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Vortex penetration into micron-sized Bi,Sr,CaCu,0g.4 5
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The onset of vortex penetration into micron-sized®;CaCuyOg., s disks and squares is studied using local
magnetization measurements. The vortex penetrationHiglis observed to exceed the lower critical fiéld,
at all temperatures below the superconducting transition temperBturéhe magnitude oH, is determined
by sample size and geometry. Below 15H; is approximately proportional to the sample width D, consistent
with the Bean bulk pinning model. Above 15 K, is a function of the sample thickness-to-width rati®,
and agrees with the Bean-Livingston surface-barrier effect.
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In type-Il superconductors, the lower critical field.;;  of order 10 um and the surface barriers are functions of
separates the Meissner state from the vortex statéd At t/D. Thus, in order fot/D to be of order unity, the width of
the formation of vortices becomes energetically favorableg sample must be micron sized.

However, when a vortex tries to enter the sample, it encoun- Using photolithography and Arion milling, we have de-
ters additional energy barriers created by the sample'§e|oped a technique suitable for machining BSCCO single
boundary. A magnetic field dlﬁergnt frof., is requwe.d for crystals into micron-sized sampleld,, has been measured

a VF’“‘?X to.ove'rcome these barriers. When thg reqylred MaGar such samples using local magnetization measurements. It
netic field is hlgher tharkd c1, & VOrtex penetration .f'eleHP is observed thaltl, varies with sample size and geometry at
higher thanH ., is observed in experiments. Investigation of all temperatures below,. We compareH, to theoretical

Hp s_hould prOVIde c_jlrect |nformat_|on concerning t_he ENerYY model predictions in an attempt to identify, for a given tem-
barriers acting against the entering vortices, which in turn : : : :
should lead to a better understanding of the vortex entrperature, the dominant barrier against vortex penetration. Be-

mechanism in type-Il superconductors ¥ow 15 K, Hp=D, in agreement with the Bean bulk-pinning

The energy barriers against the entering vortices considPodel- At temperatures above 15 Ko WD, Hyp is con-
of a geometrical barrier;> a Bean-Livingston surface Sistent wlth the Bean-L|v_|ng§ton surface-bamer.model..
barrier’® and a bulk-pinning energy barriéf. The geo- Experimental magnetization data were obtained using a
metrical barrier and the Bean-Livingston surface barrier tolocal Hall-effect probe as described previouslyThe Hall
gether are called surface barriers. Various models show thaensor has an active area of<100 um?. Single crystals of
both the surface barriers and the bulk-pinning barrier varyBSCCO were grown using the floating-zone methb@he
with sample size and geometry, though differently because dafrystals were cleaved into 1@m-thick pieces from which
their different origins. The geometrical barrier is caused bydisks and squares of lateral dimensions ranging from.2f
the competition between two forces on a vortex: the inwardo 180 um were then microfabricated. Since the sample mi-
Lorentz force due to the Meissner shielding current and therofabrication method is nonstandard, we describe it in detail
outward force due to line tensidn® It varies with the here.
sample thickness-to-width ratiot/D.>°'> The Bean- The challenge of machining micron-sized BSCCO lies in
Livingston surface barrier, which is the result of the outwardthe deep etching of small patterns. Previous methods using
attractive force on a vortex by its image, also depends omr*-ion milling and photolithography etch up to 10 nm in
t/D, though indirectly through the demagnetization faétdr. BSCCO at which point the photoresist begins to btirn.
The bulk-pinning energy barrier is caused by point impurityDeeper etching is harder to achieve with burned photoresist;
pinning in the sample. It increases with the sample widthin addition, the removal of the burned photoresist after etch-
D.”® By studying the variation oH, with sample size and ing is difficult. By introducing an annealing procedure before
shape, one can experimentally obtain the sample geomettje ion milling step, and using a thicker photore$&hipley

dependence of the above energy barriers. 5740, we routinely successfully etch samples up to it
In this paper, we investigate the vortex penetration fieldthick.
H, in the high T, superconductor BBrLCaCyOg, ; Figure 1 shows the schematic of the fabrication process.

(BSCCQ. The high anisotropy associated with BSCCO The photoresist preannealing stg® min at 100 °C) is ap-
makes a study off, particularly desirable. However, experi- plied after patterning the samplEig. 1(a)] and before start-
mental studies oH, in BSCCO have been challenging due ing the ion milling procesgFig. 1(b)]. The preannealing pre-

to the difficulty associated with fabricating small samples. Invents photoresist from burning during the milling process.
particular, the typical thickness of BSCCO single crystals isThe etch rate of preannealed photoresist is lower than that of
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I FIG. 3. B,-H, vs H, of BSCCO disks with diameter D of
20 wm, 35 um, 70 um, and 180um at 30 K.H, is defined as

the H, at the first peak of th&,-H, vs H, curve. We attribute the
FIG. 1. Schematics of fabricating micron-sized BSCC&Pat-  early deviation from linearity of the 2@-m and 35xm disks to the
terning photoresist on the sample surfada. BSCCO, together comparable size of the sample and the Hall sensor area. The arrow-
with the photoresist, is exposed to 1000-eV'Aon bombardment. head indicates the field-sweep direction.
(c) The Ar* bombardment stops when the sample is etched all the
way through(d) The remaining photoresist is dissolved away usingmagnetic-field ramp rate of(De/9 for both increasing and
acetone. decreasing field.
Figure 3 shows the local magnetizati@)-H , vs applied
BSCCO, enabling one to mil for hours until the field H, at 30 K for 10m-thick BSCCO disks with diam-
10 pm-thick single crystal is completely etched through. €ter D ranging from 20 um to 180 um, whereB, is the
After the ion milling, the preannealled photoresist is washedocal magnetic inductiort, at the first peak of th8,-H, vs
away using acetongFig. 1(c)] and the original smooth sur- Ha curve is deflr_1ed as the vortex penetration fidlg. Since
face of BSCCO is restorddrig. 1(d)]. Figures 2a) and 2b) the Hall sensor is located under the center of the sample, the
show an ion milled BSCCO square and disk, respectivelyHp reported here measures the full vortex penetration field,
We note that by varying the size and shape of the photoresigf@presenting the magnetic field at which the vortices reach
different structures may be created in a range of materialghe center of the sample. As shown in Fig. 3, at 3HK
such as a pyram|d array in BSCCO and a cone in Si|icon[ncreases as the diameter of the Sample becomes smaller. The
shown in Figs. &) and 2d), respectively. measurements of Fig. 3 have been repeated for square- and
For the present study, ion milled samples of BSCCO werdlisk-shaped samples at temperatures ranging from 5 K to 83
slightly overdoped T.=87 K) after fabrication by anneal- K. H, exhibits distinctively different sample size depen-
ing in air at 550 °C for 20 h. The local magnetization of the dences above and below 15 K.
samples was determined by placing the samples in a super- Above 15 K,H,, decreases with sample size as a function
conducting solenoid with the applied fiehtl, parallel to the  Of Vt/D. Figure 4 display$1, vs Vt/D for BSCCO(a) disks
crystal ¢ axis. All local magnetization measurements wereand (b) squares at selected temperatures above 15 K. The
taken at the face center of the sample using the microfabrisolid lines are linear fits ofi, to Jt/D in units of Oe
cated GaAs/AlGaAs Hall senstitLocal magnetization mea-
surements on zero-field-cooled samples were made at a Hp= Hél(—0.2+7\/ﬁ), (0]

for BSCCO disks and

Hp=H{,(—0.6+74/D), )

for BSCCO squares, respectively, whet¢, is the adjusted
lower critical field taking into account the surface-barrier ef-
fects at a field ramp rate of@e/9.}"H/;~170 Oe, 120 Oe,
and 5 Oe at 20 K, 30 K, and 83 K, respectivély.

Figure 5 shows théB,-H, vs H, curves of a 50um
BSCCO square at selected temperatures ranging from 15 K
to 78 K. As temperatures increaset, decreasedd, vs T is
plotted in Fig. 6.H, vs T of a 90 um square is also plotted
for the purpose of comparison with the 5@m square. The
solid lines below 15 K in Fig. 6 are exponential fitstdf, as

FIG. 2. Scanning electron microscope image of a microma-a function of temperature. The exponential fits of the Ath
chined(a) square(b) disk, (c) pyramid array in BSCCO, an@) a  and the 90 um squares meets at 15 K, therefore we consider
cone in silicon. 15 K to be the transition point at which the behaviorHf
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- Below 15 K,H,(90 um)=H,(50 um), and vice versa above 15
€ 400f K. The solid lines below 15 K are the exponential fits lof to
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200
: Using the 20um disk at 30 K as an example, we obtain
of — from Eq. (3) Hpcg=63 Oe withHg=H{;=120 Oel’ It
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is eightfold smaller than our experimental value kf,
(t/D)"2 =522 Oe. Comparison at other temperatures above 15 K
yields similar results. On the other hand, Kuznetsov's geo-
FIG. 4. Vortex penetration fielt, vs \t/D for BSCCO(a)  metrical barrier calculation for type-Il superconductor disks
disks and(b) squares at selected temperatures, wiierepresents  jth pinning predicts
the diameter of a BSCCO disk and the width of a square, respec-

tively. The lines are the linear fits ¢1, to Jt/D (see text [n]
Hp(GB):HclT! (4)

changesH (90 um)=H (50 um) below 15 K and vice _ _ _ _ _
versa above 15 Kk, increases abruptly below 15 K and is Where 7 is a dimensionless parameter, is the width-to-
smooth above 15 K. In the following sections, we discussghickness ratioD/t of the disk, andN is the enhancement
separatelyH, at temperatures above and below 15 K. factor® Given that\/#/N is of order unity for our sample
Above 15 K, the bulk-pinning energy barrier is sizes’ Hpee) is sixfold lower than our experimentdd .
negligible!! so we consider only the surface barriers whenThus, the geometrical barrier is ruled out as the dominating
analyzingH, . Since the surface barriers are assumed to benergy barrier at temperatures above 15 K for micron-sized
functions of t/D ,>*%9-12we plot, for the purpose of com- BSCCO.

parison with the surface-barrier rnode|§7p vs t/D as We now consider whether the Bean-LiVingSton surface-
shown in Fig. 4. Brandt's geometrical barrier calculation ofbarrier vortex penetration field , determinedd, at tempera-
pin-free BSCCO disKS predicts tures above 15 K. The Bean-Livingston model predicts
Hpsp= Vt/DH(T)exp(— T/To), (5
p(SB) c 0
Hp(GB): Hcltanf[O.67\/t/D]. (3)

whereH. is the thermodynamic critical field ant is the
characteristic temperatureThe magnitudes of the Bean-
LivingstonH,sg and our experimentdfi, are comparable.

We compare the temperature dependences in the inset to Fig.
6 for a 90um disk. By usingH.~/InkH,® where «
=\/¢ is the ratio of the penetration depthand the coherent
length &, and H(T) =H(0)[1—(T/To)?],*8 Eq. (5) can

be written as Hysg=Vt/D«/InkHe(0)[1—(T/Te)?lexp

0

-200 |-

B_-H (G)

z

400p - 78K (—T/Ty). The solid line in the inset to Fig. 6 is the best fit of
L s 30K Hpsg to the 90um square, which gives reasonable fitting
parametersT,=35 K> and «/InkH(0)~2000 Oe, know-

—»—15K

600 o e e "800 ing thatk/Ink—~10° andH;(0)~200 Oe™ H,sp agree
H,(Oe) well with H, above 15 K. Similar agreements are obtained

for other sized samples. We conclude that above 1B Kin
FIG. 5. B,-H, vs H, for the 50.um BSCCO square at various micron-sized BSCCO is determined by the Bean-Livingston

temperaturest , is inversely proportional to temperature. surface-barrier effect.
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Below 15 K, H,, rises sharply and is approximately pro- ~ We thus find that for BSCCO of our sample sizes, below
portional to the sample widt® as shown in the main body 15 K, the Bean bulk-pinning energy barrier determines the
of Fig. 6. The Bean bulk-pinning model prediction Bf,  vortex penetration field; above 15 K, the Bean-Livingston
318 surface-barrier effect dominatés.In larger samples, the

sample thickness to width ratitD decreases. Thus, at a
Hp@p =2mJcDIc, 6) given temperature, the dominating energy barrier can differ
where the critical currend (T)~J.(0)expT/T),? T, is  from that in BSCCO of our sample sizes.
the critical current temperature exponent andl0 K, andc
is the speed of light. The solid lines below 15 K in Fig. 6 are
exponential fits oH, as a function of temperature,
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