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Abstract. The paper studied the dependence of the magnitude of the magnetic field induced 

in the contour formed by the edge channels of the silicon nanosandwich structure on the 

magnitude of the external magnetic field used for pre-magnetization. The measurements were 

carried out using a fluxgate magnetometer inside a magnetic screen, which ensures the value 

of the variation in the magnetic field induction no more than 0.1 nT. The experimental results 

obtained are in good agreement with preliminary estimates that take into account the energy 

of negative-U dipoles, and thus confirm the defining role of the spin–orbit interaction in 

quantum transport in the edge channels of the silicon nanosandwich structure. The presence of 

nanomagnetism in the contour of the edge channels of nanosandwich structures based on the 

classical semiconductor silicon, which were created using planar technology methods widely 

used to create processors and various integrated circuits, is demonstrated for the first time. 
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Introduction 

The development and improvement of planar technology in the first decades of the 21st century 

has led to the creation of high-performance processors with feature sizes of just a few nanometers. 

Only a few companies in the world have technologies with element sizes below 14 nm: their 

competition has led to a race to reduce the size of elements and, accordingly, to increase their 

number per unit area. However, the situation is currently close to saturation for several reasons. 

First, there are fundamental physical limitations to creating equipment to implement technology 

with feature sizes smaller than approximately 1 nm. Secondly, high density of elements in the 

processor chip, with any variant of its classical architecture (stabilized DC power supply), leads to 

the flow of a large operating current through a unit area, which requires solving the complex 

problem of Joule heat removal. The fact that this problem will arise sooner or later became 

obvious several decades ago. Today it is clear that a further increase in the concentration of 

elements with a decrease in their size becomes practically impossible. 

The search for a solution to this problem has led to the development of a number of 

alternative directions. One of them is the creation of nanomagnetic chips that perform logical 

switching under the influence of a magnetic field, which can significantly reduce the energy 

load compared to a classical processor [1–6]. One such nanomagnetic chip is a multilayer 

structure consisting of thousands of layers of nanomagnets that can act as individual logic 
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elements [7]. Scientists working in this direction believe that the use of such chips creates 

opportunities for parallelization of calculations, and, in addition, makes it possible to offer 

functions for dynamically changing the processor architecture, which can be optimized each 

time to perform a specific task. 

In addition, in recent decades, special attention has been paid to the development of 

such a direction of nanophysics as spintronics, which uses the dynamics of the magnetic 

moment for the transfer and storage of information, as well as the magnetic properties of 

materials in computational operations [8–12]. Thus, research in this area led to the 

development of spin magnetic memory devices with a cell size of less than 10 nm, in which 

information is encoded and stored not in electron charges, as in conventional electronics, but 

in their spins [13]. 

It should be noted that from the point of view of the interaction of the electrical and 

magnetic properties of materials, it is especially tempting to consider the possibility of 

obtaining magnetic nanostructures without paramagnetic impurities based on classical 

semiconductors, for example, silicon, to which methods of planar technology widely used to 

create processors and integrated circuits for various purposes are applicable. 

Therefore, another direction, alternative to those described above, is the creation of low-

dimensional silicon nanosandwich structures (SNS), in the edge channels (ECs) of which 

quantum transport of charge carriers is realized at high, up to room, temperatures. 

Developments in this direction are based on the achievements of nanophysics and nanotechnology 

of quantum-sized structures, which display size quantization effects, quantum interference, and 

enable ballistic transport and single-electron tunneling of charge carriers [14,15]. One of the most 

important experimental results obtained when studying the effects of quantum spin-dependent 

transport in the above-mentioned SNS structures is the demonstration of the spin field 

transistor effect [16], which became possible due to the spin–orbit interaction in the ECs, and, 

accordingly, the resulting quantum spin interference. 

This paper presents the results of experiments to study the behavior of the magnetic 

moment arising in the EC contour in a SNS structure under the influence of an external 

magnetic field. These experiments are a continuation of studies of spin-dependent transport in 

SNS structures with the aim of creating SNS-based memory cells that can be switched by a 

magnetic field. 

 

Method 

An experimental SNS built in Hall geometry, which is an ultra-narrow p-type silicon quantum 

well (QW) limited by δ-barriers heavily doped with boron (5 × 1021 cm-3) on the surface of n-

silicon (100), is shown in Fig. 1(a). It was previously established that edge channels (ECs) are 

formed in the SNS quantum well during technological processes, and boron atoms in  

the δ-barriers limiting the ECs form trigonal dipole negative-U centers (Fig. 1(b)). This 

circumstance significantly suppresses electron–electron interaction in such an EC, thus 

resulting in a long relaxation time of the carriers [15]. 

It was shown that the EC of the studied SNS consists of pixels: areas of interference of 

single carriers, and, taking into account the value of their two-dimensional density (3 × 1013 m-2), 

the pixel length is approximately 16.1 m (Fig. 1(c)), and the resistance of a single carrier per 

pixel is quantized and amounts to "h/e2". In this case, each pixel consists of layers containing 

boron dipoles with an area Spixel = 16.1 µm × 2 nm, through which the carrier tunnels, since the 

QW is limited by these two layers with a width and height of approximately 2 nm [17]. In 

addition, the spin polarization of single carriers was experimentally discovered in the ECs of 

the SNS under study, and it was concluded that the ECs are coupled and the carriers in them 

have opposite spin orientations (Fig. 1(d)) [18]. 
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Fig. 1. Experimental SNS built in Hall geometry (a); topological edge channel of SNS (b),  

in which single charge carriers occupy its individual areas, pixels (c); polarized carriers are 

transported along opposite walls of the edge channel pixels (d) 

 

It was discovered [17] that when varying the magnitude of the magnetic field В applied 

perpendicular to the SNS surface, due to Faraday electromagnetic induction, sequential capture of 

single magnetic flux quanta occurs on single carriers in pixels, and an induction current Iind appears in 

the EC: 

ind

E
I n


=


,                   (1) 

where ∆E is the change in energy when varying the magnitude of the magnetic flux in the quantum 

interference region; ∆Ф = ∆BS; ∆В is the change in the external magnetic field inside the quantum 

interference region of area S; n is the number of pixels. Previously conducted studies of the de Haas–

van Alphen and quantum Hall effects [15] showed that with the above two-dimensional carrier 

concentration and pixel size, the capture of a magnetic flux quantum by a single pixel occurs at a 

value of ∆В = 120 mT. Wherein 0 /BS h e =  = = . An important factor for further research is 

that the EC in the SNS is a contour with a length of 4.7 mm and a width of 0.2 mm (Fig. 1(b)). 

If the SNS is not connected to any external power source, then, accordingly, no current can 

flow in its EC other than Iind induced in the EC pixels by an external magnetic field directed 

perpendicular to the SNS surface. Moreover, in the case of a high relaxation time in the EC, such an 

induced current turns out to be persistent [19]. 

Considering the above, it becomes clear that nanomagnetism can be realized in ECs of SNS 

structures. Therefore, the purpose of this work was to conduct experiments demonstrating this 

possibility, namely, to study the induced magnetic field arising in the ECs of a SNS under the 

influence of an external magnetic field. 

The experiments were carried out according to the following procedure. First, the experimental 

sample at room temperature was placed for 300 seconds in the gap of an electromagnet, which, when 

turned on, created a homogeneous magnetic field directed perpendicular to the surface of the sample. 

After this, the sample was removed from the electromagnet gap and placed in a laboratory setup to 

measure the magnetic moment, at room temperature as well. Then this cycle was repeated multiple 

times at other values of the external magnetic field. 

The laboratory shielded installation used in the experiments is made in the form of a five-

layer cylindrical magnetic shield. Moreover, all the internal cylinders are made of M-79 grade 

permalloy, and the outer cylinder (50 cm in diameter and 70 cm in length) is made of ARMCO 

steel. The cylinders have lids made of the same material. The innermost cylinder houses a 

Helmholtz coil powered by a constant (regulated) current supply, which is used both to create 

an internal uniform magnetic field and to compensate for the residual magnetic field caused by 

a 
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the penetration (inside the screen) of the external laboratory field and the residual magnetization 

of permalloys shells. The resulting shielding coefficients (in the frequency range 0–1 Нz) had 

values of 700 for the longitudinal (along the screen axis) and 5000 for the transverse 

(perpendicular to the screen axis) components of the magnetic field. During the experiments, 

the magnitude of variations in the magnetic field induction inside the installation was monitored 

using a cesium vapor quantum magnetometer and practically did not exceed ± 0.1 nT. 

To measure magnetization (magnetic moment), we used a single-component fluxgate 

magnetometer with a resolution of ~0.5 nT in the frequency band 0–1 Нz. Measurements of the 

magnetization arising in the sample were carried out as follows. The fluxgate magnetometer placed 

in the center of the Helmholtz coil was continuously measuring the longitudinal component of the 

magnetic field of a given value of +30 nT. Then, we moved the (pre-magnetized) sample close to it 

and measured the shift in the magnitude of the longitudinal component of the magnetic field. The 

results obtained were used to determine the dependence of the shift in the magnitude of the 

magnetic field at the location of the fluxgate on the magnitude of the magnetic field of the 

electromagnet pre-magnetizing the sample. 

 

Results and Discussion 

Figure 2 shows the experimental dependence of magnetization M arising in the contour 

formed by the SNS ECs on the external magnetic field of the magnetization performed. 

 
Fig. 2. Dependence of the magnetization arising in the contour formed by the SNS ECs 

on the external magnetic field of the magnetization performed 

 

It was experimentally discovered that the obtained values of M are maintained for a 

long time (at least a day), since the current induced by an external magnetic field in the EC 

contour does not decay in time, due to the fact that transport in the ECs is ballistic in nature. 

Local maxima in the dependence M = f(B) correspond to those values of the magnetizing field 

at which a magnetic flux quantum per pixel is captured (120 mT), i.e. when:  

0 /BS h e =  = =                 (2) 

However, the experimentally obtained Bind values slightly exceed the expected result. 

Since the magnitude of the energy change when capturing a magnetic flux quantum per pixel 

2 BE B =   (where В is the Bohr magneton), then, taking into account the number of pixels 

in the EC contour (in the geometry of the experimental sample, the EC length is 9.8 mm; with 

the above two-dimensional density of single carriers in the EC, the pixel length is 16.1 µm; 

number of pixels is 609) and Eq. (2), the expected value of the induced current according to 

Eq. (1) turns out to be Iind  10-10 А, which (with the area of the EC contour ΔS = 10-6 m2) is 

too small to correspond to the obtained experimental results. 
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This discrepancy between the experimental results and the expected results is explained 

by the peculiarity of the ECs in the SNS, which is formed between the chains of negative-U 

boron dipoles. Quantum transport in an EC is carried out along its boundaries by 

decoupling/coupling of dipoles [20–22]. This means that in the absence of external energy 

sources and at В = 0, there are no free carriers in the EC pixels, since they are localized on 

negative-U dipoles. In this case, since, as was shown in [18], the spin–orbit interaction plays 

the main role in quantum transport in ECs in SNSs, energy E = 44 meV is required for carrier 

release. With this value of E and at Ф  Ф0 = 4 10-15 Wb, n = 609, an induced current Iind  2 mА 

appears in the EC contour (see (1)). In accordance with Faraday’s law of electromagnetic 

induction, such a current in the EC limiting the SNS creates a magnetic moment P, the values of 

which correspond to the observed value of the measured magnetization M: 

indM I S= ,                  (3) 

where S  10-6 m2 – the area of the EC contour in the model of the frame with the current 

formed by the SNS limited by the ECs. In this case, the induced current flows through the ECs. 

Thus, the obtained experimental values of M are in good agreement with preliminary 

estimates that take into account the energy of negative-U dipoles, and, thereby, confirm the 

decisive role of the spin–orbit interaction in quantum transport in ECs in the SNS. In this 

case, carriers with both spin up and spin down are induced in the ECs, which make a total 

contribution to the induced current in the EC contour. 

When the external magnetizing field increases to a value corresponding to the capture of 

a magnetic flux quantum (B = 120 mT), an increase in the value of M is observed (Fig. 2). 

The external magnetic field the SNS is placed in of such a magnitude generates a stable 

induced magnetic field that does not decay for a long time (at least a day). Therefore, the 

subsequent introduction of a SNS into an external magnetic field of greater magnitude leads 

to the appearance of an induced current, which, in turn, induces a magnetic field of the 

opposite direction in it. This effect, similar to the Meissner effect, manifests itself in the 

oscillating nature of the dependence M = f(B) with a further increase in the external 

magnetizing field. 

It should be noted that a significant increase in the oscillation amplitude (Fig. 2) with an 

increase in the external magnetic field may be associated with the possible capture of several 

magnetic flux quanta at once by a single pixel [15]. 

 

Conclusions 

The obtained experimental results for the first time indicate the presence of nanomagnetism in 

the contour of the edge channels of nanosandwich structures based on the classical 

semiconductor, silicon, which were created by means of planar technology methods widely 

used to create processors and various integrated circuits. The demonstrated effect of changing 

/E   value is similar to changing entropy /E T  , since the presence of negative-U 

centers is a regulator of entropy [20,23,24]. 
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