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The magnetic penetration depth in the vortex state of XBg&Og g5 has been measured as a function of
temperaturel and magnetic fielH applied along the axis. The internal field distribution in single crystals
was fit assuming a triangular vortex lattice with an average in-plane penetration Mgpt(A \p)*?
=1155(3) A, extrapolated toT=0 and H=0; A(H,T) increases with bothT and H. The large
T-independent increase iy, with H is attributed to a strong nonlinear response as a result of the unconven-
tional pairing in the superconducting staft80163-1827)01717-1

Measurements of the magnetic penetration deptin a  The qualitative difference is due to the fact that quasiparti-
superconductor provide important information on the super€les can easily be excited at all temperatures. In the case of
fluid density and how it changes as a function of temperad,2 2 pairing, Yip and Saufshave predicted a strong linear
ture, magnetic field and impurities. Recent studies of highfield dependence fax(H,0) in the Meissner state:

T. superconductors have focused primarily on the tempera-

ture dependence of, which is sensitive to the spectrum of NH, T)/N(O,T)=1+ B,(T)[H/Hg], (2
low lying excitations and thus the nature of the supercon-

ducting state. In particular, microwave cavity measurement¥/here Ho=o/(7°\§), ¢ is the coherence length and
in the Meissner stateand muon spin rotation(SR) mea- ~ $o=2.068<10"** T m?. Unlike in conventional supercon-
surements in the vortex state of YBau;0¢ 5 (Ref. 2 have ~ ductors, the prefactoB, remains large af =0. Recently,
clearly demonstrated that in the best crystals there is a lineattojkovic et al. have studied this effect at finite temperature
increase of the penetration depth as a function of temperand for different pairing schemésfor dy2_y2 pairing they
ture. This remains one of the strongest pieces of evidence fdiredict a crossover temperaturg*(H) below which
unconventional pairing in which there are line nodes in the\(H,T) is linear inH but quadratic inT and above which
superconducting energy gap function leading to a linear demt (H,T) is quadratic irH and linear inT. Maedaet al.” have
sity of statesp(E) for low lying excitations. reported a strong lineaf dependence fox in the Meissner

Much less is known about how varies with magnetic ~ state of single-crystal BSr,CaCu,0,, which also shows a
field. In the Meissner state of a conventional superconductoguadratic increase ok with temperature. Early measure-

one expects a weak quadratic field dependence, ments ofA (H,T) in a single crystal of YBaCu3O¢ o5 found
a largeH? ternf but the sample had a reduc®gl, indicating
AH,T)/NO0T)=1+B4(T)[H/H]?, (1)  that there may have been extrinsic effects due to impurities.

We reportuSR measurements of the magnetic field de-
whereH, is a characteristic field on the order of the thermo-pendence of the effective in-plane penetration depth
dynamic critical field. Neal, this behavior arises from ther- X ,,=(A,\p)*2 in the vortex state of twinned single crystals
modynamic considerations within Ginzburg-Land&BL) of YBa,Cu30445. TheT dependence of ,,, in these crys-
theory’ and the rapid variation il nearT.. At low tem- tals, which is linear at all magnetic fields considered, agrees
peratures a small quadratic field dependence comes fromithin the accuracy of the measurements with microwave
nonlinear corrections to the London equatibuasie to the cavity results near zero magnetic fiél@ur most important
fact that the supercurrent density does not scale exactly witfinding is that\ ,,, extrapolated to zero temperature increases
the velocity of the superfluid. The essential point is that astrongly as a function of magnetic field in the vortex state.
supercurrent causes pair breaking, leading to a decrease We attribute this behavior to a strong nonlinear response as a
the superfluid density as a function of increasing magneticesult of the unconventional pairing.
field or superfluid velocity. In a conventionslwave super- The measurements reported here were taken on two dif-
conductor, where there is an appreciable energy gap over thierent YBaCu3;Og o5 Samples with identical transition tem-
entire Fermi surface3,(T) is much less than 1 at low tem- peratureg93.2 K) and transition widths of less than 0.25 K.
peratures and vanishes as the temperature approaches zefbhe first sample was a mosaic of the same three crystals used

A much stronger magnetic field dependence\oifs ex-  in Ref. 2 and the second was a large single crystal measuring
pected for a superconductor with an unconventional pairingx5x 0.1 mm®. Details of the crystal growth and character-
state in which there are nodes in the energy gap functiorization may be found elsewhet® The ©SR experiments
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FIG. 1. Magnetic field distributions in the vortex state of a
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FIG. 2. The solid curve in botka) and(b) is the same Fourier
transform of the muon spin precession signal in single-crystal
YBa,Cu;04 g5cooled to 4.25 K in an external field of 0.5 T applied
along thec axis (see text The dashed curve itb) shows the best
fit to the stretched triangular lattice, whose field distribution is
shown in Fig. 1a), including a Gaussian broadening due to a 3%

type-ll superconductor predicted from a modified London modeldisorder in the flux lattice. The dashed curve(@ is the Fourier

[see Eq(3)]. In all cases the external magnetic field is 0.5 T with an
average penetration depth perpendicular to the
(A ghp)¥2=1217 A and GL parameter=68. The cases shown are
(a) a triangular vortex latticéin which A, /A, need not be equal to
1) and(b) a square lattice in which,/\,=1.

were performed on the M15 and M20 surface muon beam
S

lines at TRIUMF using a special low background apparatu
designed specifically for studying small crystalS:'*Except
for a few special cases, the measurements were taken a

transform of the muon polarization generated from the field distri-

fieldoution in Fig. 1a) without any Gaussian broadening.

where By is the average magnetic field;):Bo/Bcz,

Nab=(NaAp) Y2 and « is fixed at a value 68 determined
previously*'® The summation is over all reciprocal lattice
vectors of a triangular vortex lattice. This is the vortex ge-
ometry which minimizes the free energy for a conventional

isotropic superconductdt:1® Figure 1a) shows the theo-

cooling the sample in an external magnetic field app“eoretical field distribution for a triangular lattice. For compari-

along thec axis (perpendicular to the Cupplanes in order
to generate the most uniform lattice of vortices.

In a transverse fielh SR experiment one measures the
time evolution of the muon polarization vectdiP,(t),

son we present the field distribution pertaining to a square
vortex lattice in Fig. 1b), normalized to the same peak
height. For a conventional superconductor with the external

magnetic field parallel to the crystallograprﬁicaxis, anisot-

P,(t)] which precesses about the internal magnetic fieldropy in thea-b plane results in a stretched-triangular vortex
Since the implanted muons stop randomly over regions largkttice in which the primitive basis vectors scale with the
compared with the length scale of the flux lattice, jpbBR  mass anisotropy. However, the field distribution for the tri-
frequency spectrum is proportional to the magnetic field disangular lattice is independent of the anisotropy parameter
tribution in the samplen(B). For hard type-Il superconduct- ,,=2=)_/\,, because any change i 2 is compensated
ors in the field region being considered herefor py rescaling the coordinates in E@). Far infrared re-
(Haa<H<Hc,), n(B) is determined primarily by the Lon-  flectance measurements in zero field have found that
don penetration depth and the geometry of the vortex lattice ~2-1.47(14) and\,,=1325(60) A, averaged over two

At low temperatures and low magnetic fields, changes in th
coherence lengthé (or equivalently the GL parameter
k=M\/£) only produces changes in the high-field tail of
n(B) corresponding to the region of the vortex cores.

The uSR time spectrasee, for example, Fig. 1 in Ref) 2
were fit in a manner outlined therein. Theoretical field distri-
butions were generated using the London model, modified t
take into account the finite coherence lentftiror a perfect

vortex lattice the local field at any point in tieeb plane is
then given by

. 2
—iK-ra—K2A\S/2(1—b)x?

e e

1+K2\2,/(1-b)

. )

B(r>=Bo;

amples similar to those used in the present stiidy.

The solid curve in each of Figs(@ and 2b) is the finite
Fourier transform of the time spectrum from the large single
crystal atT=4.25 K. For illustrative purposes, the spectrum
shown in Fig. 2 was taken by first cooling in a magnetic field
of 0.5 T and then reducing the field by 5 mT. This small shift
th field has no detectable effect on the field distribution in the
sample at low temperatures where the vortex lattice is held
rigid by pinning forces. However, such a shift moves a small
background line to lower frequencies so that the field distri-
bution in the sample can be viewed without obstruction. The
magnitude of this background signal corresponds to about
5% of the sample signal and is due to a small inefficiency in
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The linear term is essentially independent of magnetic field
to within the systematic uncertainties. Also the linear coeffi-
cienta agrees well with microwave cavity measurements of
d\/dT at low temperatures in zero magnetic fieldfter

r”y

= T d\/dT has been converted inth ~2/d T using our absolute
& value of\.
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The inset of Fig. 3 shows the field dependence\gf
extrapolated td =0. The error bars represent the systematic
uncertainties il (T=0) that we estimate by fitting random
subsets of the\(T) data for each magnetic field. The solid

70 line is a fit of the entire data set to a power law:
"‘g 65 Nap(H, T=0)=X\ap(0,0)+ BHP, (5)
Yo 60| where  \,(0,0)=1155(3) A B=78(3) A/IT and
=< | p=1.0(1).Since the data in Fig. 3 are only a small subset of
the entire field range below,, one cannot conclude that
So T the full field dependence of the penetration depth is linear.
i I We stress that the qualitative features in Fig. 3 are not sen-
50 : ' ‘ + : sitive to the precise choice of the vortex lattice structure. For
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TEMPERATURE. (K) instance, although the square lattice of Fig)Yields much

worse fits to the data, the field dependence\ gf remains
unchanged.

So far there is no detailed theory for the effects of a non-
linear supercurrent response in the vortex state with which to
compare our results. However, one would expect the change
dependence ok, extrapolated tof=0 as a function of applied in the penetration depth to scale roughly with the average
magnetic field. The data for the three-crystal mos&ef. 18 are  supercurrent density. In the Meissner state the supercurrent
shown as open circles whereas solid squares are for the large singensity J increases almost linearly as function ldf How-
crystal. ever, in the vortex state the average supercurrent density

(3y={(|VXB(r)|)/uo scales roughly a#i%*! in the field
the background suppression system. The dashed curve tange of our investigation, fdB(r) defined by the modified
Fig. 2b) is a Fourier transform of the simulated muon po- London model of Eq(3).X® Within this model, a linear in-
larization function which best fits the data. The values ofcrease inA with magnetic field in the vortex state would
x” were typically 220 for 150 degrees of freedom. correspond to\=(J)24"), In the Meissner state this would

In order to obtain fits of the quality shown in Figli2it  translate to arH?*") dependence. However, one must be
was necessary to allow for a Gaussian broadening of th@ery careful in making such a comparison, as there are sev-
internal field distribution, which is likely due to a small era| qualitative differences between the vortex and Meissner
amount of random disorder in the flux latti@bout 3% of  states. In particular the field and current distributions are
the lattice constant in this caseln Fig. 2(a) the same data very different. Also the peak and average current densities in
are compared with a theoretical transform generated with thghe vortex state are much higher than in the Meissner state.
same flttlng parameters but without the additional GaUSSia[h the vortex state tal T the average current density
broadening. Comparison of the two dashed curves in Fig. 23)=4.2x 10" Acm~2 whereas in the Meissner state at
shows the high sensitivity of the line shape to even a smalj=10 mT at a distanck=1200 A from the surfacel is 10
amount Of disorder in the ﬂUX Iattice. The dashed Iine in F|gt|mes Sma”er_ It iS C|ear that a deta"ed Comparison W|th

2(b) represents the best fit to the data. It is clear that theneory will require an extension of the theory for nonlinear
internal field distribution is close to that predicted for a effects in the vortex state.

stretched triangular lattice in an anisotropic conventional su- e note that there have been attempts to explain the mag-
perconductor. Comparison of the dashed curve in Figl 2 petic field dependence of theSR linewidth in some of the
with the corresponding field distribution in Fig(a) shows  earlier studies in terms of vortex fluctuatiofisHowever,
how the finite Fourier transformation smears the sharp feagych corrections to the penetration depth would be small
tures inn(B). Consequently, one cannot readily distinguishpelow 30 K where we observe a large field dependence. In
vortex lattice structures with similar internal field distribu- tact at high temperatures such as 80 K, where vortex fluc-

tions by simply inspecting the finite Fourier transforms of thetyations would be largest, there was no detectable field de-
corresponding muon spin precession signals. This is one §fendence.

the reasons why the actual fitting is done in the time domain. |t g possible that the unit cell of the vortex lattice in
Figure 3 shows the low temperature behaviongf for  yBa,Cus0,_, is something other than triangular. Recent
three of the magnetic fields considered. Excellent fits wer&sTM measurements on single crystalsupport an earlier
obtained to a linear relation: neutron scattering stud§which determined that the vortex
lattice in YBa,Cu30+_ s is oblique, with nearly equal primi-
tive vectors forming an angle of approximately 75°. Both

FIG. 3. The temperature dependence m;bz(T,H) in
YBa,Cu;0¢ o5 for applied magnetic fields of 0.%solid squares
1.0 (circles, and 1.5 T(solid triangle$. The inset shows the field

N"AT)=N"2(0)[1—aT]. (4)
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experiments also suggest that one of the primitive vectors iapproximately 0.8.. We stress that any changes in the vor-
oriented at an angle of 45° with respect to either sher  tex structure assumed in our fits would only alter the abso-

b axis. No current theory, however, provides an intrinsicluté values of,, and would have a negligible effect on the
mechanism which gives the orientation of the vortex latticedualitativeT andH dependences ofyp,.

with respect to the crystallographic axis seen in STM and In conclusion, we observe a strohfydependence at low
neutron scattering experiments. An oblique lattice may exist for the in-plane penetration depth in the vortex state of
in orthorhombic YBgCu30,_; if the expected hexagonal single crystals of YBaCu3Ogg9s. In addition, the lineaiT
vortex lattice aligns itself with twin boundaries, as argued bydependence which has been observed previously is found to
Walker and Timusk3 Hence, the vortex lattice may very be independent ofi in the field range studied. The strong
well be a triangular or stretched-triangular lattice in aT andH behavior of\(H,T) are attributed to the unconven-
sparsely twinned sample of YB&u3Og g5. Vortex-imaging tional pairing state.

experiments on untwinned crystals are needed to resolve this _ )

issue. Another possibility is that upon field cooling our W€ would like to thank lan Affleck, John Berlinsky,
sample, the vortex structure just beldi (which is pre- Catherine Kallin, Ma_rcel Fr_anz, and Mohammz_id Sharlfzat_jeh
dicted to be triangular for a-wave superconductor in the for many helpful discussions and Syd Kreitzman, Keith
context of GL theor%) becomes Strong|y pinned and main_ Hoyle, Curtis Ballal‘d, and Mel Good for technical assis-
tains its geometry down to low temperature_ We have a|1ance. This work is SUppOftEd by the Natural Sciences and
ready demonstrated the strong pinning of the vortex lattice ifEngineering Research Council of Canada and by the U.S.
our samples at low temperaturesee discussion for Fig.)2 Department of Energy through Grant No. DE-FGO05-
The lattice remains pinned upon warming the sample, up t88ER45353.
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