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Scanning-Tunneling-Microscope Observation of the Abrikosov Flux Lattice and
the Density of States near and inside a Fluxoid

H. F. Hess, R. B. Robinson, R. C. Dynes, J. M. Valles, Jr., and J. V. Waszczak

AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974
' . {Received 28 October 1988)

The Abrikosov flux lattice is imaged in NbSes by ling into the superconducting gap edge with a
Jow-temp ing: ling mi pe. The ling cond into a single vortex core is
siroagly peaked a1 the Fermi emergy, suggesting the cxistence of core states or core excitations. As one
mones away [rom the cose, this feature evolves into a density of states which is consisient with a BCS su-

perconduciiag gap.
PACS sumsbers: 74.50.1r, 61.16.Di
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FIG. 3. dI/dV vs ¥ for NbSc; at 1.85 K and ‘a 0.02-T field.
V iy = taken at three positions: on a vortex, abou: 75 A from a vor-
’ tex, and 2000 A from a vortex. The zzro of each swccessive

FIG . dlfaV v i for NoSe: and 0-T applied magnetic curve is shifted up by onc quarter of the vertical scale.
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Fig. 6. (a), (b) and {c): Grey scale image of dI/dV(V, r) showing how it evolves along the three lines sketched in fig. 5:{;
horizontal scale is bias voltage ranging from —1.65 to +1.35 mV. The vertical scale Sp to 1000 A mphiang Wnc Wit
vortex positioned about 250 A from the bottom. This line may not intersect the vortex ewly but should miss the center E
more than 25 A resulting in some variation of the center spectra. The magnetic field is about 250G. Th: grey ::calc rel
normalized conductance where 3.0 is white and 0 is black. (d), {e) and (f): Slices of this data set at four radn.dvspiayng a
sub-gap peak. (g). (h) and (i): The energy of the sub-gap peak vs. radius at three angles. The outer-most or higher-encrgy Peas
" not strongly angle sensitive, while the inner peak is sensitive and collapses to zero at 30°. The dashed and solid lines rej
egs. (4) and (5), respectively. .




)

Six-Fe\d @4_3%4 wDK,onu@p O,

iealy s ot o aiee
ﬂBﬂM@QA@ Q.,Qioﬂ_/o;m ot &%QQW Dases
. ondiminidied. ot larer SeparTIoNS

Possihe cfkecks
.,O*OBﬂD QQM}Q/ shucku@. Sominakes)

* o0 onisowopy ¢

Toproved  Bogplivho Equatiens Golevlafiens (BC5)
T.D. Sheore e ol \G3a

- zer0 VoS \Umnyf ot Ner¥e covac
- peok =pits away frem center”

T ?@ ond M. dhlpver \930

- cooRemed ze-bilos paoK
tole ot calcn\ohons
included “scaflering

Pysicol enain o S09-gep DS
_Labd ,
- \\Fﬁ, AC R |
\c. = &,Jc/n% Mmomentum



PHYSICA G

IME 77, NUMBER 19 PHYSICAL REVIEW LETTERS

4 NovemBer 1996 @ i %

ELSEVIER Physics C 282-287 (1997) 315-318

Star-Shaped Local Density of States around Vortices in a Type-II Superconductor

Nobuhiko Hayashi,* Masanori lchioka,' and Kazushige Machida®
Department of Physics, Okayama Universiry. Okayama 700. Japan Tunneling spectroscopy and STS observation of vortices on high
. (Received 6 June 1996) temperature superconductors
The electronic structure of vortices in 2 type 11 superconductor is analyzed within the quasiclassical
Eilenberger framework. The possible origin of a sixfold “star” shape of the Jocal density of states,

abserved by scahning tunneling microscope (STM) experiments on NbSex. is examined in the light of A . @ Fischer, Ch. Renner, 1. Maggio-Aprile, A. Erb, E. Walker, B. Revaz and J.-Y. Genoud.
the three effiects: the anisotropic pairing, the vortex lanice, and the anisoiropic density of siaies 3t the . ) . .

Fermi surface. Quistandi lit parallel rays of ihi ined in 1erms of an Département de Physique de la Mati¢re Condensée, Université de Gentve

anisotropic s-wave painng. “This reveals not only a rich intemal electronic structure associated with a 24, Quai E.-Ansermet, CH-1211 Gengve 4, Switzerland

VOriex core, but also unique ability of the STM spectroscopy. 15003 1-9007(96)01546-3]

PACS numbers: 74.60.Ec

FIG. 1. Tunneling conductance images obscrved by Hess
eral. at 0.1 T for the bias volage 0.0 mV (a). .24 mV
{b). 0.48 mV (c). where 1759 A X 1759 A is shown falso
see Rc.l's. 15.6)). The nearest-neighbor direction of the vorex
lattice is the horizontal direction. The LDOS images calculaied
“for £ = 0(d). 0.2 (¢). and 0.32 (f). where 6& X 6f is shown.

© 1996 The American Physical Society
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Observation of the Low Temperature Pseudogap in the Vortex Cores of Bi;Sr.CaCu 20845

Ch. Renner.' B. Revaz.! K. Kadowuki.? I. Maggio-Aprile.’ and @. Fischer'
’ 'DPMC, Université de Genéve, 24. Quai Emest-Ansermet. 1211 Genéve 4. Switzerland
2Universiry of Tsukuba, Instinne of Materials Science, Tsukuba. 305 lbaraki, Japan

{Received 3 December 1997)

Vonex cores in under- and overdoped Bi;SrzCaCu;0y.5 are swudied by local probe waneling
spectroscopy. At the center of the cores. we find a gaplike structure at the Fermi bevel which scales
with the superconducting gap. but no quasiparticle bound states. This low emperature pseudogap is
intimaicly related to the superconducting gap and shows striking similarities with the normal state
pscudogap measured above T.. A possible interpretation js that both pscudogap structures reflect the
same “normal” stale containing phase incoherent exciled pair states.  [S0031-9007(98)05816-5)
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Measurement of the Fundamental Length Scales in the Vortex Staté of YBazCuJO“.

J.E. Sonier, J.H. Brewer, R.F. Kleﬂ D.A. Bonn, S.R. Dunsiger, W.N. Hardy, Ruixing Liang, W.A. MacFlllane

R.1. Miller, and T. M. Riseman*

TRIUMF. Canadian Insiitute for Advanced Research and Department of Physics and Axlmnom,\.
University of British Columbia, Vancou-er, British Columbia, Canada V6T 1Z1

D.R. Noakes, C.E. Stronach. and M. F. White, Jr.
Department of Physics, Virginia Siate University, Petersburg, Virginia 23806
(Received 3 June 1997)

The internal field distribution in the vortex state of YBayCu3Ogsn is shown 10 be a sensitive measure
of both the magnetic penetration depth A. and the vortex-core radius po. The lemperature dependence

0‘ Pois found 10 be weaker lhnn in the conventional superconductor NbSe; and much weaker than

dictions for an i
icreasing H whereas A,,(H) is found to be much stronger than in NbSe;. {S0031-9007(97)04251-8)
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lated vortex. The effective vortex-core radius decreases sharply with

signal in YBa;CuyOgeo after field cooling in a magnetic
field H ~ 0.75 T down to T = 0.04 and 0.847, (inset). The
dashed curve is the Fourier transform of the simulated muon
polarization function which best fits the data and the shaded

region is the residual background signal.
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Expansion of the vortex cores in YBa,Cu;Ogys at low magnetic fields

J. E. Somier,* R. P. Kiefl, J. H. Brewer, D. A. Bonn, S. R. Dunsiger, W. N. Hardy, R. Liang, and R. 1. Miller
TRIUMF, Canadian Institute for Advanced Research and Department of Physics and Astronomy, University of British Columbia,
Vancouver, British Columbia, Canada V6T 1Z1

D. R. Noakes and C. E. Stronach .
Departmen: of Physics, Virginia State University, Petersburg, Virginia 23806
(Received 27 October 1998)

Mwmmmmwmmmmﬁaﬁwﬁur.ofmmmin
opumally doped YBa,Cu;04¢4 35 a function of temp T and magr ﬁeldeeepmdlewpmonducx-
ing stse. While ro at H=2T is close to 20 A and with that d by

microscopy at 6 T, we find a striking increase in rg at lower magnetic ficlds, where it spproaches an extraor-
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dinarily Jarge value of about 100 A. This suggests that the average value of the superconducting coherence
length £, ia cuprate superconductors may be much larger than previously thought at low magnetic fields in the
vortex state. {S0163-1829(99)50702-9) .
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