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Absteact, We have stodicd vorlex core shapes o super-
conducting NhSe, by STAM, as function of temperaturs
and bins voltaoe, The experimentally measured tunngl
current profiles are compared with the results of caleu-
lalions using microscepic theory, We (ind that, at low
temperatures (777, ~ 0.23), the apparent vortex core
radins slronuly depends on the bias voltage, which dewm-
onstrates the energy dependence of the scale for spaiial
varialion of the guasipatticls density of states. Good
auantitative agreement batween measurcd and calealaled
profiles is found by using the accepled value for the
suparconducting coherence lenglh £g withont further ad-
justable parameters. This shows that the bias dependence
ig a ngeful extra ool in the inlerprelation of local density
of states measurements,

PACS: 7450, 4 74.70.m

1. Introduction

The combination of seanning  capability with  sub-
nanometer resolution, and spectroscopy with sensitivity in
the subemV ranpe makes o Scanning Tuoneling Micro-
seope (5 18) a unique tool to investigate superconducling
malerials, Especially spatial vaciations of the supercon-
ducting order parameter, which take place on a lenpgth
seale of the superconducting coherence length, are amen-
able to such studies. The best known examples of such
spatial variations are given by the vortex lattice and the
vortex core in a tvpe-11 superconductor, With respect 1o
the vortex lattice, first suceesfully imaged by Hess et al.
[1], a major advantape of the STM ig thal high magnelic
fields can be used, since the vortex cores only starl 1o
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averlap near the upper critical lield B, this in contrast to
imaging lechnigues such as decoration or neatron diffrac-
tion, which are sensitive 1o maguetic field gradients, and
operale on the (much larger) scale of the superconducting
penetration depth A,. Yortex core studies are intercsling
in Lheir own righl, sinee they can provide detailed micro-
scopic information on the quasiparticle Local Density OF
Stales (LI3OS) Again in NbSeq, the well-known example
is the abservation of a rero-hias anomaly in Lhe vorles
center [27, interpreted as the signature of Caroll-de
Ciennes- Malricon bound stales [3-3]. More recently,
lattice structures and voriex core tunneling spectra were
repotted for the hiph-7, superconducior ¥ Ba,Cuy 0 [6].

In view of the complex tunneling spectra found in the
latter case, and in view of The general questions asing
from the fact that the vortex cores in high-1, marterials
mav have mixed sl characler [T, 8] improving oo the
understanding of 3TM data is still of interest. The purpose
of the present paper ts Lo sludy the spalial varialion of the
tunneling current hetween vortex centers in the simpls
s ve superconductor Whies as function of terperature
and bias voltage and 1o compars the measnrements with
caleulations of the LEHOS Hartmann and Goluboy [9]
performed a similar study as function of magnetic field,
but at constant temperature and bias voltage. Here, we
show that al temperatures fir helow T, the decay of Lhe
tunnel currenl with increasing distance lo the vortex
center strongly depends on the hias vollage, while this
dependence is almost absent at higher temperatures.
Good quantitative apreement is found with caleulaied
currenl prodiles,

2. Experimental results

ST measurements were performed using & compagt low
remperaturs STM developed in Leiden, For the coarse
motion of the tip, a svstem with differential springs was
used, similar 1o the one deseribed in [ 107, The 8TM was
cperated in constant-current mede. Typieal patametets
used Lo imape the vorles lailice were a luoneling voltage
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aof =0amV (sample biag) and a tunneling current less
than 10 pA, so that the tunneling resistance was larger
than 0.1 GL2 in order to aveld degradation of the surface
by etching with the STM tip [117 T to Lhe high sensi-
tvity af our STM, the signal-to-noise Fatio decreased (o
| around a quite low tunneling current of about 1 pdA at
4 bins voltage of 0.1 mY, The 5TM was confrolled hy
conmmmeteial slectronios and seftware (RHEK Technology).
The lips were made by cutting a Pt/lr (80%4 /208 wire,
Ihe measurements in magnetic feld were carried ont by
placing a Sm-Co permanent magnet behind the sample.
Phe small size of the crystals (11 =01 mm) ensured
homogeneous magnetic fislds perpendicular te the sample
planc. Thae magnetic field at the sample surface was calib-
rated at rootn temperaiure with o Hall probe, The sample
holder contains o heater, while a Ru, film resistor in
close proximity Lo the subsirale was used as a thermo
meter. Fresh sample surfaces wers produced by chuving
the WNbSe, sumples in aic belfore installing them w the
STH.

YVorlees were visualised in tepographic mode (feed-
back loop enabled) at a voltage within Lhe gap, In this
wav, an imape of the lattice is obtained by mapping the
difference 1n tunnel charscieristios inside and outside the
vortex cere. This is illusteated in Fig. 1, which shows the
difference Af between an I-V¥ characlerislic in a S0percoi-
ducting region (inset of Fig, 1), and the linear behaviour s
extrapolated rom high vollage, beth taken at 4.2 K. Since
such linear behaviour s, in first approximation, lound
inside the vortex core, Lhe difference shows the sensitivity
af the mapping procedurs as function of the bias vollape
&1 the mazimum difference, which is of the order of a few
pA's, vortwes (normal regioms aned higher conductivity)
will appaar as mounds on the surface with a heght of the
order of 1 A [11, 12], The haight varialicn is Lhen cen-
verled back Lo a tunnel current using the lz) calibration of
the STM. Of course, the heishl variations caused by
changes in the DOS are superimposed on the signal rom
the surface topagraphy: In the case of WbSe,, the sample
usually anly reveals atomic corrugation of ahout 0.1 A,
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Fig. 1. The full lne shews the current dilferenee AT as Tanstion of
Tigs vollage between the measured supsrconducting turnel current
and the loear behaviour as exlrupolated oo bigh voltages, The
isect shows the arginal TV-characteristic, The dotted line shows the
dervativie of thal TV-charncleristic

anil vartices are clearly visible in the STM images. Fig, |
also shows the derivative of the -V characteristic; the
peak in e quasiparticle DOS can be seen ul 0.9 mV,
which 15 taken #s a mueasure for the gap &, in good
aprecement with the value reported in [1] at the same
tempetature of 4.2 K. Note Lhal the peak in AT lies al an
appreciably Jower ias voltage than the peak in d7dV.
Diireed imapging therefore allows working at lower bias
than imaging of the derivative in ac mode.

An advantage of the topographic mode [continuons
scan us opposed to a step/measure eveli) s Lhal it is fast,
andd, (o vorles lattice imaging, not very critical to tho
choice of biag value within Lhe superconducting gap, This
it wlse Lhe case for imaging the tunnel current decay awey
from the voriex conler, bul some cace has to be taken by
choosing the scan speed. I'or a given bias, it 15 nocessary 1o
adjust the bandwidth of the feedback such that the small
current ditference of about 5 pA still can be doeteclal. The
spatial resolution As depends on this bandwidth Ao ac-
cording to the simple relation As — ,/Am, wilh 1, the sean
spoced. Tor keep the resolution constant, v, was adjusted in
g range (,3-3 pm/s.

In the cxperiments, the sample was cooled Lo a temper-
ature of 18 Koin a figld of 03 T the vorlex cores were
imaped al constant field with increasing Lemperature Up to
6 K, at a (near-aptimum} hias voltuge of 0.5 mV, Grey-
scale fmages are shown in Fig, 2. They clearly show that
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Fig. 2. Vorlex lallice inages measured at Fo=05mV at differen
lermperatures ags indicated
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Fip. 3, Deeny of the wunneeling curcent as fuoclion of distooce om
the wvrtex center p, measared at I, 05 mY. Drawn ines arc
rocasuteil currents, scaled on e volue al o = 0 Dottad lines ace the
results of the calealations, vamg 2, - 53nm

the area which can be called the vortex core expands with
inereasing temperature. The diameter s selated 1o the
supcrconducting  cohervence langth &, = huelforT,
[dirty litnith, with oy the Fermi ulocﬂv ! tElla- mean free
path, and I the superconducting transition temperalure,
bore ]ncmeh within the computation of the LIS
using standard microscopic theory, reilerated in Appendix
Y, the scale for the spatial variation of the LIMO% 15 set by
an elleclive coherence lenath & This length depends on
temperature but now also on energy, and erows for
A =1 with 2 the quasiparliicle cnergy and A Lhe micro-
scopie order parameter. The energy dependence 15 the
physical origin of the increase of the measured vortex
rading with bias. Measurements of temperature and bias
dependence will be shown next,

Fipure 3 shows measurements of the tunnel current as
function of distance from the vortex center in a wide range
aof femperatures 0123 =<7T/T. <082 They were per-
formed at near-optimum bias voltage ["- ~ (153 m¥,
where The currenl dilference helween vorles conler and
superconducting material is about 5 pA (see Fig. 1). The
sedans represent eross-seeiions from the vorlox confar ok
periphery, and are scaled on the (maximum) current at the
cenler. Mate Thal the reduced temperatare T/T, = 025 s
still vather ligh, and the vortex cores were rotationally
svrnmelrie with rowghly Gaussian shape, rather than shosw-
mg the sixfald perturbation related to interactions with the
crystal lattice [2]. Vortex-core profiles were caleulated froan
[1} {see Appendix A} for various Bias and temperatores by
numerically solving the Usadel cquations {2-3), using
a field of 0.3 1. ot the coherence length, the critical field
slope was determined as function of lemperature by
resistivity measurements on a sample from the same
batch as used in the STM investizgation. The measured
values of df /dY = —065T/K and T, - 7.1 K ¥ield
Ci0) =85 nm and £, = 5.5 nm; the latter was used in the
caleulation, The compuled curves are shown ax dolled lines
and show very good sereement with the measurements,
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Fig. 4, The ellective vorles dinmeler 2p 0 us delined i the et as
fumation ol bas voltage 9, scaled on the superconductng gap A
Crpen and closed vircles show the ineasuremenls al 4.2 Koand 18 K,
respectivelv. The full lines are the resulcs of the caloulationg, nsmg
L,=35mmn

From holth mewsured anmd caleolated curves, we can
define an effective radiug pyy, as g = 0360, — Lol
Fass 00 Lhe clistance al which Lhe current has decaved to
6% above its minonum valus ‘The values for g, can b
wsed Lo parameterize the bias dependence of the vortex
core shape. In thess measurements. we used ling scans
along nearcsl-neighbour tows of vortices. Measurements
and calculations are shown in Fig. 4, Tor differen hias
voltages and two temperatures, 4.2 K and 1.5 K. AL high
temperature almost no chanpge is found, but al low (em-
perature we find a significant change in effective diameter
as function of bias voltage, of (he aorder of 3%, The very
satisfactory agreement with the theeretical caleulations
shows That This ellecl can be seon g a diteel manileslation
ol the encrgy dependence of the eifective coberence length
in w convenlional s=wave superconductor. The elfect orig-
inates from the BOS coherence factors, and should vanish
in i pure dewave case. We helieve therelore Uat the bias
vollage dependence may bea useful extra tool when data
from High-T. matcrials become avaitable, and have to be
conipared 1o non-sowave models.
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Appendix A: the model calenlalions

Teorcaleulate the decay of Lhe Lunnel current or Lhe -.:ITuuliv ;
vortex rading, we asswne dirty limit conditions, the
e free [Mlh Lig shorter than Lhe BOS L,Uh._ll..,ll-:_l.., l-.,rJELh
Eo=huv. /277, The superconducting coherence length
then is ¢, =, /cal/3. We further assume that the vortices
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fisrm a regular lattice, Then, the Wigner-S2itz method can
be applied with sufficien] accuracy by introducing a cirel-
lur unit cell with radius p, = (@m0 [13] Under Lhase
assumptions lhe vortex structure within a unit cell can be
studied on the basis of the microscopic Usadel cquations
[14] as wax first doene by Watts-Tobin et al, [15], who
caleulated the DOS-averaped order parameler over the
unil cell at anbilrary temperatures and magneiic fizlds. In
order to extract the neoessury loeal informaticn, this
method was developed [urther in [16] for the ealeulalion
of 1 — ¥ corves of 1 Josephson junction containing Ab-
tikosov vortices, and an [9] for the slody of the field
dependence of the STH vortex-core radius, Hers we ex-
tend these caleulations in arder fo study lemperature and
hias dependence of 4 vortex radius and to make a quantit-
ative comparison with experimanl.

In the Wigner-Seitz approxmmation, the 510 currend
ata given kias 1, only depends an the distance @ from the
vorlex center and is given by the [ollowing expression

| R e g
I FL) =- diH h( 2| —tan! —--_j D
=5k, [dr[“” ) ”(21_\ A

0= " '-\. 4
{1}

where K, 1% the normal state resistance of a contact and
N.(p, £l is the normalized quasiparticl density of slates o
a superconductor for an energy & at a distance p [rom the
vortex center. Lo calonlate N {p 2] il is convenient 1o
muke Lhe substitution &, = Re [cosp, ¢)] where 1he com-
plex lunction 0 satisfes the Taadel cqualions

L 1 .4 -
0", 8 + I—Jf}"(lﬂ__ wh+ o G Asn 28, e
— fesin {8 + Alpjeosp, e =10 2]

where the proge means the derivalive with respecl W oo
The gradienl-invarant vector potential @{z) . o the limif
i 1,15 given by

l a ;
b= — = (3
£ (LR !

where pis normalized to £ and the magnetic lield in o, to
by 2E2. The boundary conditions for Al o) at the
cenlar andd the edge of the anit cell are given by:

MO i 01— 0 Apd =0 pd =1, i)
In arder 1o defermine Adp] | these cqualions are supple-
mented by the selfconsistency eqguation

T A -
l”(-;- '| 2T % [— —sinfp e =i (=0 (3
where o, = w125 + 1) s the Matsubara frequency, Both
Acamd 7 are normalized to 2T,

Analytcal salutions ol (2-5) can be oblained io the
feld range near H, 5, as discussed in |4, 13, 16]. With these
solutions the Maki-de Gunnes equation [17] for H.; can
be abtained:
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Fig. 5. The temperature deperndencs of £ s delined m the leat, or
H =1 [elashed ne) anod for H=10053T fdrawn el Also shown iz
the temiperature dependence of the Gineburg-Landan colieience
Lenglts £apit) (dash-datted lingl ™Wate that with the parameters wsed
[ovr Mb&e,, a cotical field of 03 1 15 reachued al { = 0593

wlhere wiz) is the dizomma function. At zera lemperalure
an important reliion between Heo (0] and £, follows
frarm (@)

Qo = "1‘75'!"*%:.;1 Hr'?{u} H I:?l

Even wilhoul doing the full numerical calculation, 1t can
be seen feom (2) that the spatial variation of §, and conse-
quenily of N(e) = cos i is given by an energy-dependent
length scale & At latme distanes £, p s, the gradient
aod eureent terms in {2) can be neglected, so that it cun he
written in the [orm

Eqp " win(f 4 2} =1}, )

with # — tan 4 Afe). Simple algebraic analvsis shows
that (£ = 1071 — /807, which grows when the
quasiparticle enerpies approach A, Delned in this way,
Er s bolh feld and temperature dependent through A It
is wstructive to compare [he lempaerature tlependences of
£urfl] and the Ginzburg-Landau coberence length
Eanlt) = £l /1 1, which has been done in Fig. 3 lor
bweer walues of (he magnetic field, H =0 and H =03T.
The increase ol &, 15 clearly more gradual Than Lhe square
rool singularity in £gq, which s essentially what 15 ob-
served in Figs. 2 and 3.
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