RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 59, NUMBER 2 1 JANUARY 1999-11

Expansion of the vortex cores in YBaCu3Og o5 at low magnetic fields
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Muon-spin-rotation spectroscopy has been used to measure the effectivg, sif¢he vortex cores in
optimally doped YBgaCu;O4 g5 as a function of temperatuiie and magnetic fieldH deep in the superconduct-
ing state. Whiler, at H=2 T is close to 20 A and consistent with that measured by scanning tunneling
microscopy at 6 T, we find a striking increaserinat lower magnetic fields, where it approaches an extraor-
dinarily large value of about 100 A. This suggests that the average value of the superconducting coherence
length¢,;, in cuprate superconductors may be much larger than previously thought at low magnetic fields in the
vortex state[S0163-18209)50702-9

The vortex core in a type-Il superconductor is a region invortex core, is to introduce additional components i)
which the superconducting order parameter) is strongly  (e.g., ady,-wave componeni* However, there is currently
suppressed. The size of the vortex core is therefore closelyo direct evidence for an order parameter of mixed symme-
related to the coherence lengthwhich is the smallest length try in the bulk of HTS's.
over which ¢(r) can change appreciably. Some time ago In a previous study> we determined the size of the vortex
Caroli et al! predicted that a discrete spectrum of quasiparcores in the underdoped compound ¥880¢ ¢, The elec-
ticle excitations exists within a radiusof the vortex axis. A tronic structure of the cores in underdoped YBCO has yet to
scanning tunneling microscop§STM) experiment on the be investigated with STM, although one may anticipate a
conventional type-ll superconductor NpSey Hessetal? local density of states resembling the normal-state
confirmed the existence of these localized states in the vortgxseudogap, as in underdoped BSCEdn Ref. 15,r, was
core. Since then both muon-spin-rotatieSR) (Ref. 3 and  found to change as a function ®fandH in a manner similar
STM (Ref. 4 measurements have shown that the vortex core¢o that observed in NbSebut with a considerably weaker
sizer, in NbSe decreases with increasing magnetic field, intemperature dependence. Hayashal1® recently suggested
a manner which scales with the increased strength of théhat this may indicate that the quantum limit is established at
vortex-vortex interactions. These same technigit@shave  a much higher temperature in YB21,0 g0 because of the
also shown that, shrinks with decreasing temperature, assmall value of¢ relative to that in NbSg Generally speak-
predicted by the so-called “Kramer-Pesch effect.” ing, ¢ is considered to be “short” in the HTS'se.g.,

The electronic structure of the vortex cores in the high- <20 A) 17 This is one of the primary features which distin-
superconductorgHTS's) is less certain. Experiments per- gyish them from conventional superconductors. In
formed on YBaCwO;_; (YBCO) (Refs. 8 and ® and  yBa,Cu,04 4, 1, was found to be as large as 80 A at low
Ndy g5Ce.18CU0, 5 (NCCO) (Ref. 10 seem to support the  magnetic fields, which suggests thais in excess of 20 A.
existence of a few bound quasiparticle states in the Vorteﬁowever, this is a phase with, of 60 K, so¢ is expected

core. On the other hand, no evidence of such localized statg§ pe somewhat larger than in a highersample. Thus, it is
was found in a recent STM study of the vortex core in under- ) '

of great interest to check the size and field dependencg of
and overdoped BBSrLCaCuyOg, s (BSSCQ.! Instead the g P &

: Z i timally doped YB O, ith th i T of
tunneling spectra in the vortex core resembled the pseudog%o}g_lﬁiﬁ(e ?r?eundera(i)bgec?g\?ngo tr?errf\grrlnrgltjignn CO? the

which forms at the Fermi surface in the normal state of thi . N .

. ) .~ . pseudogap in YBZ uOg o5 appears to coincide with the su-

ga}}egil. It sho_;ﬂd be nI(t)tzd that th? ;/o(;te?f Iattg:e SItUd'.ed I%erconducting gap at.. The STM study of the vortex core
et. was either melted or consisted of randomly pinne y Maggio-Aprile et al® in near optimally doped YBCO

panc_ake vortices. . clearly shows two peaks within a gaplike structure, indicat-
It is now widely accepted that the order parameter in thqng the presence of bound quasiparticle states

hole-doped HTS's (which excludes NCCO _havgzdéa\ In this paper we preseptSR measurements of the effec-
d2_y2-wave symmetry. Several authors have pointedott o yortex core size in YB# w05 o5 as a function of tem-

that bound quasiparticle states are unlikely to exist in a vor- erature and magnetic field applied along thaxis of the

tex of ad,z_yz-wave superconductor because of theAnode rystals. Our measurementsrgfare shown to be consistent
which are present in the energy gap functiap=Ao(k;  with the STM study of Ref. 8 aH=6T. Surprisingly, we

—k?) along the directionk,|=|k,|. One way of explaining find that at low fieldsr, increases to a comparatively large
experiments on HTS’s which support localized states in thevalue of 100 A. A simple interpretation of this result would
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be that the length scale over which the order parameter : ' ' ' '
changes in the region of the vortex cdre., the definition of
the coherence length as pertaining to the vortex siateon-
siderably larger than the nominal and accepted value of
about 20 A measured in high magnetic fields.

We report here measurements i in three different
samples of YBgCu;Og g5 The magnetic field distributions in
two of these samples were previously recortfedhe first
(TW1) was a mosaic of three crystals whereas the other
(TW2) was a single crystal. All of these crystals contained 0.020
twin boundaries and had transition temperatures of
93.20.25 K. We also report here measurements taken in
TW2 after removing the twin boundaries. Detwinning was
achieved by applying uniaxial stress to the crystal with the
sample heated to no more than 250°C in an oxygen atmo-
sphere. Subsequent to the mechanical detwinning process,
the crystal was reannealed to set the oxygen doping level.
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The uSR experiments were performed on the M15 and M20 -0.015 | -
surface beamlines at TRIUMF. Our experimental setup is —0.020 . . . .
described elsewher8. 00 03 06 09 1.2 1.5

Although ©SR does not directly probe the electronic
structure of the vortex cores, it does sample the distribution
of local magnetic fields in the vicinity of the cores. The spin  FIG. 1. (a) The muon precession signal in Y&, o5 after
of an implanted muon precesses at a frequency which is deld cooling toT=5.8 K in a magnetic fieldd =0.498 T. The solid
rectly proportional to the local magnetic field at the muonline is a fit described in the textb) Difference between the mea-
site. Since the local magnetic field rises to a maximum in theured precession signal and the theoretical polarization funfgtion
vortex cores where superconductivity is destroyrgdis di-  (a)] assumingé,,=54 A (solid circles and &,,=20 A (open
rectly related to the high-field tail in the measured field dis-squares For visual clarity, we have doubled the bin size use@jn
tribution. The size of the core is not strictly defined, how-and not shown the error bars=(x 0.003).
ever, because there is no sharp discontinuity in spatial
guantities between a normal vortex core and the surroundinmeasured field distribution, which is all that is required to
superconducting material. Here, as in our previous wWdrk, generate the correspondidg(r) profile needed to determine
we definer, to be the radius about the vortex axis at whichr,. The summation in Eq(l) is taken over all reciprocal
the supercurrent densitg(r) reaches its maximum value. lattice vectorsG of a triangular vortex lattice. This assump-
This feature allows us to accurately monitor changes in théion is reasonable, because for field-cooled samples the vor-
effective size of the vortex cores. The supercurrent densityex lattice geometry at low is governed by the geometry of
Jg(r) is obtained from the field profilB(r) through the Max- the lattice at the pinning temperature. We have shown
well relation J4(r)=|VXB(r)|. In fitting the measured previously that the vortex lattice in our YB&u;Og o5 Crys-
muon spin precession signal, some modelind3@f) is re-  tals is strongly pinned at low and remains so upon warm-
quired. However, to appreciate the accuracy of the presernihg up to T~0.7T.. The lattice in the detwinned crystal
study it is important to realize that thig(r) profile does not  depins at similar high temperatures. Ima_2-wave super-
depend on the validity of the model assumed, since it isonductor, the vortex lattice is predicted to be nearly trian-
essentially the same for any functi&tr) which fits the data gular at temperatures closeTg (e.g., see Ref. 22We note
well. that even if the lattice is not triangular, a good fit still yields

As in Refs. 3 and 15, the local field due to the vortexthe appropriate (r) profile.
lattice at any point in theéd-b plane was modeled with a All of the data were fit in the time domain with a theoret-
theoretical field distribution generated from a Ginzburg-ical muon polarization function constructed from the field
Landau(GL) modef® profile of Eq.(1). This was multiplied by a Gaussian relax-

_ ation functione™“"**’2 to account for any residual disorder in
_ 4 e”'®uKy(u) the vortex lattice and the contribution of the nuclear dipolar
B(r)=Bo(1-b )% ONGE (18 moments to the internal field distribution. The residual back-
2 ground signal was fit assuming a Gaussian broadened distri-
where bution of fields. The Fourier transforT) of the muon
precession signal approximates the internal field distribution
u?=2£2,G%(1+b*[1—2b(1-b)?], (1b)  and resembles the predicted asymmetric line shape for an
ordered lattice of vortices. However, the FT suffers from
By is the average magnetic fiel@, are the reciprocal lattice nojse and broadening effects associated with the finite num-
vectors,b=Bg/B.,, &ap is the GL coherence length and per of events and limited time range, so that the data must be
K1(u) is a modified Bessel function. We do not expect theanalyzed in the time domain.
conventional GL model to be valid deep in the superconduct- Figure ¥a) shows the first 1.5us of a typical muon pre-
ing state. However, this model gives a very good fit to thecession signal in YB#u;Og g5 displayed in a reference

Time (us)
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FIG. 2. (a) The ratioy?/NDF as a function ofa) £,, and(b)
(from the same fijsfor H=0.498 T (stars, NDF=1148) andH

. FIG. 3. (@) The temperature dependencergfat 0.5 T
=1.952 T(circles, NDF=1196) atT=5.8 K. @ P P ¢ (open

circles and 1.5 T(solid circleg in twinned YBgCu;Og o5 (TW1).
(b) The magnetic-field dependencergfextrapolated ta =0. The
frame rotating at 3.3 MHz below the Larmor precession fretwinned crystals TW1 and TW2 are shown as open circles and
quency of a free muon. The solid curve is a (fictually — squares, respectively, whereas the detwinned crystal is denoted by
performed over the first fs) to the theoretical polarization S°lid triangles.
function assuming,,=54 A, with all other fitting param-
eters unconstrained. The difference between this fit and the in a pured,z_ 2-wave superconductd?, which does not
measured spectrum is shown in Figbjl compared to the agree with the weak temperature dependence observed here
same assuming,,=20 A. Note that the quality of the fitis in YBCO.
most affected by a change i, at early time, where the Figure 3b) shows the magnetic-field dependencergf
amplitude of the signal originating from the vortex lattice is extrapolated t@ = 0. Included in this figure are data from all
largest. The ratio 0f? to the number of degrees of freedom three samples. Note that there is excellent agreement be-
(NDF) for fits assuming different values &, is shown in  tween the twinned and detwinned crystals. In Ref. 15 it was
Fig. 2@ for two different magnetic fields. Due to the high shown that detwinning a YB&uOs ¢ Single crystal had
statistics of the measured field distributi@re., typically 2  virtually no effect on the deduced valuesrgf, even though
x 10" muon decay evenksy?/NDF is greater than 1. Figure there was evidence for distortions in the vortex lattice caused
2(b) shows thatc=\ /&, Obtained from the same fits also by twin boundary pinning. We find that the fitted parameter
depends orH. &ap Changes as a function @fandH in a manner similar to
Figure 3a) shows the temperature dependence pfat  that ofrg, with &,,~[0.828(23) o+ 0.72(1.24) A. Thus at
H=0.5 T and 1.5 T in sample TW1. The error bars repre-largeH wherer, is small, we have,,~r. It is important
sent the statistical uncertainty in the fitted valueségf. to note, however, that unlike,, the precise behavior &y,
Both sets of data show a slight decreasejiwith decreas- does depend on the theoretical model usedBor). Al-
ing temperature which is essentially linear below 50 K. Thethough the GL model is invalid here, our measurements in
strength of the term linear i is comparable to that previ- both NbSe and YBaCu0,_ 5 qualitatively resemble thé
ously reported in YBgCu;Og o0 =° Which indicates that ther- andH dependence of the core size predicted from a quasi-
mal vibrations are an unlikely source of the observed behawelassical treatment of a vortex in both aawave and a
ior. On the other hand, this linear term is considerablyd,z_,2-wave superconductdf:?®
weaker than in NbSe>® a result consistent with the predic- ~ Some of the data in Fig.(B) are replotted in Fig. 4, along
tion of Ref. 16 that a vortex core containing only a few with the measurements of(H) in YBa,Cu;Og go (from Ref.
discrete bound states will stop shrinking below a relativelyl5). As was the case in Nbg§eboth\ ,, and the ratio\ /1
high saturation temperature. It should be noted that the core~«) atT=0 are well described by relations linearkh so
size is also predicted to shrink dramatically with decreasinghat
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160 . T T . . T lations suggest that the shrinking of the vortex cores satu-
140 | rates at largdd. Note that Eq(2) can be written strictly in
terms of the intervortex spacirg (sinceL o< \H).
120 . Maggio-Aprileet al® attributed the two peaks observed in
o 100 | the spectrum for tunneling into a vortex core of YBCO at
~ T=4.2K andH=6 T, to the lowest bound quasiparticle en-
S 80 i ergy level E;,=5.5 meV. Using the formulaEy,
J YB0,Cu306 50 STM =2uA%/Er from Ref. 1 and takingé,, at low T to be
= eor equivalent to the BCS coherence length="rv/mAg,
T a0l gives &,p,=(2/2/mym?E ) Y?~17 A. This result &ry) is
plotted in Fig. 4. The agreement with the extrapolated curve
20 - YBa,Cuz0g g5 from our uSR measuremerttsis striking and raises the pos-
0 I I I I ! ! sibility that the vortex cores in YB&WOgos are
0 1 2 3 4 5 6 conventional-like(i.e., they contain localized quasiparticle

H (T) state$. Several theoretical studigg.g., see Ref. J4have
suggested that bound states may arise from a second compo-
nent in the order parameter, induced by spatial variations in
thed,2_,2-wave component in the vicinity of a vortex core.

If this is the case, the core expansion will be accompanied by
the formation of numerous bound states, which should be
detectable by STM. Thus far, STM has not been used to
probe the vortex structure at low magnetic fields in the
HTS's.

In conclusion, we have observed a large increase in the
size of the vortex cores in YB&u;Og 95 at low magnetic
fields, similar to the behavior reported in the conventional
superconductor NbSeThe expansion of the cores appears
 be a general property of superconductors in the vortex
state. The agreement with STM measurements based on a

FIG. 4. The magnetic-field dependencergfin YBa,CuzOg 95
(solid circles and YBgCusOg 6o (Open triangles extrapolated to
T=0. The solid square &1=6 T is the value of,,~r, deduced
from the STM experimentRef. 8 on twinned YBaCu,O,_satT
=4.2 K. The solid curves are explained in the text.

)\ab(H) _
Nap(H)/1o(H)

[1+BH]

Fo(H)= [ 9H]

ro(0) 2

Recently the field dependence %f,, has been attributed to
nonlinear and nonlocal effeéfsand a field-induced Doppler
shift of the extended quasiparticle states associated with

dy2_ 2-wave vortexé® In sample TW1 which constitutes the

most complete data set for YBauOggs r(0)
=120.7 A,3=0.075 T1, andy=1.82 T L. On the other
hand, in the twinned YBZu;O5 6o Sample of Ref. 15 we
find that ro(0)=156.3 A, B8=0.094 T! and vy
=1.77 T L. The solid curves in Fig. 4 represent Ef) with
the corresponding values o§(0), B, andy. These extrapo-

conventional treatment of the vortex core in Y:Bas0s o,
supports the existence of localized states in the core.
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