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Abstract. We have used a low noise scanning Hall probe microscope to measure
the penetration depth microscopically in a YBa,CuzO;_; thin film as a function of
temperature. The instrument has high magnetic field (2.9 x 108 T Hz %2 at

77 K) and spatial resolution (~0.85 um). Magnetic field profiles of single vortices in
the superconducting film have been successfully measured and the microscopic
penetration depth of the superconductor has been extracted. We find surprisingly
large variations in values of A for different vortices within the scanning field.

1. Introduction The temperature dependence of the magnetic field
penetration depthA(T), has attracted particular interest
Understanding the nature of superconductivity and the be-in the last few years since it reflects the nature of the
haviour of magnetic flux vortices in high-temperature su- superconducting pairing state. At low temperature the
perconductors remains a major challenge for contemporaryfollowing functional forms are predicted [12]A(T) ~
condensed-matter physics. A variety of techniques haveconstant (s wave)a(T) ~ T (d wave) andi(T) ~ T2
been used to study flux vortices, most of which (e.g. bulk (s+ id or mixed state). The origin of these results lies
magnetization, muon spin relaxation [1], neutron diffrac- in the zero nodes of the d-wave gap function which give
tion [2]) yield values for physical quantities which are av- rise to low energy excitations and a qualitatively different
eraged over macroscopically large samples. The micro-dependence foi(7). A number of recent penetration
scopic techniques that can resolve individual vortices tend depth measurements show linear [13] and quadratic [14]
to have drawbacks of one kind or another. Bitter decora- dependence at low temperatures, while Kieiial [15] have
tion with fine magnetic particles [3] yields little quantitative observed BCS-like exponential temperature dependence.
information, scanning SQUID systems [4, 5] currently lack All of these measurements represent macroscopic averages
high spatial resolution, magnetic force microscopy [6, 7] is over large sample volumes. The short coherence length of
invasive and electron holography [8] requires very large high T, superconductors makes them extremely sensitive
amounts of computer processing power, and only works to defects such as twins and grain boundaries as well
with thin films. It is widely becoming recognized that as point defects and local stoichiometry variations and
systems based on scanning submicron Hall probes over-even though all the measurements quoted above were
come most of the problems associated with these techniquegperformed on high-quality films or single crystals, they will
and can yield a quantitative measure of the perpendicu-still be substantially influenced by these. Measurements
lar component of the magnetic field near a sample surfaceare therefore likely to be highly sample dependent
with high spatial resolution. Building on the experience as illustrated by the fact that different groups infer
gained with the first prototype scanning Hall probe micro- different pairing mechanisms from measurements on similar
scopes [9, 10] we have been able to improve Hall probe samples. Microscopic measurements are clearly needed to
design and to achieve very high magnetic field resolution resolve these issues in high superconductors. Recently,
(~2.9 x 1078 T Hz"¥2 at 77 K) with a spatial resolution  scanning tunnelling microscopy (STM) and tunnelling
of about 085 um. This has allowed us to image individual spectroscopy have been successfully applied to image the
vortices in thin films of high-temperature superconductors vortex lattice [16] in a YBaCusO;_; crystal. The method
with fast acquisition rates, even very closeTto[11]. differentiates between the normal core of the vortex and
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the surrounding superconducting regions, but does not
directly give information about the magnetic properties, i.e.
penetration depth. On the other hand, muon spin relaxation
[1] experiments are intrinsically microscopic, however
results still average across the sample yielding a mean value .
of the penetration depth. We have therefore attempted
to use our scanning Hall probe microscope to measure
the temperature dependence of the penetration depth fromr
a number of individual vortices in a YB&uO;_s thin

film to see wether similar results apply at the microscopic
level. Surprisingly we find a large variations in values of
A for different vortices within the scanning field which, if
correct, suggests that data from macroscopic measurement
of penetration depth must be viewed with some caution.

2. Experimental details

The Hall probe for this work was fabricated from a
GaAs/AlGaAs heterostructure two-dimensional electron gas
(nop = 2.7 x 10" cm2 and . = 300000 cA V-t st

at 4.2 K in the dark). The Hall sensor was defined by [ '
the intersection of two lithographically patterned wires

of geometrical width 1um and effective electrical width 0.4mT 0.8mT
~0.85 um after sidewall depletion. The metallized corner Figure 1. SHPM image of YBa,Cu3Oy_; thin film at 77 K,
of an etched mesa 18m from the Hall sensor served as field cooled at 0.1, 0.2, 0.4 and 0.8 mT. The scan range is
an STM tip for finding and scanning the sample surface. 24 x 24 pm*.

Measurements can be performed while the STM tip is

in tunnelling contact with the sample and simultaneous entire scanning Hall probe microscope assembly sat at
images of the flux distribution and surface topography can the centre of a commercial temperature-controlled cryostat

be acquired. An alternative approach, which was used (15300 K) containig a 7 Tsuperconducting magnet.
to take the data presented here, is to retract the sample

about 0.5um allowing much more rapid measurements of

the magnetic field profile alone with slightly lower spatial 3. Experimental results

resolution. A detailed description of the instrument is

given elsewhere [11,17]. The high-quality YE250;_s Figure 1 shows typical scanning Hall probe microscope
thin film used in this study was grown by electron beam (SHPM) images for the YBL;07_; sample after it has
evaporation of the metals in the presence of atomic oxygenbeen field cooled to 77 K at four different applied fields.
on an MgO substrate at 69C [18] and had a thickness At 0.1 mT about 30 individual vortices can be clearly
of 0.35 um and J; = 14 x 1 A cm™2 at 77 K. resolved in the 24 24 um? scanning field which is in good
The critical temperature of the film was found to be agreement with the expected number of 28 at this field. As
~90.4 K by magnetization measurements performed with the field is increased the tails of the vortices increasingly
the Hall probe itself which agrees well with the 90.8 K overlap and the image contrast rapidly degrades. At 0.2 mT
measured by DC magnetization on the whole sample. it is just possible to decipher individual fluxons, but at
These properties suggest that the sample was close tdvigher fields one merely resolves regions of high and low
optimal doping or perhaps slightly underdoped. Detailed vortex density. Even at 0.4 mT the flux distribution is
investigation of the microstructure of similar films reveals highly inhomogeneous with clear black regions where no
them to be composed of highly twinned growth islands vortices reside and bright peaks where they have clustered.
~0.2 um in diameter. The scale of the twinning is much This gives one a graphic feeling for the relatively strong
finer than our instrumental resolution, so in this sense disorder in these high critical current films.

our results must be viewed as averages over dhand Figure 2 shows images of a 0.1 mT field-cooled sample
b directions. The Hall probe was mounted directly on at five different temperatures. Note that the scanning range
the piezo tube of a commercial low-temperature scanning becomes smaller at low temperatures owing to a reduction
tunnelling microscope with a stick—slip coarse approach of the piezoelectric coefficient of the scanner tube. This
mechanism and was tilted approximatety-2° with respect has, however, been precisely calibrated in a series of STM
to the plane of the superconducting film. The tilt angle measurements on a periodically patterned sample. As one
between tip plane and sample plane can be measuredxpects, the vortex diameter decreases and the contrast
precisely in the STM mode by measuring the tip height improves at low temperatures owing to a reduction in the
at three corners of the scan area. This tilt angle is then superconducting penetration depth,

electronically compensated during scans so that the Hall ~ Figure 3 shows sets of penetration depth,
probe remained at a fixed height above the sample. Themeasurements which have been extracted from images of
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Figure 2. SHPM image of YBa,Cuz0O;_; thin film at
different temperatures. The sample is field cooled at
0.1 mT.
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Figure 3. Penetration depth, A, as a function of temperature
measured from individual vortices labelled on the

image displayed. Inset shows the fit at 10 K. The response
function of the Hall probe is plotted beneath the fit.

the type shown in figure 2 measurenl 5 K steps from

Penetration depth in YBa,CuzO7_s thin films

as illustrated in the inset to figure 3. We adopt the same
model of the vertical component of the magnetic field near
a vortex in a thin superconducting film as used in previous
SHPM studies [19]:

oo /"" Jo(yr) expl-y (Iz] — d/2)]
2132 Jo "k, [eoth(k,d)2) + k, /7]
@

Bz(rv 17)") =

wherek, = (y2 + 1/22)Y/2, z is measured from the centre

of the film, d is the film thickness and is the penetra-
tion depth. The integral is calculated numerically using the
known value ofd = 0.35 um and the height that the Hall
probe was set above the sample (0/67). We have de-
veloped a theoretical model of the response of a Hall probe
to a local region of magnetic flux much smaller than the
geometrical size of the Hall probe which takes into account
currents which decay exponentially into the voltage probes
[20]. This allows us to calculate a response function which
is defined as the position-dependent response of the Hall
probe to a narrow tube of flux, expressed in terms of the
homogeneous field that would generate the same Hall volt-
age. This response function is shown beneath the data in the
inset of figure 3 and note that even at 10 K it is appreciably
narrower than the measured cross-section. In order to ex-
tract a value ofs for a given vortex, solutions of equation
(1) are two-dimensionally convoluted with the Hall probe
response function and then fitted to the SHPM data using a
three-parameter least-squares fit withposition of vortex

and the offset of the Hall probe as free variables. Agree-
ment between the model and data is excellent as shown in
the inset to figure 3 for the vortex labelled with a trian-
gle at 10 K. The values of(T') extracted in this way are
shown in the main plot of figure 3 versus reduced tempera-
ture for five of the vortices in the scanned field (see labels
superimposed on the SHPM image). Note that for a given
vortex there is a modest scatter in the measured penetration
depth of the order oft0.03 um as the temperature in-
creases. This presumably arises from random errors which
are introduced during the extensive calibration procedures
for the temperature dependence of the Hall coefficient of
the sensor, the scanner range and the sample—probe sep-
aration. Most significantly, however, we observe a much
wider distribution ofa for the different vortices at any given
temperature when such errors would affect all data in the
same fashion. At 35 K, for example, the fitted values span
a range from 0.23 to 0.34¢m, and the spread is even larger
at higher temperatures. There is a clear correlation between
the position of the vortex in the scanned field and the pene-
tration depth which appears become systematically smaller
as one moves from the left to the right of the image. Such
an effect would be an obvious artefact of a finite tilt angle
between the sample surface and the plane in which the Hall
probe is scanned. However, as explained earlier, we mea-
sure and electronically compensate for any tilt angle with
great precision and we do not believe that this is the source
of the variation. Alternatively, this could arise as a result of
local fluctuations in the oxygen concentration in the sample.
Recently, Fuchet al [21] have shown that the penetration

10 to 80 K. A detailed theoretical description of the field depthx is a sensitive function of oxygen deficiendyin
distribution at a vortex and the response of the Hall probe YBa,CuzO-_s. In addition, thickness variations and vari-
have been developed in order to fit our SHPM data and to ous defects in the film can also result in the different pene-
extract a value of for a given vortex at a given temperature tration depths we measure. The low-temperature values of
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A, A(0) ~ 220-300 nm, measured here can be compared [2] Criber D, Jacrot B, Madhaurao L and Farnaux B 1964

with the bulk penetration depth of YBE&wO;_; as mea-

sured by other techniques. Microwave measurements on (31 D

Phys. Lett9 106
olan G J, Holtzberg F, Field C and Ding& R 1989
Phys. Rev. Leti62 2184

our films [22] givex(0) ~ 160-260 nm. Our measurements [4] Vu L N, Wistrom M S and VanharkingeD J 1994Physica

seem to be systematically larger than values extracted from

mutual inductancex(0) ~ 210 nm) [23], microwave sur- [5]

face impedancey(0) ~ 165 nm) [15] and muon spin relax-
ation measurements(0) ~ 140 nm) [1], and a similar con-
clusion was drawn in an earlier study of 1ggSr 15CuUO;

ples the worst part of the film because we measure the
penetration depth from vortices pinned at the defects dur-

ing field cooling. Therefore, one would expect to obtain (8]
longer penetration depths by this method compared with (9]

other techniques. In view of the large scatter in our data it
is difficult to identify a generic temperature dependence and

it seems quite conceivable that different weighted averages[10]

of such inhomogeneous distribution could be the origin of

the number of apparently conflicting experimental results. [11]

In conclusion we have used a scanning Hall probe

microscope to measure the microscopic penetration depth[12]
in a YBaCu;O7_s thin film for the first time. Our results  [13]

suggest that there may be a large variations in the value of
A across a region of the sample a few tens of microns
wide. If this is indeed the case it indicates that the

characteristic properties of higfi. films may be much [15]

more inhomogeneous than was previously realized, and
some caution should be exercised in the interpretation of [1

measurements on macroscopic samples. [17]

Acknowledgments

This work was supported in the UK by EPSRC and MOD

Grant No GR/J03077 and University of Bath through the [19]

initiative fund.

[20]
[21]

References

[22]

[1] Harshman D R, Aeppli G, Ansaldo E J, Batlogg B, Brewer
J H, Carolan J F, CavR J and Celio M 198Phys. Rev.

B 36 2386 [23]

Bernhard Cet al 1995Phys. RevB 52 10488

20

[6]
by SHPM [19]. Our low-field measurement method sam- [7]

[14]

(18]

B 1941791

Tsuei C C, Kirtley J R, Chi C C, Yu-Jahnes L S, Gupta A,
Shaw T, Sa J Z and Ketche M B 1994 Phys. Rev.
Lett. 73593

Martin Y, Rugar D and WickramasinghH K 1988Appl.
Phys. Lett52 244

Moser A, Hug H J, Parashikov |, Stiefel B, Fritz O,
Thomas H, Baratoff A, Guntherodt H-J and Chaudhari P
1995Phys. Rev. Letfr4 1847

Matsuda T, Fukuhara A, Yoshioka T, Hasegawa S,
Tonomura A and Ru Q 199Rhys. Rev. Lett66 457

Chang A M, Hallen H D, Harriot L, Hess H F, Loa H L,
Kao J, Miller R E and Chag T Y 1992Appl. Phys. Lett.
611974

Davidovic D, Kumar S, Reich D H, Siegel J, Field S B,
Tiberio R C, Hey R and Ploog K 1998Bhys. Rev. Lett.
76 815

Oral A, Bendirg S J and Henini M 199@ppl. Phys. Lett.
691324

Xu J H, Miller J H and Ting C S 199Phys. RevB 51 424

Hardy W N, Bonn D A, Morgan D C, Liang R and
Zhang K 1993Phys. Rev. Lettr0 3999

Ma Z, Taber R C, Lombardo L W, Kapitulnik A, Beasley
M R, Merchant P, Eom C B, Yo S Y and Phillips J M
1993Phys. Rev. Letfr1 781

Klein N, Tellmann N, Schulz H, Urban K, WbE A and
Kresin V Z 1993 Phys. Rev. Let{71 3355

6] Maggio-Aprile I, Renner Ch, Erb A, Walker E and

Fischer @ 1995°hys. Rev. Let{r5 2754

Oral A, Bendirg S J and Henini M 1998. Vac. Sci.
Technol.B 14 1202

Chew N G, Edwards J A, Humphreys R G, Satchell J S,
Goodyear S W, Dew B, Exon N J, Hensen S,
Lenkens M, Muller G and Orbach-Werbig S 19BEE
Trans. Appl. Supercond 1167

Chang A M, Hallen H D, Hess H F, Koa H L, Kwo J,
Sudbo A and ChanT Y 1992 Europhys. Lett20 645

Bendirg S J and Oral A unpublished

Fuchs A, Preusseit W, Berberich P and Kinder H 1996
Phys. RevB 53 14745

Porch A, Powell J R, Lancaster M J, Edward R and
Humphrey R G 1995IEEE Trans. Appl. Supercond.
1987

Fiory A T, Hebard A F, Mankiewic P M and Howard R E
1988Phys. Rev. Let61 1419



