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Images of Interlayer Josephson Vortices in The phenomenological Lawrence-Doni- 
ach model for a stack of Josephson-coupled T12Ba2Cu0,+, superconducting . . .  layers (6) is widely applied 

Kathryn A. Moler," John R. Kirtley, D. G. Hinks, T. W. Li, 
Ming Xu? 

The strength of the interlayer Josephson tunneling in layered superconductors is an 
essential test of the interlayer tunneling model as a mechanism for superconductivity, as 
well as a useful phenomenological parameter. A scanning superconducting quantum 
interference device (SQUID) microscope was used to image interlayer Josephson vor- 
tices in TI,Ba,CuO,+, and to obtain a direct measure of the interlayer tunneling in a 
high-transition temperature superconductor with a single copper oxide plane per unit 
cell. The measured interlayer penetration depth, A,, is -20 micrometers, about 20 times 
the penetration depth required by the interlayer tunneling model. 

to highly anisotropic superconductors, in- 
cluding organics, cuprates, and artificially 
structured model systems. The structure of 
an isolated vortex parallel to the layers, or 
"interlayer Josephson vortex," is similar to a 
vortex in an anisotropic Ginzburg-Landau 
theory except at the vortex core (1 1 ). The 
spatial extent of the vortex along the layers, 
h,, is related to the critical current density 
between the layers, lo, by 

Although tremendous progress has been 
made over the past decade in understanding 
the phenomenological properties of the cup- 
rate superconductors, in improving the 
quality of the materials, and in identifying 
the symmetry of the pairing state, the 
mechanism of the superconductivity re- 
mains unresolved. One candidate mecha- 
nism is the interlayer tunneling (ILT) mod- 
el, in which the su~erconductivitv results 
frim an increased ;oupling betwken the 
layers in the superconducting state (1-3). 
For this model to succeed, the interlayer 
coupling in the superconducting state must 
be sufficiently strong to account for the 
large condensation energy of the cuprate 
superconductors (3-5). The best materials 
for testing this requirement are TlzBaz 
Cu06+, (Tl-2201) and HgBaz Cu04+, 
(Hg-1201), which have high critical tem- 
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peratures (Tc - 90 K) and a single copper 
oxide olane Der unit cell. 

The interlayer tunneling strength in cup- 
rates is often inferred from the normal- 
state anisotropy, but a key point of the ILT 
model is that this correlation will be un- 
conventional in the single-layer cuprates. 
It is therefore crucial to determine the 
interlayer coupling in the superconducting 
state. One measure of this coupling is the 
c-axis magnetic penetration depth, A,. 
Another measure is the Josephson plasma 
frequency (6 ,  7), wp  = CA,-'E-"~, where E 
is the dielectric constant of the interlaver 
medium and c is the speed of light. T'he 
Josephson resonance has not been detect- 
ed in either Tl-2201 or Hg-1201. Van der 
Mare1 and colleagues reported an upper 
limit w, &'I2 < 100 cm-I in T1-2201 (8), a 
value difficult to explain within the ILT 
model (4). In contrast, recently measured 
magnetic susceptibility data on oriented 
powders of Hg-1201, analyzed with Lon- 
don's equation and assuming spherical 
grains, give h,(T = 0)  = 1.36 2 0.16 pm 
for Hg-1201 (9), similar to the ILT value 
(10). Here, we used a SQUID microscope 
to image interlayer Josephson vortices in 
two single crystals of T1-2201 and deter- 
mine A, directly. 

(6,  11 ), where Qo = hc/2e is the supercon- 
ducting flux quantum, h is Planck's con- 
stant, e is the electron charge, and s is the 
interlayer spacing. A large vortex thus in- 
dicates a weak interlayer coupling. 

In recent work, we used vortex imaging 
to directly measure the Josephson coupling 
across gram boundaries of YBa2Cu,07-, 
(12) and the interlayer Josephson coupling 
in the quasi-two-dimensional (quasi-2D) 
organic superconductor K-(BEDT-TTF)Z- 
Cu(NCS), (13). We now report the obser- 
vation of isolated interlayer vortices in 
TlzBa2CuO6+,. Although the a-axis pene- 
tration depth is substantially less than our 
spatial resolut~on of 8 pm, our images di- 
rectly show the c-axis penetration depth A, 
.= 20 um. 

Magnetic fields were imaged at the sur- 
face of the crystals with a scanning SQUID 
microscope (14). The SQUID is integrated 
with shielded leads to a square supercon- 
ducting pickup loop (side length L = 8.2 
p.m) on the same chip. The SQUID detects 
the total magnetic flux through the pickup 
loop, 

Q = B,(x, y, s = zJdx dy (2) I loop 

where Bz is the local magnetic field perpen- 
dicular to the sample surface, x and y are 
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parallel to the surface, and the distance q, setup, in practice the exact value of q, at low sample in x and y, so that the signal for each 
between the surface and the pickup loop is temperatures should be considered an un- data set has an arbitrary constant offset. 
typically a few micrometers. Although q, is known. We detect the change in the flux When the 8.2-pm pickup loop is used to 
known approximately from the experimental through the pickup loop while scanning the image an anisotropic vortex in T1-2201 (Fig. 

lA),  the interlayer spacing, s = 11.6 A, and 

Fig. 1. (A) Sketch of an A 
8.2 pm by 8.2 pm pickup 
loop with shielded leads, 
together with a sketch of r ' ? a ,  -->C m 
the magnetic klds of a - 
highly anisotropic vortex. * Y The flux through the pick- - 

ZS--,~ 
- 

up loop is given by the l o t ' "  10 11m 

magnetic field 13, at a C 
height zo - 3 pm, inte- Y -- grated over the area of 
the pickup loop; a and c 
indicate the TI,&- 
CuO,,, crystal axes. The 
extent of the vortex along 
thea axis is calledthec 
axis or interlayer penetra- 
tion depth, because it is 
determined by supercur- 
rents flowing between 
the layers, parallel to c. 
(B) For comparison, im- 
ages of two Y ~ C u , -  
O,, ab-plane vortices. 
Because these vortices 
are much smaller than 
8.2 km, their apparent 
shape is dominated by 
the shape of the pickup 
lap .  (C) Images of 
TI,&CuO,+, ac-plane 
vortices. Vortices I ,  I I ,  and - 0 19Q1,: 

I l l  were observed in crys- 
tal 1 ; vortices Nand V were obsewed in crystal 2. The vortices are resolution-limited in the c direction but 
extend tens of micrometers along the a axis, indicating qualitatively that A, is a few tens of micrometers. 

Fig. 2 Longitudinal cross sections along 
the a axis through the vortices from Fig. 
1, plotted as the flux through the SQUID 0.5 
pickup loop, @, (offset in 0.1@, incre- 
ments) versus y. The data are fit to the 
functional form for the magnetic fields of 
an interlayer Josephson vortex with inter- 
layer penetration depth A,, propagated 0.4 
to the height of the pickup loop above the 
surface, zo, and integrated over the pick- 
up loop. The fit parameters are: (I) A, = 

22'2 pm, zo = 3.0 % 0.6 pm; (11) A, 
= 18 % 2 prn, zo = 3.4 % 0.4 pm; (111) 0.3 

G 
A, = 25':O pm, zo = 2.0 % 1.0 pm; a 
(IV) A, = 18 % 3 pm, zo= 2.2 ? 0.6 
pm; and (V)  A, = 22';' pm, zo = 1.9 
% 1.0 pm A transverse cross section 
along x is also shown, with a scale bar 
indicating the extent of the pickup loop 
along x, 11.6 pm The weighted aver- 
age of the penetration depths is A, = 

19 ? 2 pm. 

. . 

the a-axis penetration depth, A, = 0.17 pm 
(1 5), are both smaller than the spatial reso- 
lution. The interlayer penetration depth A, 
corresponds to currents flowing between the 
layers (along the c axis). 

We have previously imaged vortices in 
niobium films (14) and ab-plane vortices in 
YBa2Cu,0,, (YBCO) films (12) and crys- 
tals (16). In these cases, the relevant pene- 
tration d e ~ t h s  are much smaller than the size 
of the pickup loop, so the vortices are well 
approximated by monopole sources of mag- 
netic flux (17, 18). Figure 1B shows images 
of two ab- lane vortices in YBCO. whose 
apparent shapes are determined by the shape 
of the pickup loop (19). In contrast, the 
interlayer vortices observed in images of the 
ac face of T1-2201 (Fie. 1C) extend a con- 
siderable distance aloni the.layers. 

The T1-2201 crystals were grown under 
carefully controlled conditions (20). The 
crystals we chose for these experiments 
were platelet-shaped, with a basal plane 
area of - 1 mm2 and a thickness along the c 
axis varying between 50 and 100 pm. The 
images were made in a magnetically shield- 
ed dewar with an unknown residual field of 
several milligauss. We observed many sim- 
ilar ac-plane vortices in different parts of 
the two crystals. Five vortices (Fig. 1C) 
were chosen for detailed analysis because of 
their relatively large spacing from neighbor- 
ing vortices. The vortices extend a few tens 
of micrometers along the a axis, indicating 
qualitatively that A, is a few tens of mi- 
crometers. The full width at half-maximum 
(FWHM) along the a axis ranged from 35 
to 46 pm (Fig. 2). 

Neglecting the influence of the surface 
on the fields. and definine a and c as the 

c7 

directions parallel and perpendicular to 
the layers, respectively, the z-component of 
the magnetic field of an interlayer Joseph- 
son vortex is given by 

(lo), where 

l? = [(s/2~,)' + (xJXa)' + (yJ~c)2]112 (4) 

KO is a modified Bessel function of the 
second kind (of order O), and x, and y, 
denote the distance along the c axis and a 
axis, respectively (1 1 ). In our images, the 
crystal axes are rotated by 9 O  from the scan 
axes (Fig. 1). For these experiments, X, << 
(L, A,), so it is appropriate to integrate 
over x, at the surface. After this integra- 
tion, the FWHM along y, is *A,. For 
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comparison with the experimental data, 
we propagated the fields to a height z = % 
and integrated over the pickup loop (12). 
There are thus two nonlinear free param- 
eters, % and A,. 

Fits to longitudinal cross sections (along 
the a axis) of vortices I to V are shown in 
Fig. 2. The error bars are determined using a 
criterion of doubling of the variance from 
the best-fit value. Takiig the statistical av- 
erage of the values of A, weighted by the 
inverse of the square of the error, we find A, 
= 19 + 2 pm. There are larger systematic 
errors, which we estimate to be <30%, as- 
sociated with the uncertainties in the 
SQUID detector function (1 9) and with the 
uncertainty in the slope of the background. 

We used a similar procedure to make 2D 
fits of the vortices as a consistency check. 
The fit shown in Fig. 3 has three additional 
linear free parameters, allowing a best-fit 
planar background. Because the transverse 
direction is resolution-limited, the approx- 
imations in the effective shape of the de- 
tector (1 9) produce more serious errors than 
for the 1D longitudinal fit. Although these 
fits slightly underestimate the longitudinal 
width, they agree with the results from the 
1D fits to within about 20%. 

The consistency of our images leads us to 
believe that we are seeing, within our reso- 
lution, the intrinsic vortex shape for ac- 

plane vortices in T1-2201. However, this 
technique would not detect local materials 
defects that were homogeneously distribut- 
ed over l e n d  scales of several micrometers - 
or more. For example, if the crystals con- 
tained stacking faults or a superlattice struc- 
ture, the coupling would vary along the c 
axis. The ~enetration d e ~ t h  measured from 
the size of'the vortices wbuld be dominated 
by the most weakly coupled layers. Our 
direct measurement of the interlayer pene- 
tration depth is consistent with the nonob- 
servation of the Josephson plasma reso- 
nance down to a frequency of 100 cm-I (8). 
If the Josephson plasma resonance is detect- 
ed, a comparison of o, and A, might address 
the role of possible microscopic inhomoge- 
neities. Superstructures and stacking faults 
could also be identified by transmission 
electron microscopy. 

An empirical correlation between A, and 
the far-infrared c-axis conductivity for sever- 
al cuprates has been reported by Basov et al. 
(21). If we substitute the 1-2201 dc c-axis 
conductivity, a,, = 2 (ohm-cm)-' (8), for 
the far-infrared c-axis conductivity, our mea- 
surement agrees with Basov's correlation. In 
this limited sense, the c-axis transport prop- 
erties of T1-2201 are not unconventional for 
a cuprate. However, the normal-state dc c- 
axis resistivity of 1-2201 appears to be close 
to 'linear in temperature (8, 22). 

arbitrary background. (c) 
The dierence between the 
data and the fit. @) A cross sec- 
tion along the a axis and a cross 
section along the x axis, offset 
for clarity. Because of the sys- 
tematic uncertainties in the 4 
background, the shape of 
the vortex, and the effective '\ 
shape of the pickup loop, the ': 
value of A, obtained is 20% low- 
er than the value obtained from 
the 1 D fit in Fig. 2. 

In several published models, the c-axis 
coupling is described as a tunneling process 
that is independent of the mechanism of 
superconductivity. First, for diffusive pair 
transfer (parallel momentum not conserved) 
and an isotropic gap, Jo = ITA /2ep, (23), 
where A is the energy gap and p, is the 
interplane normal-state resistivity per plane. 
If we use p, = 0.5 ohm-cm (8) and estimate 
A as the Bardeen-Cooper-Schrieffer value 
1.76kBTc (where k, is Boltzmann's con- 
stant), the penetration depth should be -6 
pm. [Using p, = 0.01 ohm-cm (22) leads to 
the prediction 1 pm.] Second, for diffusive 
pair transfer with an anisotropic gap, the 
penetration depth is increased by an amount 
that depends on the details of the gap and 
the transfer function (24), and should be >6 
pm. Third, in the case of specular pair trans- 
fer (parallel momentum conserved), the crit- 
ical current density would be jo = fL12p,~e, 
where T is the scattering time. The experi- 
mentally measured value (2mc)-' - 300 
cm-' (25) then results in the estimate -1 
um. Fourth. Fertie and Das Sarma's micro- 
scopic theory cornlines the Nambu-Gorkov 
formalism with a tight bindine c-axis band - " 
and suggests that the effective-mass approx- 
imation substantially underestimates A, (26). 
Our single result may be consistent with 
these models, depending on the details of the 
scattering, the band structure, and the gap 
anisonopy. 

In the ILT model. the ~enetration d e ~ t h  , . 
is quantitatively determined by the conden- 
sation energy. For T1-2201, the prediction 
of the ILT model is AILT = 0.8 to 2 pm (3, 
4, 8, 10). Leggett defined the parameter q 
= (AILT/2Ac)2, the ratio of the c-axis kinetic 
energy in the superconducting ground state 
to the condensation energy (4). We find q - 0.001, indicating that the ILT mecha- 
nism can supply only about one-thousandth 
of the total condensation energy in T1- 
2201. The direct measurement of A, = 20 
pm in a high-T, single-layer cuprate mate- 
rial represents a serious disagreement with 
the ILT model as a candidate mechanism 
for superconductivity, and can serve as a 
constraint on future theoretical work to- 
ward a complete understanding of the c-axis 
properties of the cuprates. 
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c-Axis Electrodynamics as Evidence for the 
lnterlayer Theory of High-Temperature 

Superconductivity 
Philip W. Anderson 

In the interlayer theory of high-temperature superconductivity, the interlayer pair tun- 
neling energy (similar to the Josephson or Lawrence-Doniach energy) is the motivation 
for superconductivity. This connection requires two experimentally verifiable identities: 
the coherent normal-state conductance must be smaller than the "Josephson" coupling 
energy, and the Josephson coupling energy must be equal to the condensation energy 
of the superconductor. The first condition is well satisfied in the only case that is relevant, 
(La,Sr),CuO,, but the second condition has been questioned. It is satisfied for all dopings 
in (La,Sr),CuO, and also in optimally doped Hg(Ba),CuO,, which was measured recently, 
but seems to be strongly violated in measurements on single crystals of T12Ba2Cu0,. 

T h e  theory that ascribes the phenomenon 
of high-transition temperature (Tc) super- 
conductivity in the cuprates primarily to in- 
terlayer coupling ( I  ) correlates electromag- 
netic coupling along the c axis (that is, per- 
pendicular to the CuO, planes) with the 
condensation energy of ;he superconductor. 
This correlation, which should be narticular- 
ly sharp for "one-layer" materials, was pro- 
posed and roughly tested against data on 
(La,Sr),Cu04 ("214") (Z), and the equations 
were refined bv van der Mare1 et al. ( 3 )  and 
Leggett (4). In these latter papers, the appar- 
ent failure of the relation in Tl,Ba2Cu06 
("Tl 2201") was emphasized, and rather un- 
eauivocal measurements of the c-axis nene- 
tration depth A, (5) confirm this contradic- 
tion. However, there is quite good agree- 
ment in a growing number of other cases: 
214 at several different doping levels (6) and 
HgCa2Cu04 (Hg "1201" cuprate) (7). It ap- 
pears then, that the T1 salt is the "odd man 
out" or perhaps is not a true one-layer case; 
this compound exhibits wide swings in Tc  
with preparation treatment. Because both 
the T1 and Hg salts have relatively large 
c-axis spacings and comparable values of T, 
.= 90 K, the contradiction between the two 
is particularly striking, and it is important to 
confirm the measurements of ( 7 ) ,  preferably 
bv another ex~erimental method. 

Additional evidence for a major role 
for interlayer coupling is the observation 
of a strong bilayer correlation in neutron 
scattering in yttriiun barium copper oxide 
(YBCO) both In the superconducting 
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state (for optimal doping) (8) and in the 
spin-gap regime (9) ,  which is not explica- 
ble in one-layer theories but is predicted 
by the interlayer theory (10). Thus, T1 
2201 stands out in providing contravening 
evidence against the theory of ( 1 ) .  

The interlayer theory is simple in princi- 
~ l e .  For the cunrates, electron motion in the 
c direction is incoherent in the normal state. 
This anisotronv is unlike most normal met- 

L ,  

als, which are Fermi liquids and exhibit co- 
herent transDort in all directions. The inter- 
layer hypothesis is that electron pairing in 
the superconducting state makes this trans- 
port coherent, which is actually observed 
and is responsible for the Josephson-like or 
Lawrence-Doniach-like superconducting 
cou~ling between the lavers. 111 convention- 

L - 
a1 superconductors, the Lawrence-Doniach 
coupling replaces coherent transport in the 
normal state, so that the superconductor 
gains no relative energy, but in the cuprates, 
experimental observations exclude coherent 
transport in the normal state, so that the 
c-axis energy is available as a pairing mech- 
anism. [In my theory ( I  ), the mechanism 
blocking coherent transport is the non- 
Fermi liquid nature of the normal metal 
state.] Thus, superconduct~vity occurs in 
connection with a crossover from two-di- 
mensional to three-dimensional transnort: if 

L ,  

one desires a "quantum critical point" to be 
associated with high Tc, that is its nature. 

There are then two independent ways of 
measuring the energy that couples the planes 
together in the superconductor, each direct. 
The first method is, in analoev with the -, 

Josephson energy-current relation, to mea- 
sure the electromagnetic response to vector 
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