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Measurement of the Fundamental Length Scales in the Vortex State &fBa;Cu3QO¢ 60
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The internal field distribution in the vortex state of Y&asO¢ 4, iS Shown to be a sensitive measure
of both the magnetic penetration depth, and the vortex-core radiys,. The temperature dependence
of pg is found to be weaker than in the conventional superconductor NaS& much weaker than
theoretical predictions for an isolated vortex. The effective vortex-core radius decreases sharply with
increasingH, whereas\,;,(H) is found to be much stronger than in NBSe [S0031-9007(97)04251-8]

PACS numbers: 74.60.Ec, 74.72.BK, 76.75.+i

The magnetic penetration depthand the coherence (STM) and muon spin rotationSR) can be used to char-
length ¢ are the two fundamental length scales in a superacterize the size of vortex cores and thereby deterréiine
conductor. A is directly related to the superfluid density,  directly deep in the superconducting state. Recent STM
whereas¢ is the length scale for spatial variations in the [6] and wSR [7] measurements on NbSshow thatp
superconducting order parameter. In recent years, meaecreases with increasirfg, as a result of the increased
surements oft have provided strong evidence for uncon-interaction between vortices. Similar studies on high-
ventional pairing in the high=. materials in that there are materials have not yet been performed with STM. Pin-
line nodes in the superconducting energy gap. In particuaing of the vortices due to surface roughness and oxygen
lar, in both the Meissner and vortex statashas been vacancies eliminates the long-range order in the vortex lat-
observed to increase linearly with temperatdre[1,2] tice and results in variations in the electronic structure of
and magnetic field? [3,4] at low T in single crystals of the cores. Furthermore, the effect of the discontinuity in

YBa,Cuw; O 05. the quasiparticle excitation spectrum at the surface is still
Much less is known about the behavior §f In fact, not understood.
until now there has been no measurementaleep in On the other handuSR provides information on the

the superconducting state of a high-superconductor. vortex cores in the bulk of the sample. As explained
The magnitude of¢ near the phase boundary has beenin Ref. [7], in a uSR experimentp, is related to the

estimated from measurements of the upper critical fieldhigh-field cutoff of the measured internal field distribu-
H., using Ginzburg-Landau (GL) theory. For a type-ll tion. The spectral weight at the cutoff grows as the
superconductor foH near H.,, the coherence length is density of the vortices increases. A well-defined cut-

related toH.,(T) in GL theory by off was observed in NbSe(Ref. [7]), wherep, is sev-
o eral times larger than in YB&wOg o5 (Refs. [2,4]). In

&) = 1/7°. (1) YBaCw;Og95 no clear signal from the vortex cores was
2mHeo(T) visible below 3 T. The temperature dependence @f)

Reliable estimates af in YBa,Cu;O;-s made in thisway  was investigated in an earli@grSR study of YBaCu;Og 5
are extremely difficult because the valugthh atT = 0is  at higher magnetic fields [8]. Unfortunately, the signal-to-
so large (i.e..~100 T). ConsequentlyH., measurements noise ratio was poor due to the influence of the large mag-
are limited to high temperatures abo¥¢7,. ~ 0.85, so  netic field on the positron orbits and timing resolution.
that the lowT behavior of£(T) can be determined only In addition, demagnetization effects likely contributed
by extrapolation. The situation is further complicated insignificantly to the measured field distribution since the
the highT,. compounds by strong thermal fluctuations oversample consisted of nineteen small crystals, arahd &
a sizable region nedf. which result in broad transitions were assumed independent/fin the fitting procedure.
and poor estimates df.,(7T). Furthermore, Eq. (1) may In this Letter we present aSR study of the oxygen de-
not be valid for an unconventional superconductor. ficient highT,. superconductor YB& ;0 ¢9. Compared

It is desirable to have direct measurements of the coto the optimally oxygenated compound, Yf&asOg ¢ has
herence length, which in the vortex state is related to tha smaller carrier concentration in the Guflanes, a re-
size of the vortex cores. In particular, for a conventionalducedT,. and H,.,, and a correspondingly largér. This
superconducto€ ~ p,, where p is the vortex-core ra- allows us now to report the first detailed study of the funda-
dius [5]. In principle, both scanning tunneling microscopy mental length scales and¢ in a high4. superconductor.

0031-900797/79(15)/2875(4)$10.00  © 1997 The American Physical Society 2875



VOLUME 79, NUMBER 15 PHYSICAL REVIEW LETTERS 13 ©TOBER 1997

We studied two different YBEwOs69 Samples with  metry of thed,- - .-wave vortex cores to distort the lattice
identical transition temperatures (59 K). The first sampleérom triangular symmetry, but only at high fields where
(S1) was obtained by deoxygenating the three-crystahe intervortex spacing is small. So far no experiments
mosaic of YBaCu;Og9s used in Refs. [2,4]. The twin have imaged the vortex lattice in YB@au;Og 0.
boundary spacing was on the orderloum in the bulk. Figure 1 shows the real amplitude of the Fourier
The second sample (S2) was grown from a separate bat¢tansform of the muon precession signal in ¥Ba;Og 60
and consisted of two large single crystals with a tétal for T = 0.047., and H = 0.75 T (solid curve) and of
b plane surface area of 30 Mm S2 was mechanically the simulated muon polarization function which best fits
detwinned, such that the twin boundary density was abouhe data (dashed curve). Above the line shape is
an order of magnitude smaller than in S1. Measurementsearly a perfect Gaussian with a width entirely due to the
were performed on field-cooled samples using the M1%wuclear-dipolar fields. Well belowW . the internal field
and M20 surface muon beam lines at TRIUMF and thedistribution is very similar to that previously observed in
same apparatus as that used in Refs. [2,4,7]. NbSe, where the vortex lattice is known to be triangular.

The experimental muon spin precession signal was fif small peak due to a residual background signal is
assuming the local field due to the vortex lattice at anyalso visible. At0.84T. the field distribution is no longer

point in thea- b is given by [9] asymmetric (Fig. 1, inset). We attribute this qualitative
“i6P Ky (u) change in the line shape to melting of the vortex lattice,

i 4 e unfq\u . .. . .
B(p) = Bo(1 = b )% Az,,GZ ’ (2a) i.e., a transition from continuous 3D vortex lines to 2D

with vortex “panca'k'es” which are uncorrelatgd betwegn planes.
) S . 5 S_uch a transition hqs been observeduiBR studies of
u'=2&,G°(1 + bY)[1 — 2b(1 — b)7], (2b)  highly anisotropic BisSr ssCaCuOgs (BSCCO) [15]
whereB, is the average magnetic fiell,= B/B.,, £, is  but does not occur in YB&EWOs9s in similar fields
the GL coherence length, arid (1) is a modified Bessel because of stronger interplane coupling. We estimate the
function. This analytical model of the field profile agreesvariation of the crossover temperatufg with magnetic
extremely well with the exact numerical solutions of thefield for 0.5 < H < 1.5Tto beT,, = T, — aH, where
GL equations [10] at low reduced fields—whereash < «a = 17(1) K/T andT,. = 59 K.
0.02 for our measurements. The temnk;(u) cuts off the Figure 2 shows the temperature dependence,g{T)
summation, such that there is no logarithmic divergencéelow 7,, for three magnetic fields. As previously
of field at the vortex cores as in the conventional Londorobserved in YBaCu;Og o5 [4] and La g5S1p.15CuQy [16],
model. The cutoff is done in a way which preserves
circular symmetry around the vortex cores. We note
that the results herein are qualitatively similar to those
obtained using a modified London model fBfp) with ST
a Gaussian cutoff factor (as in Ref. [4]) and nearly o L
identical to those using a Lorentzian cutoff—where only
the latter is strictly valid at low fields. The internal
field distributionn(B) was convoluted with a Gaussian of o |
width o to account for vortex-lattice disorder and nuclear
dipolar fields.

The summation in Eqg. (2) is taken over all reciprocal 3 , , ' 0
lattice vectorsG of a triangular vortex lattice—the struc-
ture which minimizes the free energy for a conventional
superconductor. Infrared reflectance measurements of
in zero field [11] show a small anisotropy in thieb
plane Q,/A, = 1.3) which will stretch the triangular lat-
tice, leading to elliptical cores in whick, /&, = Ay/Ap.

It was shown in Ref. [4] through a scaling argument, that
the corresponding magnetic field distribution is identical
to the isotropic case. In d_,--wave superconductor ‘ , )
the magnetic field distribution in the core region can be 99.75 100.25 100.75 101.25 101.75
fourfold symmetric [12,13] and twofold symmetric with FREQUENCY (MHz)

a-b anisotropy [14]. However, theoretical models for a

dy2—,2-wave vortex core contain too many parameters td-1G. 1. The Fourier transforms of the muon spin precession

PP : ; signal in YBaCwOg¢ after field cooling in a magnetic
be useful in fitting experimental data. Modeling the COTEE =4 1 ~ 075 T dowm t07 — 0.04 and0.847, (inset). The

region with circular (or elliptical) symmetry should be dashed curve is the Fourier transform of the simulated muon

sufficient to characterize the changes in core size Witfyolarization function which best fits the data and the shaded
field and temperature. In general, one expects the symegion is the residual background signal.
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there is a strong linedf dependence at low temperature or d,>—,--wave [13] superconductor. However, these
which is independent off. The inset of Fig. 2 shows a theories pertain to a single isolated vortex and do not
comparison between tt# dependence o, (T) at 0.5 T  account for vortex lattice effects. Thermal fluctuations
and microwave cavity measurements [17]&4,,(T) in  of the vortices about their average positions result in a
zero magnetic field. The excellent agreement confirmgremature truncation of the high-field tail in theSR
that the fitting procedure, which assumes a triangulaline shape—which results in an overestimatepgfthat
vortex lattice, introduces at most only a small systematiéncreases withT. However, thermal fluctuations are
error in the absolute value of. This is reasonable since expected to be most important at high magnetic fields
it has been shown theoretically that including additional[23] or nearT,,, and do not account for the weak@&r
terms in the free energy of the vortex state produce onlylependence relative to NbSe
minor changes in the internal field distribution [18]. In Fig. 4, Au, po, and k extrapolated tol' = 0 are

As in Ref. [7] we defineo, to be the radius at which plotted as a function off. The magnitude ofA,;,
the supercurrent density;(p) = V X B(p) reaches its determined in S1 is significantly lower than that in S2.
maximum value. J(p) profiles were generated from The difference is likely a result of vortex lattice distortions
fits of the data to the field profile of Eq. (2). Figure 3 in S1 due to twin boundary pinning. This introduces a
shows theT dependence opo(T) for the same fields systematic uncertainty in the determinationf,. The
as in Fig. 2. The solid lines are fits to the linearrms deviation of the vortices from their positions in a
relationpo(T) = po(0)[1 + BT/T.], whereB ~ 0.23is  perfect triangular lattice (estimated from the fitted values
essentially independent of field. The inset of Fig. 3 showsf o) was found to be~8% and 5% of the intervortex
the T dependence opy at 0.5 T normalized tg, at spacing for S1 and S2, respectively. This disorder was
T = 0. The linear term is much weaker than that found inindependent ofH. The lines in Fig. 4(a) are fits to
NbSe at 0.19 T [19], whereg8 ~ 1.2. Better agreement the linear relationA,, (0, H) = A, (0,0)[1 + yH/H.].
(see Fig. 3) is obtained iff is normalized to7* =  AssumingH., = 70 T, 1,,(0,0) = 1586 A andy = 6.6
250 K, the temperature below which a pseudogap opens im S1, andA,;(0,0) = 1699 A andy = 5.0 in S2. The
the spectrum of low-energy excitations in YH&akOg 60 increase inA,, with H is comparable to that observed
(Ref. [20]). One possible interpretation is that the pairingrecently in YBaCuw;Og o5 [4] and is considerably stronger
amplitude is established prior to the onset of long range¢han that reported in NbSewhere y = 1.6 [7]. This
phase order af. [21]. In both materials the size of the difference can be attributed to an enhancement in pair
vortex core does not decrease as steeply with temperatubeeaking caused by the applied field for an energy
as expected in theoretical predictions fos-avave [22] gap function with nodes—analogous to the nonlinear

Meissner effect [24].
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FIG. 2. The temperature dependence ofA(T,H) in FIG. 3. TheT dependence opy in YBa,Cw; O (S2) for
YBa,Cw;O4 69 (S2) for applied fields of 0.5 (solid circles), 0.85 applied fields of 0.5 (solid circles), 0.85 (open circles), and 1.25
(open circles) and 1.25 T (solid triangles). Inset: Thede- T (solid triangles). Inset: Th& dependence gby(T)/po(0) in
pendence ofi,, at 0.5 T. The solid line shows the microwave NbSe at 0.19 T (open circles) and in YB@8u;Ogeo at 0.5 T
measurements oA A, (T) = Ay (T) — Ae,p(1.25 K) in zero  normalized tof, = 59 K (solid circles) andl'™ = 250 K (open
field [17] assuming our valug,;(1.25 K) = 1762 A. triangles).
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1900 - ; - - . 153 T~'. We also find thaic is essentially independent
— 1850 | detwinned _ of T over the entire temperature range. This agrees
<L not only with magnetization measurements in the vortex
. 1800 r i state of BSCCO foff /T, > 0.43 [27], but also with our
G so | % - e . previous measurements in NbSe
. 5 - i In conclusion, we have measured theand H depen-
< L (a) dences ofA,;, andpg in YBa,Cw;Og ¢ for H < H.,. We
1650 | ‘ , , . ‘ ] find that A,, and py both vary linearly withT at low
80 . . . | ‘ temperatures. Th& dependence fop, is considerably
— (b) smaller than that found in NbSe Also, A,, increases
A Q ] while po decreases with increasing magnetic field. We
— attribute the field dependence @f to the compression of
T 00 T ¢ ! the vortices due to vortex-vortex interactions.
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