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Magnetic field dependence of the London penetration depth in the vortex state of YBa2Cu3O6.95
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The magnetic penetration depth in the vortex state of YBa2Cu3O6.95 has been measured as a function of

temperatureT and magnetic fieldH applied along theĉ axis. The internal field distribution in single crystals
was fit assuming a triangular vortex lattice with an average in-plane penetration depthlab5(lalb)

1/2

51155(3) Å, extrapolated toT50 and H50; l(H,T) increases with bothT and H. The large
T-independent increase inlab with H is attributed to a strong nonlinear response as a result of the unconven-
tional pairing in the superconducting state.@S0163-1829~97!01717-7#
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Measurements of the magnetic penetration depthl in a
superconductor provide important information on the sup
fluid density and how it changes as a function of tempe
ture, magnetic field and impurities. Recent studies of hi
Tc superconductors have focused primarily on the temp
ture dependence ofl, which is sensitive to the spectrum o
low lying excitations and thus the nature of the superc
ducting state. In particular, microwave cavity measureme
in the Meissner state1 and muon spin rotation (mSR! mea-
surements in the vortex state of YBa2Cu3O6.95 ~Ref. 2! have
clearly demonstrated that in the best crystals there is a lin
increase of the penetration depth as a function of temp
ture. This remains one of the strongest pieces of evidence
unconventional pairing in which there are line nodes in
superconducting energy gap function leading to a linear d
sity of statesr(E) for low lying excitations.

Much less is known about howl varies with magnetic
field. In the Meissner state of a conventional supercondu
one expects a weak quadratic field dependence,

l~H,T!/l~0,T!511b1~T!@H/H0#
2, ~1!

whereH0 is a characteristic field on the order of the therm
dynamic critical field. NearTc this behavior arises from ther
modynamic considerations within Ginzburg-Landau~GL!
theory3 and the rapid variation inl nearTc . At low tem-
peratures a small quadratic field dependence comes
nonlinear corrections to the London equations4 due to the
fact that the supercurrent density does not scale exactly
the velocity of the superfluid. The essential point is tha
supercurrent causes pair breaking, leading to a decrea
the superfluid density as a function of increasing magn
field or superfluid velocity. In a conventionals-wave super-
conductor, where there is an appreciable energy gap ove
entire Fermi surface,b1(T) is much less than 1 at low tem
peratures and vanishes as the temperature approaches5

A much stronger magnetic field dependence ofl is ex-
pected for a superconductor with an unconventional pair
state in which there are nodes in the energy gap funct
550163-1829/97/55~17!/11789~4!/$10.00
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The qualitative difference is due to the fact that quasipa
cles can easily be excited at all temperatures. In the cas
dx22y2 pairing, Yip and Sauls

5 have predicted a strong linea
field dependence forl(H,0) in the Meissner state:

l~H,T!/l~0,T!511b2~T!@H/H0#, ~2!

where H05f0 /(p
2lj), j is the coherence length an

f052.068310215 T m2. Unlike in conventional supercon
ductors, the prefactorb2 remains large atT50. Recently,
Stojkovicet al. have studied this effect at finite temperatu
and for different pairing schemes.6 For dx22y2 pairing they
predict a crossover temperatureT* (H) below which
l(H,T) is linear inH but quadratic inT and above which
l(H,T) is quadratic inH and linear inT. Maedaet al.7 have
reported a strong linearH dependence forl in the Meissner
state of single-crystal Bi2Sr2CaCu2Oy , which also shows a
quadratic increase ofl with temperature. Early measure
ments ofl(H,T) in a single crystal of YBa2Cu3O6.95 found
a largeH2 term8 but the sample had a reducedTc , indicating
that there may have been extrinsic effects due to impurit

We reportmSR measurements of the magnetic field d
pendence of the effective in-plane penetration de
lab5(lalb)

1/2 in the vortex state of twinned single crysta
of YBa2Cu3O6.95. TheT dependence oflab in these crys-
tals, which is linear at all magnetic fields considered, agr
within the accuracy of the measurements with microwa
cavity results near zero magnetic field.1 Our most important
finding is thatlab extrapolated to zero temperature increas
strongly as a function of magnetic field in the vortex sta
We attribute this behavior to a strong nonlinear response
result of the unconventional pairing.

The measurements reported here were taken on two
ferent YBa2Cu3O6.95 samples with identical transition tem
peratures~93.2 K! and transition widths of less than 0.25 K
The first sample was a mosaic of the same three crystals
in Ref. 2 and the second was a large single crystal measu
53530.1 mm3. Details of the crystal growth and characte
ization may be found elsewhere.2,9 The mSR experiments
11 789 © 1997 The American Physical Society
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11 790 55J. E. SONIERet al.
were performed on the M15 and M20 surface muon bea
lines at TRIUMF using a special low background appara
designed specifically for studying small crystals.2,10,11Except
for a few special cases, the measurements were taken
cooling the sample in an external magnetic field appl
along theĉ axis ~perpendicular to the CuO2 planes! in order
to generate the most uniform lattice of vortices.

In a transverse fieldmSR experiment one measures t
time evolution of the muon polarization vector@Px(t),
Py(t)# which precesses about the internal magnetic fie
Since the implanted muons stop randomly over regions la
compared with the length scale of the flux lattice, themSR
frequency spectrum is proportional to the magnetic field d
tribution in the sample,n(B). For hard type-II superconduct
ors in the field region being considered he
(Hc1<H!Hc2), n(B) is determined primarily by the Lon
don penetration depth and the geometry of the vortex latt
At low temperatures and low magnetic fields, changes in
coherence lengthj ~or equivalently the GL paramete
k5l/j) only produces changes in the high-field tail
n(B) corresponding to the region of the vortex cores.

ThemSR time spectra~see, for example, Fig. 1 in Ref. 2!
were fit in a manner outlined therein. Theoretical field dis
butions were generated using the London model, modifie
take into account the finite coherence length.12 For a perfect
vortex lattice the local field at any point in theâ-b̂ plane is
then given by

B~r !5B0(
K

e2 iK•re2K2lab
2 /2~12b!k2

11K2lab
2 /~12b!

, ~3!

FIG. 1. Magnetic field distributions in the vortex state of
type-II superconductor predicted from a modified London mo
@see Eq.~3!#. In all cases the external magnetic field is 0.5 T with
average penetration depth perpendicular to the fi
(lalb)

1/251217 Å and GL parameterk568. The cases shown ar
~a! a triangular vortex lattice~in which la /lb need not be equal to
1) and~b! a square lattice in whichla /lb51.
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where B0 is the average magnetic field,b5B0 /Bc2
,

lab5(lalb)
1/2 and k is fixed at a value 68 determine

previously.2,13 The summation is over all reciprocal lattic
vectors of a triangular vortex lattice. This is the vortex g
ometry which minimizes the free energy for a convention
anisotropic superconductor.14–16Figure 1~a! shows the theo-
retical field distribution for a triangular lattice. For compar
son we present the field distribution pertaining to a squ
vortex lattice in Fig. 1~b!, normalized to the same pea
height. For a conventional superconductor with the exter
magnetic field parallel to the crystallographicĉ axis, anisot-
ropy in theâ-b̂ plane results in a stretched-triangular vort
lattice in which the primitive basis vectors scale with t
mass anisotropy. However, the field distribution for the t
angular lattice is independent of the anisotropy param
g225la /lb , because any change ing22 is compensated
for by rescaling the coordinates in Eq.~3!. Far infrared re-
flectance measurements in zero field have found
g2251.47(14) andlab51325(60) Å, averaged over two
samples similar to those used in the present study.17

The solid curve in each of Figs. 2~a! and 2~b! is the finite
Fourier transform of the time spectrum from the large sin
crystal atT54.25 K. For illustrative purposes, the spectru
shown in Fig. 2 was taken by first cooling in a magnetic fie
of 0.5 T and then reducing the field by 5 mT. This small sh
in field has no detectable effect on the field distribution in t
sample at low temperatures where the vortex lattice is h
rigid by pinning forces. However, such a shift moves a sm
background line to lower frequencies so that the field dis
bution in the sample can be viewed without obstruction. T
magnitude of this background signal corresponds to ab
5% of the sample signal and is due to a small inefficiency

l

d

FIG. 2. The solid curve in both~a! and ~b! is the same Fourier
transform of the muon spin precession signal in single-cry
YBa2Cu3O6.95cooled to 4.25 K in an external field of 0.5 T applie

along theĉ axis ~see text!. The dashed curve in~b! shows the best
fit to the stretched triangular lattice, whose field distribution
shown in Fig. 1~a!, including a Gaussian broadening due to a 3
disorder in the flux lattice. The dashed curve in~a! is the Fourier
transform of the muon polarization generated from the field dis
bution in Fig. 1~a! without any Gaussian broadening.
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the background suppression system. The dashed curv
Fig. 2~b! is a Fourier transform of the simulated muon p
larization function which best fits the data. The values
x2 were typically 220 for 150 degrees of freedom.

In order to obtain fits of the quality shown in Fig. 2~b! it
was necessary to allow for a Gaussian broadening of
internal field distribution, which is likely due to a sma
amount of random disorder in the flux lattice~about 3% of
the lattice constant in this case!.2 In Fig. 2~a! the same data
are compared with a theoretical transform generated with
same fitting parameters but without the additional Gauss
broadening. Comparison of the two dashed curves in Fig
shows the high sensitivity of the line shape to even a sm
amount of disorder in the flux lattice. The dashed line in F
2~b! represents the best fit to the data. It is clear that
internal field distribution is close to that predicted for
stretched triangular lattice in an anisotropic conventional
perconductor. Comparison of the dashed curve in Fig. 2~a!
with the corresponding field distribution in Fig. 1~a! shows
how the finite Fourier transformation smears the sharp
tures inn(B). Consequently, one cannot readily distingui
vortex lattice structures with similar internal field distrib
tions by simply inspecting the finite Fourier transforms of t
corresponding muon spin precession signals. This is on
the reasons why the actual fitting is done in the time dom

Figure 3 shows the low temperature behavior oflab
22 for

three of the magnetic fields considered. Excellent fits w
obtained to a linear relation:

l22~T!5l22~0!@12aT#. ~4!

FIG. 3. The temperature dependence oflab
22(T,H) in

YBa2Cu3O6.95 for applied magnetic fields of 0.2~solid squares!,
1.0 ~circles!, and 1.5 T~solid triangles!. The inset shows the field
dependence oflab extrapolated toT50 as a function of applied
magnetic field. The data for the three-crystal mosaic~Ref. 18! are
shown as open circles whereas solid squares are for the large s
crystal.
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The linear term is essentially independent of magnetic fi
to within the systematic uncertainties. Also the linear coe
cienta agrees well with microwave cavity measurements
dl/dT at low temperatures in zero magnetic field1 after
dl/dT has been converted intodl22/dT using our absolute
value ofl.

The inset of Fig. 3 shows the field dependence oflab
extrapolated toT50. The error bars represent the systema
uncertainties inl(T50) that we estimate by fitting random
subsets of thel(T) data for each magnetic field. The sol
line is a fit of the entire data set to a power law:

lab~H,T50!5lab~0,0!1bHp, ~5!

where lab(0,0)51155(3) Å, b578(3) Å/T and
p51.0(1).Since the data in Fig. 3 are only a small subset
the entire field range belowHc2, one cannot conclude tha
the full field dependence of the penetration depth is line
We stress that the qualitative features in Fig. 3 are not s
sitive to the precise choice of the vortex lattice structure. F
instance, although the square lattice of Fig. 1~b! yields much
worse fits to the data, the field dependence oflab remains
unchanged.

So far there is no detailed theory for the effects of a no
linear supercurrent response in the vortex state with whic
compare our results. However, one would expect the cha
in the penetration depth to scale roughly with the avera
supercurrent density. In the Meissner state the supercur
densityJ increases almost linearly as function ofH. How-
ever, in the vortex state the average supercurrent den
^J&5^u“3B(r )u&/m0 scales roughly asH0.41 in the field
range of our investigation, forB(r ) defined by the modified
London model of Eq.~3!.19 Within this model, a linear in-
crease inl with magnetic field in the vortex state woul
correspond tol}^J&2.4(7). In the Meissner state this woul
translate to anH2.4(7) dependence. However, one must
very careful in making such a comparison, as there are s
eral qualitative differences between the vortex and Meiss
states. In particular the field and current distributions
very different. Also the peak and average current densitie
the vortex state are much higher than in the Meissner st
In the vortex state at 1 T the average current densit
^J&54.23107 A cm22 whereas in the Meissner state
H510 mT at a distancel51200 Å from the surface,J is 10
times smaller. It is clear that a detailed comparison w
theory will require an extension of the theory for nonline
effects in the vortex state.

We note that there have been attempts to explain the m
netic field dependence of themSR linewidth in some of the
earlier studies in terms of vortex fluctuations.20 However,
such corrections to the penetration depth would be sm
below 30 K where we observe a large field dependence
fact at high temperatures such as 80 K, where vortex fl
tuations would be largest, there was no detectable field
pendence.

It is possible that the unit cell of the vortex lattice
YBa2Cu3O72d is something other than triangular. Rece
STM measurements on single crystals21 support an earlier
neutron scattering study22 which determined that the vorte
lattice in YBa2Cu3O72d is oblique, with nearly equal primi-
tive vectors forming an angle of approximately 75°. Bo

gle
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11 792 55J. E. SONIERet al.
experiments also suggest that one of the primitive vector
oriented at an angle of 45° with respect to either theâ or
b̂ axis. No current theory, however, provides an intrin
mechanism which gives the orientation of the vortex latt
with respect to the crystallographic axis seen in STM a
neutron scattering experiments. An oblique lattice may e
in orthorhombic YBa2Cu3O72d if the expected hexagona
vortex lattice aligns itself with twin boundaries, as argued
Walker and Timusk.23 Hence, the vortex lattice may ver
well be a triangular or stretched-triangular lattice in
sparsely twinned sample of YBa2Cu3O6.95. Vortex-imaging
experiments on untwinned crystals are needed to resolve
issue. Another possibility is that upon field cooling o
sample, the vortex structure just belowTc ~which is pre-
dicted to be triangular for ad-wave superconductor in th
context of GL theory24! becomes strongly pinned and mai
tains its geometry down to low temperature. We have
ready demonstrated the strong pinning of the vortex lattic
our samples at low temperatures~see discussion for Fig. 2!.
The lattice remains pinned upon warming the sample, up
is

e
d
st

y

is

l-
in

to

approximately 0.8Tc . We stress that any changes in the vo
tex structure assumed in our fits would only alter the ab
lute values oflab and would have a negligible effect on th
qualitativeT andH dependences oflab .

In conclusion, we observe a strongH dependence at low
T for the in-plane penetration depth in the vortex state
single crystals of YBa2Cu3O6.95. In addition, the linearT
dependence which has been observed previously is foun
be independent ofH in the field range studied. The stron
T andH behavior ofl(H,T) are attributed to the unconven
tional pairing state.
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