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Tuning the pinning energy in layered superconductors
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Reversible magnetization measurements show that the pinning energy of vortices localized on amorphous
tracks created in BB,CaCyOjg single crystals by heavy-ion irradiation can be adjusted by altering the
irradiation angle. The pinning energy is found to be proportional to the cross-sectional area of the defects in the
CuG; planes. Both this size dependence and the observed quadratic temperature dependence of the pinning
energy imply a predominant vortex core pinning interaction of pancake vortices with columnar defects as
opposed to an electromagnetic pinning mechanism. An independent determination of the value of the
Ginzburg-Landau coherence length is also presei&@il63-1829)00321-5

Fundamental studies of flux pinning and critical currentsthe CuQ planes, when this is varied by irradiation in differ-
in (high temperature superconductordHTSC'S require  ent directions.
pinning-center configurations with well-defined properties. The pinning energy per unit length, of a vortex trapped
Amorphous columnar defectD’s) produced in HTSC's on a CD of radius, consists of a core contributiddg and
by heavy ion—irradiatiotr® (HIl) are among these because an electromagnetic pats™. The latter arises because of the
their size, physical properties, and spatial distribution can benodification of the vortex current when the vortex core is
well characterized by high-resolution electron microscopyreplaced by an amorphous track. It is important only when
(HREM) and scanning tunneling microscopy. The circularthe track radius exceeds that of the vortex core, icg.,
cross section of the ion tracks, of size comparable to that of-/2¢,,, and is given b’
the vortex core, facilitates an estimate of the elementary pin-
ning energy and pinning force?® the irradiation dose deter- Co
mines the average concentration, usually expressed in terms Ug™=eoln \/E—
of the dose equivalent field ;= ®ony, whered is the flux Sab
guantum andhy is the areal density of CD’s. Furthermore, in HeregozZWMOHgggb:q)g/AmMo)\gb, H, is the thermody-
layered systems such as,Br,CaCyOg, the background namic critical field,\ ,, is the Ginzburg-LandadGL) pen-
pinscapeat high temperature is virtually smooth so that theetration depth, and,;, is the GL coherence length. In the
pinning properties are especially well defined. case where,<2&,, the core contribution dominates. It is

This paper will concentrate on an additional property of,ronortional to the core fraction taken up by the columnar
CD’s, unique to layered superconductors, which can easily,ack and can be estimatecfas

be realized experimentally. Since the order-parameter mag-

nitude in the intermediate BIiO layers is very small, vortices Co

in Bi,Sr,CaCyOg should be viewed as stacks of “pancake” Ugwso(?
vortices in the superconducting Cai@ouble layers. Only ab
those defects that reside in the Gul@yers can therefore be In Ref. 8 both core and electromagnetic contributions are
expected to be effective pinning centers. As for CD’s, onlycomputed by numerically solving the GL equations. The re-
their intersection with these layers will be relevant. This will sults for smallc, agree well with Eq(2).

be explicitly demonstrated below: we will show that the pan- From the direct determination of the pancake pinning en-
cake pinning energy is proportional to the damaged area irrgy as function of irradiation angle and temperature, it will

. Co>\2¢4p. 1)

2

L Co<\2¢,p. )
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FIG. 1. HREM picture taken along the crystallographiaxis of FIG. 2. Equilibrium magnetization curves for f8ir,CaCyOg

a Bi-2212 sample irradiated with 6 GeV Pb ions at an angle crystals irradiated at angles=0° (left-hand panéland 68°(right-
=45° with respect to the axis. The arrows indicate the track hand panélwith respect to the axis (B¢, =0.5 T). Temperatures
diameter 2, and its projection in thab plane, Z,/cosa. are 72 K (d), 76 K (V), and 80 K (). Full symbols denote
torque data whereas the open symbols are the results of SQUID
turn out that Eq(2) rather than Eq(1) is obeyed in heavy- measurements{|c axis). The arrow and the dotted lines illustrate
ion irradiated BjSr,CaCyOg, and hence, thaf,,>c,. This  the construction used for the determination of the pinning energy.
has several implicationgi) core pinning is more important L ) )
than electromagnetic pinning) it provides an independent to the ap planes. This |mpI|es that the. intersection of the
method to estimate the value &f,, still uncertain because track with the Cu@ planes is elongated in ttedirection; it
thermal fluctuations prohibit the unambiguous determinatiodS /arger than the track radius by a factor 1/eos\s a con-
of the upper critical field.,=do/2me2, . (iii) it is, in prin-  Seduence, t_he c.ross-gectlonal 2area of the track in the, CuO
ciple, possible to tailor yet more efficient pinning centers byPlanes is ellipsoidal with areacy/cosa. _
introducing cylindrical voids of larger diameter. Vortex pinning energies were determined by measuring
The experiments have been performed on severdf® equilibrium magnetizatio o4 (Refs. 14,15with the use
Bi,Sr,CaCuyOg single crystals from the same batch, grown Of (i) @ rotation experiment in @moncompensatedomebuiilt
by the traveling-solvent floating-zone techniquipical di- ~ capacitive torquemeter ard) a commercial superconduct-
mensions: ~2X2x0.04 mn?). The crystals were post- ing quantum |_nterference de_wcéSQL_JID) magnetometer
annealed (800 °C in airand quench cooled to ensure a ho- (Quantum Design MPMS-5Swith the field parallel to the

mogeneous oxygen content. All samples Fae-90 K the axis. For experimental details, we refer to Ref. 15. Figure 2

London penetration depth determined from the logarithmics"OWs the equilibrium magnetization curves of the samples
slope of the magnetizatiodM/dInH at high fieldd? is irradiated at 0° and 68° for various temperatures. This figure

N(0)=A.p(0)\2=245 nm ¢ is the applied field A shows both the SQUID and torque data. For the latter mea-
a

magneto-optical characterization of the flux penetration condurements we have used the same analysis as presented in

firmed the homogeneity of the samples and the absence g?refs. 15,16:Zin a layered §uper(_:0nducM@q onl)_/ has a
extended defects. The crystals were irradiated simultaSMPONeNMe,along thec axis, which can be obtained from

neously at GANIL(Caen, Frandewith a beam of 6 GeV Pb  the torque per unit volumer as M¢ = r/H,= 7/H cos®;
ions, to a dos@y=2.5x 10'° cm 2, or B4=0.5T. For each here® is the angle between the field and thie plane. The
crystal, the ion beam was oriented along a different direchear-perfect collapse d¥lg, obtained from torquéwith H
tion: the nominal angles between the beam andafexis  oriented away from the axis) and with the SQUID(where
were a=0°, 30°, 45°, and 60°, respectively. The kinetic H|c) in Fig. 2 shows that the magnetic moment is indeed
energy of the Pb ion& GeV) ensures that for all angles ~ oriented uniquely along the direction’® Moreover, the
the entire specimen is traversed. The actual anglesere ~ Mmagnetization depends only on the field component parallel
determined a postiori by means of Hall probe tothecaxisH,, i.e., itis solely determined by the density of
magnetometry? The actual irradiation angle is the angle pancake vortices in the Cy(®lanes.
where the ac shielding current was maximum in an ac trans- The reversible magnetization of all samples exhibits the
mittivity measurement as function of applied field antfle; typical behavior found after heavy-ion irradiation: a mini-
they were found to be 0°, 26°, 45°, and 68°, respectivelymum and a maximum develop jM.J as the temperature is
These results combined with measurements of the irreverglecreased. However, the effects of the irradiation are more
ibility line of the various samples used in this paper will be pronounced for higher irradiation anglésigures 2 and 3
presented in a separate pafer. where the isothermal magnetization at 76 K is plotted for all
The defect structure created by the swift heavy ions wasampleg The shift of the inflection point ifiM ¢ to lowerH
visualized by HREM:® A typical result, obtained on the asa is increased, is correlated with the effective matching
sample irradiated at=45°, is shown in Fig. 1, which re- field B‘;ﬁ= B, cosa, determined by the density of CD inter-
veals the damaged area created by a heavy-ion impact in tlsections with the Cu® planes(for example, fora=68°,
crystallographic i6,c) plane. The ion creates an amorphousBj,ﬁ= 0.19 7). This illustrates the pancake stacklike nature of
track with radiuscy~3.5 nm, oriented at-45° with respect  vortices in BySr,CaCyQOg since only the areal density of
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FIG. 3. Isothermal equilibrium magnetization curvds<(76 K) FIG. 4. The pinning energy per pancake vortex for crystals ir-
for crystals irradiated at four different angles indicated in the plOt'radiated at 0° ), 26° (+), 45° (V), and 68° @), obtained
Both SQUID and torque data are shown. from the procedure illustrated in the left-hand panel of Fig. 2. Lines

are fits to the functiot) o(0)s(1— T/T.)? with T,=90 K. Inset: the
columnar defects in the CyOplanes is important. In all same data multiplied by a factor casAlso plotted is the result for
casesM e, follows the usual London behavior at fields well a(T) () determined from thex=0" data. The solid line rep-
in excess 0B, i.e., the magnetization versus the logarithm resents the fit ta,,(T) = £,5(0)/ (1= T/T) ™
of field is linear:

U C)*_1 4
. =205 ¢, Zcosa @
M ot = In| CZ) &)
€29, B The temperature dependenceltffis given by the product of

E20(1—1) and goxhy2x(1—t), resulting in US(T)s
A theoretical value for the parameter~0.35 can only be =U8(0)S(1—t)2 (with t=T/T.). We note that the tempera-
obtained as a numerical estimafeThe high-field behavior ture dependence of a purely electromagnetic pinning energy
corresponds to the entry of “free” vortices, i.e., those thatwould be linearUg™(T)s=Ug"(0)s(1—t). It is seen in Fig.
are not trapped by a columnar defétiNote the collapse of 4 that the quadratic temperature dependence With90 K
the data for the different samples at high fields. At highfits the data quite well. It yield$),(0)s=4.7x10° K and
irradiation doses — much higher than used her¢MzJ at  10.5x 10° K for the samples irradiated at 0° and 68°, respec-
fields uoH>B 4 may in fact be decreased by the irradiation tively. The quadratic temperature dependence of the pinning
due to the missing superconducting fraction induced by thenergy and its scaling with the defected intersection area of
insulating columns. However, such effects are not prominengolumns with the Cu@layers leads to the conclusion that at
atBy<1 T4 elevated temperaturesore pinning is dominant over the

At fields uogH<B,, a London-like behavior is also ob- electromagnetic pinning mechanism

served, with a slope nearly similar to the slope at high fields. The proportionality of the pinning energy to the ratio
In this regime M4 is determined by the addition of vortices (c,/£)? provides a method to determirg,(T) independent
that do become trapped on a coluMnt>*8The pinning en-  of the value of\,,. This can be achieved by dividing the
ergy per unit lengthl, can be simply obtained from the high-field logarithmic slope of the magnetizatiém /o In H
difference between the downward extrapolation of the high=¢y2®, [Eq. (3)] by AM
field limit of the magnetization curve and the low-field mag-
netization, as shown in Fig. 2. The resulting values, ex- 1 oM By[2&\2 g £\?
pressed as the pinning energy per vortex per £d@uble AM dInH 28_0(_) ZT>0=2< )
layer,Uys=®dysAM (s is the distance between double lay-
ers, are shown in Fig. 4 for the different samples. The en-Taking the square root and using the vabye- 3.5 nm taken
hancement of the pinning energy as the column direction ifrom HREM images vyields th&(T) curve depicted in the
rotated away from the axis is clear. In fact, the pinning inset to Fig. 4. A fit to the GL temperature dependence
energy fora=68° is more than double that far=0. The  £(T)=£(0)(1—t) '? gives £,,(0)=2.2 nm, and from that
inset to Fig. 4 shows that when multiplied by a factor aps B.,(0)=66 T, and ¢Bc2/dT) 11 ~—1.05 T/K. This pro-
the Uy(T)s curves for all crystals overlap. This means that.equre for the determination af,, has several important
U, is proportional to the cross-sectional area of the CO|Um”a£1dvantages: first of all, no extrapolation approéeith only
defects with the Cudouble layers, i.elox mc§/cosa. By  |ogarithmic accuracyis needed® In addition, it is indepen-
implication, only the damaged area in the Gu@yers con-  dent of the value of the parameter appearing in Eq(3).
tributes to pinning. Moreover, the proportionality bf, to The valuet,,=2.2 nm implies that core pinning is predomi-
this area means that the core tetd§ is dominant. In that nant at temperaturéB=35 K. This excludes the interpreta-
case, the factocé in Eq. (2) should be replaced bg/SICOSa tion of features in the irreversibility line as being the conse-
yielding the experimentally measured dependence of the pirguence of a crossover between electromagnetic pinning and
ning energy: core pinning??

Co C_o ©
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Armed with the above information, we return to the shapetures where the pinning energy of CD’s exceeds all other
of the equilibrium magnetization curves for different irradia- energy scales. In this temperature regime, however, the equi-
tion angles, see Fig. 3. Note that the samples irradiated at lfbrium magnetization curve cannot be measured since it is
high angle(e.g.,a=68°) display a much sharper increase of completely masked by strong irreversibility.

IMed near BZ“ than the sample irradiated alorm This In conclusion, the pinning energy in layered supercon-
means that the compression modulus ;¢ 6H/6B) in-  ductors with amorphous columnar defects can be tuned by
creases dramatically with larger pinning energy. It is alsoheavy-ion irradiation under different angles. The pinning en-
seen that for=68°, the magnetizatiofM¢{ nearB, actu-  ergy is proportional to the area of the intersection of a track
ally exceedghe value of| Meq| before irradiation. Both fea- \yith the CuQ planes and follows a (4t)2 temperature de-

tures can be interpreted as being a remnant of the Mott inpendence, which shows that only core pinning of pancake

sulator phase postulated in Ref. 6. In this phase all vortice§ortices is effective. Changing the track cross section pro-
are locked onto a golumn and _the compress!blllt;cf_l) of  Vides a means to determirg,, a value¢,,(0)=2.2 nm is

the vortex system is zero leading to a fixed induction over o nq. The small size of the column radius with respect to
finite flelqllnterval. Although the'lnterplay bgetween.the ran-he coherence length means that it should, in principle, be
dom positions of the CD’s and intervortex interactions Pre-nossible to attain yet higher pinning energies by introducing

yents the_occ_urr_ence of a true_ Mot insulatbihe r_elat|ve cylindrical voids of slightly larger cross section than can be
increase in pinning energy with respect to the mtervortexObtained by heavy-ion irradiation

interaction for higher drives the system closer to the Mott
insulator phase. We note that the features of the Mott insu- This work was supported in part by the Nederlandse
lator phase should be more pronounced at very low temperdstichting F.O.M., which is financially supported by NWO.
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