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Measurement of the Fundamental Length Scales in the Vortex State ofYBa2Cu3O6.60
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The internal field distribution in the vortex state of YBa2Cu3O6.60 is shown to be a sensitive measure
of both the magnetic penetration depthlab and the vortex-core radiusr0. The temperature dependence
of r0 is found to be weaker than in the conventional superconductor NbSe2 and much weaker than
theoretical predictions for an isolated vortex. The effective vortex-core radius decreases sharply with
increasingH, whereaslabsHd is found to be much stronger than in NbSe2. [S0031-9007(97)04251-8]

PACS numbers: 74.60.Ec, 74.72.Bk, 76.75.+ i
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The magnetic penetration depthl and the coherence
lengthj are the two fundamental length scales in a supe
conductor.l is directly related to the superfluid densityns,
whereasj is the length scale for spatial variations in the
superconducting order parameter. In recent years, m
surements ofl have provided strong evidence for uncon
ventional pairing in the high-Tc materials in that there are
line nodes in the superconducting energy gap. In partic
lar, in both the Meissner and vortex states,l has been
observed to increase linearly with temperatureT [1,2]
and magnetic fieldH [3,4] at low T in single crystals of
YBa2Cu3O6.95.

Much less is known about the behavior ofj. In fact,
until now there has been no measurement ofj deep in
the superconducting state of a high-Tc superconductor.
The magnitude ofj near the phase boundary has bee
estimated from measurements of the upper critical fie
Hc2 using Ginzburg-Landau (GL) theory. For a type-I
superconductor forH near Hc2, the coherence length is
related toHc2sT d in GL theory by

jsT d 

s
F±

2pHc2sT d
. (1)

Reliable estimates ofj in YBa2Cu3O72d made in this way
are extremely difficult because the value ofHc2 atT  0 is
so large (i.e.,,100 T). Consequently,Hc2 measurements
are limited to high temperatures aboveTyTc , 0.85, so
that the lowT behavior ofjsTd can be determined only
by extrapolation. The situation is further complicated i
the high-Tc compounds by strong thermal fluctuations ove
a sizable region nearTc which result in broad transitions
and poor estimates ofHc2sT d. Furthermore, Eq. (1) may
not be valid for an unconventional superconductor.

It is desirable to have direct measurements of the c
herence length, which in the vortex state is related to th
size of the vortex cores. In particular, for a conventiona
superconductorj , r0, wherer0 is the vortex-core ra-
dius [5]. In principle, both scanning tunneling microscop
0031-9007y97y79(15)y2875(4)$10.00
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(STM) and muon spin rotation (mSR) can be used to char-
acterize the size of vortex cores and thereby determinej

directly deep in the superconducting state. Recent ST
[6] and mSR [7] measurements on NbSe2 show thatr0
decreases with increasingH, as a result of the increased
interaction between vortices. Similar studies on high-Tc

materials have not yet been performed with STM. Pi
ning of the vortices due to surface roughness and oxyg
vacancies eliminates the long-range order in the vortex l
tice and results in variations in the electronic structure
the cores. Furthermore, the effect of the discontinuity
the quasiparticle excitation spectrum at the surface is s
not understood.

On the other hand,mSR provides information on the
vortex cores in the bulk of the sample. As explaine
in Ref. [7], in a mSR experimentr0 is related to the
high-field cutoff of the measured internal field distribu
tion. The spectral weight at the cutoff grows as th
density of the vortices increases. A well-defined cu
off was observed in NbSe2 (Ref. [7]), wherer0 is sev-
eral times larger than in YBa2Cu3O6.95 (Refs. [2,4]). In
YBa2Cu3O6.95 no clear signal from the vortex cores wa
visible below 3 T. The temperature dependence ofjsT d
was investigated in an earliermSR study of YBa2Cu3O6.95

at higher magnetic fields [8]. Unfortunately, the signal-to
noise ratio was poor due to the influence of the large ma
netic field on the positron orbits and timing resolution
In addition, demagnetization effects likely contribute
significantly to the measured field distribution since th
sample consisted of nineteen small crystals, andl andj

were assumed independent ofH in the fitting procedure.
In this Letter we present amSR study of the oxygen de-

ficient high-Tc superconductor YBa2Cu3O6.60. Compared
to the optimally oxygenated compound, YBa2Cu3O6.60 has
a smaller carrier concentration in the CuO2 planes, a re-
ducedTc andHc2, and a correspondingly largerj. This
allows us now to report the first detailed study of the fund
mental length scalesl andj in a high-Tc superconductor.
© 1997 The American Physical Society 2875
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We studied two different YBa2Cu3O6.60 samples with
identical transition temperatures (59 K). The first sam
(S1) was obtained by deoxygenating the three-crys
mosaic of YBa2Cu3O6.95 used in Refs. [2,4]. The twin
boundary spacing was on the order of1 mm in the bulk.
The second sample (S2) was grown from a separate b
and consisted of two large single crystals with a totalâ-
b̂ plane surface area of 30 mm2. S2 was mechanically
detwinned, such that the twin boundary density was ab
an order of magnitude smaller than in S1. Measureme
were performed on field-cooled samples using the M
and M20 surface muon beam lines at TRIUMF and t
same apparatus as that used in Refs. [2,4,7].

The experimental muon spin precession signal was
assuming the local field due to the vortex lattice at a
point in theâ- b̂ is given by [9]

Bsrd  B0s1 2 b4d
X
G

e2iG?r u K1sud
l

2
abG2

, (2a)

with

u2  2 j2
abG2s1 1 b4d f1 2 2bs1 2 bd2g , (2b)

whereB0 is the average magnetic field,b  ByBc2, jab is
the GL coherence length, andK1sud is a modified Bessel
function. This analytical model of the field profile agre
extremely well with the exact numerical solutions of th
GL equations [10] at low reduced fieldsb —whereasb ,

0.02 for our measurements. The termu K1sud cuts off the
summation, such that there is no logarithmic divergen
of field at the vortex cores as in the conventional Lond
model. The cutoff is done in a way which preserv
circular symmetry around the vortex cores. We no
that the results herein are qualitatively similar to tho
obtained using a modified London model forBsrd with
a Gaussian cutoff factor (as in Ref. [4]) and nea
identical to those using a Lorentzian cutoff—where on
the latter is strictly valid at low fields. The interna
field distributionnsBd was convoluted with a Gaussian o
width s to account for vortex-lattice disorder and nucle
dipolar fields.

The summation in Eq. (2) is taken over all reciproc
lattice vectorsG of a triangular vortex lattice—the struc
ture which minimizes the free energy for a convention
superconductor. Infrared reflectance measurementsl
in zero field [11] show a small anisotropy in thêa-b̂
plane (laylb > 1.3) which will stretch the triangular lat-
tice, leading to elliptical cores in whichjbyja  laylb .
It was shown in Ref. [4] through a scaling argument, th
the corresponding magnetic field distribution is identic
to the isotropic case. In adx22y2 -wave superconducto
the magnetic field distribution in the core region can
fourfold symmetric [12,13] and twofold symmetric wit
a-b anisotropy [14]. However, theoretical models for
dx22y2 -wave vortex core contain too many parameters
be useful in fitting experimental data. Modeling the co
region with circular (or elliptical) symmetry should b
sufficient to characterize the changes in core size w
field and temperature. In general, one expects the s
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metry of thedx22y2 -wave vortex cores to distort the lattice
from triangular symmetry, but only at high fields where
the intervortex spacing is small. So far no experimen
have imaged the vortex lattice in YBa2Cu3O6.60.

Figure 1 shows the real amplitude of the Fourie
transform of the muon precession signal in YBa2Cu3O6.60

for T  0.04Tc and H  0.75 T (solid curve) and of
the simulated muon polarization function which best fit
the data (dashed curve). AboveTc the line shape is
nearly a perfect Gaussian with a width entirely due to th
nuclear-dipolar fields. Well belowTc the internal field
distribution is very similar to that previously observed in
NbSe2, where the vortex lattice is known to be triangular
A small peak due to a residual background signal
also visible. At0.84Tc the field distribution is no longer
asymmetric (Fig. 1, inset). We attribute this qualitativ
change in the line shape to melting of the vortex lattice
i.e., a transition from continuous 3D vortex lines to 2D
vortex “pancakes” which are uncorrelated between plane
Such a transition has been observed inmSR studies of
highly anisotropic Bi2.15Sr1.85CaCu2O81d (BSCCO) [15]
but does not occur in YBa2Cu3O6.95 in similar fields
because of stronger interplane coupling. We estimate t
variation of the crossover temperatureTm with magnetic
field for 0.5 , H , 1.5 T to beTm > Tc 2 aH, where
a  17s1d KyT andTc  59 K.

Figure 2 shows the temperature dependence ofl
22
ab sT d

below Tm for three magnetic fields. As previously
observed in YBa2Cu3O6.95 [4] and La1.85Sr0.15CuO4 [16],

FIG. 1. The Fourier transforms of the muon spin precessio
signal in YBa2Cu3O6.60 after field cooling in a magnetic
field H , 0.75 T down to T  0.04 and 0.84Tc (inset). The
dashed curve is the Fourier transform of the simulated mu
polarization function which best fits the data and the shad
region is the residual background signal.
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there is a strong linearT dependence at low temperature
which is independent ofH. The inset of Fig. 2 shows a
comparison between theT dependence oflabsT d at 0.5 T
and microwave cavity measurements [17] ofDlabsTd in
zero magnetic field. The excellent agreement confirm
that the fitting procedure, which assumes a triangul
vortex lattice, introduces at most only a small systemat
error in the absolute value ofl. This is reasonable since
it has been shown theoretically that including additiona
terms in the free energy of the vortex state produce on
minor changes in the internal field distribution [18].

As in Ref. [7] we definer0 to be the radius at which
the supercurrent densityJssrd  = 3 Bsrd reaches its
maximum value. Jssrd profiles were generated from
fits of the data to the field profile of Eq. (2). Figure 3
shows theT dependence ofr0sT d for the same fields
as in Fig. 2. The solid lines are fits to the linea
relationr0sTd  r0s0d f1 1 bTyTcg, whereb , 0.23 is
essentially independent of field. The inset of Fig. 3 show
the T dependence ofr0 at 0.5 T normalized tor0 at
T  0. The linear term is much weaker than that found i
NbSe2 at 0.19 T [19], whereb , 1.2. Better agreement
(see Fig. 3) is obtained ifT is normalized toTp 
250 K, the temperature below which a pseudogap opens
the spectrum of low-energy excitations in YBa2Cu3O6.60
(Ref. [20]). One possible interpretation is that the pairin
amplitude is established prior to the onset of long rang
phase order atTc [21]. In both materials the size of the
vortex core does not decrease as steeply with temperat
as expected in theoretical predictions for as-wave [22]

FIG. 2. The temperature dependence ofl
22
ab sT , Hd in

YBa2Cu3O6.60 (S2) for applied fields of 0.5 (solid circles), 0.85
(open circles) and 1.25 T (solid triangles). Inset: TheT de-
pendence oflab at 0.5 T. The solid line shows the microwave
measurements ofDlabsT d  labsT d 2 labs1.25 Kd in zero
field [17] assuming our valuelabs1.25 Kd  1762 Å.
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or dx22y2 -wave [13] superconductor. However, these
theories pertain to a single isolated vortex and do n
account for vortex lattice effects. Thermal fluctuation
of the vortices about their average positions result in
premature truncation of the high-field tail in themSR
line shape—which results in an overestimate ofr0 that
increases withT . However, thermal fluctuations are
expected to be most important at high magnetic field
[23] or nearTm, and do not account for the weakerT
dependence relative to NbSe2.

In Fig. 4, lab, r0, and k extrapolated toT  0 are
plotted as a function ofH. The magnitude oflab

determined in S1 is significantly lower than that in S2
The difference is likely a result of vortex lattice distortions
in S1 due to twin boundary pinning. This introduces a
systematic uncertainty in the determination oflab . The
rms deviation of the vortices from their positions in a
perfect triangular lattice (estimated from the fitted value
of s) was found to be,8% and 5% of the intervortex
spacing for S1 and S2, respectively. This disorder wa
independent ofH. The lines in Fig. 4(a) are fits to
the linear relationlabs0, Hd  labs0, 0df1 1 gHyHc2g.
AssumingHc2  70 T, labs0, 0d  1586 Å andg  6.6
in S1, andlabs0, 0d  1699 Å and g  5.0 in S2. The
increase inlab with H is comparable to that observed
recently in YBa2Cu3O6.95 [4] and is considerably stronger
than that reported in NbSe2 where g  1.6 [7]. This
difference can be attributed to an enhancement in pa
breaking caused by the applied field for an energ
gap function with nodes—analogous to the nonlinea
Meissner effect [24].

FIG. 3. The T dependence ofr0 in YBa2Cu3O6.60 (S2) for
applied fields of 0.5 (solid circles), 0.85 (open circles), and 1.2
T (solid triangles). Inset: TheT dependence ofr0sT dyr0s0d in
NbSe2 at 0.19 T (open circles) and in YBa2Cu3O6.60 at 0.5 T
normalized toTc  59 K (solid circles) andT p  250 K (open
triangles).
2877
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FIG. 4. The field dependence of (a)lab , (b) r0, and (c)
kab  labyjab extrapolated toT  0 in YBa2Cu3O6.60. The
data for S1 (twinned) are shown as open circles whereas
solid circles designate S2 (detwinned).

Figure 4(b) shows howr0 decreases with increasing
magnetic field. Twin boundaries appear to have a neg
gible effect on the core size since there is good agreem
between S1 and S2. A physical interpretation is that the
creased interaction between vortices with field “squeeze
the vortex cores causing a reduction inr0. The micro-
scopic theory for a conventional superconductor predic
such behavior [25]. It is conceivable the result may be a
tributed to quantum fluctuations at low temperatures whic
become important for largeH [26]. However, quantum
fluctuations are likely to have a small effect given the ob
served field dependence ofr0 in NbSe2 (Refs. [6,7]). The
essential point is that quantum fluctuations are expect
to be negligible in a conventional superconductor wherej

is large [26]. It is important to realize that our measure
ments in YBa2Cu3O6.60 extend over a very narrow range
of HyHc2 relative to those for NbSe2. We were limited
to this field range by the melting transition for higherH
and the small amplitude of the high-field cutoff for lowe
H. Consequently, no reduction in the rate of change
r0 with H (expected for larger fields) was observed. A
linear fit to the data yields an interceptr0s0, 0d  89.5 Å
and slope228.2 ÅyT.

Figure 4(c) shows theH dependence ofk  labyjab .
A linear fit gives an interceptks0, 0d  17.0 and slope
2878
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15.3 T21. We also find thatk is essentially independent
of T over the entire temperature range. This agree
not only with magnetization measurements in the vortex
state of BSCCO forTyTc . 0.43 [27], but also with our
previous measurements in NbSe2.

In conclusion, we have measured theT and H depen-
dences oflab andr0 in YBa2Cu3O6.60 for H ø Hc2. We
find that lab and r0 both vary linearly withT at low
temperatures. TheT dependence forr0 is considerably
smaller than that found in NbSe2. Also, lab increases
while r0 decreases with increasing magnetic field. We
attribute the field dependence ofr0 to the compression of
the vortices due to vortex-vortex interactions.
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