of this model to the surface step problem predicts
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a row of vortices pinned along the thick side of the surfaceflux could still be compressed into the trenches during the
step, rather than the high vortex density we observe along theooling process due to the distortion of the magnetic-field
thin side. This may be because the variable penetration deptines by the superconducting patches for temperatures be-
model does not account for the enhanced vortex density itweenT(Hc3) andT.. In the future, experiments are planned
the trenches which appears to arise during the field-coolind@ test this theory by coating the samples with a blanket layer
process nor for the screening currents along the edges. Wi @ normal metal. The different boundary conditions at the
note that we were unable to compare the field-cooled vorteRuperconductor/normal interface should prevent the forma-
distributions with images of vortices which enter the sampléion of any surface superconducting state.

after ramping up the magnetic field from a zero-field-cooled, Careful counting of the vortices in oa-MoGe sample

state, as the entry fields were too large for the operation 0tpdicates that the substantial increase in the number of vor-
the S’SM tices in the trenches appears to outweigh the decrease in

ortex density away from the trench regions and, in particu-
ar, the vortex-free areas adjacent to the steps. Such an en-

: X . . hancement of the vortex density is reminiscent of the para-
this work, the authors imaged field-cooled vortex d'smbu'magnetic Meissner effectPME) observed in various

tions around small€2.2 um in radius circular surface de- g \nerconductors cooled in small magnetic figRf Studies
pressions in Nb films. The vortices were compressed into thg¢ i« PME in Nb disks have a strong dependence on surface
thinner depressions up to a density which was considerably, gt samples with clean surfaces exhibited a conven-
larger than that in the rest of the film away from the depresyjon| diamagnetic response during field cooling, while disks
sions. Also, the vortices were located primarily around the it gamaged surfaces developed a paramagnetic response.
inside of the perimeter, i.e., at the low side of the surfacq, e to investigate the possibility of a PME due to the
steps. In addition, the observed compression was essentlal%rface steps in our samples, further imaging is needed, us-

independent of the depth of the depression. Bezryadif,g smajler film patterns which fit within one SSM scan win-
et al.™" proposed that the increased vortex density in the dedow, thus simplifying the vortex counting. Additionally, im-

pre_ssions was caused by a surface sup_erconducting Staéﬁing experiments will be performed with samples
which developed along the face of the perimeter of the dezgnaining different trench patterns, including trenches
pressions. As the sample was cooled from ab®dvein a |\ hich cross the sample edge.

magnetic field, the faces of the surface steps which are par- |, summary, our studies of the vortex distributions in pat-

a!lel to the field could become superconducting at a slightlyoeq weak-pinning thin films show a strong influence from
higher temperature than the rest of the sample due 10 thg tace steps. The images of clearly resolved vortices are
surface superconductlwt_y phenomenon. Thus there could bg ;e possible by the excellent flux sensitivity and good spa-
a narrow temperature interval below the temperature afig| resolution of the SSM. For low magnetic fields, the sur-
which the faces of the steps become superconductinggce steps substantially distort the field-cooled vortex distri-
T(Hcs), and above thef; of the rest of the sample. The pions. 'We have also observed the effects of the line energy
requirement of continuity of the surface superconducting Orparier at a step in the asymmetric response of vortices near
der parameter around the perimeter of the depression would gier, 1o an applied Lorentz force. Using the strong pinning
cause the compression of flux into the region, with a stepyt 5 rface steps, it may be possible to control vortex distri-
wise increase as more loops are added to the order parameigiions in thin films at the mesoscopic level with patterned
As the temperature is lowered through, the flux compres-  yranches. The substantial vortex density enhancement we ob-

sion results in a higher vortex density in the depression. Aerye in the trenches may be related to the PME, although
theoretical treatment of this behavior indicated that thefurther measurements are required to confirm this.

amount of flux compression would be independent of the

height of the surface steps, as long as the step height re- We would like to thank Mark Wistrom and Kevin Osborn
mained finite!® Although this picture accounts for some of for key technical assistance. We have also benefited from
the qualitative features of our images, it is highly unlikely theoretical discussions with Denis Vodolazov, John Clem,
that a single continuous surface superconducting order pand Franco Nori. This research was supported by the Na-
rameter would exist along the face of the entire perimeter ofional Science Foundation Grants No. DMR91-20000,
each of the trenches in the square samples we have imagddMR97-05695, and DMR01-07253. We acknowledge exten-
as this would cover a length on the order of 1 cm. Insteadsive use of the microfabrication facilities of the Frederick
any surface superconducting state would probably be brokeBeitz Materials Research Laboratory at the University of II-
into patches by defects along the length of the steps. Thus thmois at Urbana-Champaign.

A similar increase in vortex density in surface depression
was observed in Bitter decoration imaging experiméhts.
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