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Superconducting vortex profile from fixed point measurements
the “Lazy Fisherman” tunneling microscopy method
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We introduce a mode of operation for studying the vortex phase in superconductors using scanning
tunneling microscopySTM). While in the conventional STM method, the tip is scanned over a
sample in which a fixed vortex pattern is prepared, in our “Lazy Fisherman” method the STM tip
is kept fixed at a selected location while the vortices are being moved by varying the applied
magnetic field. By continuously acquiring the local tunneling conductance spdttth/(V), we

detect the changes in the local density of states under the tip due to the vortex motion. With no need
for scanning, the method permits one to extend the study of vortices to samples in which scanning
is difficult or even impossible due to surface nonuniformity and allows one to study vortex
dynamics. Using a statistical analysis of the spectra, we reconstruct the single vortex zero bias
conductance profile. We apply the method to thaxis face of a MgB single crystal sample and
obtain a vortex profile with a coherence lengthpf 572 nm. © 2005 American Institute of
Physics[DOI: 10.1063/1.1939077

In type Il superconductors the magnetic field penetrates In this letter we show how to extend the use of STM to
the superconductindSC) material, above a certain field samples in which scanning is difficult or even impossible by
(Hcy), in the form of quantized flux bundles, known as vor- using a different mode of operation which we name the lazy
tices, each vortex carrying a flux quantumdyf= hc/elThe  fisherman method FM).*? In LFM the difficulties involved
vortices arrange themselves in a lattice and the SC orden scanning are avoided by keeping the STM tip at a fixed
parameter(OP), A(r), becomes spatially inhomogeneous, position in which at zero field a clear SC spectra is observed.
having a zero value in the center of each vortex and rising td he different points within the vortex lattice are accessed by
its maximum value in between the vortices. Several experiereating a vortex motion, induced by slowly changing the
mental methods were developed for studying the vortex latvalue of the applied field, as illustrated in Figall We show
tice. Most methods exploit the spatial variations in the valuehow by statistically analyzing the data measured at a single
of the local magnetic field and are therefore sensitive tdixed point one can reconstruct the vortex profile and thus
changes occurring over a length scale set by the magneti&xtract the SC coherence length. We apply the LFM to a
field penetration lengthy. These include: Bitter decoratidn, c-axis oriented surface of a single crystal Mg&ample. We
magneto-optical microscoﬁylocal hall microscop%j, elec- find that the measured data represent well a statistical en-
tron interference microscopyand squid microscopyA dif- semble sampled uniformly over the vortex unit cell. We re-
ferent approach was developed using a scanning tunnelingpnstruct the vortex profile in MgBand find the SC coher-
microscope(STM).” The STM is used to map the electronic ence length to b&=57+2 nm in close agreement with the
density of state$DOS) as a function of position by scanning value of 51 nm obtained by Eskildse al. ! using the con-
its tip over the sample. This enables one to view the vortexentional STM scanning method.
lattice based on the observed changes in the value of the zero Single crystals of MgB were grown by a high pressure
bias conductanc&BC) which manifest the changes in value method described in Ref. 13. The experiments were carried
of A(r). Therefore the method is sensitive to changes occureut on a low temperature Omicron STM. The tunneling junc-
ring on a length scale set by the SC coherence length, tions were achieved by approaching mechanically cut Pt/Ir
This, together with the STM’s ability to obtain atomic reso- tips to thec-axis oriented surface of the crystal. Due to the
lution in the topographic mode, results in images of ex-peculiar electronic structure of the materiedaxis tunneling
tremely high spatial resolution. The method had been sucallows to probe mainly the quasiparticle density of states in
cessfully used in a number of materials such as NBSe the m-band™** The superconducting critical temperature
BSCCO®? YBCO,® LuNi,B,C.*° and MgB,.'* A main draw- was determined locally by measuring the evolution of the
back of this method is that its use is limited to highly flat tunneling conductance spectra as a function of temperature,
samples. Moreover the relatively large time needed for oband was found to be 38.5 K. The field dependence of the
taining a single imagéseveral minutes for a picture obtained tunneling conductance spectri(V)/dV was obtained by
at a single voltage up to hours for the full spettimits its  fixing the STM tip in a selected location and continuously
use in the study of vortex dynamics. measuring local—-V tunneling curves while slowly sweeping
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FIG. 2. Field evolution of the normalized ZBC histograms: 0, 0.24, 0.34,
0.41, 0.49, and 2.08 T. Histograms obtained at intermediate field values
(0.24-0.49 7 show an asymmetric distribution peaked at or slightly above
FIG. 1. (Color onling (a) Schematic drawing of the experimental method the minimur_n, reflecting the shape of the vortex profile. Inset shows the ZBC
showing the STM tigconic shapgfixed at a chosen position and the vortex va_lu_es obtalr_med for &H<0.5 T Rectangle; mark the ranges used for ob-
motion (marked by arrows (b) color coded 3D plot showing 30 normalized taining the histograms shown in the main figure.

conductance spectra as a function of voltage and time exhibiting the varia-
tions in the local DOS under the tip induced by vortex motion. The magneticZ
field time dependence inducing the vortex motion is given by the thick line.

BC values and to reconstruct the vortex profile. As a first
step we have created histograms of the ZBC values acquired
over 10 s intervals. The time interval was chosen to be on

the magnetic field, the field being parallel to thexis. At  one hand short enough to assure that the intervortex distance

low temperature(T=6.6 K), the field was increased from does not significantly chang&d/d<6%) and on the other
zero up to the maximum value of 2.3 T at a rate ofhand to allow enough data points for statistical analysis.

0.15 T/min. The acquisition time for a single spectr(20 The inset of Fig. 2 shows the ZBC values as a function

and 20 mV was 60 ms. However the voltage range in whichof field for 0<H<0.5 T. The field in which the vortex start

the DOS is effected by the vortéxA~ +2 mV), is scanned to pass under the tip is clearly seen as a sharp jump in the
in only 6 ms. During such a short time the field may pbevalues of the ZB(Qsee arrow in the insgtAs this value is
considered constant for an individual spectra, AB  always larger thakic, due to surface barrier effects we con-
=105 T, thusAB/B<1. As our measured spectra are sym-clude thatHc,,;<0.12+0.03T in agreement with the value
metrical with respect to zero bias we conclude that, duringf 0.1 T found by Lyardet al.*® by magnetization measure-

the time required to obtain a single spectrum, the vortexnents. The resulting histograms at fields of 0, 0.24, 0.34,

motion is also negligible. However, subsequently measure@.41, 0.49, and 2.08 T are shown in Fig. 2. Each histogram

spectra do differ as can be seen in Fih)which shows an represents roughly 150 ZBC values obtained in a field range
example of 30 consecutively acquired spectra obtained in thef 0.03 T. The zero field histogram is narrow, symmetric and
field range of 0.244-0.250 T. One clearly sees the nonas expected shows no sign of spread in the ZBC values due
monotonic changes in the local DOS under the tip, due to th& vortices. At higher fieldgH>0.1 T) the histograms be-
vortex motion. The spectra range from a clearly gapped forntome highly asymmetric. The probability is peaked near the
showing shoulders at the gap eddeflecting the DOS far minimum conductance value and decays considerably to-
from the vortex coreto a completely flat fornfreflecting the ~ wards the maximum value. Looking at the set of histograms

DOS at the vortex coje one can see an increase of the minimum value as the field

A commonly used parameter in conventional STM vor-increases, reflecting the increasing overlap between the vor-
tex mapping is the value of the normalized ZB@, tices. In the case of MgBthe exact field dependence of this
=[dI/dV(V=0)]/[dI/dV(V>A)]. In the normal state this increase is rather complicated due to coupling between the
value is equal to 1 while in the SC state it is strongly reducedwo bands. We will discuss the properties related to the
due to an opening of a gap in the DOS around the Fermiinique two band nature of MgBn a separate publicatioff.
level. Thus, one obtains the vortex image by mapping thé=inally at high fields(tH>2 T) the histogram becomes sym-
value of the ZBC as a function of position. The ZBC obtainsmetric again with the modulation due to the vortices being so
its maximum value at the vortex core, gradually decreases amall that it is almost entirely washed out by the experimen-

a function of the distance from the vortex core and reachetal noise. As no gap can be detected in any of our spectra for

its minimum value at the point of equidistance from the vor-H>2.3 T we deducéd,(T=6.6 K)=2.3 T, a value com-

tices(see, for example, Ref. 11Measuring the value of the parable to that measured by Lyaetial® of 2.6 T.

ZBC as a function of the distance from the vortex core al- Using the ZBC histograms we are able to reconstruct,

lows one to obtain the exact vortex profile and thus to estiwith no free parameters, the vortex profile, ZBE=a(r)],

mate the SC coherence length, wherer is the distance from the vortex core. Figure 3 shows

As in our method one cannot directly determine the dis-the results calculated from the experimental histogram ob-
tance between the vortex core and the STM’s tip we use &ined in the field range of 0.24—0.27(3ee inset of Fig. B

statistical method in order to study the distribution of theThe abscissa which is the distance from the vortex core is
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0.3 maintains the scanning capabilities of the STM. Thus, it al-
1.0 lows repeating the measurement at different fixed points in
O the sample and relating the observed changes in vortex be-
b 084 © = 02, 1 havior to the position in the sample. This could be of interest
o 8 in the vicinity of impurities, pinning centers, and grain
N 0.6- S 0.1 boundaries. Additionally the LFM is suitable in all type of
E & sampleqrough and flatfor studying faster vortex dynamics
ol 0.4- 0 (in comparison to conventional scannjrgging limited only
= ' 00 02 04 06 08 1.0 by the time needed to measure a single spectruinms. A
x Renormalized o variant of the method can be used for studying faster vortex
0.2 dynamics by measuring the tunneling currémtith open
5 feedback loop at a voltage ofeV<A. As vortex motion is

. - T T T T T T T the source of dissipation in the SC state, LFM being a local

00 04 08 1.2 16 20 24 28 3.2 fast tool to study the SC parameters related to the vortex

rir(c ) lattice and the vortex dynamics could of great use in the
development of SC applications.

FIG. 3. Vortex profile,o(r) (circleg with a theoretical dependence given by - ) .
1-tanHr/é) (line). Best fit is given byé=57+2 nm. Inset shows the renor- The authors thank Marco Aprili and Vincent Jeudi for

malized ZBC values histogram used to calculate the vortex profile. useful discussions. This work has been supported by the Ital-
ian MIUR Project “Rientro dei Cervelli” and by the French
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