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The systematic study of the nanoscale local electronic states on the MgB2 surface was performed using the 
low-temperature scanning tunnel microscopy/spectroscopy (STM/STS). The STM topography shows the atomic 
image of the hexagonal lattice with the constant parameter a′ = 0.31 nm, which is identified as mainly the Mg 
site occupancy. The temperature-dependent STS measurements were analyzed assuming the existence of two en-
ergy gaps. As a result, the fitting gap amplitudes ∆fit 10.2 meV and 4.8 meV were found at T = 4.9 K. 
The scanned conductance (dI / dV) maps in the area of 4×2 nm2 show homogenous distributions of the gaps as-
sociated with the π-band. In addition, the conductance peaks at zero-bias voltage were observed through defined 
lines with lengths about ∼0.8 nm, which is much smaller than the superconducting coherence length ξab ~ 40 nm 
of MgB2. The form of the zero-bias peaks looks like that in the case of the Andreev–Saint-James reflection 
at the tip-sample contact. 
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1. Introduction

The possibility of the multiple-gap superconductivity 
was predicted long ago [1,2] and has been observed or 
claimed to be observed for different classes of supercon-
ductors (SCs). For instance, multiple-gap features were de-
clared to exist in the iron-based SCs [3–6], high- cT  Cu-based 
oxides [7,8], NbSe2 [9], Nb3Sn [10], V3Si [11], PrOs4Sb12 
[12], LuNi2B2C [13], LaPt2Si2 [14], OsB2 [15], ZrB12 [16], 
CuxTiSe2 [17], Mo8Ga41 [18], Chevrel phases SnMo6S8 and 
PbMo6S8 [19], SrTiO3 films and interfaces [20], and even 
the elemental metal of the first kind Pb [21]. Besides the pure-
ly scientific interest in the multiple-gap problem, the latter 
attracts attention of the researchers because there is a wide-
ly accepted hope that the electron-phonon interaction, re-

sponsible for the Cooper pairing, might be strengthened by 
the inter-band matrix elements [22,23], so that the critical 
temperature cT  and other critical parameters are enhanced 
as well. Among various candidates into multiple-gap SCs, 
the layered compound MgB2 [24] is considered to be the 
most typical and promising material with the multiple gaps 
observed directly and indirectly [25–29]. It is also remark-
able that the multiple-band (multiple-gap) material MgB2 
most probably exhibits s-wave symmetry of the supercon-
ducting order parameter, being in that sense a Bardeen–
Cooper–Schrieffer (BCS)-like superconductor governed by 
the electron-phonon mechanism [30]. According to the con-
ventional interpretation, two coexisting superconducting 
gaps of MgB2 are associated with two electronic bands, 
namely, the two-dimensional σ  band and three-dimen-
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sional π band [26,28,31]. Thus, the two-band theory of 
superconductivity should describe MgB2 well or at least 
satisfactorily. It can be checked by the direct comparison 
between the experiment and theory in deliberately dis-
ordered samples. Indeed, in a possible scenario of the two-
gap superconductivity [32], the increased inter-band impu-
rity scattering leads to the gap merging, i.e., the enhance-
ment of the smaller gap and the reduction of the larger one, 
concomitant with the steep fall of cT . The latter is large due 
to the inter-band electron-phonon pairing (in the adopted 
scenario, of course), so that the impurity hybridization of 
electron states from different bands (σ- and π-ones in MgB2) 
mixes them into a new isotropic band in accordance with 
the Anderson theorem [33]. 

However, the experiment for the alloy Mg1 x− AlxB2 
demonstrated quite different behavior [31,34]. Specifically, 
the actual cT  rapidly falls with the Al concentration, where-
as the apparent two-gap tunnel and point-contact (Andre-
ev–Saint-James [35–37]) spectra survive. Moreover, the 
smaller gap does not increase with x . Similar results were 
found in point-contact spectra of the carbon-substituted 
MgB2 [38,39]. In particular, although cT  in Mg(B1–xCx)2 
changed from 39 K at = 0x  down to 22 K at = 0.1x , the 
apparent two-gap character of the spectra persisted at all 
dopings. Hence, we are forced to conclude that the picture, 
where two gaps emerge on different Fermi surface sections 
(in the momentum, k -space), encounters difficulties when 
applied even to the standard testing ground of the two-gap 
model [1,2]. On the other hand, there is an alternative 
viewpoint [40–43], which identifies the apparent two-band 
behavior of the MgB2 compound and its modifications as 
the multiple-gap features of the nonhomogeneous samples, 
i.e., the gaps coexist in the coordinate, r-space. Therefore, 
the very character of the electrical conductivity and super-
conductivity becomes percolative [44]. The existence of 
such patchy structures in the layered materials are not new 
and have been found, in particular, in cuprates by scanning 
tunneling microscopy and spectroscopy (STM/STS) [45,46]. 
As for pure and alloyed MgB2, the relatively wide gap 
distributions were also observed [34,38,39,47–49]. Never-
theless, in the most cases those distributions split into two 
groups in such a manner that they can be well approximat-
ed by the already conventional two-gap structures, so that 
the applicability of the viewpoint concerned to MgB2 is 
not yet proved. 

Anyway, in our previous break-junction tunneling spec-
troscopy (BJTS) measurements, we have obtained three 
representative gap groups: 2 = 4–5 meV∆ , 8–14 meV, and 
18–24 meV [50–52]. The observed tunneling spectra were 
well reproduced in details by the formal scheme based on 
the correlated two-gap model of the proximity effect [53] 
(taking place in the coordinate r-space), which is mathe-
matically equivalent to that of the two-band k -space ap-
proach to superconductivity [54]. Those results indicate, in 

particular, that different gaps are intimately linked to each 
other. The smallest gap among those indicated above is 
commonly observed by various methods except for the 
NMR technique [55], whereas the value of the middle-
sized gap is consistent with the photoemission results sug-
gesting the surface gap state [56,57]. The scanning tunnel-
ing measurements of surfaces often exhibit the single gap 
feature [58]. On the other hand, the largest gap feature can 
be described on the basis of the Gaussian gap distribution, 
suggesting that the two-dimensional layered crystal struc-
tures are spatially inhomogeneous and/or exhibit the gap 
anisotropy [40,50]. In the context of the inhomogeneity, 
extensive nanoscale measurements of the electronic local 
density of states (LDOS) in MgB2 by the STM/STS are 
desirable to clarify the existence and properties of the mul-
tiple gaps found earlier by various techniques. Meanwhile, 
in addition to our previous investigations, other groups 
also carried out STM/STS studies. They have revealed 
the multiple gaps, and measured their temperature depend-
ences [59,60]. Moreover, the precise LDOS investigations 
were made in the vicinity of the magnetic vortex core and, 
in particular, found a relatively large coherence length abξ  
of 40 nm  [61]. 

The remaining problems are waiting for their solution. 
Nevertheless, there is an unsatisfactorily small number of 
clarifying experiments. In particular, there are few STM 
observations of the atomic MgB2 surface arrangements, in-
cluding a proper identification of the Mg and B layers. The 
atomic- and nanoscale LDOS and/or gap manifestations 
were underinvestigated because it is difficult to prepare 
clean and flat MgB2 surface. The difficulty may be caused 
by the poor cleavage characteristics and easy oxidation of 
exposed Mg atoms. Meanwhile, the study of the surface 
together with the identification of its nature (Mg or B atoms) 
is very important. Indeed, the LDOS, containing many 
bands, may, in principle, generate the multiple gaps. Each of 
them are usually considered to be linked to the layer loca-
tions, i.e., the gap related to π-band electrons (commonly 
dubbed as “small” gaps) should dominate on the Mg layer, 
while its σ-counterpart should reveal itself if the B layer is 
studied by STS [27,62]. Therefore, the observed correlation 
between the specific atomic arrangement and measured su-
perconducting gaps can shed light on the nature of super-
conductivity in the layered compound MgB2. 

In this paper, we present the precise STM/STS mea-
surements with the sub-nanoscale resolution. Both the sur-
face atomic images and the gap distributions are found. 
We succeeded in the observation of the identified Mg top-
most layer. We observed the homogenous gap distributions, 
the gap being most probably the π-band one. The unusual 
local conductance ( /dI dV ) peaks, where I  and V  are the 
tunnel current and bias voltage, were found around the 

= 0V  at the extremely short length scales. Those peaks are 
discussed in terms of the Andreev–Saint-James reflection.
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2. Experimental

The MgB2 crystals were fabricated by a high-pressure 
synthesis technique. The details have already been describ-
ed elsewhere [24]. The superconducting critical tempera-
ture 39 KcT   was determined by T-dependences of the re-
sistivity and magnetic susceptibility. The specimens consist 
of the submicron-sized crystalline facets. Thus, the STM tip 
could produce the atomic-size images when the approach-
ing angle was appropriate. The STM equipment used in 
this experiment was the upgraded commercially based sys-
tem (Omicron LT-STM) [52,63,64]. The Pt/Ir tip was 
cleaned just prior to the measurements by the high-voltage 
field emission process with the Au single-crystal target. 
The specimens were cleaved below 77 K under the ultra-
high vacuum atmosphere of 8 a10 P−

 . The STM/STS ob-
servations were carried out in the temperature range 4.9–40 K 
using the heating system. 

3. Results and discussion

Figure 1(a) shows the STM image of the in-situ cleaved 
MgB2 single-crystal facet. The image displays the atomic 
structure. In order to evaluate its periodicity, the fast Fou-
rier transformed (FFT) power spectrum of the STM image 
was derived as shown in Fig. 1(b). The main signals of the 
structure obtained in the FFT image reveal the period values 
of 0.264 and 0.265 nm (depicted by red circles in 
Fig. 1(b)). Both correspond to the Mg lattice period in the 
diagonal direction ( 0.267 nm 3 / 2a= ′× ), the typical 
lattice constant being a′  = 0.3086 nm [24], as is shown in 
the model scheme of the ab plane (Fig. 1(c)). The horizon-
tal signals indicated by red squares were very weak, which 
might be due to the drift during the scanning and/or the tilt 
of the sample. To compare the results with the idealized 
picture, the schematic model of the topmost ab plane 
of MgB2 was superposed on the left bottom corner of 
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Fig. 1. (Color online) (a) The STM image (topography) of MgB2 with the atomic arrangement obtained at the T = 4.9 K (V = 15 mV,
I = 0.3 nA). (b) The fast Fourier transformed (FFT) power spectrum image of the STM image of Fig. 1(a). (c) The crystal structure of
MgB2 with the atomic lattice lengths. (d) The schematic draw of the atomic arrangement on the observed area together with its hexago-
nal structures and the STM contour plot. (e) The schematic draw of the Mg atom location (red dots) derived from Fig. 1(d), together
with the FFT power spectrum image. (f) Two types of the representative conductance (dI / dV ) STS spectra for MgB2 obtained at
T  4.9 K . 
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Fig. 1(a) on the same scale. Those features also confirm 
that the observed dominant hexagonal structures are locat-
ed at the Mg atom sites. To clarify the details of the atomic 
structure, in Fig. 1(d), the scheme of the atomic arrange-
ment is displayed on the observed area together with its 
hexagonal structure and the STM contour plot. The red-
ball-shaped dots (red dots) denote the positions of the ma-
jor-peak atoms, which are indicated by the contour plot of 
the STM image. They form roughly the hexagonal struc-
ture with one central atom per one hexagon cell. Besides 
conventional dominant hexagonal structures, other weak ir-
regular atomic structures were also recognized, which are 
depicted as the blue-ball-shaped dots (blue dots). In Fig. 1(e), 
the red dots from Fig. 1(d) are shown isolated. The red-dot 
distribution seems to be random at a glance. However, its 
FFT image (the inset of Fig. 1(e)) demonstrates an almost 
regular hexagonal pattern, which corresponds to the triangle 
lattice in the real space. Based on the FFT peak position, 
the periodic length (0.260–0.266 nm) turns out to be con-
sistent with the Mg atomic structure (as shown in Fig. 1(c)). 
Therefore, it is reasonable to identify the red-dot locations 
with those of the Mg atoms at the topmost cleaved surface. 
On the contrary, the blue dots are randomly distributed and 

irregularly arranged in the STM image manifesting them-
selves as weak peaks. It might happen that the blue-dot 
reflexes are due to the lower boron atom layer. However, it 
is difficult to detect the lower-layer signal by the STM 
method, so that the blue-dot random features cannot be 
identified with confidence. 

On various facets of the cleaved surface of MgB2 sam-
ple characterized above, we obtained by the STM/S the SC 
gap structures. Figure 1(f) shows two types of the repre-
sentative /dI dV  spectra measured at T = 4.9 K on different 
facets. Specifically, the /dI dV  curves demonstrate either 
the peak-to-peak voltage ( ppV ) of 25 mV  (the “large” 
gap) or 10 mV  (the “small” gap). Similar results reveal-
ing two kinds of gaps were obtained many times and are 
usually interpreted as the two-band two-gap structures [7]. 
We note that in our experiments the smaller gaps are ob-
served more often than their larger counterparts. This trend 
is in accordance with the previous reports [50–52]. 

In order to study those gaps in more detail, we meas-
ured the T-dependences of the /dI dV  curves. They are 
shown for large and small gaps in Figs. 2(a) and (b). The fitt-
ing curves are also depicted there as dashed lines. The fitt-
ing is based on the Dynes formula, which takes into ac-

Fig. 2. (Color online) (a), (b) The T-dependences of the representative two types of /dI dV  curves together with the calculated fitting 
curves; (a) Type I (large gap), (b) Type II (small gap). (c) The T-dependence of the fitting parameter for the gaps, I fit∆  and II fit∆  to-
gether with our previous data for the SIS break junction tunnel spectroscopy [50,51]. 
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count the (phenomenological) quasiparticle lifetime broad-
ening factor [65], 

2 2
( ) Re [ ( ) ( )] .

( )

dI d E iV f E f E eV dE
dV dV E i

∞

−∞

− Γ
∝ − +

− Γ −∆
∫  

  (1) 

Here ( )f E  is the Fermi distribution function, 
1( ) = [1 exp( / )]Bf E E k T −+ . Γ  and Bk  are the broadening 

parameter and Boltzmann constant, respectively. The fitt-
ing gap parameter fit=∆ ∆  was taken as the isotropic s-
wave (conventional BCS) one, in agreement with the pre-
vious experiments. The fitting quantity fit∆  is smaller than 
that defined by the peak to peak voltage / 2pp ppVe∆ ≡  
because of the broadening factor Γ  influence. For example, 
in Fig. 2(a) at = 4.9 KT , the fitting gap parameters were 

fit 10.2 meV=∆  with = 1.4 meVΓ , while pp∆  is 12 meV . 
With growing temperature, the gap magnitude is reduced 
but the gap structure with conspicuous coherence peaks 
survives until  25 KT  . At  33 K,T ≥  the coherence peaks 
disappear, while the shallow depression is still observed as 
the remnant of the low-T  gap structure. At = 39 KT , just 
below cT , the gap-driven features completely disappear and 
the normal metallic behavior (the Ohm law) is restored. 
It should be noted that the /dI dV  curves displayed in 
Fig. 2(a) depend on the voltage polarity. The asymmetry 
with respect to the V  sign changes its form with T  demon-
strating irregular character. 

In Fig. 2(b), the temperature dependence of the smaller 
gap is presented. The fitting procedure leads to the gap 

fit 4.8 meV=∆  and broadening 4.7 meVΓ =  parameters at 
4.9 KT = . Those values are consistent with our previous BJ 

results of the small and middle-size gaps [50,51]. The gap 
concerned is much more smeared than the larger gap, i.e., 
the relative value of the broadening factor is much larger. 
The clear-cut coherent peaks were found up to K= 20T  
and above this temperature only the depression remained, 
which disappeared rapidly at still higher T  merging with 
the background. 

As for the predominant gap values ∆fit indicated above, 
they are considerably larger than other ones measured 
by STS [59,60]. On the other hand, they are consistent with 
the BJTS [31,50,51]. The origin of this discrepancy is still 
not known. However, we note that there exists a strict rela-
tionship between gap values in the two-band scenario, 
namely, the averaged gap value in the two-band s-wave SCs 
should possess the BCS gap-to-Tc ratio of about 3.5 [1,54]. 
The gap values presented here satisfy this criterion. There-
fore, it seems that our STS observations reflect the bulk 
properties and should be considered as such. 

It is remarkable that in the current STS research we ob-
served /dI dV  curves possessing either small or large gaps 
separately, contrary to what was found in our point contact 
as well as previous break junction studies [34,39,50,51]. 

Namely, in break junctions studies the hybrid tunnel spec-
tra / ( )dI dV V  simultaneously revealing both kinds of gaps 
(dubbed as I–II type) were observed. Those discrepancies 
(although not completely understood) might be due to the 
possible difference of the tunneling conditions for super-
conducting quasiparticles in both cases. Indeed, STS mea-
surements spanning the sample surface are always the re-
sult of tunneling along one current channel determined by 
the tip geometry. On the other hand, the overall current 
across a break junction and point contact junction may 
include, in principle, several channels and a wide direc-
tionality cone detecting a larger surface area and different 
kinds of quasiparticles from various Fermi surface sections 
from various Fermi surface sections [66,67]. The differ-
ence in the impedance (barrier height condition) of the 
junction (for example, that of the break junction is of about 
10 ~ 1 kΩ, while that of the STS is of the order ~ GΩ) may 
be also considered as the origin of the different appearance 
of the dI / dV curves. One of the possible origins of the 
“isolated” large gap (type I) is that the STS tip sometimes 
tends to scan in parallel to the tiny exposed ab plane facets 
(ab (ac) planes, for example) due to the extreme tunneling 
local character exhibiting the atomic resolution. Therefore, 
the separate large gap could be detected by the tunnel cur-
rent along the ab direction, revealing the σ band corre-
sponding to the large gap. 

The temperature dependences of gaps of both types 
I fit(∆  and II fit∆ ), are plotted in Fig. 2(c), together with our 

previous data inferred from the SIS (superconductor–
insulator–superconductor) tunnel spectroscopy data for 
break junctions [50,51]. One sees that both I fit∆  and II fit∆  
decrease monotonically with T . However, this decrease 
does not obey the weak- or strong-coupling behavior in-
herent to s-wave BCS superconductivity. In particular, the 
type I gap demonstrates an extremely rapid decrease. Such 
a behavior might mean a suppression of superconductivity 
due to the proximity effect of the surface [68]. Two-band 
superconductivity with a certain inter-band coupling also 
may be responsible for the substantial deviation from the 
conventional mean-field behavior [54]. 

Figures 3(a)–(c) show typical examples of the spatial con-
ductance /dI dV  map at the bias voltages (a) m= V15V − , 
(b) V8 m+ , and (c) 0 mV. Although no /dI dV  map shows 
any obvious atomic structure, inhomogeneous structures 
with the characteristic length of 0.3 nm  nm are clearly 
observed. Those structures almost do not change with the 
bias voltage V . They are usually regarded as a conse-
quence of the difference in the surface height morphology 
that affects the conductance, i.e., the so-called “set point 
effect” [69,70]. To obtain the real electronic density of 
states on the surface from the /dI dV  spectra, we also cal-
culated the normalized /dI dV  map by dividing the con-
ductance /dI dV  values by the value at m= V30V −  
[ /dI dV (V )/ /dI dV ( m= V30V − )]. Thus, the set point ef-
fect is wiped out. Figures 3(d)–(f) demonstrate the normal-

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 11 1427 



Akira Sugimoto, Yuta Yanase, Toshikazu Ekino, Takahiro Muranaka, and Alexander M. Gabovich 

ized /dI dV  maps thus obtained for the bias voltages of 
(d) m= V15V − , (e) V8 m+ , and (f) 0 mV. The normalized 

/dI dV  maps are spatially quite homogeneous, reflecting 
the homogeneity of surface electronic structures. However, 
the higher-conductance island structures were still observ-
ed even after the normalization procedure. It is especially 
well seen in Fig. 3(f) for 0 meVV =  (indicated by the dash-
ed circle). 

To uncover more subtle details of /dI dV  spectra, in-
cluding the features indicated above, we also measured the 
line profiles of the normalized /dI dV  curve. The line pro-
files taken along the arrow-1 (blue) and arrow-2 (red) 
shown in Fig. 3(c) are presented in Fig. 4(a) and (b), re-
spectively. In Fig. 4(a), the clear-cut gap structures contin-
ue along the profile. Furthermore, the gap spatial distribu-
tion seems to be quite homogeneous. Taking into account 
the gap values, the observed spectra of Fig. 4(a) reveal 
the type II gap, namely, the smaller one 7 meVpp∆  . 
Since the Mg topmost layer is easily exposed (indeed, 
the Mg atomic arrangement is observed for the samples 
from the same batch), it is quite reasonable to suggest 
that the type II gaps are inherent to the whole studied area. 
The dominant tunnel current direction is perpendicular to 
the surface. Therefore, the electronic states of the three-
dimensional π-band with its intrinsic small superconduct-
ing gap should generate the main part of the tunnel current 

in STS measurements [27,60,62]. We also emphasize that, 
as has been previously mentioned while discussing Fig. 2, 
the value of pp∆  is known to overestimate the genuine gap 

Fig. 3. (Color online) The spatial distributions of /dI dV , ( /dI dV  map) for the bias voltages of (a) = 15 mVV − , (b) +8 mV, and 
(c) 0 mV. The normalized /dI dV  map (see explanations in the text). 

Fig. 4. (Color online) The line profiles of the /dI dV  curves 
in the interval of 0.06 nm , along (a) the arrow-1 (blue), and 
(b) arrow-2 (red) of Fig. 3(c). 
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magnitude [63]. In Fig. 4(b), additional remarkable fea-
tures are observed (indicated by the black arrow). They 
will be examined below. 

As has already been indicated, in order to obtain a “true 
gap” distribution map, one should take into account the 
“broadening effect” [65] and estimate the fitting gap values 
instead of the peak-to-peak distances, pp∆ . However, it is 
very cumbersome and not realistic to employ the fitting 
procedure for each /dI dV  curve. Therefore, we carried 
out the fitting for several representative experimental 

/dI dV  curves averaged over the range of similar pp∆  [63]. 
Figure 5(a) shows four representative experimental /dI dV  
curves and their fittings performed based on Eq. (1). From 
raw data and fitting, a linear relationship between two link-

ed quantities fit∆  (meV) and pp∆  (meV) was found as fit∆  
(meV) 0.361 0.657pp∆ + . It is shown in the inset of 
Fig. 5(b). According to this relationship, the modified gap 
map ( fit≡ ∆ ) was calculated. Figure 5(b) shows the histo-
gram of the modified gap fit∆ . The average of fit∆  is 

fit 3.3 meV∆   and the standard deviation is 0.4 meVσ . 
The fit∆  map thus obtained is shown in Fig. 5(c). As 
comes about from the histogram, the modified gap shows 
almost homogeneous distribution over the observed area of 
a few square nanometers. We note that the peculiar patch 
of Fig. 4(b), indicated by the arrow, with the characteristic 
conductance peaks near 0 meVV   does not contain any 
conspicuous superconducting gap structures. That region is 
denoted by the white square in the gap map of Fig. 5(c). 

Fig. 5. (Color online) (a) The four representative experimental curves /dI dV  and fitting curves based on Eq. (1). (b) The histogram of 
the modified gap fit∆  with the non-modified data of pp∆ . The inset shows the plot of the linear relationship between fit∆  (meV) and 

pp∆  (meV), fit 0.361 0.657pp∆ ∆ + . (c) The fit∆  map of the same area as in Figs. 4. 
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To obtain some insight into the nature of the peaks con-
cerned, we analyzed their spatial distribution in the relevant 
area. In Fig. 6(a), the “zero-bias-peak height map” is shown 
defined as the highest value of the normalized /dI dV  mag-
nitude within the bias range of 5 mV < < 5 mVV− . Then, 
the peculiar patch can be easily found in the left bottom 
corner of Fig. 6(a). Of course, the location of the patch 
coincides with that of the gap map [see Fig. 5(c)]. The rep-

resentative /dI dV  curve with such a peaked structure is 
displayed in the inset of Fig. 6(a). The typical /dI dV  curve 
involving the superconducting gap is also depicted for 
comparison. In the /dI dV  curve, the zero-bias-peak struc-
ture is not sharp; the full width of half-maximum (FWHM) 
is about 8–9 mV. In Fig. 6(b), the spatial profile of the ze-
ro-bias-peak height taken along the red line of Fig. 6(a) is 
demonstrated. The line-cut of the zero bias /dI dV  magni-
tude ( /dI dV  (x , 0 mV)) is also shown in Fig. 6(b) by blue 
dots. The length of the zero-bias-peak region is very short: 

0.8 nm 1 nm< . The color-contrast image of the conduct-
ance /dI dV  profiles along the red line of Fig. 6(a) is dis-
played in Fig. 6(c). The superconducting gap-edge posi-
tions and the zero-bias-peak positions were marked as 
black dots and red diamonds, respectively. The length of 
the area with zero-bias peaks ( 0.8 nm ) is much shorter 
than the superconducting coherence length of ab surface of 
MgB2 40 nmabξ   [61,71]. On the other hand, the former 
length is comparable with the atomic scale. Furthermore, 
as is easily recognized from Fig. 6(c), the peak positions 
are not located exactly at = 0V ; the peak positions are 
shifted toward the negative bias direction and lie several 
mV below the Fermi level ( peak = 5 ... 1 mVV − − ). 

One might imagine several reasons of the peak emer-
gence. For instance, it may be created at an impurity atom 
position, at the accidentally vortex generated in the envi-
ronmental magnetic field, or the Andreev–Saint-James 
reflection of a certain kind. Whatever the reason invoked, 
the peak extremely short characteristic length has to be 
explained. As for the possible appearance of the vortex, it 
seems to be rather unrealistic because previous observations 
STS [58] show that the size of the vortex cores in MgB2 
is about 100 nm order ( 100 nmλ   and 40 nmabξ  ). 
Hence, it is very improbable to suggest, e.g., that the effec-
tive coherence length localξ  becomes 100 times smaller at a 
certain spot. The impurity atom, which destroys supercon-
ductivity in its neighborhood, could, in principle, form the 
observed electron state. However, the large superconduct-
ing coherence length of MgB2 makes this suggestion un-
likely. In essence, this conclusion is the consequence of the 
Anderson theorem [33], which explains why the isotropic 
superconductivity with large coherence lengths is insensi-
tive to local impurity-driven perturbations. The Andreev–
Saint-James-like reflection might be one of the possible can-
didates because the FWHM of the (quasi)zero-bias-peak 
structure (8–9 mV) is similar to the large-gap width of this 
compound, 1 eV2 0 m∆   [35]. The filled and open circles 
in Fig. 6(c) mark positions of the superconducting gap-
edge-peak and (probably) gap-related-dip on the both side 
of the (quasi)zero-bias-peak structures, respectively. Let us 
suppose for a while (although it is not an established fact) 
that the Andreev–Saint-James scenario is valid. Then, NS 
or NSNS junctions are formed between the tip and the 
sample in the peculiar spots instead of the nominal NIS 
junctions. In that hypothetical case, the /dI dV  magnitude 

Fig. 6. (Color online) (a) The zero-bias-peak height map. Each 
point is defined as the highest value of the normalized /dI dV  
magnitude within the bias range of 5 mV < < 5 mVV− . The inset 
shows the representative /dI dV  curve with the zero-bias-peak 
structure together with the /dI dV  containing the superconduct-
ing quasiparticle gap (shown as black dot-dashed lines) for com-
parison. (b) The spatial profiles of the zero-peak height and the 
zero-bias /dI dV  magnitude ( /dI dV  (x , 0 mV)) along the red 
line of Fig. 6(a). (c) Color-contrast image of the /dI dV  profiles 
along the red line from (a). The data are taken from the /dI dV  
profile of Fig. 4(b). The superconducting gap peak and zero-bias 
peak positions are marked as black dots and red diamonds, re-
spectively. The open circles depict the dip positions on the both 
sides of the zero-bias-peak structures. 
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within the gap energy region is two times larger than 
its counterpart outside this region [72]. Therefore, the dip 
position just outside the zero-bias peak could be con-
sidered as the benchmark of the superconducting gap ener-
gy. The dip are positioned at slightly larger energies 

dip-dip( / 2 7–15 mVV = ) than the energies 3( – 7/ 2   mVppV = ) 
of the type II gaps; but the dip positions are rather close to 
the energies of the type I gaps: / 2 10 mVppV  . This 
might happen if the zero-bias-peak patch is a nanoscale 
area with an extremely low tunnel barrier (NS condition). 
Then, the Andreev–Saint-James-like scenario might be 
realized but with the tunneling quasiparticles belonging to 
the σ-band, i.e., demonstrating large gaps. Anyway, in the 
framework of the Andreev–Saint-James model, it is diffi-
cult to explain the peak shift toward the negative voltages. 
At least, it is not due to the experimental errors, because 
we always calibrated the bias voltage before the measure-
ments. To conclude about the NS contact manifestations, 
we emphasize that such a boundary really seems to emerge 
between the tip and the small patch of the MgB2 surface 
but the origin of this phenomenon remains unclear. 

4. Summary 

The systematic STM/STS study of the nanoscale local 
electronic states on the layered MgB2 compound was car-
ried out at low temperatures. The STM topography reveals 
the hexagonal atomic lattice with a′  = 0.31 nm. We iden-
tified the observed dominant lattice structures as the 
Mg atoms, whereas the irregular random spots as signals 
from the second topmost B atoms. Two kinds of supercon-
ducting energy gaps were found by conductance /dI dV  
measurements. Namely, either I fit 1 0.2 meV∆   or 

II fit 4.8 meV∆   were observed while scanning the sur-
face at T = 4.9 K. The gap map of the smaller type II gap 
was built for the area of 4×2 nm2, showing the relatively 
homogenous distribution. This gap is attributed to the elec-
tronic π-band, with its average equal to fit 3.3 meV∆   
and the standard deviation equal to 0.4 meVσ . Besides, 
conductance peaks at almost zero bias voltage with no gap-
edge features were observed in a local area of the linear 
size equal to 0.8 nm . The latter results may be due to the 
Andreev–Saint-James reflection at NS boundaries. Namely, 
the peaks might originate from local low barriers formed 
by impurity atoms. The impurity neighborhood most pro-
bably becomes superconducting via the proximity effect. 
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Atomic structures and nanoscale electronic states on the surface of MgB2 superconductor 

Атомні структури та нанорозмірні електронні стани 
на поверхні надпровідника MgB2, 

що спостерігаються за допомогою скануючої 
тунельної мікроскопії та спектроскопії 

Akira Sugimoto, Yuta Yanase, Toshikazu Ekino, 
Takahiro Muranaka, Alexander M. Gabovich 

Проведено систематичне дослідження нанорозмірних ло-
кальних електронних станів на поверхні MgB2 з використан-
ням низькотемпературної скануючої тунельної мікроско-
пії/спектроскопії (STM/STS). SТМ-топографія показує атомне 
зображення гексагональної решітки з постійним параметром 
a′ = 0,31 нм, яке ідентифікується в основному як сукупність 
місць, зайнятих Mg. Проаналізовано залежності SТМ-вимі-
рювань від температури в припущенні існування двох енер-
гетичних щілин. В результаті отримано оцінку амплітуд щі-
лин Δfit ≃ 10,2 та ≃ 4,8 меВ при T = 4,9 К. Відскановані карти 
провідності (dI / dV) площею 4×2 нм2 показали однорідний 
розподіл щілин, пов’язаних з π-зоною. Крім того, спостеріга-
лися піки провідності при напрузі нульового зсуву через 
певні лінії на відстані близько 0,8 нм, що набагато менше, 
ніж довжина когерентності ξab ~ 40 нм MgB2. Форма піків 
нульового зсуву виглядає так, як у випадку відображення 
Андрєєва–Сент-Джеймса на контакті голка–зразок. 

Ключові слова: надпровідність, поверхня MgB2, скануюча 
тунельна мікроскопія/спектроскопія. 

Атомные структуры и наноразмерные 
электронные состояния на поверхности 
сверхпроводника MgB2, наблюдаемые 

с помощью сканирующей туннельной микроскопии 
и спектроскопии 
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Проведено систематическое исследование наноразмерных 
локальных электронных состояний на поверхности MgB2 
с использованием низкотемпературной сканирующей тун-
нельной микроскопии/спектроскопии (STM/STS). SТМ-топо-
графия показывает атомное изображение гексагональной 
решетки с постоянным параметром a′ = 0,31 нм, которое 
идентифицируется в основном как совокупность мест, заня-
тых Mg. Проанализированы зависимости SТМ-измерений от 
температуры в предположении существования двух энерге-
тических щелей. В результате получена оценка амплитуд ще-
лей ∆fit ≃ 10,2 и ≃ 4,8 мэВ при T = 4,9 К. Сканированные 
карты проводимости (dI / dV) площадью 4×2 нм2 показали 
однородное распределение щелей, связанных с π-зоной. Кроме 
того, наблюдались пики проводимости при напряжении нуле-
вого смещения через определенные линии на расстоянии 
около 0,8 нм, что намного меньше, чем длина когерентности 
ξab ∼ 40 нм MgB2. Форма пиков нулевого смещения выгля-
дит так, как в случае отражения Андреева–Сент-Джеймса на 
контакте игла–образец. 
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