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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 from anac face of single
crystals of the single layer cuprate high-Tc superconductorsHg, CudBa2CuO41d. These images provide
a direct measurement of thec-axis penetration depth,lc , 8 mm. This length is a factor of 8 longe
than predicted by the interlayer tunneling model for the mechanism of superconductivity in la
compounds, indicating that the condensation energy available through this mechanism is 50
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
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In the interlayer tunneling (ILT) model for supercon
ductivity in layered superconductors such as the cupra
[1–4], transport of carriers between the planes is incoh
ent in the normal state, but coherent interlayer transp
is allowed for Cooper pairs. The coherent pair tunnelin
lowers thec-axis kinetic energy, supplying the supercon
ducting condensation energy,Ec. Anderson [4,5], Leggett
[6,7], and Chakravarty [8] have each argued that the co
parison of the experimentally measuredc-axis penetration
depth,lc, and the value determined within the ILT mode
from the condensation energy,lILT, is an important test
of the ILT mechanism. In all presently published version
of the theory,lc ø lILT .

The calculation of lILT and its comparison with
experiment are most straightforward in materials wi
a single copper oxide layer per unit cell, such a
La22xSrxCuO41d (lILT . 3 mm [5]), HgBa2CuO41d

(lILT . 1 mm [5]), and Tl2Ba2CuO61d (lILT . 1 mm
[5]). In La22xSrxCuO41d (La-214), measurements
of the Josephson plasma frequencyvp ­ cl21

c e21y2

(where c is the speed of light ande is the dielectric
constant of the interlayer medium) [9,10] are in goo
agreement with the predictions of the ILT model [5
In Tl2Ba2CuO61d (Tl-2201), Moler et al. observed
interlayer Josephson vortices withlc ­ 17 21 microns
[11], in disagreement withlILT . Measurements of
the plasma resonancevp and dielectric constante by
Tsvetkov et al. also indicatelc ­ 17 mm [10,12]. In
HgBa2CuO41d (Hg-1201), Panagopouloset al. obtained
a value oflcsT ­ 0d ­ 1.36 6 0.16 mm from magnetic
susceptibility data on oriented powders [13]. It has be
suggested that Tl-2201 is anomalous, perhaps due to c
talline defects that make it not a true single-layer mater
[5]. Therefore, as both Anderson [5] and Leggett [7
have pointed out, a confirmation of thec-axis penetration
depth in Hg-1201 seems essential to resolving this issu
0031-9007y98y81(10)y2140(4)$15.00
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In this Letter we directly measure thec-axis penetra-
tion depth in Hg-1201 by magnetically imaging inter
layer Josephson vortices emerging from the ac face
single crystals. These measurements givelc . 8 mm,
much longer than the valuelc . 1 mm reported by
Panagopouloset al. [13]. Our value forlc, when com-
bined with previous results from Tl-2201, make it ap
pear unlikely that presently published versions of th
ILT model are the mechanism of superconductivity in th
cuprate high-Tc superconductors.

The Hg-1201 crystal growth has been described pre
ously [14]. Our method consists in preparing a BayCuyO
precursor in flowing oxygen, and then mixing it with HgO
to make a 0.8:2:1.2 ratio of Hg:Ba:Cu. An alumina cru
cible containing this powder is then sealed in a silica tub
After 48 hours of thermal treatment, black, plateletlik
crystals are extracted. The largest crystals (typical
mensions,1 3 1 3 0.08 mm) are selected for transpor
and SQUID imaging measurements. EDX and electr
diffraction measurements lead to the formula Hg0.8Cu0.2
for the mixed mercury layer. The copper position is di
placed with respect to the Hg site in the mixed layer
shown from structural refinements. The existence of stru
tural defects would be detrimental to the present wo
Two kinds of experiments were made to check the crys
quality. First,c-axis misorientation due to stacking fault
has been ruled out: Rocking curves on (00l) reflectio
yield a half width at half maximum of about 0.1±, ensuring
ac-axis dispersion smaller than or equal to this value. Se
ond, high resolution electron microscopy (HREM) show
very regular contrast at the atomic level that demonstra
the lack of intergrowths, extensive defects, or cation
ordering phenomena [15]. Although both x-ray diffrac
tion and HREM techniques are principally sensitive
cations, so that some local oxygen inhomogeneities c
not be ruled out, the amount of such inhomogeneities
© 1998 The American Physical Society
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limited by the sharpness of the magnetic superconduct
transitions,dTcs10% 90%d ­ 3 K. The Hg-1201 single
crystals were mounted in epoxy so that the ac face w
aligned vertically, and then the sample and epoxy we
polished to make a flat, smooth surface to scan.

The magnetic imaging measurements were made w
a scanning SQUID microscope [16], in which a samp
is scanned relative to a superconducting pickup lo
oriented nearly parallel to the sample surface. The d
are represented as the magnetic fluxFs through the
pickup loop, vs the loop’s position in thex, y plane. The
pickup loop is fabricated with well-shielded leads to a
integrated Nb-Al 2O3-Nb SQUID. The spatial resolution
of the microscope is set by the size of the pickup loo
an octagonL ­ 4 mm in diameter (half the size of that
used in Ref. [11]). The SQUID substrate was polished
within a few microns of the pickup loop, oriented an ang
u , 20± from parallel to the sample, and scanned wi
the tip touching the sample. Fits to data on Abrikoso
vortices indicate that the pickup loop is aboutz0 ­ 1 mm

FIG. 1(color). Scanning SQUID microscope image of
256 3 512 micron area of the edge of a single crystal o
Hg-1201, cooled in a field of about 10 mG, and imaged
4.2 K. The false color lookup table corresponds to a to
variation in flux through the SQUID pickup loop of0.55F0.
The dashed lines indicate the top and bottomab faces of the
crystal. The box indicates the area that is expanded in Fig.
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above the surface of the sample under the experimen
conditions used here. Our images were made with bo
sample and SQUID immersed in liquid helium at 4.2 K.

Figure 1 shows a SSM image of a512 mm 3 256 mm
area of the crystal and surrounding epoxy, cooled an
imaged in a field of about 10 mG. The outer edges o
the crystal face are indicated by dashed lines. Visible
this image are about 50 interlayer Josephson vortices. T
decay of the observed vortex magnetic flux perpendicul
to the layers (along thec axis) is determined by the
size of the pickup loop. In contrast, the extent o
the images of the vortices along the layers provides
direct measure oflc. The positions of the vortices are
presumably determined by a combination of the samp
cooling conditions and the pinning potential. The edge
of the crystal face, consistent with observations on oth
materials, tend to be free of trapped vortices. Some of t
vortices are spaced too closely to be resolved. Howev
20 of the most isolated vortices have a10% standard
deviation of the full width at half maximum amplitude
of cross sections through them along the plane directio
Although one must consider that the vortices may b
pinned in areas with unusually weakly coupled plane

FIG. 2(color). Expanded view of a54 3 100 mm area of the
image of Fig. 1. The dashed lines indicate the paths of cro
sections through the data parallel to the planes displayed
Fig. 3.
2141
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the uniformity of the vortex shapes over a large are
of the crystal face suggests that we are measuring
intrinsic penetration depth. This is supported by the goo
agreement between bulk plasma resonance measurem
of vj and local interlayer Josephson vortex imagin
measurements oflc in Tl-2201 [12].

Three vortices chosen for further analysis are shown
Fig. 2. Cross sections through the image data parallel
the layers are displayed in Fig. 3.

The z component of the magnetic field of an interlaye
vortex above the superconducting surface is given by [17

hzsr, zd ­ 2
Z d2k

s2pd2 kfskdeik?r2kz , (1)

where

fskd ­ 2
f0s1 1 m1k2

x d
m3a3fm1k2

xa3sk 1 a1d 1 ka3 1 k2
y g

, (2)

a1 ­ fs1 1 m1k2dym1g1y2, a3 ­ fs1 1 m1k2
x 1 m3k2

y dy
m3g1y2, k ­ sk2

x 1 k2
y d1y2, m1 ­ l

2
abyl2, m3 ­ l2

cyl2,
l ­ sl2

ablcd1y3, lab is the in-plane penetration depth
f0 ­ hcy2e is the superconducting flux quantum,h is
Planck’s constant,e is the charge on the electron,x is the
distance perpendicular to the planes, andy is the distance
parallel to the planes. The fields are summed over t
geometry of the pickup loop. Assuminglab ­ 0.17 mm
[13], this model has two free parameters:lc, which de-
termines the length of the vortex, andz0, which deter-
mines the magnetic amplitude of the vortex image. Fi
to the three cross sections (Fig. 3) yield consistent valu
for the interlayer penetration depthlc ­ 8 6 1 mm.

This measured value is about 8 times longer tha
the theoretical value in the ILT model: Anderson use
a scaling argument to estimatelILT ­ 1 6 0.5 mm
[5]. The condensation energy for our Hg-1201 sing
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FIG. 3. The symbols are cross-sectional data through the th
representative vortices indicated in Fig. 2, offset vertically fo
clarity. The solid lines are fits to the data, as described in t
text. The fit penetration depthslc are as labeled in the figure,
and the effective heights arez0 ­ 0.66 6 0.16 mm sAd,
0.59 6 0.06 mm sBd, and 0.43 6 0.06 mm sCd. The error
bars are assigned using a doubling of the best-fitx2 as
a criterion.
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crystals has been estimated from specific heat m
surements to beEc ­ 12 16 mJyg [18]. This leads
to lc ­ h̄cys2ed

p
4pEc d ­ 0.95 1.09 mm, where

d ­ 0.95 nm is the interlayer spacing, in good agreeme
with Anderson’s scaling argument. Since the ILT co
densation energy is proportional to1yl2

c, the condensation
energy which could be supplied by the ILT is is at lea
50 times smaller than the actual condensation energ
Hg-1201 [5].

A more conventional estimate oflc comes from
the Lawrence-Doniach model [19]. For diffusive pa
transfer (parallel momentum not conserved) betwe
superconducting layers [19–21], the Josephson cur
between two identical superconducting sheets atT ­ 0 is
given by [21]J0 ­ pDs0dy2eRc,n, whereDs0d is the zero
temperature energy gap andRc,n is the normal statec-axis
interplane resistance. The interlayer penetration dept
given by l' ­ scF0y8p2sJ0d1y2 [22]. The application
of this model requires at least two assumptions: thatRn

is temperature independent belowTc, or at least that the
temperature dependence can be understood well eno
for extrapolation [8], and that the gap iss wave [23–25].
d-wave superconductivity would tend to increaselc from
this value: in a purely tetragonald-wave superconductor
with purely diffusive pair transfer, the coupling woul
be reduced to zero [23–25]. With these consideratio
in mind, one would not expect the Ambegaoker-Barat
model to apply quantitatively, but it is, nevertheles
natural to look for a correlation betweenlc andRc,n.

Figure 4a shows measurements of thec-axis resistivity
of two of our Hg-1201 crystals as a function of tem
perature. These measurements were made by evap
ing four Ag stripes, two on eachab face of the crystal,
as diagrammed in the inset of Fig 4a [26]. The co
tacts as prepared have high resistance, but after an
nealing step at 400±C for 10 min the contact resistance
drop to 1 to 2 ohms. We have carefully checked th
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FIG. 4. (a) c-axis resistivity vs temperature for two of ou
crystals. The contact geometry used is diagrammed in
inset. (b) Correlation plot betweenc-axis conductivity and
c-axis penetration depth, following Basovet al. (Ref. [29]).
We have included our present data for Hg-1201 and previ
data on Tl-1201. The dashed line is the prediction for diffu
tunneling between superconducting layers in ans-wave super-
conductor assuming a gap value2D ­ 28 meV. In this figure
124 ­ YBa2Cu4O8, 2212 ­ Bi2Sr2CaCuO8, ps2 ­ ps3 ­
Pb2Sr2RCu3O8, 214 ­ La1.84Sr0.16CuO4, 123 ­ YBa2Cu3Ox .
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such annealing does not alter the superconducting tr
sition by measuring the susceptibility of control crysta
before and after such an annealing step. Because of
relatively high anisotropy of Hg-1201 and large thicknes
of our crystals (,80 mm), these crystals are electrically
thick [27]. Therefore difficulties in separating the in- an
out-of-plane conductivities such as reported by Huss
et al. [28] for YBa2Cu4O8 should not occur. The mid-
point Tc ­ 94 K of the rcsT d curves is consistent with
the onsetTc ­ 95 97 K observed magnetically on such
crystals and confirms that the doping is close to optim
Taking rc,n ­ s21

c,n ­ 0.5 ohm cm, and a BCS gap value
2D ­ 3.45kBTc ­ 28 MeV, leads to a predicted penetra
tion depthlc ­ sh̄c2y4p2Dsc,nd1y2 ­ 8 mm for diffuse
pair transfer in ans-wave superconductor.

Basov et al. [29] have previously noted a correlation
between the values of the penetration depthlc and the
far-infrared c-axis conductivity,sc,FIR. In Fig. 4b we
add our results for Hg-1201 and Tl-2201 [11], replacin
sc,FIR with sc,n just above Tc. The dashed line is
Eq. (2), assuming2D ­ 28 meV. This simple model,
although it assumes the sameD for all cuprates, and has
the shortcomings outlined above, agrees with all of t
measurements to within a factor of 3.

If, as is indicated by our x ray and HREM measure
ments, the Hg-1201 crystals used in this study, and t
Tl-2201 crystals used in the previous study are true sing
layer materials, then the longc-axis penetration depths
lc ø 8 mm for Hg-1201 andlc ø 20 mm for Tl-2201
pose a serious challenge to the ILT model. Although o
can hypothesize structural explanations, perhaps based
the excess copper, to make these results consistent w
the ILT model, such explanations must be found for bo
sHg, CudBa2CuO41d and Tl2Ba2CuO61d.

These two results fall into a previously unfilled rang
of penetration depths in the Basov correlation. Th
correlation,lc ø sh̄c2y4p2Dsc,nd1y2, works surprisingly
well given the reservations outlined above. It appears th
any theoretical description ofc-axis transport should be
consistent with this correlation.
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SQUIDs used in our microscope. We would also like
acknowledge useful conversations with P. W. Anderso
S. Chakravarty, A. J. Leggett, C. Panagopoulos, D. v
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