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c-Axis Penetration Depth of Hg-1201 Single Crystals
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We have magnetically imaged interlayer Josephson vortices emerging frome &ace of single
crystals of the single layer cuprate high-superconducto¢Hg, Cu)Ba,CuQy. 5. These images provide
a direct measurement of theaxis penetration depth\. ~ 8 um. This length is a factor of 8 longer
than predicted by the interlayer tunneling model for the mechanism of superconductivity in layered
compounds, indicating that the condensation energy available through this mechanism is 50 times
smaller than is required for superconductivity. [S0031-9007(98)07101-4]

PACS numbers: 74.72.—h, 73.40.Gk, 73.40.Rw, 74.50.+r

In the interlayer tunneling (ILT) model for supercon- In this Letter we directly measure theaxis penetra-
ductivity in layered superconductors such as the cuprate#on depth in Hg-1201 by magnetically imaging inter-
[1—4], transport of carriers between the planes is incoherayer Josephson vortices emerging from the ac face of
ent in the normal state, but coherent interlayer transporsingle crystals. These measurements giye= 8 um,
is allowed for Cooper pairs. The coherent pair tunnelingnuch longer than the valud. = 1 um reported by
lowers thec-axis kinetic energy, supplying the supercon-Panagopoulogt al. [13]. Our value forA., when com-
ducting condensation energy,. Anderson [4,5], Leggett bined with previous results from TI-2201, make it ap-
[6,7], and Chakravarty [8] have each argued that the compear unlikely that presently published versions of the
parison of the experimentally measuredxis penetration ILT model are the mechanism of superconductivity in the
depth,A., and the value determined within the ILT model cuprate highZ, superconductors.
from the condensation energy; r, is an important test The Hg-1201 crystal growth has been described previ-
of the ILT mechanism. In all presently published versionsously [14]. Our method consists in preparing &/Ba/O
of the theory A, = Ayrr. precursor in flowing oxygen, and then mixing it with HgO

The calculation of A;pr and its comparison with to make a 0.8:2:1.2 ratio of Hg:Ba:Cu. An alumina cru-
experiment are most straightforward in materials withcible containing this powder is then sealed in a silica tube.
a single copper oxide layer per unit cell, such asAfter 48 hours of thermal treatment, black, plateletlike
La,—,Sr,CuQy1s (AT = 3 wm [5]), HgBaCuQ,;+s  crystals are extracted. The largest crystals (typical di-
(ArLt = 1 um [5]), and ThB&CuQy+s (AjLt = 1 um mensions~1 X 1 X 0.08 mm) are selected for transport
[5]). In La_,SrCuO+s (La-214), measurements and SQUID imaging measurements. EDX and electron
of the Josephson plasma frequenay, = cx\;'e*‘/z diffraction measurements lead to the formulagklQu»
(where ¢ is the speed of light an& is the dielectric for the mixed mercury layer. The copper position is dis-
constant of the interlayer medium) [9,10] are in goodplaced with respect to the Hg site in the mixed layer as
agreement with the predictions of the ILT model [5]. shown from structural refinements. The existence of struc-
In TILBaCuGs+s (TI-2201), Moler et al.observed tural defects would be detrimental to the present work.
interlayer Josephson vortices with = 17-21 microns  Two kinds of experiments were made to check the crystal
[11], in disagreement withAyr. Measurements of quality. First,c-axis misorientation due to stacking faults
the plasma resonance, and dielectric constané by has been ruled out: Rocking curves on (00I) reflections
Tsvetkov et al. also indicateA, = 17 um [10,12]. In vyield a half width at half maximum of about 0,lensuring
HgBaCuQy.s (Hg-1201), Panagopoulost al. obtained  ac-axis dispersion smaller than or equal to this value. Sec-
a value ofA.(T = 0) = 1.36 = 0.16 um from magnetic ond, high resolution electron microscopy (HREM) shows
susceptibility data on oriented powders [13]. It has beemery regular contrast at the atomic level that demonstrates
suggested that TI-2201 is anomalous, perhaps due to cry#iie lack of intergrowths, extensive defects, or cationic
talline defects that make it not a true single-layer materiabrdering phenomena [15]. Although both x-ray diffrac-
[5]. Therefore, as both Anderson [5] and Leggett [7]tion and HREM techniques are principally sensitive to
have pointed out, a confirmation of tireaxis penetration cations, so that some local oxygen inhomogeneities can-
depth in Hg-1201 seems essential to resolving this issuenot be ruled out, the amount of such inhomogeneities is
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limited by the sharpness of the magnetic superconductingbove the surface of the sample under the experimental
transitions,6T.(10% - 90%) = 3 K. The Hg-1201 single conditions used here. Our images were made with both
crystals were mounted in epoxy so that the ac face wasample and SQUID immersed in liquid helium at 4.2 K.
aligned vertically, and then the sample and epoxy were Figure 1 shows a SSM image ob&2 ym X 256 wm
polished to make a flat, smooth surface to scan. area of the crystal and surrounding epoxy, cooled and
The magnetic imaging measurements were made withmaged in a field of about 10 mG. The outer edges of
a scanning SQUID microscope [16], in which a samplethe crystal face are indicated by dashed lines. Visible in
is scanned relative to a superconducting pickup looghis image are about 50 interlayer Josephson vortices. The
oriented nearly parallel to the sample surface. The datdecay of the observed vortex magnetic flux perpendicular
are represented as the magnetic fl® through the to the layers (along the axis) is determined by the
pickup loop, vs the loop’s position in the y plane. The size of the pickup loop. In contrast, the extent of
pickup loop is fabricated with well-shielded leads to anthe images of the vortices along the layers provides a
integrated NbAI,O3;-Nb SQUID. The spatial resolution direct measure of\.. The positions of the vortices are
of the microscope is set by the size of the pickup looppresumably determined by a combination of the sample
an octagon. = 4 um in diameter (half the size of that cooling conditions and the pinning potential. The edges
used in Ref. [11]). The SQUID substrate was polished t@f the crystal face, consistent with observations on other
within a few microns of the pickup loop, oriented an anglematerials, tend to be free of trapped vortices. Some of the
6 ~ 20° from parallel to the sample, and scanned withvortices are spaced too closely to be resolved. However,
the tip touching the sample. Fits to data on Abrikosov20 of the most isolated vortices havel18% standard
vortices indicate that the pickup loop is abapt= 1 um deviation of the full width at half maximum amplitude
of cross sections through them along the plane direction.
Although one must consider that the vortices may be
-T- pinned in areas with unusually weakly coupled planes,
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FIG. 1(color). Scanning SQUID microscope image of a _
256 X 512 micron area of the edge of a single crystal of l

Hg-1201, cooled in a field of about 10 mG, and imaged at

4.2 K. The false color lookup table corresponds to a totalFIG. 2(color). Expanded view of 8 X 100 um area of the
variation in flux through the SQUID pickup loop @X55®,. image of Fig. 1. The dashed lines indicate the paths of cross
The dashed lines indicate the top and botteinfaces of the sections through the data parallel to the planes displayed in
crystal. The box indicates the area that is expanded in Fig. 2.Fig. 3.
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the uniformity of the vortex shapes over a large arearystals has been estimated from specific heat mea-
of the crystal face suggests that we are measuring theurements to beE. = 12—-16 mJ/g [18]. This leads
intrinsic penetration depth. This is supported by the goodo A, = fic/(2ed/4wE.) = 0.95-1.09 um, where
agreement between bulk plasma resonance measuremedts= 0.95 nm is the interlayer spacing, in good agreement
of w; and local interlayer Josephson vortex imagingwith Anderson’s scaling argument. Since the ILT con-
measurements of. in TI-2201 [12]. densation energy is proportional 1gA2, the condensation

Three vortices chosen for further analysis are shown irenergy which could be supplied by the ILT is is at least
Fig. 2. Cross sections through the image data parallel t60 times smaller than the actual condensation energy in
the layers are displayed in Fig. 3. Hg-1201 [5].

The z component of the magnetic field of an interlayer A more conventional estimate of. comes from
vortex above the superconducting surface is given by [17]the Lawrence-Doniach model [19]. For diffusive pair

4’k ' transfer (parallel momentum not conserved) between
h,(r,z) = — om? ko (k)e Tk (1)  superconducting layers [19-21], the Josephson current
) between two identical superconducting sheett &t 0 is
where given by [21]Jy = 7A(0)/2¢R,.,, whereA(0) is the zero
$o(l + mik2) temperature energy gap aRd, is the normal state-axis
(k) = T mamiRask + ay) + kas £ K27 (2)  interplane resistance. The interlayer penetration depth is
x93 y

given by A, = (c®y/872sJy)"/? [22]. The application
ar = [(1+ mik®)/m ]2, a3 = [(1 + miky + m3k}2,)/ of this model requires at least two assumptions: that
m3]'2, k= (k2 + kD)V2, my = A%/X2%, m3 = A2/A%,  is temperature independent beldw, or at least that the
A= (Af,b/\c)l/3, Aw» IS the in-plane penetration depth, temperature dependence can be understood well enough
¢o = hc/2e is the superconducting flux quantura,is  for extrapolation [8], and that the gap dswvave [23—-25].
Planck’s constant is the charge on the electranjs the  d-wave superconductivity would tend to increagefrom
distance perpendicular to the planes, and the distance this value: in a purely tetragonalwave superconductor,
parallel to the planes. The fields are summed over theith purely diffusive pair transfer, the coupling would
geometry of the pickup loop. Assuming;, = 0.17 um  be reduced to zero [23-25]. With these considerations
[13], this model has two free parameters;, which de- in mind, one would not expect the Ambegaoker-Baratoff
termines the length of the vortex, ang, which deter- model to apply quantitatively, but it is, nevertheless,
mines the magnetic amplitude of the vortex image. Fitsatural to look for a correlation between andR. .
to the three cross sections (Fig. 3) yield consistent values Figure 4a shows measurements of thaxis resistivity
for the interlayer penetration depth = 8 = 1 um. of two of our Hg-1201 crystals as a function of tem-
This measured value is about 8 times longer thamperature. These measurements were made by evaporat-
the theoretical value in the ILT model: Anderson usesng four Ag stripes, two on eachb face of the crystal,
a scaling argument to estimaté; r =1 = 0.5 um as diagrammed in the inset of Fig 4a [26]. The con-
[5]. The condensation energy for our Hg-1201 singletacts as prepared have high resistance, but after an an-
nealing step at 40T for 10 min the contact resistances

0.4 drop to 1 to 2 ohms. We have carefully checked that
3
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Position (um) FIG. 4. (a) c-axis resistivity vs temperature for two of our

crystals. The contact geometry used is diagrammed in an
FIG. 3. The symbols are cross-sectional data through the threaset. (b) Correlation plot betweea-axis conductivity and
representative vortices indicated in Fig. 2, offset vertically forc-axis penetration depth, following Basat al. (Ref. [29]).
clarity. The solid lines are fits to the data, as described in th&Ve have included our present data for Hg-1201 and previous
text. The fit penetration depths. are as labeled in the figure, data on TI-1201. The dashed line is the prediction for diffuse
and the effective heights arey = 0.66 = 0.16 um (A), tunneling between superconducting layers insamave super-
0.59 * 0.06 um (B), and 0.43 = 0.06 um (C). The error conductor assuming a gap valgd = 28 meV. In this figure
bars are assigned using a doubling of the besifit as 124 = YBa,CwOg, 2212 = Bi,SrCaCuQ, pL =ps3 =
a criterion. PbSrhRCWwO;g, 214 = La; 84Sk 1sCuQy, 123 = YBa,CwO,.
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