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FIG. 1. Band structure along main hexagonal symmetry
lines, for (top) MgB2, (middle) !21B2, and (bottom) primitive
graphite C2. The planar s states, highlighted with larger
symbols, fall in energy in this progression, and only in MgB2
are they partially unoccupied. The point A ! !0, 0, p"c# is
perpendicular to the (kx , ky) plane.

The band structure of MgB2 is shown in Fig. 1 (top
panel) in comparison with that of primitive graphite
(bottom panel) with a single layer per cell like the B2
sublattice in MgB2. For each two distinct sets of bands are
identifiable: the highlighted sp2 (s) states and the pz (p)
states. The striking difference is in the position of the s
bands, which is evident in Fig. 1. Whereas the s bonding
states are completely filled in graphite and provide the
strong covalent bonding, in MgB2 they are unfilled and
hence metallic, with a concentration of 0.067 holes"B
atom in two fluted cylinders surrounding the G-A line
of the Brillouin zone [10]. There are correspondingly
more electron carriers in the p bands. This decrease in
occupation on the strongly bonding s bands partially
accounts for the greatly increased planar lattice constant
of MgB2 (3.08 Å) compared to graphite (2.46 Å). Our

results agree with previous conclusions that MgB2 can be
well characterized by the ionic form Mg21!B2#22.

To identify the origin of the relative shift of the s and p
bands by $3.5 eV between graphite and MgB2, we have
considered a fictitious system !21B2 in which the Mg ion
is removed but the two electrons it contributes are left be-
hind (and compensated by a uniform background charge).
The band structure, shown in the middle panel of Fig. 1, is
very similar, except the energy shift of $1.5 eV downward
with respect to MgB2 completely fills the s bands, as in
graphite. This shift is the result of the lack of the attrac-
tive Mg21 potential in MgB2, which is felt more strongly
by the p electrons than by the in-plane s electrons: the
attractive potential of Mg21 between B2 layers lowers the
p bands, resulting in s ! p charge transfer that drives
the hole doping of the s bands. Belashchenko et al. [17]
have also considered a sequence of materials to come to
related conclusions about the band structure, but they did
not use isoelectronic systems as has been done here.

The s bands are strongly 2D (there is very little disper-
sion along G-A), but it will be important to establish the
magnitude and effects of interplanar coupling. The light
hole and heavy hole s bands in MgB2 can be modeled
realistically in the region of interest (near and above ´F)
with dispersion of the form

´k ! ´0 2
k2

x 1 k2
y

2m"
2 2t# cos!kzc# , (1)

where the planar effective mass m" is taken to be positive
and t# ! 92 meV is the small dispersion perpendicular to
the layers. The light and heavy hole masses are m"

lh"m !
0.20, m"

hh"m ! 0.53, and the mean band edge is ´0 !
0.6 eV. In general, the in-plane (yxy) and perpendicular
(yz) Fermi velocities are expected to be anisotropic: yxy $
kF"m", yz $ 2ct# where t# is small. Near the band edge
(kF # 2m"ct#) this anisotropy becomes small, and this is
roughly the case in MgB2. The p bands are also effectively
isotropic [10,11].

Now we discuss why the quasi-2D character of the s
bands is an important feature of MgB2 and its supercon-
ductivity. Neglecting the kz dispersion, the 2D hole den-
sity of states is constant: N0

h!´# ! m"
lh1m"

hh

p h̄2 ! 0.25 states"
eV-cell, independently of the fact that the hole doping
level is small. The kz dispersion has only the small effect
displayed in Fig. 2, where the discontinuity in the quasi-2D
DOS is seen to be broadened by $2t#. For MgB2 the s
band contribution to N!´F# is reduced by about 10% by
kz dispersion.

If superconductivity is primarily due to the existence of
holes in the s band, and we provide evidence for such a
picture below, then the DOS in Fig. 2 suggests that electron
doping will decrease N!´F#. The decrease will be smooth
to a doping level corresponding to an increase by 0.4 eV
of the Fermi level. Then N!´F# should drop precipitously
with further doping. A rigid band estimate gives a value of
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will be able to provide direct spectroscopic information
about the superconducting energy gap. In the pure An-
dreev limit, if a quasiparticle is accelerated by an applied
voltage V such that jV j , D!e, a direct transfer to the
superconducting electrode is forbidden and a hole is then
retroreflected in the normal electrode in order to allow the
formation of a Cooper pair in the superconductor. The
overall current (and differential conductance s ! dI!dV )
for jV j , D!e is then two times higher than the value for
jV j . D!e. In the intermediate case a dip appears for
V ! 0. Two peaks are then visible at V " 6D!e. The
evolution of the dI!dV vs V curves for different interfaces
characterized with the barrier strength Z is schematically
presented in Fig. 1a. Because the point-contact geome-
try directly probes the coherence of the superconducting
state, it is probably the most adapted technique to deter-
mine the superconducting energy gap. Another advantage

!

!

!

!

(a)

(b)

FIG. 1. (a) Numerical simulation of the BTK model at
different values of the barrier strength Z, representing be-
havior of the point-contact spectra for D ! 7 meV between
Giaever tunneling (Z ! 10) and clean Andreev reflection
(Z ! 0) at T ! 4.2 K. (b) Experimentally observed evolution
of the Cu-MgB2 point-contact spectra at T ! 4.2 K (solid
lines). The upper curves are vertically shifted for clarity. The
dotted lines display fitting results for the thermally smeared
BTK model with DS ! 2.8 6 0.1 meV, DL ! 6.8 6 0.3 meV
for different barrier transparencies and weight factors.

of the point-contact spectroscopy is that the normal elec-
trode is pushed into the sample in order to probe a clean
surface.

Point-contact measurements have been performed on
polycrystalline MgB2 samples with Tc ! 39.3 K and
DTc ! 0.6 K. A special point-contact approaching
system with a negligible thermal expansion allows for
the temperature and magnetic field measurements up to
100 K. The point contacts were stable enough to be
measured in the magnetic field of a superconducting
coil. A standard lock-in technique at 400 Hz was used to
measure the differential resistance as a function of applied
voltage on the point contacts. The microconstrictions
were prepared by pressing a copper tip (formed by elec-
trochemical etching) on the freshly polished surface of the
superconductor. MgB2 samples were prepared from boron
powder (99.5% pure, Ventron) and magnesium powder
(98% Mg 1 2% KCl, MCP Techn.), in relative proportion
1.05:2. A 2 g mass of the mixed powders was introduced
into a tantalum tube, then sealed by arc melting under ar-
gon atmosphere (purity 5N5). The tantalum ampoule was
heated by high frequency induction at 950 ±C for about
three hours. After cooling down to room temperature, the
sample was analyzed by x-ray diffraction and scanning
electron microscope. Among the brittle dark grey MgB2
powder (grain size ,20 mm), a few hard but larger grains
(0.1–1 mm) were found. Laue patterns show evidence for
only a limited number of single crystals in each grain.
Resistivity and ac susceptibility measurements of these
larger grains reveal a particularly abrupt superconducting
transition (DTc # 0.6 K), indicating their high quality in
comparison with that of the fine powder.

Figure 1b shows typical examples of the conductance
versus voltage spectra obtained for the various Cu-MgB2
junctions with different barrier transparencies. All shown
point-contact conductances were normalized to the value at
the high-voltage bias. The spectrum had a more tunneling-
like character when the tip first touched the surface (i.e.,
with a barrier resistance R " 100 V# and then continu-
ously transformed into a form with a direct conductance
as the tip was pushed into the sample (down to R " 6 V).
Almost all curves reveal a two-gap structure, where the
smaller-gap maxima are displayed at about 2.8 mV and
the large gap maxima at about 7 mV, placed symmetri-
cally around the zero bias. Even if, in some case, only the
smaller gap is apparent (as shown in the lowest curve of
Fig. 1b), its width hides the contribution of the second gap.
Then, as we show below, a magnetic field can suppress
the smaller gap and the large one will definitely emerge.
All our curves could be fitted by the sum of the two BTK
conductances asS 1 $1 2 a#sL with the weight factor a
varying from "10% to "90% depending on the position
of the tip (this scattering of the a value is probably related
to different crystallographic orientations at the different
microconstrictions). We thus definitely observed two dis-
tributions with the smaller gap scattered at about 2.8 meV
and the second one at about 7 meV.

137005-2 137005-2

P.Szabo et al. PRL 01

2 FS sheets             2 gaps 

BCS value

! sheets
(covalent sp2 bounds)

! sheets 
(similar to graphite, although larger)

Excellent coupling with 
E2g breathing modes

-> Tc ~ 40K        
moderate coupling 

-> Tc < 10K   



H//ab

H//c

H-T phase diagram
(Hc2 line)

structure of the 
vortex matter ?

 Meissner 

State

T

H

T
c

H
c2

H
c1

Normal State

 Mixte State

 Meissner 

State

T

H

T
c

H
c2

H
c1

Normal State

 Mixte State

Etat Meissner

H

T
T

c

 Meissner 

State

T

H

T
c

H
c2

H
c1

Normal State

 Mixte StateEtat Mixte

Etat Normal

H
c
1

H
c
2

H
c2

Glass Liquid

"Lattice"
(Bragg Glass)

T

H

Possible T or H induced melting 
of the ordered vortex matter

elastic energy

pinning energy
(disorder)

thermal
fluctuations



λab (nm) ξab (nm) Γ Tc (K) ε0ξc (K) Gi

YBaCuO 160 1.5 6 92 200 3 10-2

Nd(O,F)FeAs 270 3 5 35 200 4 10-3

(K,Ba)BiO3 280 3 1 32 800 2 10-4

MgB2 50 10 5 39 16000 10-6

The influence of thermal fluctuations can be 
quantified by the Ginzburg number :

thermal fluctuations are fully negligible in MgB2

Jc (A/cm2)

1-10 105

1-10 105

1-10 105

a few 104

small critical current density (low amount of disorder)

✏0 = (�0/4⇡�ab)2

 = [ _______________ ]2thermal energy
elastic energy

Gi =
1
2
[
kBTc

✏0⇠c
]2

The ordered (Bragg glass) phase is expected to occupy the
lagest part of the H-T phase diagram
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«fishtail» effect in high HTSC

peak effect in Jc close to Hc2

Figures 2!a" and 2!b" show the resulting plots of
Jc(H)/Jc(0) in crystals X and Y of 2H-NbSe2 at selected
temperatures. The evolution of Jc(H) curves in these two
sets of plots and its commonality with similar sets of plots in
the cases of cuprate superconductor YBa2Cu3O7!# !Refs. 18
and 19" and the A15 alloy V3Si !Ref. 19" now become very
apparent. Note first, that in crystal X $see Fig. 2!a"%, the
departure from the collective pinning behavior occurs at
smaller values of the reduced field as the temperature in-
creases. For example, in Fig. 2!a" at t"0.973, the departure
from the power-law response occurs around b"0.71, while
at t"0.996, this departure occurs at b"0.134. At the highest
temperatures !for instance, t"0.996 and t"0.997), the con-
ventional sharp peak effect evolves into a broad hump away
from the corresponding Hc2 value $cf. Fig. 2!a" and Fig.
1!d"%, reminiscent of the FE. The evolution of Jc(H) curves
from the PE to the FE in crystals of YBa2Cu3O7!# and V3Si
has been reported to occur either by progressive increase in
pinning centers19 or by progressive decrease in temperature
for a given amount of # in YBa2Cu3O7!# ,18,19 in marked
contrast to that by the increase in temperature as in the
present case of NbSe2. It is nevertheless reasonable to sug-
gest that the vortex matter becomes amorphous in the field
region of the broad hump, and consequently the correlation

volume Vc does not vary significantly in this region. Thus, in
such a regime $e.g., curves at t"0.997 and t"0.982 in Figs.
2!a" and 2!b", respectively% the pinning is expected to track
the field dependence of the elementary pinning interaction f
in Eq. !2". It is pertinent to point out here that at tempera-
tures, where the PE is very pronounced, Jc(H) rises from its
smallest value in the collective pinning regime at the onset of
the PE to reach its overall amorphous limit at the peak posi-
tion $cf. curves from t"0.973 to 0.990 in Fig. 2!a" and those
from t"0.965 to 0.973 in Fig. 2!b"%, as proposed in the origi-
nal Larkin-Ovchinnikov !LO" scenario.27 The Jc(H) curves
for the more strongly pinned crystal Y approach the indi-
vidual pinning limit faster than those in crystal X $compare
curves at t"0.965 to 0.982 in Fig. 2!b" with those at t
"0.973 and 0.983 in Fig. 2!a"%.
The above description leads us to propose that at a given

temperature, the entire field span is subdivided into three
primary pinning regimes: the single-particle or small-bundle
regime at low fields, a collective pinning of an ordered lattice
regime at intermediate fields, and finally the departure back
to a single-particle or amorphous regime at high fields $as
marked by arrow at the onset of the PE in Figs. 2!a" and
2!b"%. It is also obvious that the vortex system fails to reach
the intermediate regimes of the collectively pinned ordered
lattice at high temperatures very close to Tc(0).

FIG. 2. Log-log plots of Jc(H)/Jc(0) vs
H/Hc2(T) for H!c at selected temperatures in
crystals X and Y of 2H-NbSe2. The PE region
has been identified at the lowest reduced tem-
perature for crystals X and Y in !a" and in !b",
respectively. The normalized current density
reaches upto a limiting value at the peak of the
PE. This limiting value is marked as the amor-
phous limit in !b". The insets !i" and !ii" in !a" and
insets !iii" and !iv" in !b" show Rc /a0 vs H at two
sets of reduced temperatures in crystals X and Y,
respectively. The amorphous limit of Rc /a0,
which corresponds to its field-independent value
at a high temperature (t"0.982 in crystal Y", has
been identified in the inset !iv" of !b". Note that
Rc /a0 at H"Hp in the inset !i" in !a" and in inset
!iii" in !b" reaches the respective field-
independent limiting value !see text for details".

PRB 62 11 841PEAK EFFECT, PLATEAU EFFECT, AND FISHTAIL . . .
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Commonly observed in low Tc materials
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Figures 2!a" and 2!b" show the resulting plots of
Jc(H)/Jc(0) in crystals X and Y of 2H-NbSe2 at selected
temperatures. The evolution of Jc(H) curves in these two
sets of plots and its commonality with similar sets of plots in
the cases of cuprate superconductor YBa2Cu3O7!# !Refs. 18
and 19" and the A15 alloy V3Si !Ref. 19" now become very
apparent. Note first, that in crystal X $see Fig. 2!a"%, the
departure from the collective pinning behavior occurs at
smaller values of the reduced field as the temperature in-
creases. For example, in Fig. 2!a" at t"0.973, the departure
from the power-law response occurs around b"0.71, while
at t"0.996, this departure occurs at b"0.134. At the highest
temperatures !for instance, t"0.996 and t"0.997), the con-
ventional sharp peak effect evolves into a broad hump away
from the corresponding Hc2 value $cf. Fig. 2!a" and Fig.
1!d"%, reminiscent of the FE. The evolution of Jc(H) curves
from the PE to the FE in crystals of YBa2Cu3O7!# and V3Si
has been reported to occur either by progressive increase in
pinning centers19 or by progressive decrease in temperature
for a given amount of # in YBa2Cu3O7!# ,18,19 in marked
contrast to that by the increase in temperature as in the
present case of NbSe2. It is nevertheless reasonable to sug-
gest that the vortex matter becomes amorphous in the field
region of the broad hump, and consequently the correlation

volume Vc does not vary significantly in this region. Thus, in
such a regime $e.g., curves at t"0.997 and t"0.982 in Figs.
2!a" and 2!b", respectively% the pinning is expected to track
the field dependence of the elementary pinning interaction f
in Eq. !2". It is pertinent to point out here that at tempera-
tures, where the PE is very pronounced, Jc(H) rises from its
smallest value in the collective pinning regime at the onset of
the PE to reach its overall amorphous limit at the peak posi-
tion $cf. curves from t"0.973 to 0.990 in Fig. 2!a" and those
from t"0.965 to 0.973 in Fig. 2!b"%, as proposed in the origi-
nal Larkin-Ovchinnikov !LO" scenario.27 The Jc(H) curves
for the more strongly pinned crystal Y approach the indi-
vidual pinning limit faster than those in crystal X $compare
curves at t"0.965 to 0.982 in Fig. 2!b" with those at t
"0.973 and 0.983 in Fig. 2!a"%.
The above description leads us to propose that at a given

temperature, the entire field span is subdivided into three
primary pinning regimes: the single-particle or small-bundle
regime at low fields, a collective pinning of an ordered lattice
regime at intermediate fields, and finally the departure back
to a single-particle or amorphous regime at high fields $as
marked by arrow at the onset of the PE in Figs. 2!a" and
2!b"%. It is also obvious that the vortex system fails to reach
the intermediate regimes of the collectively pinned ordered
lattice at high temperatures very close to Tc(0).

FIG. 2. Log-log plots of Jc(H)/Jc(0) vs
H/Hc2(T) for H!c at selected temperatures in
crystals X and Y of 2H-NbSe2. The PE region
has been identified at the lowest reduced tem-
perature for crystals X and Y in !a" and in !b",
respectively. The normalized current density
reaches upto a limiting value at the peak of the
PE. This limiting value is marked as the amor-
phous limit in !b". The insets !i" and !ii" in !a" and
insets !iii" and !iv" in !b" show Rc /a0 vs H at two
sets of reduced temperatures in crystals X and Y,
respectively. The amorphous limit of Rc /a0,
which corresponds to its field-independent value
at a high temperature (t"0.982 in crystal Y", has
been identified in the inset !iv" of !b". Note that
Rc /a0 at H"Hp in the inset !i" in !a" and in inset
!iii" in !b" reaches the respective field-
independent limiting value !see text for details".
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Eel ⇠ (1/2)⇥ [8
p

⇡(c44c66)1/2a0]⇥ [c2
La2

0]
(1/2) x (K) x (distorsion)2

Epin ⇠ (f2
pinnd(c44/c66)1/2a3

0)
1/2 ⇥ ⇠

(pinning force) x (interaction range)

fpin = pinning force
nd = defect density
a0 = lattice spacing

Cii = elastic constants
" = coherence range = interaction range

distorsion = cLa0

where cL = Lindeman constante 
~ 0.2 - 0.3

dislocation proliferation at OD transition

Eel = Epin ! hOD(1� hOD)3 =
1

2⇡c8
L

✓
g(T )jSV

c (0)
j0(0)

◆3

pinning strengh rewritten through Jsv 
= (single vortex) critical current and 
g(T) depends on pinning mechanism

hOD = HOD(T)/Hc2(T)

see also
Mikitik & Brandt  
PRB ’01, 03’ et ’05

Hdis!T "

Hc2!T "
#1!! 2$

cL
4 " 1/3! %&

Lc
" 2. !12"

This formula shows that and how Hdis(T) approaches
Hc2(T), which is also seen in Fig. 1. Interestingly, according
to this formula, the order-disorder transition occurs outside
the upper region of single-vortex pinning,36 but its position
correlates with the boundary of this region: '1!hdis(t)(/'1
!hsv(t)("(2$cL

2)!2/3#1. It should be also noted that in
the case under study !i.e., when the thermal fluctuations are
negligible" the mean field Hc2(T) practically coincides37
with the melting line Hm(T). Thus, we obtain for D#cL that
in the high-temperature region a peak effect occurs near the
melting line, while with decreasing T the position of the peak
in j c(H) shifts downwards from this line. This situation is
reminiscent of that of perfect high-Tc superconductors.10–16
In this context it is also useful to note the following: The

density of the dislocations in the vortex liquid is essentially
higher than in the disordered vortex solid phase near the
order-disorder transition.22 However, if in the H-T plane the
order-disorder transition occurs sufficiently below the melt-
ing line of the clean superconductor; then, in the disordered
solid phase, at the field corresponding to the melting transi-
tion, the density of the dislocations generated by the
quenched disorder may become of the order of the density
characteristic for the liquid phase. In this case the melting
transition disappears. In other words, the melting line Hm(T)
terminates when Hdis(t) deviates from it appreciably.
If the strength of the disorder is sufficiently small,

D)
%&!0 "

Lc!0 "
$cL ,

the order-disorder line lies entirely outside the region of
single vortex pinning, Fig. 2, and is described by Eq. !9" at

any T$Tc , while Eq. !4" is not valid at all. In the special
situation when D is markedly less than cL , a peak effect
occurs near Hc2(T) and its position in the H-T plane is ap-
proximately given by Eq. !12". In this case the resulting
phase diagram looks like that of low-Tc superconductors.1–5
The transition from one type of phase diagram to the other
occurs when D"cL .
It has been assumed in this section that the parameter

%&/Lc decreases with increasing T. However, the *Tc pin-
ning !due to spatial variations of Tc) leads to an increasing
function g0(t); see Eq. !A14" in the Appendix. In this case, if
D#cL , the formula !4" remains valid up to Tc . But if D
$cL , a temperature T0 exists, determined by the condition

%&!T0"
Lc!T0"

"cL ,

and at T$T0, Eq. !9" should be used, while at T#T0 for-
mula !4" holds. In other words, we have a situation which is
opposite to that described above. In Fig. 3 the order-disorder
line is shown for the case when g0(t) is given by Eq. !A14".
Note that in this case, according to formula !4", one has
Hdis+(1!t2)3/2 in the high-temperature region of the phase
diagram. This result qualitatively agrees with the
measurements6–9,11,16 on YBa2Cu3O7-* crystals when * is
not small or when the crystals are not too perfect.

IV. ORDER-DISORDER LINE WITH ACCOUNT
OF THERMAL FLUCTUATIONS

It is well known that thermal fluctuations of the flux-line
lattice play an important role in high-Tc superconductors. In
particular, for this reason the flux-line lattice melts essen-
tially below the mean-field Hc2 line. In this section we study
the influence of thermal fluctuations on the order-disorder
line.
Thermal fluctuations lead to a smoothing of the pinning

potential and thus increase the Larkin length Lc . The length

FIG. 1. The order–disorder line Hdis(t) !solid line" calculated
from Eqs. !4", !9", and !A13" (*l pinning" for cL"0.25 and D/cL
"1.3. Simplified approach, without account of thermal fluctuations.
The boundary of the single-vortex pinning regime, Hsv(t), is given
by the dashed line, and the dotted line shows the mean-field upper
critical field Hc2(t)"Hc2(0)(1!t2).

FIG. 2. As Fig. 1 but for D/cL"0.9 and 0.4. Note that for
D/cL$1 the order-disorder line Hdis(t) does not intersect the
single-vortex pinning boundary Hsv(t).

GRIGORII P. MIKITIK AND ERNST HELMUT BRANDT PHYSICAL REVIEW B 64 184514

184514-4



pinning induced by fluctuations in 
- the electronic mean free path : g(T) = Hc2(T)/Hc2(0)
- the critical temparature : g(T) = [Hc2(T)/Hc2(0)]-1/3

Field induced order - disorder transition

equivalent to 
T induced melting of vortex solid (Eel ~kT)

First order

?



Asymetrical hysteresis loop in DC 
measurements

on the descending branch M depends on 
the field value at which the ramp direction 
has been reversed (amount of dislocations 

which proliferate above Honset)
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Hysteris on T’(H)
on the descending branch, quenched 

defects (present in the high field disordered 
phase) lead to higher J i.e. lower T’

2.7.1019 e/cm2



indications for 1st order transition but 
is there discondinuity (JUMP) in the REVERSIBLE (~ average) 

magnetization at Honset

19K - 2.2.1019 e/cm2

the width of the irreversibily can be reduced by 
«shaking» the vortices 

= adding a small AC component on the DC field

Note : jump = 1G at 2T=20000G
 i.e. #B/B ~ 510-5 

discontinuity also present in M(T)



The absence of complicating factors such as strong layeredness 
and thermal fluctuations in MgB2 is used to study the influence of 
disorder on the the structure of the vortex matter (field induced 
order-disorder transition). 

The temperature and nd dependence of the transition line testify 
that this transition is mediated by the proliferation of dislocations.

The discontinuity in magnetization and the strong magnetic 
history effects attest to the first order nature of this transition. 

Pinning is mediated by fluctuations in the electronic mean free 
path in MgB2.

CONCLUSION

for further information see : T.Klein et al. PRL, 105, 047001 (2010).


