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Observation of ordered vortices with Andreev
bound states in Bag (Ko 4Fe,As,

Lei Shan'*, Yong-Lei Wang', Bing Shen', Bin Zeng', Yan Huang', Ang Li2, Da Wang3, Huan Yang’,
Cong Ren', Qiang-Hua Wang3, Shuheng H. Pan? and Hai-Hu Wen'3*

For a type-Il superconductor in an applied magnetic field greater than the lower critical field H,,;, the magnetic flux will penetrate
into the superconductor and form quantized vortices with Andreev bound states in the vortex cores. The characteristics
of the bound states are related to the pairing symmetry and band structure of the superconductor. Recently, a new family
of high temperature (high-T.) superconductors, the iron pnictides, has been discovered. Surprisingly, in electron-doped
Ba(Fe,_,Co,);As;, no bound state was found in the vortices. Here, we use a low-temperature scanning tunnelling microscope to
study the electronic structure of hole-doped Ba ¢Ko 4Fe,As,. Two superconducting gaps (with gap values 2A /ks T, ~ 2.2 and
5.1, where k; is Boltzmann's constant) were observed in the superconducting state. By applying magnetic fields, we observed
ordered vortices with Andreev bound states in the vortex cores. The bound states and their spatial evolution can be qualitatively

explained by our numerical calculations for multiband s-wave superconductivity.

addition to the well known cuprates, iron pnictides have

attracted great interest recently in the field of condensed
matter physics'. On the one hand, Mazin et al? suggested
theoretically that iron pnictides might have an s+ pairing, the
so-called extended s-wave pairing with opposite signs of the order
parameters between the hole pockets and the electron pockets. This
is different from both conventional s-wave superconductors and
d-wave HTSCs, and has not yet been observed in nature. On the
other hand, although the well known Andreev bound states have
been predicted and observed in the vortex cores of conventional
type-1I superconductors®”, they have still not been demonstrated
beyond doubt in multi-gap superconductors (such as MgB,) or
HTSCs. Iron pnictides provide a particular opportunity to study the
vortex physics in multi-band high T, superconductors. According
to the s+ pairing model mentioned above, the iron pnictides
might have multiple nodeless superconducting gaps and, more
attractively, they could exhibit asymmetric Andreev bound states
in the vortex cores®, as can be verified by measurements using
a low-temperature scanning tunnelling microscope (STM; ref. 9).
Surprisingly, the previous STM measurements on iron pnictides
always detected a single superconducting gap with remarkable zero-
bias conductance. In addition, although the recent STM data for
an electron-doped iron pnictide superconductor Ba(Fe;_,Co,),As,
(ref. 10) successfully demonstrated the observation of disordered
magnetic vortices'"'?, no Andreev bound state has been observed
in the vortex cores. This result has also been confirmed by
another STM group (S. H. Pan et al., unpublished). Apparently,
the available results of STM data'®*"® are still too limited to
reach a consensus. An intriguing question we can pose is, for
the hole-doped pnictides, can we observe multiple gaps in the
superconducting state and the theoretically predicted Andreev
bound states in the vortex cores?

Q s a new family of high-T. superconductor (HTSCs) in

To solve these puzzles, we decided to perform low-temperature
STM measurements on the iron pnictide superconductor
Ba,_,K,Fe,As,, which is hole-doped from the same parent
compound BaFe,As, used for the electron-doped sample studied
in the previous STM experiments'®. The Bag¢K,4Fe,As, single
crystals (T, = 38K) used in our experiments were grown by
the self-flux method (see the Methods section). The samples
were cold-cleaved in situ of the STM chamber, then immediately
inserted into the microscope, which was already at the desired
temperature. It is known that cleaving layered compounds may
provoke charge redistribution, thus affecting the doping level
of the surface (polar surfaces). This cannot be distinguished by
STM, although the angle-resolved photon emission spectroscopy
(ARPES) data obtained on the cleaved surface of the same samples
gives the expected doping level', indicating that the polar effect
is not a serious issue. Here, we report the study of spatially
resolved tunnelling spectroscopy on Ba, K 4Fe,As,. We observed
two superconducting gaps and, most interestingly, vortex bound
states in the quantum limit, which can be well understood in the
framework of the s+ pairing model.

Figure la shows a typical topographic image of the in situ-
cleaved Bay 4Ky 4Fe,As,. Most of the spectra measured on such
surfaces exhibit clear superconducting gaps. However, it was found
that the tip tends to become contaminated by atomic clusters
picked up from these surfaces or induces a local topographic
modification in the scanning process. This inhibits us from
successfully performing spectroscopic mapping over a sufficiently
large area and thus imaging vortices. Fortunately, we could also
obtain another type of surface that was hardly modified by
the STM tip during the scanning, thus allowing us to obtain
reproducible topographic images and to subsequently perform
spatially resolved spectroscopic measurements. Figure 1b shows
an image obtained under such circumstances. In the field of
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Figure 1| Topographic STM image of the Bag ¢Ko.4Fe2As; single crystal cleaved in situ. a, STM image taken with a sample-bias voltage of Vs =50 mV
and tunnelling current of Iy =200 pA. b, STM image of another type of cleaved surface taken with Vo =100 mV and Iy = 40 pA. ¢,d, STM images taken on
the same surface as shown in b at various temperatures. No change of the surface topography was observed from low temperature to above T, (38 K).

e, Section profile along the white line drawn in € which spans both bright and dark areas.

view, a half unit-cell step separates the lower cleaved surface
from the upper one. It can be seen that both upper and lower
surfaces have a similar pattern with interlaced bright and dark
domains. Such surface topography can persist up to temperatures
above T, as shown in Fig. 1c and d. Figure le displays a line
profile, in terms of height variation, obtained along the white line
marked in Fig. 1c. As the constant-current topographic image signal
convolutes information about the variations of both the spatial
height and the integrated density of states (DOS), it is not possible
to identify the origin of such domain-like surfaces merely based on
topographic images without atomic resolution. However, spatially
resolved tunnelling spectra from the bright and dark regions indeed
show some differences.

In Fig. 2b and ¢ we display two sets of tunnelling spectra of g(V)
= dI/dV o« DOS measured respectively along the long and short
white lines indicated in Fig. 2a (for the details of measuring g(V),
see the Methods section). All curves exhibit superconducting gaps
around 4 meV as determined from coherence peaks. The spectra
are very homogeneous within an individual bright or dark domain,
but differences between the two kinds of domains are noticeable.
In general, the gap magnitude is a little smaller and the zero-bias
conductance (ZBC) is higher in the dark region. To illustrate the
correlation more clearly, we measured a spectroscopic map on a
region covering several boundaries of bright and dark domains, as
shown in Fig. 3a. The gap magnitude and the zero-bias conductance
in the same area are presented in Fig. 3b and c, respectively. It is
obvious that the bright domains have larger gaps and lower ZBC
than those of the dark area. The anti-correlation strength of the
gap magnitude and ZBC is shown in Fig. 3d, and the correlation
length is estimated to be 3.7 nm. In Fig. 3e, a typical spectrum from
the bright region is compared in detail with the one from the dark
region. In addition to the ~4meV gap, a larger gap of ~8 meV
can be identified in the spectrum of the bright region, whereas this
two-gap feature is almost invisible in the spectrum taken in the
dark region. Figure 3f shows the gap distribution determined by a
statistical analysis of more than 1,000 spectra. Two separate gaps
can clearly be seen, centred at 3.6 meV and 8.1 meV with Gaussian
distribution widths of 0.5 meV and 0.9 meV, respectively. These gap
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Figure 2 | Spatially resolved spectra in zero magnetic field at 2 K.

a, Topographic image of Bag ¢Ko.4FesAs, taken at 2 K. b, Differential
conductance normalized to the value at —17.5 mV versus bias voltage
(dl/dV spectra) measured along the trajectory with a length of 125 nm
drawn in a (the longer white line). ¢, A series of dI/dV spectra taken along a
10 nm line indicated by the shorter line in a, illustrating the variation of gap
magnitude when crossing the boundary between bright and dark areas. The
spectra were recorded with the settings: Vs =100 mV, I =200 pA for b
and Vs =20mV, Iy =500 pA for c.

values are roughly consistent with those (around 2 meV and 9 meV)
obtained in our H,; measurements®’. The corresponding gap ratios
of 2A/kg T, ~ 2.2 and 5.1 are respectively much smaller and much
larger than the predicted value of 3.53 in the weak-coupling BCS
theory. However, they are close to some recent ARPES results, for
example, <3 and 6.8 (ref. 21) or 2.4 and 4.4 (ref. 22). Another new
finding here is that many of the tunnelling spectra from the bright
region show negligible ZBC compared to that of the Co-doped
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Figure 3 | Comparison between the bright and dark areas. a, A 14 x 18 nm? topographic image covering both bright and dark areas. b, Gap map of the
same region presented in a, showing the spatial variation of the gap magnitude for the dominant gap (that is, the smaller one). ¢, A ZBC map obtained in
the same region presented in a and b. The data are normalized to the value measured at a bias of —17.5mV for every pixel. d, The strength of the
anti-correlation of the gap magnitude (as shown in b) and ZBC (as shown in ), the correlation length is estimated to be L =3.7 nm by fitting to the
exponential decay law indicated by the red line. e, Two d//dV spectra measured in bright and dark areas, respectively. The gap magnitudes can be
estimated from the coherence peaks indicated by the black arrows. f, A histogram of the superconducting gaps counted for more than 1,000 spectra.

g, The details of the low-bias part of the spectrum measured in the bright area.

BaFe,As, compound'. Figure 3g shows a zoomed-in spectrum at
low bias, again exhibiting the vanishingly small conductance around
zero bias. To get a quantitative understanding of the ZBC, we
attempted some calculations using a simplified two-gap model
with various gap symmetries to fit the experimental data. In the
calculations, the tunnelling current is expressed by

Iy(V) = %/ de/ d0[f(8)—f(e+ev)]
—00 0

e+ eV + iFS(L)
\/(8 +eV4ilsy))? — Ay, (0)

(1)

x Re

where f is a Fermi function taking into account the thermal
broadening, the subscript S(L) indicates the smaller gap (resp. larger
gap) and Iy, represents the scattering rate for quasiparticles®. The
overall conductance is obtained by a linear combination of two
components g(V) = P(dls/dV)+ (1 — P)(dI./dV) in which P is
the spectral weight contributed by the smaller gap. Here, we take the
gap function AS(L)“‘)deleSS(O) = Ag)°[0.3c0s(20) +0.7] to simulate
nodeless gaps and AS(L)"“'“](G) = AS(L)OCOS(ZG) to simulate gaps
with line nodes. Four possible combinations of AS(L)“"MC“(O) and
Agry)™%(0) were tried, all of which could simulate the high-bias
part of the spectrum (above 2.5 mV) with the parameters P = 80%,
A’ ~ 42meV and A’ ~ 8.0meV, regardless of the form of
the gap functions, as shown in Fig. 4. However, the shape of

NATURE PHYSICS | VOL 7 | APRIL 2011 | www.nature.com/naturephysics

the spectrum at low bias around zero depends strongly on the
selection of nodal or nodeless gaps. Figure 4a shows the calculations
(with the parameters determined above) using the gap functions
AsnodeleSS(Q)’ ALnodeleSS(e) (blue line) and Asnodal(g), ALHOdeleSS(Q)
(red line), without the effects of scattering (I'sq) = 0). It can be
seen that the line nodes in the smaller gap induce an enhancement
of conductance at low bias, whereas the nodeless gaps fit the data
much better. Line nodes, if assumed to be on the larger gap, can also
induce finite low-bias conductance. However, as the contribution
given by the larger gap to the total conductance is weak (only
20%), the enhanced conductance is almost beyond the resolution of
the measurements. Figure 4b shows the calculations with effective
scattering rates of I's = 0.04(¢ + eV) and I = 0.025(¢ + eV)
(ref. 24). It is obvious that the fit with a nodeless gap is improved,
whereas that with a nodal gap is not. Nonetheless, considering
the complicated Fermi surfaces and the limit of experimental
resolution, we cannot exclude the existence of a slight contribution
from ‘accidental’ nodes® possibly located on some segments of the
Fermi surfaces. It also needs to be pointed out that not all the
spectra from the bright region show zero conductance near the
Fermi energy. This can probably be attributed to some low-energy
quasiparticle excitations due to, for example, impurity scattering. In
this sense, the smaller gap size and the much higher ZBC observed
in the spectra from the dark regions may be attributed to stronger
disorder-induced scattering on the surfaces of these domains.

To image vortices, we take a ZBC map simultaneously as we
record the surface topography. Figure 5a shows such a conductance
map recorded in a magnetic field of 9 T. Another conductance map
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simultaneously obtained topographic images shown in Fig. 5b and
d, the vortex positions are marked as blue circles. Figure 5e and
f show the self-correlation and Fourier transform analyses of the
observed vortices. A slight distorted hexagonal order can be seen
clearly for both fields. As the maximal scanning area is limited, we
cannot identify whether the observed hexagonal structure is just a
locally ordered state or it has a long range order. Interestingly, by
drawing a circle with a diameter of 25 A to cover a vortex region, we
can find that more than 70% of the circles (vortices) will touch or
Ts,=0 intersect the boundaries of the bright and dark domains (or the step
o / ‘ ‘ on the surface). Such surface pinning is possibly responsible for the
=15 -10 -5 0 5 10 15 slight distortion of the hexagonal order.
Bias voltage (mV) A single vortex image on a scale of 78 A x 104 A is shown in
b Fig. 6a with a resolution of 32 x 32 pixels; the enhancement of
ZBC around the vortex centre is remarkable. To reveal the vortex-
induced variation of local DOS, 64 spectra (dI/dV') were taken
equally spaced along a 104 A line (with an interval of 1.6 A) crossing
the vortex as denoted in Fig. 6a. The locus of the studied vortex
and the measured trajectory are marked as the black dot and line
in the topographic image (Fig. 6b) for clarity. The obtained data are
presented in Fig. 6¢. At the vortex centre, a remarkable conductance
peak dominates the line shape of the spectrum. The peak is not
exactly at zero bias, instead, it is located at a finite negative bias
of about —0.5 mV. This negative-bias conductance peak splits into
0 210 s 0 5 10 15 two peaks when measured at more than 6.4 A away from vortex
Bias voltage (mV) centre, with a dominant spectral weight at negative bias. Finally, the
two-peak feature disappears and the spectrum evolves continuously
Figure 4 | Fitting experimental data to a two-gap model with a larger into the zero-field one. To highlight this systematic evolution,
superconducting gap A((#) and a smaller one As(#). a, Fitting with we show in Fig. 6d the spectra taken at some typical positions
A(8) =8-[0.3c0s(20)+0.7], the blue line and the red one correspondto  symmetric about the vortex centre. The asymmetrically split peaks
As(8)=4.2-[0.3cos(20)+0.7] and As(9) = 4.2 -cos(26), respectively. are indicated by short grey bars. To extract the superconducting
b, Fitting with the same gap functions as in a while taking into account an coherence length &, the radial dependences of the vortex-induced
effective scattering rate (I's¢)) for quasiparticles. ZBC measured along various azimuthal angles are normalized to
unity at r = 0 (vortex centre) and plotted together in Fig. 6e. Then
recorded at 4 T is shown in Fig. 5¢c. In both maps, with a resolution ~ an exponential decay law of g(r,V = 0) = go+Aexp(—r/&) is
of 64 x 128 pixels (without any filtering), the vortices appear as fitted to the data between r = 10A and r = 50 A. From several
the loci with enhanced DOS. The average flux per vortex is about ~ vortices, we find an average coherence length & = 2143 A. With
2.17x 107" Wb at 9T and 1.98 x 107> Wb at 4 T, consistent with  the Ginzburg-Landau expression H,, = ¢ /2m£?, the upper critical
the single magnetic flux quantum ¢, = 2.07 x 107> Wb. In the field H,, is estimated to be 75T, which is higher than that of the
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Figure 5 | Vortex lattice observed in Bag ¢Ko.4FezAs; at 2K. a, A 130 nm x 50 nm ZBC map recorded at a magnetic field of 9 T with the settings:

Vs =100 mV, Iy =200 pA. b, Topographic image recorded simultaneously with the map in a, the vortex positions derived from a are denoted by blue
circles. ¢, A ZBC map measured under a magnetic field of 4T. d, Topographic image recorded simultaneously with the map in ¢, vortex positions are
denoted by blue circles. e, Self-correlation analysis for the vortex images shown in a and c. f, Two-dimensional Fourier transformation for the vortex images.
A hexagonal order with slight distortion is obvious in both e and f.
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Figure 6 | Vortex core states of Bag.¢Ko.4Fe2As;, all spectra were taken at 2K. a, A 104 Ax78A zBC map around a single vortex measured at 4 T with
the settings: Vs =100 mV, I; = 200 pA. b, Topographic background (34.5 x 34.5 nmZ) where the vortex shown in a is imaged. The white line is identical
with that shown in a and the black dot indicates the vortex centre. ¢, The 64 spectra taken along a 104 A trajectory (white lines indicated in a and b)
through the vortex. d, Enlarged view of the spectra for some particular positions, the distance r from the vortex centre is indicated. e, Radial dependence of
ZBC (g(r,0) —gso) around a single vortex and fitted to an exponential decay (g is the constant background). The fit leads to a coherence length
£=22+17 A f A series of spectra measured in zero field along the same trajectory as that in ¢ for comparison. g, Topographic background where another
vortex is imaged. The black dot indicates the vortex centre. Some particular positions symmetric about the vortex centre are indicated by the blue dots
(close to the dark area) and red dots (far away from the dark area). h, The spectra taken at the positions denoted by the dots presented in g.

underdoped Ba,_,K,Fe,As, (below 70 T; ref. 26) and the optimally ~ shown in Fig. 6a and b. It is obvious that no additional feature to
doped Ba(Fe,_,Co,),As, (43 T; ref. 10). As presented in Fig. 6f, we  a clean gap structure can be seen, demonstrating that the observed
have also measured spectra at zero field along the same line as DOS modulation in the field is truly due to the vortex state instead
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of other factors such as impurity states. We must emphasize that
this negative-bias conductance peak is a common feature of all
measured vortices. It is noted in Fig. 6¢ and d that the split peaks
are a little stronger in the upper part of the vortex. According to
the topography shown in Fig. 6b, it indicates that the peaks are
weakened in the dark domains and around the boundaries. Such a
correlation between the peak intensity and the surface topography
can be verified easily because most of the observed vortices are
located near the boundaries. As an example, we show another
vortex centred at the black dot indicated in Fig. 6g measured at 9 T.
In Fig. 6h, we compare the spectra measured at various positions
(marked by the coloured dots in Fig. 6g) symmetric about the vortex
centre. It is clear that the split peaks observed inside the bright
domain (upper two curves) are much stronger than those recorded
around the boundary (lower two curves). As the gap magnitude
and the ZBC (or the zero-energy DOS) are also correlated with
the domain structure (refer to Fig. 3a—d), it is demonstrated again
that the vortex bound states observed here are indeed related
to superconductivity.

The existence of the pronounced vortex core bound states
peaking at negative bias and the spatial evolution have never been
observed previously in other systems. It is in striking contrast
to the case of cuprates, in which two weak subgap peaks were
observed in the vortex cores?’>!. At first glance, our observations
are very similar to what has been observed in the conventional
superconductor 2H-NbSe, (refs 4,6). The difference is that the
bound states observed here in Ba, Ko 4Fe,As, are very asymmetric
with respect to the Fermi energy. Actually, asymmetric vortex
bound states have been predicted for an s-wave superconductor
in the quantum limit (that is, T/T. < 1/(kg&); ref. 32) and were
demonstrated later in YNi,B,C (ref. 33). Combining & ~ 21A
derived in our present work with kp 22 0.4 A~! (ref. 19), we find that
the upper boundary of the quantum limit in our sample is about
4.4 K, so the measurements at 2 K indeed satisfy the quantum limit.
According to the formula E; ,/ Ay = (0.5/ke& )In(k& /0.3) (ref. 32),
we could roughly estimate the lowest energy level of the quantum-
limit bound states to be E;,, &~ 0.7meV, which is close to the
absolute value of 0.5 meV observed here. However, the vortex core
states reported in refs 32,33 contribute a dominant peak at a positive
bias in contrast to the negative one observed here. It is also very
intriguing that the prominent vortex bound states in Bay 4K, 4Fe, As,
have not been observed in Ba(Fe,_,Co,),As, (ref. 10). This
discrepancy may be attributed to the stronger scattering by the
in-plane Co-dopants in Ba(Fe;_,Co,),As,. Alternatively, it might
be due to the multiband superconductivity in iron pnictides, where
the classical treatment of vortex core bound states may not be valid.

To get a further insight into this issue, we have performed large-
scale numerical calculations for the vortex state using a two-orbit
tight-binding model (for details, see Supplementary Information).
The negative-biased bound state, the peak splitting and merging
to the gap edges away from vortex core are qualitatively visualized
for both in-phase and anti-phase s-wave pairing (s++ and s£). A
non-zero energy level is a manifestation of the quantum limit of
the Caroli-de Gennes bound states®*?. The asymmetry is realized
when the coherence length is of the order of the Fermi wavelength,
or in other words, when the Fermi level is close to the band edge
so that the normal state band spectra is asymmetric with respect to
the Fermi level. Indeed, in the model under consideration and from
ARPES, the Fermi level is close to the top of the hole-like bands.

Combining the measured multiple gaps with the numerical
calculations, we conclude that the asymmetric vortex bound states
observed in Bag¢Kp4Fe,As, may originate from the quantum-
regime vortex core in this multiband extended s-wave supercon-
ductor. The calculations suggest that the asymmetry is due to the
band-edge effect, but insensitive to the relative phase of the s-wave
pairing gaps. Quantitative agreement between the experimental and
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numerical results would require a more refined model that includes
contributions from all five orbits. According to the calculations,
the vortex core bound states observed in Bay¢K,4Fe,As, should
also be observed in Ba(Fe;_,Co,),As; if the system is in the clean
limit. However, Co-doping into FeAs layers, although it provides
charge carriers to achieve superconductivity, also introduces scat-
tering centres in the superconducting layers. Therefore, the bound
states could be smeared out in the vortices of in-plane doped
Ba(Fe,_,Co,),As; (ref. 10) whereas surviving in that of the off-plane
doped Bay K, 4Fe,As,. In this sense, the missing conductance peak
in the vortex core of Ba(Fe;_Co,),As, is similar to the case of
a dirty conventional superconductor’. Recently, the calculations
from a separate group™ show very good consistency with our
data. According to this work, the absence of vortex core bound
states in Ba(Fe;_,Co,),As, may be attributed to the stronger spin
density wave order induced within the vortex cores by the magnetic
field, compared with the case in Ba, Ko 4Fe;As,. This will be an
interesting issue for future experiments.

Methods

Sample growth. The Ba K, 4Fe,As, single crystals were grown using FeAs as the
self-flux. The starting materials Ba, K and FeAs were mixed in a ratio of 0.6:1:4
and filled in a ceramic crucible. The weighing, mixing and pressing procedures
were performed in a glove box filled with highly pure Ar gas, and both O, and
H, O concentrations were less than 0.1 ppm. The crucible containing the starting
materials was sealed in a Ta tube, which was sealed in an evacuated quartz tube.
It was heated up to 1,150 °C, maintained for 5 h, then cooled down to 800°C at a
rate of 8 °Ch™". The samples used in this work were 1.5 mm x 1.5 mm x 0.2 mm in
size. The superconducting transition temperature determined from zero resistivity
is T. = 38 K, with a transition width of about 1K, and the residual specific heat
coefficient y is about 1.24 mJ K=2mol ™" (for details of sample characterization, see
Supplementary Information).

Tunnelling spectra measurements. To obtain a tunnelling spectrum at a given
location, we hold the tip—sample separation constant and use a lock-in amplifier to
modulate the bias voltage by dV (about 0.1-0.2 mV in this work) around a voltage
V of interest. Such voltage modulation dV will lead to a current modulation dI
at the same frequency that can be measured readily. Therefore, by using a lock-in
amplifier and varying the bias voltage V', we can obtain a entire tunnelling spectrum
(oraDOS curve), thatis, g(V) =dI/dV o« DOS (eV).
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