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Abstract. We report on the low temperature measurements of the magnetotransport in Si-doped InAs quan-
tum wire in the presence of a charged tip of an atomic force microscope serving as a mobile gate, i.e. scan-
ning gate microscopy (SGM). By altering the carrier concentration with back gate voltage, we transfer the 
wire through several transport regimes: from residual Coulomb blockade to nonlinear resonance regime, 
followed by linear resonance regime and, finally, to almost homogeneous diffusion regime. We demonstrate 
direct relations between patterns measured with scanning gate microscopy and spectra of universal con-
ductance fluctuations in the dependence of conductance on magnetic field (R-1(B)). Additionally, a clear 
sign of fractal behavior of R-1(B) curve is observed for non-linear and linear resonance transport regimes.
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1. INTRODUCTION

One of the peculiarities of one-dimensional and 
quasi-one-dimensional diffusion electronic trans-
port is the presence in these type of systems an elec-
tron scattering from so-called resonance scatterers. 
These scatterers, such as  weak links or  any oth-
er potential barriers, influence on electrons in all 
channels. If these scatterers are strong enough and 
temperature T  is low, the transport can demonstrate 
Coulomb blockade [1] ( 2/ , < /Bh k T e cτ ) or zero-bi-
as anomaly [2], here h — is Planck’s constant, Bk  
is  Boltzmann’s  constant, τ is  the tunneling time 
through barriers, e is elementary charge and c is ca-
pacitance of the system section in between two near-
est weak links. In the case that potential barriers are 
weak, the transport is linear but well-defined res-
onances in magnetoresistance can be observed due 
to  over-barrier reflections [3]. Finally, if  the role 
of such barriers/scatterers is negligible, the homoge-
neous diffusive transport regime is realized [4].

In samples with the phase coherence length ( φl )  
of  the charge carriers (the distance the electron 

travels before its phase is randomized) comparable 
to the sample size ( wirel ), the universal conductance 
fluctuations (UCF) are observed [5]. 

Using the correlator

∆ δ δ ∆- - +1 1( ) = ( ) ( ) ,F B R B R B B

δ - - --1 1 1( ) = ( ),R B R R B

it is possible to extract the value of

φ Φ0= / .cl dB

from the correlation f ield cB  def ined as 
( ) = 0.5 (0)cF B F  [6, 7], 0 = /e hΦ  is  the quantum 

flux and d is a constant of the order of unity [7]. Ac-
cording to the work [8], the deviation of correlation 
function is

( ) = (0) ( )F B F F B B γ∆ ∆ ∆ ∆- µ ,

and the value of exponent γ  defines the dimension 
of  the fractional Brownian motion = 2 /2D γ-  
[9-11] of dependence of conductance on magnetic 
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field -1 ( )R B . Fractional Brownian motion has been 
found in quasiballistic Au-nanowires [12], differ-
ent types of  semiconductor nanowires [13], and 
graphene stripes [14].

Here, we present a detailed investigation of mag-
netotransport in  Si-doped InAs nanowire using 
SGM mapping and standard magnetotransport 
measurements in a wide range of carrier concentra-
tions. The system passed through four transport re-
gimes from residual Coulomb blockade to non-lin-
ear resonance scattering, then to linear resonance 
scattering and finally to quasi-homogenious diffu-
sion regime. The role of resonant scatterers in for-
mation of  fractional Brownian motion of  -1( )R B  
curve is discussed.

2. EXPERIMENTAL

The nanowires were grown on GaAs (111) sub-
strates by low-pressure metal organic vapor phase 
epitaxy (MOVPE). Nitrogen gas ( 2N ) was used as the 
carrier gas to transport trimethylindium ( 3 3In(CH ) ) 
and arsine ( 3AsH ) in the reactor at a working pressure 
of 20 mbar and a total gas flow rate of 3100 ml/min.  
The growth temperature was 650 C. For silicon 
doping during growth, the disilane ( 2 6Si H ) flux was 
adjusted to  achieve various n-type doping levels. 
To quantify the supply of doping species more eas-
ily, doping factor, consisting of the partial pressure 
ratio of dopant versus group III precursor, is de-
fined as a  ratio of  2 6 3 3(Si H )/ (In(CH ) )p p . The ra-
tio of  -× 47.5 10  was used for growth the batch of the 
nanowires investigated in the current experiment. 

Additional details of the Si-doped nanowires growth 
procedure can be found elsewhere [15,16].

The diameter of the wire was = 100wired  nm. The 
wire was placed on an n-type doped Si(100) substrate 
covered by a thermal grown 100 nm thick 2SiO  insu-
lating layer. The Si substrate served as the back-gate 
electrode. The Ti/ Au- contacts to the wire as well 
as  the markers of  the search pattern were defined 
by electron beam lithography. The distance between 
the contacts was = 2.9wirel  µm. A scanning electron 
beam micrograph of the sample is shown in Fig. la). 
The source and drain metallic electrodes connected 
to the wire are marked as S and D.

All measurements were performed at  = 4.2T  
K. The charged tungsten tip of a home-built scan-
ning probe microscope [17] was used as a mobile 
gate during scanning gate imaging measurements, 
see Fig. 1b). All scanning gate measurements were 
performed by keeping the potential of the scanning 
probe microscope tip ( = 0tV  В) as well as the back-
gate voltage ( BGV ) constant. The conductance of the 
wire during the scan was measured in a  two-ter-
minal circuit by  using a  standard lock-in  tech-
nique. The tip to  2SiO  surface distance chosen for 
the scanning process was = 250tiph   nm. During 
SGM scans and linear magnetotransport measure-
ments a  driving AC  signal with an  amplitude of 

= 0.8ACI  nA at a frequency of 231 Hz was applied 
to the source contact keeping drain contact ground-
ed while the voltage was measured by a differential 
amplifier. External magnetic field was directed per-
pendicular to the wire axis and Si substrate surface.

3. EXPERIMENTAL RESULTS

In Fig. 2 the dependence of conductance ( -1R ) 
of the nanowire as a function of back gate voltage 

BGV  is presented.
The overall linear dependence of  conductance 

on back gate voltage (carrier density) is typical for 
Si-doped InAs nanowires [15]. Non-regular fluctua-
tions are universal conductance fluctuations (UCF) 
which arise because the phase coherence length 
in  InAs is  comparable to  the length of  the wire. 
The magnified low back gate section of  -1( )BGR V  
curve is shown in the top-left inset of Fig. 2. Ad-
ditionally to  the UCF, there are oscillations with 
period of ∆ = 36BGV  mV, marked with blue oval. 
These oscillations come from the residual Coulomb 

ba

Fig. 1. (In color online) a) False color scanning electron micro-
scope image of the sample nanowire. The scale bar corresponds 
to 1μm. b) Schematic diagram of the experimental setup. In the 
Figures, the nanowire has a blue color and two metallic contact 
pads are yellow, source and drain contacts are labelled as S and D, 
respectively
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blockade of a quantum dot positioned in the mid 
of the nanowire [18].

According to finite element calculations of the ca-
pacitance of the nanowire [19], the specific capaci-
tance of our sample is   80sc  pF/m.Thus, it is pos-
sible to calculate the carrier density of the nanowire 
within simple capacitance approximation as a func-
tion of the back gate voltage

2

( )
= ,

( /2)
s BG Th

e
wire

c V V
n

e dπ

-

where -= 5.2ThV  V is the
threshold voltage, and the elastic mean free path 
from Drude formula [20] is
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The low-right inset in  Fig.  2  shows the de-
pendencies of  el  (black curve, left scale) and e Fl k  
(blue curve, right scale) on back-gate voltage, here 

π2 1/3= (3 )F ek n  is the Fermi vector. The two green 
arrows on  the inset at voltages -= 1BGV  V and 1 
V show that the total change in both the magnitude 
of  el  and e Fl k  is only 25–30% when BGV  increases 
from –1V to 1V.

The results of SGM mapping of the nanowire are 
presented in Figs. 3-8. Each figure demonstrates the 
evolution of the scanning results due to weak vari-
ation of the back gate voltage with a step of 10 mV 
(Figures a) to  f)), and applied external magnetic 
field ( = 0.1B , 0.2, 0.3, 0.5, 1 and 2 T, Figures g) 
to 1)) for six back gate voltages, i.e., -= 3BGV , -2.1,  
-1, 1, 4 and 10 V, respectively. The step of  VBG 
was chosen to exceed correlation back gate voltage 

2/cBGV hd elφ=  <  5  mV for all applied VBG, here D 
is the diffusion coefficient.

Mapping results of the SGM scanning in the vi-
cinity of  -= 3BGV  V presented in Fig. 3 demon-
strate quite complex structure typical for nanow-
ires or  nanotubes with a  number of  the blocking 
barriers of different opacity [21]. The key feature 
of scans in Fig. 3 is well defined concentric ovals, 
see Figs. 3f) and 31) for example. The presence and 
the position of such ovals means the formation of the 
quantum dot in the mid-section of the nanowire and 
ovals are the result of the Coulomb blockade real-
ized in this dot [21]. The period of Coulomb block-
ade oscillations of ∆ = 36BGV  mV allows to estimate 
the length of electronic system of this quantum dot 

∆ / 60dot s BGl e c V   nm. Taking into account 
the lengths of possible depletion zones of around 
» 100 nm (this value is comparable to the silicone 
oxide thickness), the distance between two strong 
blocking barriers forming this dot can be estimated 
as   250BBl  nm. Thus, this quantum dot is posi-
tioned approximately in the center of the wire with 
barrier-to-barrier distance BB wirel l . It means that 
the nanowire is divided into three sections. The Sec-
tion I extends from the source contact to the first 
blocking barrier, the Section II is the quantum dot 
itself and the Section III lays between the second 
blocking barrier and the drain contact.

The scanning gate microscopy mapping per-
formed in  the vicinity of  -= 2.1BGV  V  is  shown 
in Fig. 4. At this back gate voltage the SGM map-
ping results look still quite complex, see Fig. 4a), but 
they demonstrate a response from all three sections 
of  the nanowire. Here equicapacitance ovals and 
circles are not resulted from the Coulomb blockade, 
because the shape of them changes dramatically with 
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Fig. 2. (In color online) Conductance R−1 of the nanowire versus 
back gate voltage VBG. Non-regular oscillations come from univer-
sal conductance fluctuations. The upper-left insert shows the de-
pendence of the conductance on the back gate voltage in the range 
indicated by the dashed frame in the Figure. Small period oscilla-
tions within the range marked with blue circle come from residual 
Coulomb blockade of the quantum dot positioned in the mid part 
of the nanowire (see main text for details). The lower-right insert 
presents the elastic scattering length as a function of the back gate 
voltage (black curve, left scale). Blue curve in the insert shows 
the dependence of k lF e on the back gate voltage (right scale). Two 
green arrows point to VBG = 1−  V and VBG = 1 V.
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application of external magnetic field, see Figs. 4g)-
4l). The equicapacitance ovals and circles in SGM 
data come from the alteration of the opacity of the 
blocking barriers or, probably, due to the variation 
of the density of states [2].

Fig. 5 shows the scanning gate microscopy map-
ping carried out in  the vicinity of  -= 1.0BGV  
V. There is no clearly distinguished response from 
each of  the nanowire segments. It  is  particularly 

noteworthy that the scanning results are virtually 
unchanged when both gate voltage and magnetic 
field are weakly varied, see Fig. 5а) – 5h). Increas-
ing the applied magnetic field from = 0.5B  to 2 
T leads to a significant change in the scanning re-
sults (Fig. 5j) – 5l)) similar to the experimental data 
shown in Fig. 4. 

g )a)

h)b)

i)c)

j)d)

k)e)

l)f)

Fig. 4. (In color online) a)-f) Scanning gate microscopy maps 
of  InAs nanowire obtained at zero magnetic field and in  range 
of back gate voltages varied from VBG = 2.10−  V to −2.15  V, with 
step of 10  mV, respectively. g)-l) Scanning gate microscopy maps 
gained at VBG = 2.1−  V and B = 0.1, 0.2, 0.3, 0.5, 1.0 and 2.0 T re-
spectively. The scale bar in Figure 4a) corresponds to 1 μm. The 
scale and the area of scanning gate microscopy maps are the same 
for all scans. The black solid lines mark the borders of contact pads 
and the dotted line marks the axis of nanowire. Ovals and cir-
cles of equicapacitance for all sections of the nanowire are shown 
in the Figure a). Two solid ovals relate to the Sections I and III, two 
dashed concentric circles mark equicapacitance curve for central 
quantum dot (Section II).

a) g)

b) h)

c) i)

d) j)

e) k)

f) l)

Fig. 3. (In color online) a)-f) Scanning gate microscopy maps of InAs 
nanowire carried out at zero magnetic field and in range of back gate 
voltages varied from VBG = 3.00−  V to −2.95 V with step of 10 mV, re-
spectively. g)-l) Scanning gate microscopy maps gained at VBG = 3.0−  
V and B = 0.1,0.2,0.3,0.5,2.0 T, respectively. Concentric circles are 
the sign of the Coulomb blockade in quantum dot positioned at the 
mid part of the nanowire. The scale bar in Figure a) corresponds to 
1  μm. The scale and the area of scanning gate microscopy maps are 
the same for all scans. The black solid lines mark the borders of con-
tact pads and the dotted line marks the axis of nanowire. 
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The scanning gate microscopy mapping done 
in the vicinity of  = 1.0BGV  is presented in Fig. 6. 
Both the variation of back gate voltage and the mag-
netic field as small as 0.1 T alter the SGM mapping 
pictures. The smallest scale features of SGM scans 
have the size of 250 –300 nm. This size is compa-
rable to the tip to  2SiO  surface distance and it is the 

spatial resolution of the current experimental set-
up [22]. Three well-defined resistance minima are 
visible in scans and marked with arrows in Fig. 6c). 
As it has been estimated previously, the distance be-
tween two barriers forming the central quantum dot 
at  -= 3BGV  V  is 250 nm, and each of  the barrier 
cannot be resolved separately, so they are visualized 

a) g)

b) h)

c) i)

d) j)

e) k)

f) l)

Fig. 6. (In color online) a)-f) Scanning gate microscopy maps 
of  InAs nanowire obtained at zero magnetic field and in  range 
of back gate voltages varied from VBG = 1.00 V to 1.05 V, with step 
of 10 mV, respectively. g)-l) Scanning gate microscopy maps gained 
at VBG = 1.00  В and B = 0.1, 0.2, 0.3, 0.5, 1.0 and 2.0 T, respec-
tively The scale bar in Fig. 6a) corresponds to 1 μm. The scale and 
the area of scanning gate microscopy maps are the same for all 
scans. The black solid lines mark the borders of contact pads and 
the dotted line marks the axis of nanowire. Arrows in Figure c) 
point to the positions of all potential barriers. The arrow in Fig-
ure I) points to the position of the central double barrier

a) g)

b) h)

c) i)

d) j)

e) k)

f) l)

Fig. 5. (In color online) a)-f) Scanning gate microscopy maps 
of InAs nanowire made at zero magnetic field and in range of back 
gate voltages varied from VBG = 1.00−  V to −1.05  V, with step of 
10  mV, respectively. g)-l) Scanning gate microscopy maps carried 
out at VBG = 1.00−  V and B = 0.1, 0.2, 0.3, 0.5, 1.0 and 2.0 T, re-
spectively. The scale bar in Figure a) corresponds to 1 μm. The 
scale and the area of scanning gate microscopy maps are the same 
for all scans. The black solid lines mark the borders of contact pads 
and the dotted line marks the axis of nanowire.
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as a single one. Thus, these three minima are related 
to the source contact barrier, quantum dot double 
barrier, and the drain contact barrier. The positions 
of them are stable against variation of VBG (Figs. 6a) 
-6f)). The double barrier sign (the red spot marked 
with black arrow) is visible even at SGM scan done 

at  = 2B  T, see Fig. 61). The scans shown in Fig. 6 
additionally confirm the position of  the quantum 
dot allocated from SGM mapping, see Fig. 4.

The SGM mapping done in  the vicinity of 
= 4.0BGV  and 10 V  is  shown in Fig. 7 and 8, re-

spectively. These scans demonstrate the interplay 

a) g)

b) h)

c) i)

d) j)

e) k)

f) l)

Fig. 8. (In color online) a)-f) Scanning gate microscopy maps 
of  InAs nanowire obtained at zero magnetic field and in  range 
of back gate voltages varied from VBG = 10.00  V  to 9.95 V, with 
step of 10  mV. g)-l) Scanning gate microscopy maps carried out 
at VBG = 10.00 V and B = 0.1, 0.2, 0.3, 0.5, 1.0 and 2.0 T, respec-
tively. The scale bar in Figure a) corresponds to 1 μm. The scale 
and the area of scanning gate microscopy maps are the same for 
all scans. The black solid lines mark the borders of contact pads 
and the dotted line marks the axis of nanowire. The black arrows 
point to the position of the central double barrier and the green 
ones point to barrier positioned close to the drain contact.

a) g)

b) h)

c) i)

d) j)

e) k)

f) l)

Fig. 7. (In color online) a)-f) Scanning gate microscopy maps 
of InAs nanowire carried out at zero magnetic field and in range 
of  back gate voltages varied from VBG = 4.00  V  to 4.05 V, with 
step of 10 mV, respectively. g)-l) Scanning gate microscopy maps 
performed at VBG = 4.00  and B = 0.1, 0.2, 0.3, 0.5, 1.0 and 2.0 T, 
respectively. The scale bar in Figure a) corresponds to 1 μm. The 
scale and the area of scanning gate microscopy maps are the same 
for all scans. The black solid lines mark the borders of contact pads 
and the dotted line marks the axis of nanowire. The black arrows 
point to the position of the central double barrier and the green 
ones point to barrier positioned close to the drain contact. 
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of  the features come from UCF which vary their 
positions and the residual impact of  the blocking 
barriers on the wire conductivity. It is worth noting 
that some minor influence of these barriers positions 
in SGM scans remains both at  = 4BGV  V(Fig. 7i)) 
and at  = 10BGV  V (fig. 8 а). (Fig. 8a)). This behav-
ior of blocking barrier influence on SGM mapping 
is the same as observed in InN nanowires previously.

Figure 9 shows the dependence of the wire con-
ductance ( -1R ) on  magnetic field measured at 

-= 3BGV , -2, -1, 1, 4, 10 V.
Curves, except one measured at  = 10BGV  V are 

shifted for clarity. Non-regular reproducible oscil-
lations are UCF. The peak in conductivity around 

= 10BGV  V comes from weak antilocalisation quan-
tum correction due to spin-orbit interaction in the 
InAs. This transition from weak anilocalization 
to localization with decreasing the carrier concen-
tration is typical for InAs nanowires [23-28].

The spectra of universal conductivity fluctuations, 
which are obtained from the experimental data 
of Fig. 9, are shown in Fig. 10. 

The top panel of Fig. 10 shows universal conduc-
tance fluctuations spectra calculated from -1( )R B  
data measured at  -= 3BGV , -2 and -1 V, and 
on the bottom at  = 1,4BGV  and 10 В. The significant 
suppression of the spectrum at 1/ > 1B  T-1 for the 
spectra shown in the top panel of Fig. 10 is clearly 
visible.

Dependences of  the normalised correlator 
∆( ) / (0)F B F , calculated for the dependencies 

-1( )R B , measured at  -= 3BGV , -2, -1, 1, 4 and 10 V,  
are shown in Figure 11.

The smallest value of  the correlation magnetic 
field of  = 0.11cB  T, which is obtained from exper-
imental data measured at  = 10BGV  V and the cor-
responding electron phase failure length can be ob-
tained and the corresponding electron phase length 
φ = 200l  nm can be obtained. This value is within 
the range from 200 to 500 nmobtained in nanowires 
InAs previously [23-30]. Significant increase of φl  
at higher carrier concentrations was also previously 
observed in [23, 24, 25]. When calculating the cor-
relator ∆( ) / (0)F B F  were used -1( )BGR V  data rang-
ing from = 0.65B  to 7.0 T, to exclude the influence 
of quantum corrections to conductivity in the region 
of small magnetic fields.

D ep endences  of   cor r el ator  va r i a t ion 
∆ ∆ ∆ -( ) = ( ) (0)F B F B F  in a  double logarithmic 
scale for -= 3BGV , -2, -1, 1, 4 and 10 V are shown 
in Figure 12.

The two straight lines show the slopes of the de-
pendence γ∆B  for two values γ = 1.5 (red line) and 
γ = 2.0 (black line).

Dependences of  normalised differential resis-
tance ( / )/( / (0))dV dI dV dI  as a function of driving 
current, obtained at  -= 3BGV , -2, -1 and 1 V are 
shown in Figure 13.

The dots on the curves mark the current values 
at  which the =SD BeV k T . A  distinctly nonlinear 
behaviour of the obtained dependencies is observed 
only at  -= 3BGV  and -2 V. The experiment was 
performed at  = 0.65B  T in order to exclude the in-
fluence of quantum corrections.

4. DISCUSSION

Transitions from Coulomb blockade to Fabri-Per-
ot interference in ballistic one-dimensional and qua-
si-one- dimensional systems were recently observed 
and discussed in detail in [31,32]. In inhomogeneous 
diffusive quasi-one-dimensional systems, the trans-
port phenomena are more complex. Presented data 
help to illustrate relevant transport regimes focusing 
on their peculiarities in magnetotransport data and 
the SGM mapping results obtained in the same run.

B

V

V

V

V

V

V

Fig. 9. (In color online) Magnetic field dependencies of the con-
ductance of the nanowire (R−1) measured in the range of magnetic 
fields from −1 T to 7 T and at different back gate voltages as indicat-
ed in Figure. Thin red curve (shifted for clarity) denotes the data 
obtained at VBG = 4 V ramping external magnetic field down from 
7 to −1 T. All other measurements were carried out at field reversal 
from the −1 to 7 T 
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The doped InAs nanowire was chosen because 
of its homogeneous radial carrier density [15]. Thus, 
any influence on the transport resulted from cylin-
drical shape of the electronic system [33] is minor.

As  noted earlier, the dependence of  -1 ( )BGR V  
(fig. 2) and the data measured by  the SGM tech-
nique at  -= 3BGV  V  (Fig.  3), allow us  to  deter-
mine the location and size of the quantum dot that 
is formed in the centre of the nanowire. The value of 

cB , obtained from the experimental results present-
ed in Fig. 11, confirms that loops with small area 

play the main role ( ´90 50 nm2) [34]. The transport 
at this value of the backgate voltage is non-linear, 
see Fig. 13.

InAs nanowires containing weak links (or fluctua-
tions of the surface potential) tend to be divided into 
several quantum dots demonstrating the Coulomb 
blockade at  low back gate voltages. This behavior 
is rather common and has been investigated in num-
ber of papers [18,35,36]. In case of more than one 
quantum dot containing in the wire, the correct in-
terpretation of the observed Coulomb blockade dia-
monds is rather cumbersome. Nevertheless, as it has 
been shown for a simple case (two quantum dots), 
a charged AFM tip could help to associate a certain 
ladder of diamonds to a certain dot in the nanowire 
[35].

It should be noted that the experimental data ob-
tained in Fig. 3 cannot be explained by the mod-
ulation of barrier transparency in the near-contact 
regions. In fact, some change in the sample conduc-
tivity due to the above effect can be observed, for 
example, in nanowires InN [3]. In this work, it was 
demonstrated that a  closely spaced atomic force 
microscope tip can change the transparency of po-
tential barriers at metal-semiconductor interfaces. 
However, the result of scanning by the SGM tech-
nique would have to result in two series of circles 
or ovals with centres located above the potential bar-
riers, which is significantly different from the exper-
imental results presented in Fig. 3, in which the cen-
tre of the concentric ovals is located near the centre 

B

V
V
V

V
V
V

Fig. 10. (In color online) Top panel is power spectra of magneto-
conductance for VBG = 3− , −2 and −1 V, see Fig. 9. Bottom panel 
is power spectra of magnetoconductance for VBG = 1, 4 and 10  V, 
see Fig. 9. The significant suppression of all spectra for 1 > 1/B  T−1 
presented in the top panel is clearly visible.
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B

V
V

V
V
VV

Fig. 12. (In colour online) Variation of the correlation function 
at six different boack gate voltages. The red and black straight lines 
correspond to  two values of  degree γ = 1.5 and 2.0. The arrow 
marks the value Bc for VBG = 10 V
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V
V

V
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V

Fig. 11. (In colour online) Normalised dependencies of the correla-
tion function F B F( ) / (0)∆ , calculated using the measured mag-
netic conductivity data presented in Fig. 9 for six different values 
of the back gate voltage
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of the nanowire, i.e. at a significant distance from 
the contact pads and the corresponding interfaces.

By increasing the carrier density concentration 
-= 2BGV  V, we transfer the system to non-linear 

resonant regime (see Fig. 13). In this regime, the 
strongest resonant scatterers (blocking barriers) de-
fine three quasi-localized states formed in corre-
sponding Sections of wire. Maps obtained with the 
SGM technique depend weakly on variation of the 
back gate voltage and application of the small mag-
netic field, see Fig. 4. New energy scale of the order 
of 100 meV is the characteristic energy of variation 
of opacity of the blocking barriers and fluctuation 
of the density of states. The contribution from small 
area loops is dominant, see Fig. 11.

Further increase of  the carrier concentration  
( -= 1BGV  В) gives rise to  the reduced influence 
of the blocking barriers. Transport becomes linear, 
see Fig. 13. The data obtained by the SGM tech-
nique can no longer determine the number of seg-
ments into which the nanowire is split. It should also 
be noted that, despite the reduced influence of reso-
nant scatterers, there is still a new energy scale in the 
system of 100 mV, and the results of the SGM scan-
ning technique, as well as at  -= 2BGV  V, depend 
weakly on the variation of the voltage on the bottom 
gate and the applied external magnetic field, see 
Fig. 5. The main contribution continues to be made 
by small area loops, i.e. segments with a character-
istic length of 50 –100 nm. As mentioned above, the 

spatial resolution of the SGM technique in the pre-
sented experiment is 250 –300 nm, i.e., it is not pos-
sible to visualise each individual resonant scatterer.

At  = 1BGV  V we observe important changes in the 
SGM scans. The SGM mapping results (Fig. 6) be-
come sensitive to the small (10 mV) increase of the 
back gate voltage as  well as  to  application of  the 
small (B = 0.1 T) external magnetic field. This be-
haviour of the electronic system was found previous-
ly in undoped nanowires InAs [37], it can be identi-
fied as a regime of practically homogeneous diffuse 
transport with essentially suppressed role of reso-
nant scatterers. Additionally, the spectrum of  the 
UCF extends to  the higher frequencies (Fig.  10, 
bottom panel). This spectrum extension can be used 
as an additional indicator of the observed transition. 
Transport is linear as shown in Fig. 13.

Further increase of  the back gate voltage re-
sults in even more homogeneous transport accord-
ing to SGM data (Figs. 7 and 8) with wide spectra 
of UCF (Fig. 10, bottom panel). At  = 10BGV  V the 
correlation field cB  has reached the value related 
to the phase coherence length of 200 nm. It is worth 
noting while the value of  cB  varies for less than 25% 
from -= 2BGV  to 4 V the Fermi velocity doubles. 
This artificial overestimation of the measured value 

cB  means a significant underestimation of the phase 
failure length due to strong wire segmentation at the 

-= 2BGV  and -1 V  and partial segmentation at 
= 1BGV  and 4 V (γ( = 4B) = 1.71 < 2BGV ).

Lightly doped wires InAs are not optimal objects 
for investigation of the behaviour of resonant scat-
terers using the SGM technique due to the presence 
of additional undulations introduced by USF in the 
scanning results at  1BGV  V. Nanowires with sig-
nificantly higher density of states, such as InN, are 
more favoured targets [3]. In this case, the presence 
of a charged atomic force microscope tip does not 
result in additional undulation due to USF, visual-
ising only resonant scatterers. Despite this, the data 
presented in Figs. 6 - 9 allow us to trace the chang-
ing response of the resonant blocking barriers with 
both increasing bottom gate voltage and changing 
external magnetic field, focusing mainly on the be-
haviour of the central double barrier (marked with 
a black arrow on the experimental scan data) and 
the barrier in the near-contact region of the drain 
(marked with a green arrow).

In Fig. 6(c) all three main barriers are visualised 
and marked with arrows. A key feature of resonant 

V
V

V
V

Fig. 13. (In colour online) a) Normalised differential resistance 
( ) / ( (0))dV dI dV dI/ /  as a function of current (ISD ), measured at 
VBG = 3−  , −2, −1 and 1 V. The dots on each curve mark the magni-
tude of the current at which the eU k TSD B= . Measurements were 
carried out in a magnetic field B = 0.65 T



	 JETP, Vol. 165, No. 3, 2024

436	 ZHUKOV, BATOV	

scatterers is that when they are fixed in position, the 
proximity of the charged tip of an atomic force mi-
croscope can change the sign of the response as the 
bottom gate voltage changes ( FE ), and at chang-
ing the strength of  the external magnetic field [3, 
20]. Let us trace both these features on the exam-
ple of experimental data obtained using the SGM 
technique.

Changing the sign of  response on  AFM tip 
with variation of  back gate voltages is  presented 
in Fig. 6(c) and Fig. 7(e). While the tip decreases the 
resistance of  the resonant scatterers at  = 1BGV  V, 
it rises the resistance at  = 4BGV  V. A similar change 
in the sign of the response when the magnetic field 
is changed is shown in Fig. 7 (k) and (l). Experimen-
tal data were obtained at the voltage on the back gate 

= 4BGV  В and = 1B  and 2 T respectively. The scan 
results clearly show that the resistance of the barrier 
near the drain contact grows as the tip approaches 
at  = 1B  T and decreases at  = 2B  T. The response 
behaviour of the central double barrier is exactly the 
opposite, i.e. its resistance decreases at  = 1B  T and 
grows at  = 2B  T, see Fig.  7  (k, l) . The change 
of the sign of the response of resonant barriers oc-
curs at a characteristic change of the magnetic field 
of the order of 1T. This behaviour is consistent with 
the observed stability of the scanning results using 
the SGM technique, namely, the stability of the re-
sults obtained when the magnitude of the external 
magnetic field is weakly varied at  -= 2.1BGV  and 
-1 V, when resonant scatterers have a significant ef-
fect on the electronic transport of nanowires.

The transition from the linear resonant regime 
to more homogenous diffusive one occurs at back 
gate voltages between -= 1BGV  V  and 1 V  (see 
two arrows in the bottom-right inset of the Fig. 2). 
As  it has been mentioned previously, no essential 
variations of  el  or  F ek l  happen in this range of back 
gate voltages. Therefore, while the larger ener-
gy scale is present in  the linear resonant regime, 
it is not clear at present, what is the correct criterion 
demonstrating this transition just from the -1( )BGR V  
dependence. The switch of  the behavior of SGM 
mapping results can be considered as an undoubt-
ful evidence of transition from linear resonant re-
gime to more homogenous diffusive one. The sud-
den increase of the high frequency spectrum of UCF 
can be considered as an additional indicator of this 
transition.

The most significant feature in the obtained ex-
perimental results is the non-trivial behaviour of the 
exponent γ  in  γ∆ ∆ ∆µ( )F B B  as a function of the 
back gate voltage, see Fig.  12. This exponent is 
γ ±= 2.1 0.1 for Coulomb blockade regime when 
the transport is  defined mostly by  quantum dot. 
Then, the value of exponent drops to values close 
to γ = 1.4 in non-linear and linear resonant scat-
tering regimes, see Table 1. The transport depends 
strongly on resonant scatterers in the wire forming 
a set of quasilocalized states resulting in fractional 
Bownian motion of  -1( )R B  curve with dimension-
ality greater than one ( γ-= 2 / 2 = 1.3Dim ) [8, 
12] for both non-linear and linear resonant regimes. 
The reason of weak variation of γ = 1.4 in this re-
gime is presently not clear and might be the subject 
for further investigations. At ( 1BGV  V), i.e., when 
the role of resonant scatterers is reduced, the value 
of the γ  increases, reaching the standard value 2, see 
table 1.

Table 1. The dependence of the correlation field cB  and 
γ  on back gate voltage 

BGV , V cB , T γ

-3 0.48 ±2.10 0.1
-2 0.25 ±1.38 0.1
-1 0.27 ±1.42 0.1
1 0.21 ±1.78 0.1
4 0.21 ±1.71 0.1

10 0.11 ±1.90 0.1

According to  the theoretical work of  Altshul-
er-Gefen-Kamenev-Levitov (AGKL), three regimes 
should be realised at multiparticle localisation [38, 
39]. The first of these occurs when the correspond-
ing energy Bk T  is less than the characteristic ener-
gy at  the quantum dot QDE  ( -( = 3QD BGE V  V) =
= / ln( ) 10BGe V g g∆   meV, in  this experiment 
it  is  the Coulomb blockade regime). In  this re-
gime, the one-electron states resemble the true 
many-electron states. The normalised condac-
tance of  the central quantum dot in  this case 
is equal to  2= / 1QDg h e R  . In intermediate mode 

»< 1.7B Th,segk T E  meV at  -= 1BGV  the quasipar-
ticle states have the form of fractals and are not ergo-
dic [38, 39]. In this case 2= /Th,seg segE hD l  – Thouless 
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energy of a typical wire segment formed by resonant 
scatterers.

The fractal structure of the wave functions and 
the general non-ergodic behaviour of  the system 
in the intermediate state described by AGKL can 
be considered as some analogy with resonant modes 
of electron transport with fractal dependence be-
haviour -1( )R B  in this experiment. It should be not-
ed that the length of the wave vector λ  37F  nm at 

-= 1BGV  V, this means that the number of channels 
in the system is  2 2/ 24channel wire FN dπ λ  , and the 
length of the localisation   240loc channel el N l  nm. 
This value is comparable to  segl  and the phase coher-
ence length at  -= 1BGV  V: 

0.5

( = 1 )
( = 1 )

200 120 nm,
( ( = 10 ))

BG

F e BG

F e BG

l V V

k l V V

k l V V

φ -

-
× »





see Fig. 2, right inset, in  case the phase coher-
ence time depends weakly on  the gate voltage. 
Thus, localisation in each individual segment ap-
pears to be possible ( φ -( = 1BGl V  V ) locl ). When 
the carrier concentration is  further increased, 
when Bk T  becomes the largest scale of  energy  
( > 3B Th,wirek T E  μeV), the standard exponential 
damping of quasiparticles is established, Th,wireE  is 
Thouless energy of the whole nanowire. This regime 
corresponds to  the homogeneous diffuse regime 
in this paper.

Thus, as in AGKL theoretical picture, so in the 
current experiment there is a special regime with 
non-trivial behavior of the electronic system wave 
function or fractal Bownian motion of curve of de-
pendence of conductance on magnetic field lying 
in between Coulomb blockade and homogeneous 
diffusion transport regimes. Let us  discuss reso-
nant transport regime, where the resonant scatterers 
play crucial role governing transport properties of 
InAs wire, in more details, focusing on the stabil-
ity of SGM mapping data against small variation 
of  magnetic field and additional possible nature 
of suppression of value of index γ < 2.

The stability of  the scanning results using the 
SGM technique with respect to  weak chang-
es in  the external magnetic field, see Figs. 4 and 
5, can be  qualitatively explained by  the fact that 
the electron in  the nanowire can cover an  area 

significantly smaller than the φ=diff wireS d l . This 
situation is  realised if  the electron is blocked be-
tween two resonant scatterers (with characteristic 
distance between them segl ) with the transparency 
of  the relevant barriers / < /rsh h φτ τ , in  this case 

φτ  — is electron phase coherence time. If  φ<segl l
, then the corresponding value of the characteristic 
external magnetic field, at which the scanning re-
sult will change significantly, grows to the value of 

*
0 0= /( ) > /( ).C wire seg wireB d l d lφΦ Φ  This new scale 

by magnetic field ( *
CB ) for the nanowire under study 

is 1 T and remains virtually unchanged for blocking 
barriers up to  = 4BGV  V, see Figs. 7(k) and 7(1).

The opacity of resonant scatterers depends both 
on the Fermi energy and the magnetic field, and be-
sides defining the new scales in values of the mag-
netic field and the energy, the confinement of elec-
trons made by them originates one very important 
issue. In the case of homogeneous diffusive trans-
port, as it has been mentioned previously, the size 
of the area that electron sweeps to loose its phase 
is  φ=diff wireS d l . This value does not depend on the 
magnetic field. In  the case of Coulomb blockade 
regime, if  the size of the dot ( dotl ) is smaller than 
φl , the value of  related area is  =Coulomb wire dotS d l .  
This value does not depend on the magnetic field 
as well. If resonant scatterers play an essential role 
in the transport, the situation is different as  from 
the homogeneous diffusion transport, so from the 
Coulomb blockade regime, i.e. due to the variation 
of opacity of resonant blocking barriers with mag-
netic field, the size of the area for a certain electron 

= ( )wire seg segd l S B  becomes a function of the mag-
netic field. Probably, the alteration of the area size 
that electron can sweep with magnetic field can 
be the reason why the value of index γ is less than 2. 
With increasing the back gate voltage the role of res-
onant scatterers diminishes and the value of  ( )segS B  
is equal to 

diffS  and becomes constant. Similarly, 
when decreasing BGV  value of  ( )segS B  decreases to 

CoulombS  and is no longer dependent on B . As a re-
sult, the value of γ returns to its default value equal 
to 2 in both cases.

It should be noted that it is not possible to ex-
clude the possibility of transition from the Coulomb 
blockade regime directly to the regime of homoge-
neous diffuse transport. However, this work shows 
the transition with intermediate modes of trans-
port, demonstrating both peculiarities in the re-
sults of scanning by SGM technique and non-trivial 
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behaviour of dependence R-1 (B) with the dimension 
of Brownian motion Dim > 1.

There are quite a number of  theoretical papers 
in which quasi-localized states formed by resonant 
scatterers are considered as a possible origin of for-
mation of the observed fractional Bownian motion 
of  dependence of  conductance on  magnetic field 
in the intermediate regime [40-42]. However, there 
have been no clear experimental evidences or visu-
alizations of such kind of states. Here we show as the 
SGM mapping scans visualize them and hence the 
fractional Bownian motion they initiate.

5. CONCLUSION

We performed the low temperature measurements 
of the magnetotransport in doped InAs nanowire 
in the presence of a charged tip of an atomic force 
microscope serving as a mobile gate. By varying the 
carrier concentration, the system under investigation 
passes through four transport regimes from Cou-
lomb blockade to homogeneous diffusive transport. 
Fractional Bownian motion of dependence of con-
ductance on magnetic field is observed in non-linear 
and linear resonant transport regimes. Key experi-
ments for demonstration of transition from the lin-
ear resonant transport regime to the diffusive one 
are presented. The experimental results are in gen-
eral agreement with the theoretical model proposed 
by AGKL.
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