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Frequency Locking in System of Coupled
Josephson Junctions Shunted by LC-circuit
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We study the influence of the external electromagnetic radiation on the phase dynamics of the system of coupled Josephson junctions

shunted by LC-elements. We simulate the 1V-characteristics and the amplitude dependence of Shapiro step width. The changes of the

amplitude dependence of step width when the step is on a serial resonant branch are shown. We investigate the influence of external

radiation on the time dependence of voltage and charge in the resonant region.

Introduction

Shunting of the coupled Josephson junctions (JJ) by
LC-elements leads to a crucially changes in the proper-
ties of the Shapiro step (SS). Without shunting external
radiation produces an additional superconducting cur-
rent. It leads to the appearance of the Shapiro steps and
their subharmonics in the IV-characteristics (IVC),
which position and width depend on radiation frequen-
cy and amplitude [1]. However, the amplitude depend-
ence of the step width is changed when the Sapiro step
is on the parallel resonant branch [2, 3]. Therefore, the
properties of the Shapiro steps in the shunted system of
coupled Josephson junctions are not investigated
enough yet.

Models and method

In normalized units the system of equations, describing
considered system can be written in the form

a
([ Sr=Vi—aiu +Vi, —21)

i _ N ont — sin g — 20 _ ¢t

5 = [+ Asinwgt —sing, o 05 )
62u5_ 1 N

| e = LBV - u)

Here u, is the voltage at the capacitance. The bias cur-
rent | is normalized to the critical current I, of JJ, A
and wg are the amplitude and frequency of external
electromagnetic radiation, time - to inverse plasma
frequency w, = /2el./C/h , voltages V; and u, are
normalized to V, = hw,/2e; shunt capacitance C - to
the capacitance C; of the JJ, and shunt inductance L - to

(C]-w,ﬁ)_l. In the system of equations (1) we introduce

a dissipation parameter S = (1/R;)\/h/2el.C; =
1/y/B. with B, as McCumber parameter.

We study the phase dynamics of the system based on

the eq.(1) and discuss the IV-characteristics and
resonance features in this system. We note that the JJs
together with LC-elements form parallel and series
resonance circuits with their eigenfrequencies:

w?. = A+ NCO)/LO), wi =.[1/LC,

where N is the number of JJs in the stack.
The width of SS in the absence of shunting is
determined by

AL =21[,(Ol,  f = (A/w)(1/ |B* + wp)

here J, is the Bessel function of the n-th order. The
argument f depends on the frequency and amplitude of
the external radiation and the parameter of dissipation
B. In our calculation, the system of equations (1) is
solved by the 4th order of Runge-Kutta method.

Main results

The series resonance reviles itself on the IV-
characteristic only at a large dissipation parameter [1].
It manifests as a left side peak on the IVC in Fig.1(a),
where the single JJ is shunted by C=0.5 and L=30. The
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Fig. 1 (a) IVC of the JJ at =2 shunted by L=30 and C=0.5.Filled

arrows indicate the direction of current changing.

influence of the parallel and series resonances on the
amplitude dependence of the SS at a large dissipation
parameter § = 2 is shown in Fig.2(b) and (c). We see

Cekumsa 1. CBepxnpoBoasLLne HaHOCUCTEMbI 7
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Fig. 2 (b) Amplitude dependence of SS width when it is on the
parallel resonant branch. (c) The same as in (b) for the serial

resonant branch.

that results of the simulations in the case of parallel
resonance (wg = w?., Fig.2(b)) are coincide with the
A-dependence of JJ without shunting. In contrast, when
the SS is on the serial resonant branch, the period of
Bessel behavior of the step width increases drastically
in comparison with the case of without shunting, as is
presented in Fig.1(c). Note, that reversed situation can
be seen in the system at § = 0.2 [3]. The properties of
the SS changed when it placed on the parallel resonant
branch in the low dissipation system (8 = 0.2) and the
Bessel dependence of SS width is compresed in this
case. While on the serial resonant branch in the system
with large dissipation (8 = 2), the Bessel dependence
is extended.

In Ref.[4] the phase dynamics and IV-characteristics
has investigated in detail when the Josephson
frequency approaches the frequency of the parallel
resonance. A realization of parametric resonance
through the excitation of a longitudinal plasma wave,
within the bias current interval corresponding to the
resonance circuit branch has been demonstrated. It has
been found that the temporal dependence of the total
voltage of the stack, and the voltage measured across
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Fig. 3 IVC of the system of 10 JJ at 3=2 shunted by L=30 and
C=0.5. Filled arrows indicate the direction of current changing.

the shunt capacitor, reflect the charging of
superconducting layers, a phenomenon which might be
useful as a means of detecting such charging
experimentally. The external electromagnetic radiation
causes an interesting new type of temporal splitting in
the charge-time oscillations within the superconducting
layers over certain parameter ranges. Therefore, the
question: “did the serial resonance affect the properties
of high temperature superconductor in the same way?”
is still open. It would be interesting to investigate its
phase dynamics and Shapiro step features when serial
resonance reveals itself on the 1\VVC. Fig.3 represent the
IVC of the system of 10 coupled JJ, shunted by LC-
circuit. The system cannot reach a point where the
serial resonance is realized due to switching of the JJs
to the superconductive state. An unstable region
labeled by dashed rectangle appears on the resonant
branch. The properties of that phenomena will be
investigated somewhere else.

The reported study was funded by RFBR according to
the research project Ne 15-51-61011 Egypt a and

Ne 16-52-45011 India_a.
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In our work we study appearance of chaotic behavior in the coupled system of Josephson junctions with large dissipation. Results of
detailed investigation of phase dynamics of the stacks with different number of junctions and coupling parameter are presented. We
have found that chaotic behavior takes place in the states corresponding to the different parts of the IV-characteristic, particularly, to the

McCumber zone, second hysteresis zone, and a region between them.

Introduction

The easiest way to manipulate systems of Josephson
junctions is by varying their dissipation parameter. The
previous study shows that an increase of dissipation
parameter leads to new qualitative phenomena in stacks
of coupled Josephson junctions [1]. For weak dissipa-
tion phenomena ($=0.2) we can observe the large
McCumber zone with branching and no charge outside
of the McCumber zone. For large dissipation parameter
(B=0.8) are observed two hysteresis zones with differ-
ent current values. Area of McCumber zone decreases,
also branching disappears.

For the simulation of Josephson nanostructures is used
CCJJ+DC model. In this model the equations are giv-
en by

dV| /dt:|'|‘||n 'Sin(0| 'ﬂd(m /dt (1)
doi [dt=V- a(Vi+1+V1-2V)) 2

where V, is the voltage between I" and (I+1)" super-
conducting layers, ¢, is the phase difference between
the layers, and o is coupling parameter between the
junctions.

In our work we study a stack of (N=10) Josephson
junctions with intermediate values of dissipation pa-
rameter for evidencing of transitory state in the system.

In the transitory state the system has chaotic behavior,
which manifests by instability of collective state, cha-
otic behavior of Josephson plasma and positive Lya-
punov exponent [2]

LE=1T (Il @)
where [[dj[|=[Z"-1(A(t))*+Z -1 (AVi(1)) ]2

Cekumsa 1. CBepxnpoBoasLLne HaHOCUCTEMbI

I-V characteristic of the system

To determine the parameters corresponding to transi-
tion from low dissipation state with large McCumber
zone to high dissipation with the second hysteresis we
fix the number of junctions (N=10) and the dissipation
parameter ($=0.8) and vary the coupling parameter (o)
from O to 1.

The corresponding behavior is found for (0=0.501).
For this coupling value the system combines properties
specific for low and high dissipation values (Figure 1).

12 =10
1| «=0501, B=0.8
08 |

0.6

04 ¢
0.2 ¢
0

-0.2 ' ‘
0.97 0.99 1.01 1.03

Fig. 1. The |-V characteristics of Josephson junctions in array
for each junction in the transitory state. The branching and the

second hysteresis can be observed simultaneously

Structure of the plasma wave

In this part of our work we study the plasma behavior
in earlier identified system (N=10, =0.8, a=0.501).
From Figure 2 we can observe the existence of the
longitudinal plasma wave [3] with variable amplitude.
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In the McCumber hysteresis appears standing wave,
which corresponds to branching phenomena.

1.02 1.01 1 099 0.98

0.6 . 12
N=10" down

0.4

8
6
14
]2
0
2

-0.4
B=0.8
-0.6 " g
0 250000 500000
time

Fig. 2. The |-V characteristics and the charge-time diagram for

the system in case of decreasing current

The oscillation of the Josephson plasma for the de-
crease of current near its critical value doesn’t have any
fixed amplitude or wavelength, which suggests the
chaotic behavior of the system.

0.99 1.01 1.03 1.05
0.6 N=10 ¢ 12
04 + Up 10
0.2 8

e 0 6 >
-0.2 4
-0.4 2
B :

-0.6 : 0

0 375000 750000

time
Fig. 3. The |-V characteristics and the charge-time diagram

for the system in case of increase of current

Proof of the chaotic behavior

To prove the hypotheses we study the Lyapunov expo-
nent for investigated system. We calculate the Lyapun-
ov exponent for current-voltage dependence in the sys-
tem (Figure 5). It shows positive values for zone from
Mc’Cumber hysteresis to the second hysteresis.

For systems with greater values of coupling and dissi-
pation parameter the Lyapunov exponent has negative
values in the interest zone.

Matepuanbl XX| MexayHapogHoro cumnosnyma «HaHoduarka n HaHO3MEKTPOHMKa»

Conclusions

During our research we found the values of coupling
and dissipation parameters corresponding to transition
from low-dissipation to high dissipation behavior. The
system with corresponding coupling and dissipation
parameters allows branching in McCumber zone and
existence of the second hysteresis zone. The Josephson
plasma generated into the system has chaotic behavior.
This fact implies the instability of the collective state in
this system.

0.4

02 MN=10, ELI=D.501 , p=0.8

b 1,17 S
0.2
0.4
0.6 f
0.8 =t

1

Lyapunov exponeant

.85 1 .85 11 15 12

Fig. 5. Dependence of the Lyapunov exponent on the current

for the system in transitory state
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We study the superconducting proximity effect in semiconducting nanowires with the strong Zeeman splitting or with the Rashba spin-
orbit coupling fully covered by a thin superconducting shell. We calculate the superconducting critical temperature of the shell by solving
the Gor’kov equations for the Green'’s functions and the self-consistency equation for the pair potential.

Introduction

Quasi-1D semiconducting nanowires with strong spin-
orbit interaction, large Lande g factor and proximity
induced superconductivity are promising experimental
systems for realizing the exotic quasiparticle states
known as the Majorana fermions [1], which are the
quasiparticle states that have been proposed to be the
building blocks of topological quantum computers [2].
Existing microscopic theory of the proximity effect
between semiconducting nanowire and a BCS-type
superconductor allows to calculate the gap in the ener-
gy spectrum of the wire induced by the massive super-
conductor [3] and, thus, justifies the phenomenological
model used in the Refs[1,3]. On the other hand, exist-
ing experimental devices include InAs nanowires
grown by molecular beam epitaxy with epitaxial alu-
minum (Al) shell [4]. In such devices the thickness of
the superconducting layer ds < &, where & is the su-
perconducting coherence length, and the analysis of the
inverse proximity effect is needed for the explanation
of the experimental data as well as for the successful
realization of zero-energy edge states.

In the present work we consider the cases of the nan-
owire with the Zeeman splitting and with the Rashba
spin-orbit interaction separately. We calculate the criti-
cal temperature of the superconducting shell as a func-
tion of the chemical potential of the wire, the value of
Zeeman splitting V, or the energy of the spin-orbit in-
teraction Eso=m,a?/2 , where « is the Rashba parame-
ter, my, is the electron effective mass in the nanowire.
We note that we have simplified the problem by ne-
glecting the orbital effects.

Model equations
The Hamiltonian of the system reads:

H=H,+H,+H,. @

Here H,, is the Hamiltonian of the nanowire:
H, =S, [dya’ (y)l&,+ep,6,+V,6,14(y), &)

where a = (a;, &,)" , Sy is the cross section area of the
wire, &, = -(@%/y)I2m,, - u + E. , m, is the electron
effective mass in the nanowire, u is the chemical
potential, E, is the conduction band edge, y = (y, 7) , ¥
is the coordinate along the wire, 7 is the imaginary
time. The superconducting shell is described by the
BCS mean-field Hamiltonian:

H, =]d 3R[\if* (X)&, P (X) + AR (X)P] (X) + h.c.], (3)

where W = (¥, ¥)), & = -(@°/6R%)/2m;- 1, m is the
electron effective mass in the superconductor, A(R) is
the superconducting gap function, X = (R, 7), R is the
coordinate of the superconductor. The proximity effect
between the nanowire and the superconducting shell is
described by the tunneling Hamiltonian:

H, =S, Jdyfde[¥' (R, 0, V)T (¢, y)a(y) +h.c], (4)

where R,, is the radius of the nanowire. In the present
work we consider the incoherent tunneling model,
which takes account for the violation of the momentum
conservation due to the presence of the disorder at the
interface. We assume that the ensemble average of the
tunneling matrix elements has the form:

T(p.Y)T (9, Y) =t°1.5(Y ~Y)S(p—9'), 5)

where |, is the correlation length. On the basis of the
model assumptions one has the following equations for
the Matsubara Green’s functions in frequency-
momentum representation:

(Hiwt, + &, +ap,6, +V,6,7,)G, ~T1,0,G, =1,
(~iwz, + & )G, +i6,AG,7, - T,,8,G, = 1. (6)

Cekumsa 1. CeepxnpoBogsiLLie HaHOCUCTEMBbI 11
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Here w = 2zT(n+1/2) is the Matsubara frequency, 7'y =
71.Sumdds , I, = n’l.R/2ds are the tunneling rates
and A=(ReA7,—Im Az,). The ensemble-averaged
self-energy parts have the form:

g, =7 [deG,(im, &), G, =7 [dp,G, (i, p,).(7)

The superconducting critical temperature can be calcu-
lated from the equation:

A = (AAT 12)STr f] (i6,)], ®)

where A is the dimensional BCS pairing constant and
the summation is performed over the Matsubara
frequencies.

Results

In the absence of spin-orbit interaction the solutions of
the Eqgs.(6) can be sought in the form:

G, =G, (1-6,)/2+G,, (1+6,)/2,
R, =[F,._1-6))/2+F, 1+6)/2]i6,). (9

We get the following equations for the correlation
functions in the nanowire:

(miw_+e¢,)G, -T.f Fl =1,
(im, +¢,,)F -I.flG, =o. (10)

Here @+ = @ + I Im(Qs+ ), ewt = py22my- u + Ec 7V,
- I'Re(gs + ). The equations for G, and F',, are iden-
tical with the subscripts of the Green’s functions inter-
changed and with the replacement V, — -V,. The equa-
tions for the Green’s functions in the superconductor
have the form:

(-i@ +&,_ )G, —(ia+T,f, )R =1,
(ia, +&,)F —(A +T,f )G, =0, (11)

where o+ =+ LIm(Qy+), &5+ =& - u - TsRe(gs+ ).

10
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The equations for G, and F'y, are identical with the
subscripts of the Green’s functions interchanged and
with the replacement A — -A. As a result, we get the
following equation for the critical temperature:

It =2aTRes, (1+T,/a) (@0 +T,Q+al, /),

Q=(m, /2" {[u-E, -V, —i(w+T)] '*+

[~ E, +V, +i(w+T) '} (12)
Here o’ = w - iV,. The results of our calculations are
shown in Fig. la. Below we present the resulting
equation for the critical temperature in the case V, = 0
and a # 0:

It=aTs, fU[w+T,Rey+TL,0 ()] +
[a > —al},

1/2 - -1/2
x=0@2m,) “[u—-E,+Egy+i(w+TI})] )

O(xa) =—u+E, +{Eég2 +[u—E, +Egq+

. 1/242

i(0+T)] 7} . (13)
The results of the calculations are shown in Fig. 1b.
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Fig. 1. Critical T of the superconducting transition as a function of the chemical potential (u-Ec)/Tco , Zeeman field V,/T, or the energy of

spin-orbit coupling. Here Iy =

mSamlds , [y = TRW(MW2Te)?lds , TdTeo = 0.6, M/Teo = 2 (a) a=0; (b) V,=0
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We study experimentally photon-assisted tunneling in Nb/AIOX/Nb Josephson junctions. We perform a quantitative calibration of the
microwave field inside the junction. This allows direct verification of the quantum efficiency of microwave photon detection, which corre-
sponds to tunneling of one electron per one absorbed microwave photon. We observe that voltages of photon-assisted tunneling steps
vary both with the microwave power and the tunneling current. However, this variation is not monotonous but staircase-like. The phe-
nomenon is caused by mutual locking of positive and negative step series. As a result, the superconducting gap assumes quantized
values equal to multiples of the quarter of the photon energy. The quantization is a manifestation of nonequilibrium tuning (suppression

or enhancement) of superconductivity by the microwave field.

Introduction

Superconducting Josephson junctions are used as sensi-
tive detectors of microwave (MW) and terahertz sig-
nals. Application of MW radiation leads to the appear-
ance of Shapiro and photon-assisted tunneling (PAT)
steps in the current-voltage characteristics of a junc-
tion. Shapiro and PAT steps originate from Cooper pair
and quasiparticle currents, respectively. A response of
junctions to weak MW signals is well understood.
However, such a textbook description works only for
weak MW signals that do not affect superconducting
properties of junction electrodes. Strong electromag-
netic fields may disturb a thermal equilibrium state.
This may either suppress or enhance superconducting
properties, such as the superconducting gap and the
critical current.

Results

Here we present experimental study of photon-assisted
tunneling in Nb/AIOx/Nb Josephson junctions. Figure
1(a) shows current-voltage (I -V ) characteristics of a
junction at zero magnetic field for several values of the
MW power Py at f =76.6 GHz. With increasing Py,
PAT steps at eV = +2A + nhf and Shapiro steps at eV =
+nhf/2 appear. Step amplitudes oscillate with Pyyy. The
supercurrent can be suppressed by applying a magnetic
field parallel to the junction plane, corresponding to an
integer number of flux quanta ®, in the junction. In
this case, only PAT steps are present. Figure 1(b) rep-
resent color maps of dI/dVR as a function of bias volt-
age and MW power for the same junction. PAT steps

are represented by dark (almost) vertical stripes, corre-
sponding to maxima in dl/dV. The step amplitude oscil-
lates approximately periodically with increasing Pyw.
Note that at a certain power steps from positive and
negative series overlap. This point corresponds to the
classical rectification condition eV = 2A, where Vyw
is the MW voltage amplitude inside the junctions. This
yields a quantitative calibration of the microwave field
inside the junction. Using such an absolute calibration
we could directly verify the quantum efficiency of mi-
crowave photon detection, corresponding to tunneling
of one electron per one absorbed microwave photon. In
Fig. 1 (a) such the quantum limited PAT amplitude I, is
marked by the arrow. It is very close to the amplitude
of the corresponding single photon absorption step at
eV = 2A - hf . We argue that the observed (unexpected)
linear periodicity of PAT steps on Pyw, see Fig. 1 (b),
is another indication of quantum-limited MW photon
detection [1]. In what follows we normalize Py on
this value, i.e., Pyw =1 at the overlap point.

From Fig. 1 (b) we observe that voltages of photon-
assisted tunneling steps vary with the microwave pow-
er, i.e. the steps are not absolutely vertical, but slightly
inclined. This indicates variation of the gap value with
Puw- The corresponding dependencies of gap values on
Puw for several PAT steps are shown in Fig. 2. It is
seen that this variation is not monotonous but staircase-
like. The phenomenon is caused by mutual locking of
positive and negative step series. As a result, the super-
conducting gap assumes quantized values equal to mul-
tiples of the quarter of the photon energy. The quanti-
zation is a manifestation of nonequilibrium tuning
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More details can be found in Ref. [1].
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Fig. 1. (a) Current-voltage characteristics at H = 0 and T = 4.7 K for different normalized microwave powers Puw = 0, 0.15, 0.275, 0.463,

0.825, 1.25 and 1.5 at f = 76.6 GHz. (b) Color maps of measured differential conductances as a function of junction bias and MW power

at T = 5.3 K for ® = 2d,. Photon assisted tunneling steps are seen as dark stripes, corresponding to maxima of dl/dV. Note that positive

and negative step series overlap at the classical rectification condition eVuw/2A = 1. Therefore, the overlap point can be used for unam-

biguous determination of the absorbed MW power
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Fig. 2. The superconducting energy gap for several PAT steps
at T = 5.3 K. Quantization of the gap to quarters of the photon
energy is seen at Pyw > 1. The phenomenon is caused by non-
equilibrium adjustment (suppression and enhancement) of the

gap by intense microwave field
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Making use of a special algorithm for Compute Unified Device Architecture (CUDA) for NVIDIA graphics cards, a nonlinear conjugate-

gradient method to minimize energy functional, and a Monte-Carlo technique, we do study a phase transition from a diagonal charge

order to an off-diagonal superfluid order in 2D hard-core boson with lowering the temperature and its evolution with deviation away from

half-filling. The technique allowed us to uncover novel features of the phase transitions, in particular, look upon the nucleation of odd

domains and the emergence of different nanoscopic topological structures.

Phase transition between a correlation-induced insulat-
ing phase, with localized charge carriers, and an itiner-
ant phase is a typical feature of strongly correlated sys-
tems such as high-temperature superconductors, man-
ganites etc. The simplest example of such a transition
from a (diagonal) charge order (CO) to a (off-diagonal)
superfluid (SF) with an intervening supersolid (SS)
phase is provided by the hard-core (hc) boson Hubbard
model described by a Hamiltonian as follows:

Hpe = —Yisj tij(gifgj + E]-Téi) + Xisj ViiNiN; — u ¥ Ny,

where B*(B) are the Pauli creation (annihilation) opera-
tors, u the chemical potential, t;; is an effective transfer
integral, Vj; is an intersite interaction.The model is
equivalent to a system of s=1/2 spins exposed to an
external magnetic field in the z-direction and allows to
study both spin-flop and spin-flip transitions for quan-
tum magnets. At half-filling, one finds two phases:
diagonal solid or charge order (CO) or off-diagonal
Bose superfluid (SF) long range order at V > 2t or V <
2t , respectively. However, with a deviation from half-
filling numerous model studies steadily confirmed the
emergence of a “supersolid” (SS), or CO+SF phases
with simultaneous CO and SF order. The most recent
interest to the system of hard-core bosons comes from
the delightful results on Bose-Einstein condensed
atomic systems produced by trapping bosonic neutral
atoms in an optical lattice. However, we would like to
remind and emphasize a close relation of the hard core
boson model with the high-T. cuprate physics both in
normal and superconducting state (see, e.g., Refs. [1]).
With the advent of the era of spin fluctuations and
quantum oscillations, interest in this relation cooled
down markedly and it was undeservingly forgotten.

Purely bosonic spinless, or so-called disproportionation
scenario for doped cuprates seems to be an obvious
oversimplification, however, it allows us to describe
many characteristic features of the charge degree of
freedom in normal and superconducting state of the
high-T, cuprates, including enigmatic pseudogap phase
[1] which can be related with a CO phase typical for
hard-core boson systems. The boson/hole doping of the
hc-boson system away from half-filling was assumed
[2] to be a driving force for nucleation of topological
defects, or bubble domains with a Bose superfluid and
extra bosons both confined in domain walls. Such a
topological CO+SF phase separation, rather than an
uniform mixed CO+SF supersolid SS-phase, was
suggested to describe the evolution of the hc boson
model away from half-filling. Magnetic analogy allows
us to make unambiguous predictions regarding the
doping of the hc boson system away from half-filling.
Indeed, the boson (hole) doping of the checkerboard
CO phase correponds to the magnetization of an
antiferromagnet in z-direction. In the uniform easy-axis
I-phase of anisotropic antiferromagnet the local spin-
flip energy cost is rather large. However, the
magnetization of the anisotropic antiferromagnet in an
easy axis direction may proceed as a first-order phase
transition with a “topological phase separation” due to
the existence of antiphase domains. The antiphase
domain walls (DW) provide the natural nucleation
centers for a spin-flop phase having enhanced
transversal magnetic susceptibility as compared with
small if any longitudinal susceptibility thus providing
the gain in the field

energy. Namely domain walls would specify the
inhomogeneous magnetization pattern for such an
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anisotropic easy axis antiferromagnet in relatively
weak external magnetic field. At present, many
questions regarding the origin, the detailed structure of
the CO+SF phase separated state and its evolution with
temperature and deviation away from half-filling
remain to be answered.

Hereafter, we make use of a special algorithm for
CUDA architecture for NVIDIA graphics cards, a non-
linear conjugate-gradient method to minimize energy
functional, and Monte-Carlo technique to directly ob-
serve the forming of the ground state configuration for
the 2D hc-bosons with lowering the temperature and
under deviation from half-filling. The technique al-
lowed us to uncover novel features of the phase transi-
tions, in particular, look upon the nucleation of odd
domains and the emergence of topological structures.
We start with the hc-bosons on a 256x256 square lat-
tice at half-filling given “easy-axis” uniform Ising ani-
sotropy V >2 t. Typically for small and moderate ani-
sotropy, the annealing is finished by forming a system
of domains with closed-loop domain walls which
quickly collapse thus setting an uniform single-domain
CO ground state with a hardly noticeable remnant in-
homogeneity which somehow reflects the accuracy of
the Monte-Carlo calculations. However, we found that
these topological defects can be easily pinned on the
local distortions of the potential energy. Furthermore,
we would like to note that the reduction of the accuracy
for the Monte-Carlo procedure can reproduce the effect
of slight distortions of the potential which are typical
for any real lattices. In other words, the real lattices can
have natural pinning centers for topological defects.
For moderate anisotropy V=3t the annealing can be
accompanied by formation of a fragile unstable CO
domain structure with a filamentary superfluidity
(FLSF) nucleated inside the antiphase 180° domain
walls (DW) [3]. In rare cases there occur stable stripe-
like disconnected DWs. These 1D DWSs can reveal
unconventional multi-domain structure of the phase for
the SF order parameter with a high density of 21 DWSs
separating the 1D phase domains with opposite chirali-
ty. For stronger anisotropy V=9t the annealing results
in formation of a well developed robust CO domain
structure with a FLSF nucleated at the antiphase DWs
[3]. Puzzlingly, the evolution of the stripe structure

Matepuanbl XX| MexayHapogHoro cumnosnyma «HaHoduarka n HaHO3MEKTPOHMKa»

may be completed by forming a stable skyrmion-like
topological defect. It is worth noting that the stable
skyrmions in the hard-core s=1/2 pseudospin system
can be observed at variance with true Heisenberg spin
system in an external magnetic field due to the
constraint on the z-component of the net pseudospin
(boson concentration constraint).

In summary, we directly observed formation of the
ground state configuration for the 2D hard-core bosons
with lowering the temperature and its transformation
with deviation from half-filling. Computer simulation
did allow us to uncover novel features of the CO-SS-
SF phase transformation for 2D hc-bosons which
cannot be anticipated by conventional mean-field,
classical, or quantum Monte-Carlo technique, in
particular, the nucleation of the odd domain structure
with  filamentary superfluidity deep inside the
checkerboard CO phase. The DWs can reveal a
topologically nontrivial superfluid phase order.

We believe that all the features uncovered are universal
and should be taken into account when one address the
phase transformations and phase separation in different
(pseudo)spin systems, in particular, for doped cuprates.
Furthermore,  detection of stable filamentary
superfluidstructures in nominally insulating CO matrix
opens up new ways to design particular
superconducting heterostructures intended to amplify
the critical temperature
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Based on the Ginzburg-Landau phenomenological approach, we investigate soliton states in a three-band superconductor with broken

time-reversal symmetry (BTRS). In comparison with other similar theoretical studies we consider the creation and characteristics of

these solitons induced by external magnetic field for mesoscopic doubly-connected geometry (thin-walled cylinder) of a three-band su-

perconducting system, which corresponds to the real experimental situation. We demonstrate that due to the degeneration of energy

minima of a BTRS three-band superconductor there are different types of solitons. Calculations of the Gibbs free energy of the system

show that soliton states in a three-band superconductor with BTRS are thermodynamically metastable and cannot be the ground state

for such geometry.

Introduction

Owing to the emergence of additional degrees of free-
dom of the order parameter, the nomenclature of topo-
logical objects in multiband superconductors is much
richer than that in conventional single-band supercon-
ductors.

Ginzburg-Landau theory describing multi-band super-
conductivity in bulk samples admit topologically stable
solutions that can be interpreted as vortices carrying
fractional magnetic flux. In the presence of Josephson-
type interband coupling, multi-band superconductors
generate static solitons of the sine-Gordon type [1,2
and references therein].

However, solitons of the interband phase difference can
exist by themselves in doubly-connected mesoscopic
samples, when the formation of any magnetic vortices
in the volume of the superconductor is prohibited ener-
getically. Moreover, soliton states in this case can be
induced by an externally applied magnetic field, which
makes them a convenient object of investigation.

Model and basic equations

We consider a three-band superconductor in the form
of a straight, thin-walled cylinder, whose symmetry
axis is the z axis of cylindrical coordinates (r,¢,z).
The constant external magnetic field H is applied
along the symmetry axis: H=(0,0,H).

We start from the Gibbs free-energy functional of the
superconducting cylinder. Variation procedure of the
Gibbs free energy gives the system

2 2
d f—Rzylz [MJF—'WJ jsinqﬁ——R Yis |l//slsin¢9+
de |l//1| k2|'//2| |V/1|

2
R 723|W3|sin(9—¢)=0,

K, || @

2 2
d_éz?_ R7., |V/Z|Sin¢—R2}/13[M+ |‘//1| ]sin@—
do A AN
re LalVel g 0-4)=0,

] 2077

where the order parameters are represented as
v, =|w;|e”, new phase variables are introduced
n—X.=¢, x—x, =0, ratios of effective Cooper
pair massesk, =m, /m,, k, =m, /m, and y; are coef-
ficients of interband interactions.
Egs. (1) should be supplemented by appropriate
boundary conditions:

#(27)-9(0)-27m,, $2(0)- 2 (2x)

@ de )

@)= ),
where n, =N, —-N, and n,=N,—N,. Here double-
connectedness of the cylinder is accounted for by the
condition

0(27)~0(0) = 22n,,

| Vx; -d1=2nN, 3)

where T is an arbitrary closed continuous contour that
lies inside the wall of the cylinder and encircles the
opening.

Analytical and numerical solutions

In general the system of Egs. (1) has no analytical
solutions and numerical simulation will be applied be-
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low but at the beginning we consider analytically some
limiting case k, 0 1. We make further simplifications
and consider one of “classical” situations of broken
time-reversal symmetry (BTRS): y, =1, »,=1 and
7,3 =—1 with coinciding order parameters moduli
val =lws| =lys| = vl -

We calculate the total energy of a three-band supercon-
ductor with phase solitons. In Fig. 1, we plot the Gibbs
free energy of several different topological states

(N,n,).
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Fig. 1. (Color online) The Gibbs energy of a three-band super-
conductor. Black line corresponds ground state for the phase

difference ¢ =+7/3 and 6 =+ /3 (BTRS case); blue line
corresponds non-BTRS case with ¢ =0 and & =z . Other
figures illustrate energy of two types of soliton states with given

set of winding numbers (va ng) . Here k, =0.5.

Now we proceed to numerical solution of the system
(1) with boundary conditions (2) for the same set of
parameters as it was treated earlier for the limiting
case. We consider the case of arbitrary ratios of effec-
tive masses k, and k,. Applying numerical simulation
we obtain dependence of the soliton self-energy as the
function of winding numbers n, and n, for both
ground states of a BTRS three-band superconductor.
Analysis demonstrates that the soliton self-energy is
even function in respect to winding numbers. Also we
note that the self-energy increases non-monotonically
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with an increase in n, and n,. Moreover if
In, —ny[=0mod 2 then for both soliton solutions their
self-energy is coincided despite the presence of two
different ground states. In Fig. 2, we plot the Gibbs free
energy of different topological states(N,,n,,n;),
where |n,|=0,1. Minima of the Gibbs free energy of
soliton states represent the soliton self-energy and oc-
cur when the self-induced flux compensates for the
external flux.

) 0.5 I 15
d>/(1>0

Fig. 2. (Color online) Gibbs free energy of BTRS ground state

(dark green), non-BTRS state (dark purple) and different topo-

logical states (N,,n,,n,) for typical ratios of the effective

~

masses k, =4, k;=2. Here red (solid and dashed) lines de-
note topological state with (Nl,l O) , magenta (solid and
dashed) - (N,,0,1), blue — (N,,1,1), yellow — (N,,—11) , brown
- (N,1-1), cyan — (N;,-1-1), black (solid and dashed) —
(N,,0,-1) and green (solid and dashed) — (N,,—1,0).

To summarize we have found that three-band supercon-
ductors with BTRS demonstrate different types of soliton
states. The soliton states in a three-band superconducting
cylinder with BTRS considered here are thermodynami-
cally metastable and cannot be the ground state of the
system. The Gibbs free energy of a three-band supercon-
ductor increases non-monotonically with an increase of
winding numbers |n,| and |n,| in comparison with a two-
band superconductor [3]. For both type of solitons for the
given even difference |n2 —n3| the self-energy are coin-
cided, while for the odd difference of winding numbers
there is an energy gap which rapidly decreases with an
increase of |n,| and |n,] .
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In our work we simulate the behavior of systems of Josephson junctions with different dissipation and coupling parameters, and number
of junctions, focusing on the systems with large dissipation and strong coupling. We have observed the reduction in McCumber hystere-
sis with increase of dissipation and coupling parameters. In addition, is observed a second hysteresis zone on the |IV-characteristic at
some values of dissipation and coupling parameters, which is related to the creation of traveling longitudinal plasma wave. The second
hysteresis zone increases in size with increase of coupling parameter. We associate this phenomena with generation of collective state

in Josephson plasma.

Introduction

The behavior of Josephson nanostructures is deter-
mined by their coupling and dissipation parameters.
Because of their complex structure they usually are
studied numerically by approximation with an array of
coupled harmonious oscillators. This approximation is
implemented in CCJJ+DC model

dvy/ dt=1+1,"- sing, -Bdy, Idt (€D)]
dop [dt=V- a(V1+,1+V1-2V)) 2

where V, is the voltage between (I1+1)™ and I layers, ¢,
is the phase difference between the superconducting
layers, and « is dependent only on the material and
represents coupling parameter between the junctions,
and g is dissipation parameter, which can be controlled
by temperature variations.

Results of simulations allow us to obtain the 1-V char-
acteristics of such structures. The detailed study of the
c-axis charge traveling wave in a coupled system of
Josephson junctions with small dissipation parameter is
presented in Ref. [1]. In our work we focused on the
study of systems with large dissipation parameter and
strong coupling, where is observed the second hystere-
sis zone and longitudinal plasma wave generation.

I-V characteristics of JJ arrays

As an example of a system with strong coupling and
large dissipation parameter we have chosen an array of

Josephson junctions with N=10 superconducting layers
and dissipation of =0.8 and coupling of a=1. The I-V
characteristic of the investigated system is compared
with previously obtained results for low dissipation
(B=0.2 and a=1) system (Figure 1) and I-V characteris-
tic for an array of non-coupled Josephson junctions
(Figure 2). We observe the reduction in McCummber
hysteresis zone in comparison with low dissipation and
no coupling, and appearance of the second hysteresis
zone. The origins of these phenomena were studied in
detail in the next part of our work.

N=10

20 | B=02 —

B=0.8 ——
50

>
30
10 | o=1
1 i ;
04 06 08 1 12 14 16

Fig. 1. The comparison of |-V characteristics of the systems of
Josephson Junctions with low (blue) and high (red) dissipation

parameters
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Fig. 2. The comparison of |-V characteristics of the arrays of
coupled (green) and uncoupled (deep pink) Josephson junc-

tions

Study of longitudinal plasma wave

For the detailed study of the system are investigated
time-dependences of charge on the layers. Was ob-
served manifestation of the longitudinal plasma wave
in the region between the McCumber hysteresis zone
and the second hysteresis. We have obtained the wave
characteristics for increase (Figure 3) and decrease
(Figure 4) of the current in the system. The region
where appears longitudinal plasma wave is a “collec-
tive state region”, and the region where is no plasma
wave is “local state region”. Manifestation of plasma
wave has a strong correlation with coupling parameter;
therefore we can speak of the collective behavior of the
junctions.
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Fig. 3. The |-V characteristics and the charge-time diagram for

the system in case of increasing current

In case of the increasing current in the system is gener-
ated travelling plasma wave with 5d wavelength
(where d is the period of the system). It has a chaotic
behavior when it is created, and toward the second hys-
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teresis zone the oscillations become more harmonious
and disappear at the end of the second hysteresis.
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Fig. 4. The |-V characteristics and the charge-time diagram for

the system in case of decreasing current

In case of decreasing current the plasma wave has more
regular form and 2d wavelength. Also appears a chaot-
ic behavior at the creation region and more harmonious
at the annihilation one. Taking into account the behav-
ior of the oscillations, we propose the soliton-like be-
havior for the model. We associate the plasma wave
generation with the collective behavior of the JJs array
for the selected currents region.

Conclusions

New features of arrays of Josephson junctions that
were observed during this work, will be studied in de-
tail during subsequent research. Second hysteresis zone
is a new state of Josephson junctions and can be used
for non-boolean logic circuits design, and non-inertial
low-temperature sensors.
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MHOrFO30HHbIX CBEepPXNpPOBOAHUKOB

MN.U. Apcees™?, C.0. lNomko', H.K. ®egopos™”

1 ®uanyeckmit nHeTuTyT M. M.H. Jlebenesa PAH, NennHckuit npocnekT, 53, Mockea, 119991,

2 HWAY BLUS, r. Mockea, yn. Mschuukas, a. 20, 101000.
*fedorov@lpi.ru

[MokasaHo, 4TO B OTNMYME OT CTaHAAPTHOM OAHO30HHON Moaenu BKLL, B MHOro30HHbIX CBEPXMPOBOAHMKAX BO3MOXHO CyLLECTBOBaHWE
Lenn HOBOro Tuna («KOMMO3UTHOW Lwenuy). OHa OTKpbIBAETCA Ha HEKOTOPOM PacCTOsSHUM OT NOBEPXHOCTM PepMum B TOM crniyvae, koraa
30Ha NpoBOAMMOCTU obpa3oBaHa rMbpuansaumelt aToMHblX opouTanen pasHon CMMMETpUKU. Hannumem 3Ton LWenv MOoXHO 0O6bACHUTL
MeAJSIEHHbIN, MO CpaBHEHMIO CO cTaHgapTHoMm mogenbto BKLU, pocT cnekTpanbHOro Beca OMTUYECKOW MPOBOAMMOCTU MHOTMO30HHbLIX

CBEpPXnpoBOAHNKOB.

BBeneHue

[Tpu paccMOTpEeHHH MHOTO30HHBIX CBEPXIIPOBOIHUKOB
(manpumep, YBCO, MgB2, cBepxmpoBOIHHKOB Ha
ocHoBe xeine3a FeAs, FeSe u T. 1.) OCHOBHOE BHUMA-
HHE OOBIYHO YHEINseTCs y4eTy BHYTPH U MEK30HHOIO
B3anmozeiicteus [1 — 3]. B nanHOM cityyae Hac MHTe-
pecytoT 3 (deKThl, CBsI3aHHBIC ¢ OJHOYACTUYHOW TH-
Opuam3anneil aTOMHBIX OopOHTanei, oOpa3yromux 3a-
TPaBOYHBIC 30HBI PAa3HON CHUMMETPUH. MeX30HHOE
B3aMMOZCHCTBHE ITPU ITOM HE YYUTBIBACTCS.

LLlenn B cnekTpe

PaccMOTpUM JBYX30HHYIO MOJENb CBEPXIIPOBOJHUKA,

OIMUCBIBAEMYIO 'aMUJIbTOHUAHOM BUA:

H = Zéa (k)al:,aa‘k,a + ch (k)clr,ack,a

+> W(k)a c, +he) (1)
> (Aa ah +he) =D (AL ¢y +he)
3nech a;a u C;’a OIEPaTOPhbl POMKICHUS DJIEK-
TPOHOB B 30HaX « & » U «C », 00pa30BaHHBIX aTOMHBI-
MU OpOHTAIIMA Pa3HON cummeTpun. &, (K) u fc (k)
— DJIEKTPOHHBIE CIEKTPBI, MAaTPUYHBIH 3JIEMEHT OJ-
nowactianoi rubpummsanmu W (K) . Tpeanonaraer-
cs, YTO 30HBI UMEIOT CYIIECTBEHHO PA3HYIO LIMPUHY,
LIEHTP Y3KOH 30HBI « C)» CIBUHYT OTHOCHUTEIBHO XU-
MHUYECKOT0 MOTEHIHANA, PACIOJOKEHHOTO B LEHTpE
LIMPOKOH 30HbI « & ». [Tocneanue 1Ba wieHa B raMuilb-
TOHHWAHE OIHUCHIBAIOT MEXAJICKTPOHHOE B3aUMOJCH-
CTBHE B 3aTPAaBOUYHBIX 30HAX, 3alIUCAHHOE B CPEIHEIO-
JIEBOM TMpUOIKEHHH. AHOManbHble cpennne A He

3aBUCAT OT k " ONpCACIAIOTCA YpaBHCHHUAMU COIJa-
COBaHUsI. KOHKP@TI/ISaHI/Iﬂ MCXaHu3Ma CllapuBaHUA B

JaHHOM Ciydae He CyliecTBEeHHA. JlIsi HarysiaHOCTH
paccMOTpUM ABYMEPHYIO MOJEIb, Haubojee IM0AXO0-
JSIIIYFO TIpH onucanuu MHOT030HHBIX BTCIT [4].

Energy
ky BCS -like gap

Puc. 1. E_ (k) " EJr (k) BETBM cnekTpa Bos3byxaeHun Crl

(Hwxe ypoBHS ®epmun

Ha Pucynke 1 noka3aHbl BETBH CHEKTpa BO30YXKICHUI
HIDKE EF . O6brunas uis teopun BKIUI mens («BCS
— like gap») otkpeiBaeTcs Ha mMoBepxHOCTH Depmu.
Kpome Hee BO3HHKaeT elne oOfHA Mieiab («COMposite
gap»). KommosuTHas mesp cymiecTByeT Ha JIMHUH, Ha
KOTOpOIi BblIONHSETCS ycnoBue &, (k) + & (k)=0.
Ee BennynHa npornopuuoHaibHa:

Acs AWK [[A, A, 1\ W (K)+E(K) @

DTa 1Ieb BO3HHKAET GIarojapsi COBMECTHOMY BIIHSI-
HHIO CBEPXIIPOBOIMMOCTH U OJHOYACTHYHON IMOpH/IU-
3anuu. OHa o0pamaercss B HOJNb IIPU  yCIOBUU
W(K)=0 wm B cummerprunom ciyuae A, =A, .
Ha kauecTBEHHOM ypoBHE 0OPa30BaHHE KOMIO3UTHOM
LLENN CBSI3aHO C OTPAXKEHHEM OTHocuTenbHO Ep on-
HOM M3 KBAa3HMYACTHYHBIX BETBEIl CMIEKTPA MOCIIE CBEPX-
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MIPOBOJISIIIETO IEPEeX0jia U PACTAIKUBAHUEM YpPOBHEH
ruOpuau3anueii B 00pa3oBaBIIeMCs HOBOM MECTE Iie-
pecedveHus BeTBe criekTpa. Takum oOpa3zom, THOpHUIU-
3alUsl U CBEPXIPOBOAMMOCTH BHOCST OJMHAKOBBII
BKJIaJ] B 00pa30BaHUe «KOMITO3UTHOM HICITH.

[IpuMeuarenbHO, YTO HAJIMYKE STOW IIETH B 3JIEKTPOH-
HOM CIICKTpE HE MPHUBOAUT K OOpa30BaHUIO HICIU B
IJIOTHOCTH AJIEKTPOHHBIX COCTOSHUH.

0,08 T T T T T T T
sC
0064 _ _.n
7

—_
2
— 0,04 4
z

0,02 4

0,00 —T T T T

-18 -16 -14 12 10 8 6 4 -2 0 2 4 6 8 10 12 14
©fAg
Pwuc. 2. NNOTHOCTb 3MEKTPOHHbLIX COCTOSHUI B HOPMarnbHOM U

CBEPXMPOBOASLLEM COCTOSHUN

OJIHAKO, B COOTBETCTBMH C BHIOPAHHBIMH TapamMeTpa-
MU MOJCJIH, €€ B BJIMAHUC HA IJIOTHOCTDH 3JICKTPOHHBIX
coctostamit 3ametno pu @/ A >10 (cm. Pucynok 2),
T. €. JIOCTaTOYHO Jalieko OT 06macTn @~ A .

BbiBoAabl

Takum 00pa3oM, B MHOTO30HHBIX CBEPXIPOBOIHHKAX
CYIIECTBYET MPOCTOH MEXaHU3M O0pa30BaHUS B CIICK-
Tpe DJCKTPOHHBIX BO3OYKICHUH IIETH HOBOTO, «KOM-
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MO3UTHOTO» THUMA. BenuunHa 1meau npornopuuoHaibHa
kak Mmarpuunomy onementy rubpummsamun W (K),
TaK ¥ aHOMAIILHBIM cpefHUM A HMCXOIHBIX 30H OJHO-
BpeMeHHO. OTHOCHUTENbHOE BIMSHUE «KOMIO3UTHON
mean» Ha IUIOTHOCTb DJIEKTPOHHBIX COCTOSIHUH W,
HampuMep, CBSI3aHHBIN C HEH BKJIAJ] B IPOBOIUMOCTH
nopsinka A /W (K) [5]. Bxman o6sramoit CIT mrenu
CIIaJIacT KaK (A/ E)2 , T. €. OBICTPO CTaHOBUTCS TIpe-
HeOpekuMo ManbiM.  Hammgwe mogo0HOW —1mIenu
Briosine Bo3MoXHO B BTCII-coennHeHUsIX Ha OCHOBE
xkele3a. BiausHuem 3Toi e MOKHO 00BICHUTD [5]
MEJJICHHBIHM, MO0 CpPaBHEHUIO CO CTaHJAPTHOW MoOje-
npt0 BKII, pocT crekTpaabHOTO Beca ONTHUYECKOM
MPOBOAUMOCTH HEKOTOpbIX MHOTo30HHBIX BTCII, kak
(yHKINN BEpXHETO Tpeiesia MHTETPUPOBAHUS II0 da-
crore [6,7].
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OKcnepyMeHTarnbHO UCCMNENOBANMCh BOSbT-aMMNePHbIE XapakTEPUCTUKM TYHHESbHbIX KOHTAKTOB CBEPXMPOBOAHMK — U30MSATOP — CBEPX-
npoBogHuk (C1-N-C2), roe cBepxnpoBoaswmin anektpon C2 npenctaBnsn n3 cebs TOHKMA HaHonpoBof. OGHapyxeHHoe pa3mbiTvie
LeneBblX 0COBGEHHOCTEN UHTEPNPETUPYETCA Kak NposiBrieHne adhdekTa KBaHTOBLIX (hryKTyaumii Mogynsi napameTpa nopsiaka. MNpakru-
Yeckum pesynbTaTtoM paboTbl ABMSAETCS YCTaHOBMIEHWE rpaHUL, NMPUMEHUMOCTU B HAHO3MEKTPOHHBLIX YCTPOWCTBAX CBEPXMPOBOASILLNX

3NeMEeHTOB CBepXMarblX pasMepoB.
BBepgeHue

B mocnenanee Bpems IPOSBUIICS MHTEPEC K M3YUCHHIO
KBa3MOMHOMEpPHO# cBepxmpooaumoctr [1]. Crerm-
(UKol Takmx CHUCTeM SIBJISIETCSl SPKOE IPOSIBICHHE
(IryKTyalMoHHBIX 3(QEKTOB, KOTOpPbIE BIMSIOT KaK Ha
TpaHCHOpPTHBIE [2], Tak M —TepPMOIMHAMHYECKHE
cBoiictBa [3]. Tlpu paccmoTtpennn (ayKTyaruit
CBEPXMPOBOJIAIIETO TapamMerpa MopsaKa A:|A|ei¢,
SIBJISIOIIETOCS KOMIIJIEKCHOM BEJIMYHHOM, HEOOXO-
IUMO paznuyaTh Guykryanuu ¢asel ¢ u Moayis |Al.
[MepBbiii dddexT, mockanb3piBanue (asbl, aKTUBHO
u3ydaercs B Hacrosiee Bpems. OmHAKO AyalbHBII
s dekt, GaykTyaruu MOAyJs Mapamerpa MOpsaKa,
SIBIISIETCSl MaJlou3ydeHHOU obusacThio. Llenpio pado-
Tl SIBIISICTCS MCCJIEJOBAaHHE JTOrO0 HMHTPUTYIOIIETO

SABJICHUSA.

MeToauka JKCnepnmMeHTa

HaHocTpyKkTypbl HM3rOoTOBJISJIUCH METOJOM B3PBIBHOM
JICKTPOHHOIIYYEBOM JINTOTpauu ¥ HAMPABICHHOTO
BaKyyMHOTO HalbUICHUS. BBIIIO M3rOTOBICHO HECKOJIb-
KO MHOTOTePMHMHAIBHBIX  TyHHenbHBIX Cl1-M-C2
CTPYKTYp, I'ie cBepXipoBoasamuil KoHTakT Cl — «mac-
CUBHBII» amoMuHuil, n3onsatop M — ToHkUM cioil ok-
cHia amOMHUHHA, a 31eKTpoAasl C2 NpencTaBisid W3
cebsl TOHKHE THUTaHOBBIC HaHompoBoma (PucyHok 1).
[IpenBapuTenbHBIE HMCCIICAOBAHUS IOKA3aiM, YTO B
TUTAHOBBIX KaHAJIaX MpHu ceueHusx menee 40 HM ¢op-
Ma cBepxnpoBomsiero nepexoga R(T) cuwibHO ymiu-
peHa 3a cueT BKJIAJIa KBAaHTOBBIX (UIYKTyaunui ¢asbl
mapamMeTpa MopsiIka — KBAaHTOBBIX MPOCKAJIB3BIBAHUI

¢assl [4]. CTpyKTYpbl, H3yUCHHBIC B HACTOSIICH pado-
Te, OBUIM M3rOTOBJICHBI TaKUM 00pa3oM, 4Tod 3ddek-
TUBHBIH THaMeTp (KOPEHb M3 CEUEHHsI) TOHKUX HaHO-
mpoBooB C2 HaxXOAWJICS MMEHHO B TOH OOJACTH, TIe
KBaHTOBBIE (DIYKTYyallMM JOJDKHBI OTYETIMBO MPOSIB-
JaThes. Bee m3aMepeHHs NMPOBOJMIINCH IIPH CBEPXHH3-
kux temmepatypax <100 MK, MHOTO MEHBIINX KPUTH-
yeckux temmnepatyp kak amomuaus (T,~1,4 K), tak u
turana (T.~0,4 K). PaGoueii rumote30# ObLIO TIPEIIIO-
JIOKEHHUE, 4TO 3a c4eT (GIyKTyaluid MOIysIs mapaMerpa
MopsiAka, BOJBT-aMIIepHbIe XapakTepuctuku (BAX)
OyIoyT pa3MbIBaThCsi B OONACTH IICJICBBIX CMEILCHHUH
eV=|A||+|A;| Ha BeTHUYUHY, HPOMOPIIUOHAIBEHYIO aM-
wmTyae QIyKTyanuid napaMerpa Mnopsiika B TUTaHO-

BOM HaHOIIPOBOJC.

Puc. 1. OnekTpoHHas MukpodoTorpadmst CTpYKTypbl U cxema

N3MepeHnn
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PesynbTathl M 06¢cyxaeHue

BAX CI1-U-C2 ctpykTyp ¢ 3 PEeKTHBHBIM AUAMETPOM
TATaHOBOTO AyekTpoaa C2 Gonee 40 HM TPOIEMOH-
CTPUPOBAIN TUIUYHBIE 3aBUCUMOCTH Ul MAaCCHUBHBIX
CBEPXIIPOBO/IHUKOB. pe3Kas IieJieBas 0COOEHHOCTb IPU
cmemmeHnstx eV= A+ |Ay [5]. C ymenbmiennem aua-
MeTpa THTaHoBoro koHrakta C2 ¢opma BAX kaue-
CTBEHHBIM 00pa3om mensiercsi. Pparments! AByX BAX
¢ WCTONBb30BaHUEM MpuBeAcHb Ha Pucynke 2. ITlpo-
CIIeKMBAIOTCS J1Ba d(QeKra: yeM MEHbIIEe THaMeTp
HasornpoBoaa C2, Tem (1) MeHblIe CBEPXIIPOBOIAIIAS
menn TutaHa A, u (2) Tem Gonble pa3MbITHE IIene-
BOi o0coOeHHOCTH. [IpuumMHA TEpBOTO SIBJICHHS HE
BIIOJIHE TOHSTHA, XOTs, caM 1o cebe, 3dpdekr 3aBucu-
MOCTH KPHUTHUYECKOH TeMIlepaTypbl OT XapaKTepHOTO
Maciitaba HU3KOpa3MEpHOTO CBEPXIPOBOJIHMKA H3Be-
creH gaBHo [6]. UTOo Kacaercs pa3MbITHS MIEIEBOIl
ocoberHoctd BAX, TO MBI €ro MHTEPIIPETHPYEM Kak
nposiBiieHue 2P PeKTa KBAHTOBBIX (IIYKTyaluii MOTyJIst
mapameTpa mnopsiaka. VICHoiap30BaHHE «KIACCHUYECKO-
ro» BeIpaxxerus 1 popmel BAX tynaensaoro C1-1-
C2 xonrakra, HanpuMmep [5], ¢ raycCoBbIM pa3MbITHEM
LIeTN JUIsI OJHOTO M3 CBEPXMPOBOJHUKOB JaeT Kaue-
CTBEHHO YJIOBJICTBOPHUTEIILHOE COIJIACHE C JKCIIEPH-
MEHTOM, XOTS KOJIMYECBEHHOE COIJIaCHE OCTaBJISET
’kesath Jryduiero. Ilo Bcel BUIMMOCTH, MOJEIIb sIBJIC-
HUSI JOJDKHA YYWTHIBATh BJIMSTHUE KBAHTOBBIX (DIYKTY-
alMii He TOJBKO Ha (a3zy ¥ MOAYJb Mapamerpa Mnopsi-
Ka, HO TaKKe — Ha IUIOTHOCTb COCTOSIHHSI CBEpX-
MIPBOJHMKA. XOUeTCsS BEPUTH, YTO HAIIU 3KCIICPUMEH-
ThI MOCTY’KaT CTUMYJIOM TSI JaJbHEHIINX HCCIe10Ba-

HUMN, B TOM YHUCJI€ — TEOPETUUYECKHUX.

BnarogapHocTu

B pabore wucmomp30BaHBEI ~MaTepHaNBl  IPOCKTA
Ne 16-05-0029 «Makpockonu4yeckue KBaHTOBBIC sIBJIC-
HUS TIPH HU3KHUX TeMIeparypax» B pamkax [Iporpam-
MBI «Hayunsiit ponn HammoHamsHOTO HCCIeI0BaTeNb-
CKOTO yHHMBepcuTeTa «BbICIIas MIKoia HKOHOMHUKH

Matepuanbl XX| MexayHapogHoro cumnosnyma «HaHoduarka n HaHO3MEKTPOHMKa»

(HNY BIID u ¢ ucrnons30BaHUEM CPEICTB CyOCHINH
HA FOCYJapCTBEHHYIO MOJAEPKKY BEIYIIUX YHUBEPCH-
tetoB Poccuiickoii ®@eaepanuu B LEISIX HOBBILICHUS
UX KOHKYPEHTOCIIOCOOHOCTH CPEAN BEIYIINX MHUPOBBIX
HAy4YHO-00pa30BaTEJIbHBIX  IIGHTPOB,  BBIIACICHHOMN
HNY BIID.

di/idv (S)
1.5x10™

1.0x10*]

5.0x10%]

019 020 021 022 023 024 025 026 027

Puc. 2. BAX gByx C1-M-C2 cTpykTyp, rae cBepxnpoBoAsLui
KOHTaKT C1 — «MaccuBHbIAY» antoMuHui, W — okcna antoMmHmus,
anekTpoabl C2 — TOHKMe TUTaHOBbIE HAHOMPOBOAA C AMameT-

pom 31 HM 1 36 HM, COOTBETCTBEHHO
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CchopmMynmpoBaH 06LLMiA NOAXOA A ONUCAHUSI CMOHTaHHbIX MOBEPXHOCTHBIX TOKOB Ha AU EY3HBIX U YACTbIX METANIMYECKUX NOBEPX-
HOCTSIX XVpasibHOro p-wave CBepXMpOoBOAHMKA. [ANsi ONMcaHWsi BO3MOXHbIX peanu3auuii NOBEPXHOCTHBIX CII0EB CBEPXMPOBOAHMKA UC-
nonb3oBaH (hopmasnmam KBasvKnaccuyeckuin ypaBHeHuin dineHbeprepa B napameTpusaummn PyukatTu. BeluvcneHbl yrnosble pacnpege-
NEHNsI CMOHTaHHbBIX MOBEPXHOCTHBIX TOKOB W ONpeAeneHbl XapakTepHble pasMepbl obnactu nx nokanusaumu. B cuctemax ¢ yuctbiM
MeTannmM4eckum Crioem NpoaeMOHCTPUPOBaH 3hEKT CMEeLLEHUsI MOBEPXHOCTHBIX TOKOB OT rpaHuLibl BrilyGb CBEPXNPOBOASILLErO MaTe-

pvana.

B nacTosee BpeMs Bce O0bIe i OOJIbIIe BO3PACTAET
MHTEPEC K TEOPETHUECKMM M OSKCIEPHMEHTAIbHBIM
MCCIIEJOBAaHUSAM TOTIOJIOTHYECKUX CBEPXIPOBOIHHKOB.
O}lHI/lM H3 XOpoIo H3BECTHBIX IMPUMEPOB SABJIACTCA
Sr,RUO,, KOTOpBINA, Kak MOJATAIOT, SIBISETCS CBEPX-
IPOBOJIHUKOM C XHPaJIbHBIM Py+ipy - BOJHOBBIM THIIOM
cmapuBanus [1]. XapakTepHbIM CBOHCTBOM MOTOOHBIX
TPUIUICTHBIX CBEPXMPOBOJHHUKOB SABISIETCS (OPMHUPO-
BaHME B OKPECTHOCTH ITOBEPXHOCTH HEYETHOH MO Ha-
CTOTC CBCPXIIPOBOAMMOCTHU, YTO MPUBOAUT K IIOABJIC-
HUIO CJIOXKHOHM MOJIIENEBON CTPYKTYpbl crekrpa. Of-
HUM W3 BOKHEHIIHNX CIIEJICTBUH CYIIECTBOBAHUS 110100~
HBIX COCTOSIHWH B XUPAJIBHBIX CBCPXIIPOBOAHUKAX CTa-
HOBUTCSI ()OPMHUPOBAHHUE CIOHTAHHBIX TOKOB, TEKYIIHX
BZIOJIb TOBEpXHOCTH. K coXkalleHHI0, IKCIIEPUMEHTAIBHO

0I00HbIE TOKU MOKa He 00HapyKeHbl [2-3].

Bo3MoxkHOW NpUYMHONW MX OTCYTCTBHS SIBISIETCS Je-
rpajaius MOBEPXHOCTH P-BOJHOBOro Matepuana. Jlis
W3YYCHMSI BIMSIHUSI PA3IMYHBIX TUIIOB TOBEPXHOCTH Ha
(hopMHpOBaHNE CIIOHTAHHBIX TOKOB MBI TEOPETHUCCKH
paccMoTpeNnu TeTepOCTPYKTYPY P-BOJTHOBOH CBEpX-
MPOBOTHUK — AW (y3HBI HOPMAIbHBIH METal B
¢dopmanusme ypaBHeHui Dinienbeprepa. B 3aBucumo-
CTH OT COOTHOIICHHS JJTUHBI KOT€PEHTHOCTH, JIJTHHBI
CBOOOJHOTO TMpoOera W TOJIIMHBI METAITHUECKOTrO
ciosi, OBJI0 PacCMOTPEHO YETHIPE BO3MOXKHBIX THIIA

MOBEPXHOCTH: 3epKajbHas, Au(dy3Has, YUCTHIH U
IPSA3HBII MeTaYecKkui cioit [4].

BbI0O  TIPOZEMOHCTPHPOBAHO, HYTO B  Py-BOJHOBOM
CBEPXIIPOBOIHUKE CIIOHTAHHBIE TOKH OTCYTCTBYIOT BHE

3aBHCUMOCTH OT XapakTepa NPUTrPAaHUYHON 001acTH.

B ciyuae XupanbHOTO Py+ipy BOJIHOBOIO CBEPXIIPO-
BOJIHMKA OBLIO TTOKAa3aHO, YTO CIIOHTAHHBIC TOKU MOSB-
JISIFOTCS UL BCEX THITOB TPAHMIIBI, OHAKO MX aMILUTH-
TyZla ¥ IPOCTPAHCTBEHHOE paclpeeeHue 0 IIyOuHe
MIPOTEKaHMs CEPbE3HBIM 00Pa30M OTINYAIOTCH.

HJ’I?I 3CPKAJIbHOTO THIIA I'PpaHUIIbI INIOTHOCTh TOKAa MaK-
CUMajJibHa HEIMOCPECACTBCHHO Ha MOBCPXHOCTU U MEI-
JICHHO MOHOTOHHO YMCHBIIACTCA IO MEPE YAAJICHUA OT
HEC Ha JJIMHAX NOpAaKa JJIMHBI KOTEPEHTHOCTH.
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Puc. 1. PacnpegeneHve nMOTHOCTU CMOHTAHHOTO TOka B
OKPECTHOCTW 3epKanbHOWN rpaHvLbl XMpanbHOro py+ i py BOM-

HOBOIO CBEPXMNPOBOAHMKA

Cekumsa 1. CeepxnpoBogsiLLie HaHOCUCTEMBbI 25



Tom 1

B ciyuae muddys3HOTO THIA MOBEPXHOCTU pacrpejie-
JICHHE CIIOHTAHHBIX TOKOB HECKOJBKO OoTiuuactcs. Ha
TpaHuIle CBEPXIpOBOAHMKA U Juddy3HOTO CIIOS
chopMUpPOBaH PE3KUil MUK IJIOTHOCTH TOKA IIMPUHOMN
MOPSIIKA IECSTHIX JJIUHBI KOTEPEHTHOCTH. JTO CBS3aHO

C TEM, YTO M3-3a U30TPONMMU3aANNN aMIUIUTY/IbI CIIapuBa-

HUSl OTPAKCHHBIX YACTHUI[ CIOHTAHHBIA TOK MPEUMY-
IICCTBEHHO (DOPMUPYETCS 3a CYET IJICKTPOHOB JBH-
KYIIUXCSI TOJl MAaJbIMH yrJIaMH OTHOCHUTENBHO TO-
BEPXHOCTH (YroJl ¢ HOPMAJIbIO K TPAHUIIC U HUX CO-
crapisieT mopska 80 rpaaycos).
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Puc. 2. PacnpepeneHve nnOTHOCTW CMNOHTaAHHOrO TOKa B
OKPECTHOCTU ANMY3HOW rPpaHuULibl XMpPanbHOro py+ i py BOI-

HOBOro CBEpPXNpoOBOAHMKA

ITOTHOCTD CHOHTAHHBIX TOKOB IIPW HAJIWYWN METall-
JIMUECKOM TIpaHUIBI Ha TMOpsIok Huke. Hameraromue
KBa3MYaCTUIBI HE OTPAKAIOTCS OT TPAHHIBI, @ BMECTO
3TOTO TEPSIOT KOTEPEHTHOCTh B INTyOMHE HOPMAJIbHOTO
Metaia. B pesynbrare, anomansHas Qynkuus ['prHa
JUIsl OTPaKEHHOW BOJHBI B 00JIACTH YHCTOTO METAIIH-
YECKOTO CJIOS PaBHA HYJIIO, YTO NMPHUBOJUT K MOJIHOMY
OTCYTCTBUIO CIHOHTaHHBIX TOKOB B METaJUINYECKOI
obmactn. OHM HaYMHAIOT (POPMHUPOBATHCS yXKE B TIy-
OMHE CBEPXIPOBOIHHKA, B PE3YJIbTATE YETO MAKCHMYM
pacmpeienieHlss CIOHTAHHOTO TOKa CKPBIT BHYTPH 00-
pasia.
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Puc. 3. Pacnpe,qeneHme NNOTHOCTU CMOHTAHHOINO TOKa npwu
HanMMuMM YUCTON MeTansfM4yeckon NMeHKU Ha NOBEPXHOCTU

XMPanbHOro py+ i p, BONTHOBOTO CBEPXMPOBOAHMKA

B nuddysHom meramte, 0JHAKO, BO3MOXHBI TaKXKeE
OTpaKeHUs KBa3WYACTHIl Ha TPHUMECAX, B Pe3yibTare

4€ro Ha MNOPOCTPAaHCTBEHHOM pacCHpeACICHUN TOKa
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Puc. 4. PacnpegeneHvne nnoTHOCTU CMOHTAHHOTO TOKa Mpu
HanuuuM AnddPy3HON MeTanIMYeckon MMAeHKN Ha MOBEpPXHO-

CTV XMpanbHOro px+ i py BOSIHOBOIO CBEPXMPOBOAHMKA

HAOIOMaeTCs JBa SPKO BBIPAKCHHBIX NMHKA — HA Tpa-
HUIIC U B TITyOWHE MaTepHaa.

ITono0OHbIe pacnpeeseHust TOKa MOTYT ObITh H3YYEHbI
OKCIIEPUMEHTAILHO METOJOM BpAICHHUS CIIMHA MIOO-
HoB USR [5]. UccnenoBanue momo0HbIX 3aBUCUMOCTEN,
B COOTBETCTBUM C HALIUMHU PE3YJILTATAMU MOXKET JaTh
Ba)XXHYIO MH(POPMAIMIO, KaK O CUMMETPHH MTOTEHIIalIa
CrapMBaHus B OObEME CBEPXIPOBOAHMKA, TaK H O
CBOMCTBaX (POPMHPYIOIIETOCS IPUTPAHUYHOTO CIIOS.

Asropsl Gnarogapust Y. Tanaka u Y. Asano 3a mmiomo-
TBOpPHBIE OOCYKICHHUS TIPH MOATOTOBKE NAaHHOH pado-
ThI. PaboTta wactuuHo moanepkana rpantamu POOU-
JSPS 15-52-50054, 17-52-50080, PODU rpanr 16-29-
09515-ofi-m, PH® mpoexr No. 15-12-30030, a Taxxe
MHUHHCTEPCTBOM 00pa3oBaHHWs W Hayku P®, rpanTb
MK-5813.2016.2 n 14Y26.31.0007.

INutepartypa

1. Maeno Y., Hashimoto H., Yoshida K., Nishizaki S.,
Fujita T., Bednorz J. G. and Lichtenberg F., Nature
372,532, 1994.

2. Bjornsson P. G., Maeno Y., Huber M. E., and Moler
K. A., Phys. Rev. B 72, 012504, 2005.

3. Kirtley J. R., Kallin C., Hicks C. W., Kim E.-A,,
Liu Y., Moler K. A., Maeno Y., and Nelson K. D.,
Phys. Rev. B 76, 014526, 2007.

4. Bakurskiy S. V., Klenov N. V., Soloviev I. I., Golu-
bov A. A., Kupriyanov M. Yu., arxiv 1701.04458,
2017.

5. Di Bernardo A., Salman Z., Wang X. L., Amado M.,
Egilmez M., Flokstra M. G., Suter A., Lee SL, Zhao
JH, Prokscha T, Morenzoni E, Blamire M.G.,
Linder J, and Robinson J.W.A., 2015 Phys. Rev. X,
5(4), 041021.

Cekumsa 1. CBepxnpoBoasLLne HaHOCUCTEMbI



Matepuanesl XX| MexayHapogHoro cumnosnyma «HaHoduarka n HaHO3MEeKTPOHUKa» Tom 1

MHorosHa4yHble TOK-(pa3oBble 3aBUCUMOCTH
B obnactu 0-r nepexoaa B AX03ehCOHOBCKUX

SIsFS koHTakTax
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Mbl nccnepoBanu Tok-ha3oBble COOTHOLWEHUs B Axo3edcoHoBckoM SIsFS nepexoge Co CNOXHOWM NPOCHOWMKON WM30NSATOp-
CBEpPXNpPOBOAHMK-thbeppomarHeTuk B obrnactu 0 — 1 nepexoga. Mbl NpoAeMOHCTPUPOBaNy CUMbHOE BIUSIHUE BTOPON rapMOHUKM
TOK-(pa30BOW 3aBUCMMOCTU MarHUTHOW YacTW KOHTaKTa Ha CBOWCTBA MOSHOW cuUCTeMbl. Tak nokasaHo To, 4yto O- T nepexop B
SIsFS cTpykType npoucxogut npu COXpaHeHUU BEMUYMHBbI KPUTUYECKOrO TOKa Ha YPOBHE KPUTUYECKOTO TOKa TYHHENbHOro KO H-
TakTa, B pe3ynbTaTe 4Yero oH oKa3biBaeTCs CKPbIT OT psifa aKCnepuMeHTarnbHblX noaxonoB. B paboTe nokasaHo, 4to B cucteme
NOSIBMSATCHA MMCTEPE3UCHbIE TOK-(Pa30Bble COOTHOLLEHUS C HECKOSNbKMMU He3aBUCUMMbIMU BETBAMM pelleHus. bonee Toro, B
YaCTHbIX CMy4asix pas3rfMyHble peLleHns SBRSAITCA TONOMOrMYeCckn 3allmLeHHbIMU, YTO OTKPbIBAeT HOBblE BO3MOXHbIE MPUMEHEe-

HUS ANs TaKUX CTPYKTYP.

BBepeHune

Jxo3epconoBckue SISFS cTpykTypsl B Hactosmiee
BpeMsl SIBJISIOTCS OJHUM M3 Hauboliee MEepCreKTHB-
HBIX 3JICMCHTOB IJId UCIIOJIb30BAHUA B CBEPXIIPOBO-
JAmel anekTpoHuke. Hanmuume cBepXmpoBOISIIEro
S-cyost B obnactu ciaboi CBsI3M, MO3BOJSET COXpa-
HUTh MPEeUMYIIecTBa Kak TyHHeJbHOro cios |, oGec-
MIEYMBAIOIIEr0 BBICOKOE XapaKTEpPHOE HAIPSDKEHUE U
OBICTpOACHCTBHE KOHTaKTa, TaK COXPAHUTH AP(HEKT
OT MarHuTHoro cios F, Omaromaps KOTOpoMy B
CTPYKTYpe BO3MOJKHA peanu3alus T-COCTOsHUS [1-
4].

OcoO0b1if MHTEpEC NPEACTABIIECT HEOOBIMHOE MOBE/IE-
HHE cucTeMbl B obmactu 0-m mepexona. B oObMHBIX
SFS cTpykTypax OH MPOTEKAeT 3a CYCT HEIPEPHIBHOTO
W3MEHCHHsI KPUTHYECKOTO Toka SFS KOHTakTa, B pe-
3yJIbTaTe YEro Ha TOKOBBIX 3aBHCHUMOCTSX (OT TeMIIe-
paTypbl WIH TOJIIMHBI F CJI0ST) BO3HMKaeT 3aMeTHas
00J1acTh MOHWKEHHBIX KpUTHYEeCKMX TOKoB. B SISFS
nepexo/ic B TYHHEIIbHOM peKUMe 00J1acThb cyiaboii cBsi-
3M JIOKAJIU30BaHa Ha JUAJICKTPUYECKOM CIJIOe, B pe-
3ynpTare 4ero 0-m mepexoi MPOMCXOANUT Yepe3 CIIOXK-
HBIC COCTOSHUSI C HEOJHO3HAYHBIMH TOK-(ha30BBIMHU
3apucumocTsamu (TP3). Kiraccudukanns n uccinenona-
HHE CBOWCTB NPOMEKYTOUHBIX COCTOSIHUM M SIBISICTCS
LEJTBIO JAHHOW PabOTHI.

Be mopenu SIsFS koHTakTa

Cucrtema ommcaHa B paMKax JBYX B3aWMOJIOIIOJTHSIO-
[IUX MMOJXOJ0B: MHKPOCKOITUYECKOr0 U (peHOMEHOII0-
ruyeckoro. [lepBblii OCHOBaH Ha CaMOCOTJIaCOBAaHHOM
pelIeHur ypaBHeHHUH Y3a/elsi ¢ TpaHUYHBIMU YCJIOBHU-
ssmu KynpusinoBa-JlykuueBa. DTOT MOAXOJ MO3BOJSET
paccuuTath TOK-(pa30BbIE 3aBUCHUMOCTH HWCXOIS U3
MHKPOCKOTIMYECKIX COOOpakKeHUH, OTHAKO B CBSI3U C
HEOOXOIMMOCTHIO CAMOCOTJIACOBAHHO OMpPeAessiTh (a-
3y MPOMEKYTOYHOTO S-3JEKTPOJIa, OH TpeOyeT 3HAUH-
TEIBHOTO PacyeTHOro BpeMeHH. Kpome Toro, maHHBINA
METOJi TO3BOJISIET MOJYYUTh TOJIBKO OJIHO PEIIEeHUE
TIpH TIPOBEJICHUN €AMHCTBEHHOTO pacdeTa B 3aBHCHUMO-
CTH OT 3aTPAaBOYHBIX 3HAUYCHHI WTEPAIIOHHBIX ITHK-
JIOB, UTO TPO3UT MOTEpeil pelieHuil npu NpoBeICHUU
pacueToB JUI1 COCTOSHHH C MHOTO3HAYHBIMH TOK-
(ha30BBIMU 3aBHCUMOCTSIMH.

DEeHOMEHOIIOTHYECKUI TIOAX0J OCHOBAaH HA MOZIEIH
COCpPEeIOTOYCHHBIX 37eMeHTOB. CHcTeMa IpeacTaBis-
eTCsl Kak IMOCIIe0BATENIbHOE COSIUHEHHE TYHHEIBHOTO
JK03€(DCOHOBCKOTO KOHTAKTa ¢ CHMHYCOUIAIbHOU TOK-
(azoBoii 3aBucumMocTbio lgis=l¢; Sin(¢), B To Bpemst kak
Td3 deppomMarHUTHOr0 KOHTaKTa BKIIOYAET B ceOs
BKJIaJI OT BTOPOit rapmMonuk lses=A sin(p)+ B sin(20).
Peuienne ypaBHEHHS Ha PaBEHCTBO TOKa uepe3 o00a
KOHTAaKTa TO3BOJISIET MOJYYUTh TOK-(Da30BYIO 3aBUCH-
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MocTh nonHo#i cucremsl. Ilpu atom T®3 cocTaBHBIX
9JIEMEHTOB OJIHO3HAYHBI U MOTYT ObITH 3(P(eKTHBHO
paccunMTaHbl B paMKaX MHKPOCKOIHMYECKOTO MOAXOAA.
[Tono0OHBIN METOA MPUMEHUM IPU 3HAYUTENHHON TOJI-
IIMHE LEHTPAIbHOIO CBEPXIPOBOMASIIETO CIOS Ipe-
BBIIIAIOIIEN HECKOJIBKO JUIMH KorepeHTtHocTH [4]. Uc-
MOJIb30BAHNE TAKOI0 IMOAXOJa IMO3BOJSET HE TOJIBKO
MOJIyYUTh BCE BO3MOKHBIE PEIIECHUS B paMKaX OJHOTO
BBIYHCIICHHA, HO M TaKXe IMOJIYYNTh WH(POPMAIHIO O
HEYCTOMYMBBIX PEIICHHSAX 3a/laud, KOTopas Heo0Xo-
JIIMa JJISl TOHMMaHHMS 9BOJIFOIIMU YCTOHUMBBIX COCTOSI-
HUI B cUcTEME.

MHorosHayHble T3

Ha Puc. | npeacraBiena TunmgHasi TOK-(ha3oBas 3aBH-
cumocth SISFS crpyktypel B obmactu O-m mepexona,
paccuuTaHHas JUIs TONIUHBI s-ciost ds=5& u F cnos
dr=0.46&¢ ¢ oomennbM mostem H=10 nT¢ mpu Temre-
parype T=0.2 Tc. OKpyXHOCTSIMH TPOJEMOHCTPUPO-
BaHbI PE3yJIbTaThl MUKPOCKOIIMIECKOTO pacyera, B TO
BpeMsl KakK CIUIOLIHOW JIMHMEHM NOKa3aHbl pELICHHs B
paMKkax (eHoMeHoylorndeckoro noaxoxa. ITyHkrupom
MIPOJIEMOHCTPUPOBAHBI HEyCTOWYMBBIE TO (a3e IMpo-
MEXKYTOYHOM CBEPXIIPOBOJISIICH 00aCTH PEIICHUSI.

0.0 0.2 0.8 1.0

\ 04 oon 06
Pwuc. 1. MHorosHayHas Tok-ha3oBasi 3aBMCUMOCTb AKo3edCo-
HoBcko SIsFS cTpykTypbl B obnactu 0-mm nepexopa. Okpyx-
HOCTSIMM MOKa3aHbl pe3ynbTaTbl MUKPOCKOMMYECKOro Moaenu-
pOBaHWs, CNMOLWHbBIMY NIMHUSIMU — YCTONYMBBLIE pelleHust de-
HOMEHOJIOTMYECKOrO MOAXOAA, MYHKTUPOM — HeycToMuMBbIE

peLeHust

Ha Puc. 1 xopoiio BHIEH TMCTEPE3HUCHBIM XapakTep
TOK-(pa30BO¥ 3aBHCUMOCTH B OKpecTHOCTH (a3 ¢=0.2 u
¢=0.8. T'mcrepe3wchbl TpU OTOM paA3JEIIIOT TOK-
(a30ByI0 3aBUCHMOCTb Ha JBE BETBH, MEPEXO] MEXKIY
KOTOPBIMH BO3MOJKEH 32 CUET MPOCKAIb3BIBaHUS (Da3bl.
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B oxpectHOCTH (haszbl =0 Takke CYNIECTBYET U APYroe
YCTOMYUBOE pEIlICHHE. DTO PELICHUE MOSIBIIACTCS HPU
TparchopMari HECTAOMIFHOW BETBH, COOTBETCTBY-
el gase m Ha [EHTPAIBHOM CBEPXIIPOBOISIIEM
cioe. DTO METacTaOMIBHOE COCTOSHHE HE SIBIISCTCS
OCHOBHBIM, OJTHAKO, B psiJie Cly4aeB ObITh pean30Ba-
HO.

W3ydenne MHOTO3HAYHBIX TOK-(ha30BBIX 3aBUCHMOCTEH
[10Ka3aJl0, YTO KPUTHYECKUM TOK TaKOH CHUCTEMBI B
obslactu 0-m mepexoza CBsi3aH C OTHOLIEHHEM BTOPOi
rapmoHukd T®3 SFS xoHTaKTa K KPUTHIECKOMY TOKY
TYHHEJBHOTO KOHTaKTa B/lc).

Ecnu »Ta BennuuMHA MeHbIIE €IUHHUIBI, TO KPUTUYE-
CKHI TOK B 00JIACTH TIepexoja JTUHEHHO yMEHbBIIAeTCsI
JI0 MUHMMaJIbHOTO 3HayeHus 1c=B. Onnako npu 60:b-
mux B, BelMumMHa KPUTHYECKOTO TOKA MOJHOM cucre-
MBI OCTaeTCs TIOCTOSTHHOI B IIF000# Touke 0-T mepexo-
Ja. OTO MPUBOAUT K TOMY, YTO H3MEpEHHE KpHUTHYe-
CKOT'0 TOKAa CTPYKTYpHI (B 3aBUCUMOCTH OT TE€MIIepaTy-
pBl WM TOJNIIMHBI MAarHUTHOTO CJIOSI) HE IO3BOJISIET
rapaHTHpoBaHHO BbIIBUTH O-m mepexon. Drta 3amaua
TpedyeT (a30BO-4yBCTBUTEIBHBIX METOJIOB HCCIE0-
Banus [5].

ABTopbI Onarogapusl B.B. PsizaHoBY 3a 1m1010TBOpHBIE
00CYXIEHUs TIPY TTOATOTOBKE JaHHOW paboThl. PaboTa
YaCTUYHO TmojanepkaHa rpaHtamu PODOU-17-52-
560003Iran-a, 16-29-09515-ofi-m, PH® mnpoekr No.
15-12-30030, a takxe Munoopuayku PD, rpant MK-
5813.2016.2 u mporpamMMa MOBBIIIEHUS KOHKYpPEHTO-
crocobHoctt HUTY "MUCuC" (mpoekr Ne K2-2016-
051)
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B pabote onpegeneHa dyHKUMSA pUHA 1 NNOTHOCTb COCTOSIHUIA B KOPOTKOM HEOrpaHW4eHHOM W noryorpaHnyeHHom SNS koHTakTe ¢
0ObIYHON UMM MarHUTHOM TOYEYHON MPUMECHIO, HaxoAsilencs B HopMarnbHoW obnacTtu. MokasaHo, 4To B obLieM crnyyae npumech
VHAYUMPYET [iBa KBa3UCBSA3aHHbIX COCTOSIHWSA, HE3aBUCKMO OT PacriofiOXeHUS B KOHTaKTe. QHEPrMmn 3TUX COCTOSHUI 3aBUCHAT OCLIMNIIN-
pytoLLMM 06pa3oM OT pacCTOAHUSI MeXAy MPYMECHIO U rPaHNLEN KOHTaKTa.

JI>x03e()COBHOBCKME ~ KOHTAKTBI  CBEPXIIPOBOJHHK-
HOpMaJIbHBIN MeTa/uI-CBepXnpoBoAHUK (SNS) HaxoaaT
MIMPOKOE TIPUMEHEHHE B 3JIEKTPOHHBIX YCTpOICTBaX OT
CBEPXIPOBO/SIIIMX KBAHTOBBIX HMHTEP(EPOMETPOB 110
CTaHJapTOB HAMPSKCHUA. COBpeMeHHbIe TEXHOJIOI'UH
TMO3BOJISIIOT M3TOTaBIMBATH KOHTAKTHI C pa3MepaMu dJie-
MEHTOB TIOPSAZKA JECSTKOB HAHOMETPOB. B Takux cucre-
Max CYIIECTBCHHBI ME30CKOIMYCCKHe dP(EKThI — Clie/y-
€T OXKUIATh CHIIBHYIO 3aBHCHMOCTb XapaKTEPUCTHK KOH-
TaKTOB OT pealn3aliy OecTiops/iKa, T. €. OT PACIIONIONKe-
Hust iehekToB B HUX. B HacToseli paboTe paccMOTpPEHBI
nono6HbIe d¢pdexTsr B SNS koHTakTax co ciradpim Oec-
MOPSAKOM B BUJIE OJHOM TodeuHOH mpumecH. Onpene-
JeHa 3anasjeiBatoinas ¢yHkuus ['puna B Jpkozedco-
HOCKOM KOHTaKT€ M NMPOAHAIN3UPOBAHO BIIUSIHUE TIPHU-
MECHU Ha aHJPEEBCKUE COCTOSIHUS B HEM.

ChHauana BbIpazuM (QyHKUHMIO ['prHA B NPUCYTCTBUH
npuMecH uepe3 GyHkiuio ['pura guctoit SN cucteMsr.
BonHoBast ¢yHKIUS dieKTpoHAa BOJIM3M TOYECYHOU
NPUMECH, PACIIOIOKEHHOM NpH I = I'g, UMeeT Bua [1]

I KIr—r i =
1//(r) ZI/IR(r)+ !//R( o) e|k|r rol+ia sina, (l)
Kir—r,|
rae wr(r) — perymspaas ¢yHkims, K— BoJgHOBOE

4quCIo, a o — (asza paccesHus. Eciu npuMech MarHut-
Has W OCh KBAaHTOBAaHWS HaIpaBJCHAa BIOJh CIIMHA
TIPUMECH, TO AJICKTPOHBI CO CITTHOB «BBEPX» M «BHU3»
UMEIOT pasHble ()asbl PaccesHus — 4 M 0, COOTBET-
cTBeHHO. 3anazjpiBatoinas GyHkiwms ['puHa Geggy(r,r')
npu F—¥g J0/DKHA BecTH ceOst Tak ke, kak w(r) (3aech
E — omeprus, ab— cnuHOBBIC WHICKCH). Toraa
MOYHO T0Ka3aTh, 4To B rudpuanoit SN cucreme

Gerr (1.F) =GE(r,F) + AGZ(r 1)

o )
+AFE (1),

rae Gg® u Fe'™® — o6bunas u aHomambHast (GyHKIHH
I'puna 6e3 nmpuMecH (He 3aBHUCAIIME OT CNMHA), a A} U
A, — KO>(pOUIHMEHTHI, KOTOPHIE BBIPAKAIOTCS depes
Ge’ u Fe'? u onpenensiorcs U3 ycnoBmii acCHMITOTHYE-
ckoro noseaenus (1) ¢pynkunit ['punaa BONMM3M npume-

CH.

[Tpumenum nosrydeHHble coodpakennst kK SNS KoHTak-
Ty, U300paxk€HHOMY Ha puc. 1. 31ech MOIYIpPOCTpaH-
ctBo Yy >0 3aHATO BaKyyMOM, a IOJYIPOCTPAHCTBO
y < 0 — meramutom. B Hopmansroii (N) obmactu ¢ mim-
puHoit L HaxomuTes mpumech Ha paccTostHuM h oT cBo-
OonHoil rpaHunBl. PasHocTh (a3 MeXIy CBEpPXIIPOBO-
JSIIMMU OeperaMu paBHa ¢, MOJYJb Mapamerpa Io-
psanaka B HUX — A.

Bakyym 34
-L Z L2 x
S n IS

Ae~/2 L *H;H;lecs Ae™/?

Z[rS

Puc. 1. SNS KOHTaKT ¢ npMmecso

Paccmotpum st Havana OeckoHeuHbli SNS koH-
TakT, (GOpMaIbHO COOTBETCTBYIONIMI MapaMeTpy
h=o0. Ecau L mHOro 0osbiie CBEpXMIpOBOISINEH
JUTUHBI KOTE€PEHTHOCTH ¢, TO OOBIYHAST MPUMECh CO-
34a€T UL HEOOJNBIIOE BO3MYIIEHHE IUIOTHOCTH
COCTOSIHHI, Clajjaromiee Kak |I - r0|'2 pU  yIAAJICHUH
oT mpuMecu. OcTaHOBUMCSI MOApPOOHEE Ha ciydyae
KOpOTKOTO KOHTakTa: L << £, B TakoM KOHTakTe
00pa3yroTcsi JOKaTH30BAaHHBIC MPUMECHBIC COCTOS-
HUsI. DHEPTUU COCTOSIHUM CO CIIMHOM BBEPX OIpejie-
JSIOTCS HYISIMU BeTUInHbBI D:
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m tga, m tge,
D= ~-=1GAr, — =
27h* ke w=(lo%o) 27’ k.

3)

N tga.tge, _, o
XG—pER(rO’rO }+%FE p(rovro)EEp (I’O,I’O),
F

rie Ke — BonHoBoe uncno depmu, M — Macca JIeK-
tpona, a Geg’(r,r) = Gg(r,r") - m/(2zhr - r'|). Jus
COCTOSIHHI{ CO CIMHOM BHHU3 CIIE/Ly€T TIOMEHATH MECTa-

MU o3 ¥ o) B opmyne (3).

[Tpu ¢ # 0 oObIYHAs NPUMECH JIOKATU3YET JIBA COCTOSI-
HUS C IPOTUBOMOJIOKHBIMU CIIMHAMH U C dHEpruei

E = A[l-7sin*(p/ 2)]'%, (4)

re 7 = C0s’0. J[aHHbIC COCTOSHHUS SIBIIAIOTCS KBA3HCBS-
3aHHBIMH: XapaKTepHOE yIIMpeHne ypoBHei oE ~ AL/E
00YCIIOBJICHO BO3MOXKHOCTBIO YX0JIa KBa3U4aCTHULBI HA
6eckoneuynocts B N cioe. Pajguyc soxanusauuu mpu-
MecHbIX coctosumii — & (1 — EYA%) M2,

MaruuTHasi NpUMeECh WHIYLUPYET TakKe JBa KBa-
3UCBSA3AHHBIX COCTOSIHHUS, HO C PA3IMYHBIMHU dHEPrHs-

MHU:

E, ; 2P 2

— =0,8in B,[cosa, cosa sin® —+sin” B
A 2 )

+c0s S, [cos’ B —cosa, Cos sinzg,

rae f= (a; - a))/2, a 0,= +1/-1 nnsa kBasU4acTHI[ CO
CIIMHOM BBEPX/BHM3. [IBa TOJIOKUTENBHBIX 3HAYCHUS
npaBoii 4actu GopmyIbl (5) ONPEACISIFOT SHEPTHU CBSI-
3aHHBIX COCTOSIHUIL. B 3aBMCHMOCTH OT apameTpoB ¢,
G4 M 0] MOYKET OBITh JIBAa IPUMECHBIX COCTOSHHUS C O/IU-

HAKOBBIMH WJIHM pa3HbiMK criHamH. [Ipu ¢ = 0 Gpopmy-

na (5) naér suepruto cocrosiaus [1Iu6b1-Pycunosa [2].

[Tyctp Temeps paccrosiHue h MexIy IPUMEChIO U Ipa-
HULEH KOHeuHO. Torna sHepruu NPUMECHBIX COCTOSI-
HUH T0-TIpekHEMY narotcst popmyrnamu (4) u (5), ecnu
B HUX Bce (pa3bl paccestHus ¢ 3aMEHHUTH Ha o' COTJIACHO

bopmye
-1

sinn 1+Cosntga ©
n

tga' =tga|1-

rae 17 = 2Keh. D10 npuBoaMT K OcHMILIHpPYOLIEH 3aBH-
CHMOCTH 9HEPIHil MPUMECHBIX cOCTOsIHUHU OT h. Xapak-
TepHble rpaduku 3aBucuMocteid E(h) miast oObYHBIX
IpuMeceil ¢ pasHbIMU (a3aMu paccestHus o IPEJICTaB-

JIEHBI Ha pHUC. 2.

10F - —“‘i-"'-..---—1-'::-_&_----1-----—--:--: --------
:!s_o'_\ \._“-" e ™" R -
0 A -t -——
osf it/ N p ST TN L
il Nt
::l 'I'_'\
e Y —_—
0'6- ::! .,' \\ /’ b'h""‘- a’.‘_‘."-. ]
iy f "~ . S =
| ~
84 i
04 i .
ali
L o
i -
0.2—5}'.' | -=g=0 a=0l1x
¥ ———— a=02g —-—-a=0.37
00 e e e J—---- a=047g =====- a=0.57
0 2 8 10

4ths

Puc. 2. NpumecHble COCTOAHUS B 3aBUCMMOCTb OT PacCTOSHUSA

h mexgy nprmechto n cBOGOAHOM rpaHuuei npu @ = 17

B 3akirouenue o0CyAMM BIHMSIHUE OJUHOYHBIX TPHMeE-
ceil Ha M3MepuMble XapakTepucTHKH SNS KOHTaKToB.
W3BecTHO, 9TO B KOPOTKOM KOHTAKTE Ka)KI0€ aHAPEEB-
CKO€ COCTOSIHHE Ja€T OIpeAeNIEHHbI BKJIaJ B JIKO-
3e(coHOBCKMI TOK [3], mModTOMY HamM4ue NPHMECH
JOJDKHO CKa3zaThCs Ha TOK-()a30BOM XapaKTEPHUCTHKE
KoHTakTa. Kpome ToOro, ecim mnpuMech HaXOJUTCS
BOJIM3HM CBOOOIHOW IpaHUIBI KOHTAKTa, TO IPUMECHOE
COCTOSIHHE MOYKHO OOHApy>XHTh C TIOMOIIBIO TYHHEIb-

HOI0 MUKPOCKOIIA.

Pabora BemomHeHa mTpH moanepxkke TpaHta PHOD
Ne 15-12-10020.
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Ocob6eHHOCTN peKOMOMHaLUMKU NTOKariIu3oBaHHbIX
KBa3n4yacTuL B HEOOAHOPOAHbIX
CBepXnpoBOAHUKAX
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Ans OYHKUMOHMPOBAHWS MHOTUX CBEPXMPOBOASALLMX YCTPOUCTB MPUHLMNMANBHBIM SIBNSETCSt BONpoc 06 ycTpaHeHnn 6oronto6oBckmx
kBasuyactul. Mpy HU3KUX TemnepaTypax KOHLEHTpauus 3TUX KBa3nM4acTuL, BCerga CyLeCTBEHHO MPEBbILLAET PaBHOBECHYH. BaxHo
MOHATb NpUYMHBI 3Toro adpcpekTa. B HacTosLwen paboTe Mbl nccnegyeT AMHAMUKY KBa3UYacTull, NOKanM3oBaHHbIX HA HEOOHOPOAHO-
CTSIX MOTEHUMana cnapuBaHusi B CBEPXNpoBoAHUKE. Mbl AeMOHCTpUpyeM, YTo 3heKTUBHOCTb pekoMOUHaLMM Takux KBasuvacTuly
nafaeT 3KCMOHEHLMANbHO BbICTPO C YMEHbLUEHNEM WX KOHLIEHTpauun. OTO 06BbSACHSET, NodYeMy B NMPUCYTCTBUM Aaxe o4YeHb craboro

HEepaBHOBECHOI0 MCTOYHMKa KBa3n4acCTuL, UX KOHUEeHTpauuna OCTaeTcsl OTHOCUTENBHO BbICOKOMN.

CornacHO TEOpHH, paBHOBECHAs] KOHIICHTpAIUs OOTo-
J00OBCKUX KBa3MYacTHUI[ B CBEPXIIPOBOJHUKE C IIe-
JBI0 JOJDKHA OBITH AKCIIOHEHIMAIBHO Mayia IPHU HU3-
Kux Temneparypax. Ha mpakTuke ke HaOmromaercs
HACBIIICHUE KOHIIEHTPALUK C NOHWKEHHEM TeMIlepa-
Typbl [1]. D10 0OBsICHSIETCSI IEHCTBHEM HEKOTOPOTrO
HEPaBHOBECHOTO MCTOYHUKA — BEPOATHO, N3ITyUICHHEM
OT BBICOKOTEMIIEPATYPHOTO OKPYKEHHsI cUcTeMbl. KBa-
3WYACTHIBI OTPUIATENIFHO CKa3bIBAIOTCS HA (DYHKIHO-
HaJIbHOCTH CBEPXIPOBOJIINX YCTPOUCTB, IO3TOMY
NPEANPUHUMAIOTCS. YCHIINSL 10 9KPAHHUPOBAHHMIO ATHX
YCTPOMCTB OT M3Iy4eHus.. TeM He MeHee, JJakKe B IpH-
CYTCTBUHM 3KPaHUPOBKH COXPAHIETCSI CYIICCTBCHHAs
0CTaTOYHAs KOHIICHTpaIus kBasuuactuil [2]. B ganHO#
paboTe MBI TIpe/IaraeM BO3MOXHOE OOBSICHEHHE 3TOTO
sBIeHUs. Mbl HccieayeM IMHAMHKY KBa3WYaCTHIL,
JIOKJIIM30BaHHBIX HA HEOJHOPOJHOCTSAX IOTEHIIHAla
crapuBaHMs A, MPUCYTCTBYIONIUX BO BCEX HEYIOPSIO-
YEHHBIX CBEPXMPOBOAHMKAX. [Ipy Mayiol KOHIEHTpa-
LMK KBA3WYACTHUI[ UX CKOPOCTh PEKOMOMHAILIUK DKCIIO-
HEHIMAJIBHO MOAABJICHA BCICACTBHE MAJIOTO MEPEKPHI-
THS X BOJTHOBBIX (QYHKIUH. DTO OOBSACHICT UX 0OJb-
IIMe BPEMEHA KU3HU M cIalylo 3aBUCHMOCTh MX CTa-
IIMOHAPHOW KOHIEHTPAIlMd OT CKOPOCTH T€HEepanuu
KBa3u4acTUIl A B enHUIE 00BEMA:

c~3C, /(4xr])In"* (T / ArY), )

rne C, = 0.605, 'y — MarepuanbHas KOHCTaHTa, a
Ic — pajnyc JIOKAIU3aI[M1 KBA3HYACTHIIBL.

Hamernm BeiBom cootHomenus (1). Ilycte kBa3zuua-
CTUIBI TEHEPUPYIOTCS KAKUM-IHOO HEPaBHOBECHBIM

BHEITHAM HCTOYHHKOM. THITMYHAS Ha9adbHAsS SHEPTHUSL
TaKMX KBA3WYacTHIl CYIIECTBEHHO NPEBBINIAECT CPE-
HIOIO CBEPXIPOBOIANIYIO meib. KBa3W9acTUIBI MOTYT
MOTTaPHO PEKOMOMHUPOBATh, a TAKXKE TEPATH PHEPTHUIO,
ucmyckass GoHous! (OyaeM Mpeanoarath, 4TO TEIIO-
BBIX (DOHOHOB HET, M OOpaTHBIC MPOIIECCHl HE TPOHC-
xozt). IIpu mocTaTOYHO Mayloi KOHIICHTPAIUH TIPO-
LIECCHI PCKOMOWHAIINU MaJIOBEPOSTHBI, M MPAKTUICCKU
BCE KBa3MYACTHUIIBl PETAKCHPYIOT K JHepruum E =~ A
(puc. la). 3ameruMm, 9UTO IDIOTHOCTH COCTOSIHHH B
HEYTOPSIIOYCHHOM CBEPXIPOBOJHUKE B MPUOIKEHUU
cpemrero mons BMecto ocobernHoctn BKII wmmeer
criuakeHHbIH NHK [3] ¢ HekoTOpoH MHUPHHOH &g, a
Kpaii menu Haxoxutes npu E = Eg <A (A-Eg ~ &9) —
cM. puc. 1b. Hmxe smeprum Ey mmeercs «xBocT»
JIOKAaJTM30BAHHBIX COCTOSIHUH, BOSHUKAIONIUX 32 CUET
JUTMHHOBOJIHOBBIX (DIIYKTyallMil MOTEHI[MAIa CHapH-
BaHUA. [LIIOTHOCTH COCTOSHHU Vv B 3TOH oOIacTu
paBHa [3] v(e) = vi(eler)®® x exp[- (eler)™™, rae ¢ =
Eqy - E v~ vo(aTA/egz)llz, Vg — IUIOTHOCTH COCTOS-
HAH B HOPMadbHOM COCTOSHHH, a DJHEPrus
&7 OTIpEIeIISICTCS CTEICHBIO OecrmopsiaKa B MOTCHIU-
ane crnapuBaHus. HauOosee BeposTHBII Tpoduib
IJIOTHOCTHA BEPOSITHOCTH JUISI JTOKAJTHM30BAHHBIX CO-

crostHui umeeT Bu [3]

sinh(r/L(¢))

P = e (@) cosh (11 L(2))

O]

IJie BEKTOP I OTJIOKEH OT IeHTpa Jokanu3aimu (ooia-
ctu ¢ momasnenHsiM A), L(e) = & [2A/3¢], a & —
JUTHHA KOTePEHTHOCTH B TPSI3HOM IIpejIerie.

Cekumsa 1. CeepxnpoBogsiLLie HaHOCUCTEMBbI 31



Tom 1

32

FE KBazuuacTHIIbI
[ =

Af Ey

(a) Y b
Puc. 1. NNOTHOCTb COCTOSIHUIA M penakcauus KBasvyactul, B
cepxnpoBogHuke [4]. (a) MNpn E >> A nnoTHOCTb COCTOSHWN
naétcsa teopuen BKLU. (b) B6nmam kpas wenu nnoTHOCTb Co-
CTOSIHUI MMEET NNaBHbIN MUK C LUMPUHOW &y, @ TaKKe «XBOCT»
TNOKaNM30BaHHbIX COCTOSAHUN. (C) KOHeYHbI aTan penakcauuu
KBaauyacTuL: npu aHeprum Eg - & npakTuyeckun He nmeetcs

OOCTYMHbBIX COCTOSIHWI C MEHbLLEN aHepruemn

Hcnyckast (OHOHBI, KBa3HMYAaCTHIBI JIOCTHIAIOT JIOKa-
JIN30BAHHBIX COCTOSIHUM (ecimu OHHM CBOOONHBI). WX
penakcanus (aKTHYECKH NPEKPAIaeTcsl TOJIbKO HpPHU
HEKOTOPO# dHEprum & = & > &7 (puc. 1C), korma ux
BOJTHOBBIC (DYHKINHM Oolilee HE TEpPEeKpPHIBAIOTCSA C CO-
CTOSIHUSIMH ¢ OoJiee HU3KOM sHeprueil. Tornma cyiie-
CTBECHHBIMH CTAHOBATCA MPOLCCChI peKOM6I/lHaLlI/II/l.
Takum 00pa3oM, PEeKOMOMHHPYIOIIHE KBAa3UYACTHIIHI
UMEIOT OJIM3KKE SHEPTUH & = & U MaCIITa0bl BOJIHOBBIX
byukuuii r, = L(e). BeposTHOoCTh pekoMOMHALINK B
SIMHUILy BPEMEHH IJIS JIBYX TaKUX KBa3HUaCTHI[ B
NPUOIMKEHUH JIOKAIBHOTO DJIEKTPOH-(DOHOHHOTO B3a-
uMojieiicTBus paBHa [4]

R
_)(3)
r

M(R)=T [ pO)p(r-R)d’r =2 g

c

race R — pacCTosiHue MCKAY LHCHTPpAMHU JIOKAJIU3aluH
kBasmuactui, a g(2x) = (16z sinh’x) (3 + 2sinh x —
3 cosh x sinh x / x).

PaccmoTpuM npocTyro Mojeab TMHAMUKH KBa3UYaCTHUI]
B CBEPXMPOBOJHUKE. byneM cuuTaTh, 4TO BO3MOXKHBI
TOJIBKO JIBa ITPOILECCA: BOSHUKHOBEHUE YACTHIIBI B CITy-
YalHOU TOYKE IPOCTPAHCTBA C INIOTHOCTBHIO BEPOSTHO-
cTi A B eIMHHILy BpEMEHH, JIMOO aHHUTWILSILHS JIBYX
qacTull ¢ BepoaTHocThi0 ['(R) B enuHuUIy BpemeHH.
CranuoHapHOE COCTOSTHHE CHUCTEMBI OINpeelsieTcst
onHUM Oe3pa3sMepHBIM TapamMeTpoM: Ar ST ITpu
Ar Ty >> 1 B IHHAMHYECKOM PABHOBECHH MOIOKEHHUS
4acTUI] HEKOPPETHPOBAHBI, W OaJaHC MEXAY MPHUXO-
JOM M yXOAOM NpPHBOXMT K ycimomio ¢ = (A/I'g)Y2
TouHO Takas k€ KOHIEHTPALUs NOIy4aeTcsl B IPeaIo-
JIOKEHHH, 9TO BCE KBA3UYACTHUIIBI CBOOOTHEI. B ciaydae
Ar g << 1 cucreMa CHIBHO KOPPENHPOBAHA: XapaK-
TEpHOE PACCTOSHHUE I' MEXy OJIMDKalIIMMHU COCEIsIMU
MIPUMEPHO OJTHOTO MOPSIJIKA [UIsl TOJIABIISIOIET0 O0JIb-

Matepuanbl XX| MexayHapogHoro cumnosnyma «HaHoduarka n HaHO3MEKTPOHMKa»

[IMHCTBA YaCTUL. YCJoBHE OajaHca MPUHUMAET BHUJ
A= cI(r), npu atom ¢ = C,, (4nr¥3), u xosdpdurment
C, = 0.605 onpenemnsiercst uncineHHo (cM. [4]). Yuutsl-
Bast, uto mpH I >> 1, [(r) = Tp/(27r %) x exp(-r/ry), mbr
mojydaeM cootHormenue (1).

MbI TIpOBeNU TaKKe YUCICHHOE MOJCIMPOBAHUE JIH-
HAMHKH KBa3HYaCTHUI], ONPECIIUB CTAI[HOHAPHYIO KOH-
LEHTPAIHIO C B HIMPOKOM JIMAra3oHe 3HAYCHHUil mapa-
merpa Ard/ Tr— cM. puc. 2. IpuBeéHHBIC BBIIIe
AHATUTHYCCKHE COOOPaKEHUsI XOPOIIO COTJIACYIOTCS C

YHCJICHHBIMU PE3YyJIbTaTaMU.

107} 1
MU_. i - 13
104 g 1
_-" YucenHo 3
f_ -7 - = = Tpnbmmxenne ¢ = (A/T,)"" 3

1%"‘ BT ST S ST T

il
AT

Puc. 2. CraunoHapHas KOHUEHTpauus KBa3uyacTul B 3aBu-

CUMOCTU OT MOLLHOCTU reHepauum A

B 3akiroueHue, Mbl HCCIIEIOBAIHM YNPOIIEHHYIO MO-
Jenb AWHAMHUKH JIOKAQJIW30BAaHHBIX KBa3HMYaCTHI[ B
CBEpXIIPOBOJIHUKE, B paMKax KOTOPOH MX CTalMoHap-
Hasi KOHLIIEHTPALUsI 3aBUCUT OYEHb CJ1a00 OT MOIIHOCTH
HCTOYHUKA, TCHEPUPYIOMIEro MX. Takum o0pa3oMm, Mbl
IPEIUIOKUIN BO3MOXKHOE OOBACHEHHE, MOYEeMYy JKpa-
HUPOBaHHE CBEPXIPOBOJAHUKOB OT H3JIy4YeHHs He
oueHb 3(dexkTuBHO 1T OOPHOBI C Mapa3UTHHIMU KBa-

3n4JacCcTUIIaMU.

Pabora BeimonHeHa npu nozzepykke Fondation Nano-
sciences (I'peno6is, nporpamma Chair of Excellence),
a Taxke rpaHta ANR Ne ANR-12-BS04-0016-03
(Dpanmms).
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dKYCTUYEeCKUX BOJTHaAX

A. Bonrap', 10.W. 3otoBa', [1.0. Kupnuenko', 0.B. Actracdbes™?

1 MockoBCKUil IM3MKO-TEXHUYECKUIA MHCTUTYT, UHCTUTYTCKMiA nep., 9, [onronpyaxbii, 141701,

2Royal Holloway University of London, Egham Surrey TW20 OEX.

PaspaboTtaHa TexHoMmorns “3rotoBieHNst BbICOKOAOOPOTHBLIX PE30HAaTOPOB Ha MOBEPXHOCTHbIX aKyCTUYECKMX BOMHAax ¢ paboyvmu ya-
crotamu o 3,1 I'Tu. JaHHble pe3oHaTopbl N3rOTOBMIEHbI HA KBapLEBbIX NOAMNIOXKAX M oxapakTepmnsoBaHbl npu Temnepartypax 20 mMK.
[poBeaeHbl NepBble SKCNEPVMEHTLI CO CBEPXTNPOBOAALLMMUN KyOuTamMu, pasmMeLll€HHbIMM B Takux akyCTUYECKUX pe3oHaTopax.

BBegeHue

B skcnepuMeHTax co CBEPXMPOBOSMIIMMHU KBAHTOBBI-
MU OWTaMH CTaHAAPTHBIM MEXaHW3MOM MaHHITYJIHpPO-
BaHMs KBAHTOBBIM COCTOSIHUEM SIBIISIETCSI DJIEKTPOAH-
HaMUYECKUH (KyOWUTBI CBSI3aHHBIE C MHKPOBOJIHOBBIMHU
pe30oHaTOpaMM U KOIUIAHapHBIMU JIMHUSAMH). Tem He
MEHee, BO30YXIeHHEe KyOuTa MEXaHWYECKH, HalpHuMep,
MOJIEM TIOBEPXHOCTHOH aKkycTmieckoil BoiHbI ([TAB)
MOXET OKa3aTbCsl MEPCHEKTUBHBIM — aJIbTEPHATHBHBIM
METO/IOM B3aMMOJICHCTBHSI C KyOWTOM. YK€ H3BECTHBI
SKCHEPUMEHTHI TOATBEPAMBIINE TaKyl0 BO3MOKHOCTH
[1]. TToBepxHOCTHBIE aKYCTHYECKHE BOJHBI THTareprioBo-
IO JMana3oHa UMEIOT AJIUHBI Ha 3-4 mopsiika MEHbILINE,
9YeM 3JIEKTPOMArHUTHBIX BOJH. DTa 0COOEHHOCTh OTKPBI-
BaeT BO3MOXKHOCTH C OJIHOM CTOPOHBI JUIsi CO37aHus 00-
JIee KOMITAKTHBIX KBAHTOBBIX YCTPOMCTB, a C IPYroi cTo-
POHBI PEXHUM B3aNMOJICHCTBHS «MCKYCTBEHHBIX ATOMOBY
C BOJIHAMHM CYIIIECTBEHHO MEHBIINMH, YE€M CaM «aTOM»,

MOXKEeT 0OHAPYKUTh HOBBbIE HHTEPECHBIE A(PPEKTHI.

Hama HayyHast rpynna HalleJeHa Ha IPOBEJICHHUE JKC-
MEPUMEHTOB C KBAaHTOBBIMH OHMTaMH, IOMEUIEHHBIMH B
[TAB-pe3onarope. TexHONOrust co3gaHusi TakKux pe3o-
HAaTOPOB Ha IbE303JIEKTPHUYECKUX IIOJUIOKKAX XOPOLIO
pa3BuTa B MHKPORJICKTPOHHOM MHpPOM3BOACTBE. Takue
PE30HATOPBI COCTOSIT M3 BCTPEUHOLITHIPEBBIX Mpeodpa-
3oBaresneit (BIIIT) u peméruaTeix orpaxarenei, Gpop-
MHpPYEMbIX Ha MOBEPXHOCTU IThE303JEKTPUKA METOMAA-
mu (oromurorpadun. OgHAKO, TAKOM MOIX0] HE T03-
BOJISIET C/IENaTh PE30HATOPBI C PabOUYMMM 4YacTOTaMU
Borme | [T, a 11 MAaHUIYJISAIUK COCTOSTHUEM KyOuTa
B KBaHTOBOM pekume (hf >> kT) HeoOXxoaumo co3narth
pe30HATOPB pabOTAIOIME HA YAaCTOTaX B HECKOJIBKO
THTarepl.

AKyCcTHUECKHH PE30HATOp MPEICTABIIET CO00M H3Iy-
yaTenb, IPUEMHHUK ¢ JBa 3epKana (cM. puc. 1). B ka-

YEeCTBE MbE30KPUCTAIUINYECKOM MOAJIOKKH MBI UCTIOJNb-
3yeM KBapIil. M3mydaTens mpeacTaBisieT co00i BCTped-
HO-IITHIPEBOU MPeoOpa30BaTelib, U MPOCTPAHCTBEHHBIN
[IEPUOJ, €ro 3JIEKTPOLOB ONPEIENIeT PE30HAHCHYIO
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Puc. 1. AkycTnyeckuin pes3oHaTop C pasMeLLEHHbIM BHYTPU

Hero TpaHCMOHOM

HecMmoTps Ha TO, YTO SKCIEPUMEHTHI TI0 CO3IaHHUIO
TaKMX BBICOKOYACTOTHBIX PE30HATOPOB METOJAMHU
AJIEKTPOHHOIYYEBOH JTUTOTpaduu yxKe OBLIH YCIICIIHO
MpOBEJIeHbl [2] AeTanu TEXHOJOTWYECKOro mpolecca
He OBUIM PacKpBITHl aBTOPAMH 3THX 3KCIIEPHMEHTOB.
Hamra may4Has rpymma caMOCTOSATENFHO pa3paboTaiia
JAHHBIA TEXHOJIOTUYECKHUI MPOIece, YTO caMo 1o cede
0Ka3aJoCh OYEHb HENPOCTOM KOMIUIEKCHOHM 3ajadei,
COCTOSIIEH M3 TAKKUX IT03a0a4:

- HaCTpoOWKa mporecca 3JICKTPOHHOU nuTorpaduu Ta-
KUM 00pa3oM, 9TOOBl Tpu OOJBIION TUIOIIAAH 3aCBET-
ku (raGaputHble pazmepsl pezonaropa 400x400 mwuk-
POH) COXPAaHUTH BBICOKOE pPa3pelIcHHE W IMEPUOANY-
HOCTH (hOPMHUPYEMOH CTPYKTYPBI;
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- o0ecneyuTh XOpOIIYI0 aJAre3uio IepUOIMYECKOH
ctpykTypbl (BLLIT) cocrosiieit U3 TOHKUX U JIJIHHHBIX

IOJIOC pE3UCTA;

- 00ecIeunTh OTCYTCTBUE «3aKOPOTOK» M «Pa3pHIBOB)
npu adpukanuy BeicokodacTonsix (BIIT).

Ha panHoM »3Tame 3(QeKTHBHBIC TEXHOIOTHYCCKUEC
pelIeHns] HAMU HalJeHbl. B 4acTHOCTH 3TO KacaeTcs
pa3paboTaHHOI HAMU CIIEIMAIbHON TEXHOJIOTHH H3I0-
ToBnenus aByxcioinoin macku (ARP6200.13/Al) mon
mudT-od (cM. Puc 2). Dta mMacka mo3BOJSCT U3rOTaB-
JIMBAThKAYECTBEHHBIECTPYKTYPBIBHICOKOYACTOTHBIX
BIIII.

X 17,000 30.0kV SEX

Puc. 2. Bug npodpuns mackn ARP/AI, ncnonbayemon onst ns-

rotoBnenuns NAB-pe3oHaTopoB

BbIUTMHM3rOTOBIEHBI M 0XapaKTEPU30BaHBI NPHU HU3KHUX
temnepatypax (20 MK B kpuoctarepactBopenus) IIAB
pe3onatopsl ¢ yactoramu 1,5, 3,1 u 4,7 I'Tu. obpoT-
Hocrucoctapwimnopsanka 10000. Takue xapakrepu-
CTHKH OTKPBUIM Tepe]l HaMH BO3MOXKHOCTHU ISl TIPOBE-
JICHHUs SKCIEPUMEHTOB 10 Pa3MEIICHUIO BHYTPU aKy-
CTHYECKHNX PE30HATOPOB CBEPXIIPOBOASIIEIO KyOWTa
THUIIa TPAHCMOH. DTOT THI KyOHTa siBisieTcsi HanboJiee
MOIXOMAAIINM Ul AaKyCTHYECKHX PE30HATOpPOB , T.K.
BXOJISIIIAS] B HETO MIEKTPUUECKAs EMKOCTh MOXKET OBITH

MaTtepuansl XXI MexagyHapogHoro cumnosnyma «HaHouanka n HaHO3MNEKTPOHUKA»

chopmuposana B Buae BIIII u Takum oOpazom KyOuT
MOKET IPHHUMATh aKyCTHYECKHEe CUTHAJIBL.

OKCIIEpUMEHTHI TI0 CO3AAHMI0 KyOWTa THIA TPAHCMOH
OBUTH YCTICTITHO MPOBEICHBI B HaIIeH Taboparopun. B

Phase Graph 2

3305=
g
H

-0.0100

-0.0000

apnyduwy

--0.0100
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Puc. 3. AHTUKpPOCCUMHI B CnekTpe Kybuta Ha aKyCTU4ecKoMm

pe3oHaHce

9THX JKCIIEPUMEHTaX KyOHT c(OPMHPOBAH Ha KBapIie-
BOIl TMOJOXKKE M CBSI3aH C MHUKPOBOJIHOBOM JIMHMEH.
IToMuMO 3TOTO AaHHBIH KyOUT NMEN BOZMOXXHOCTD JIJISI
penakcauuy B BHUJE IOBEPXHOCTHOM aKyCTHUYECKOM
BOJIHBI, KOTOpasi MOXeT ObITh creHepupoBana BILII,
MIPEACTABILSIIONIMM EMKOCTh TPaHCMOHA. B skcmepu-
MEHTE 110 M3MEPEHHIO CIIEKTPa STOrOKyOWTa OO0Hapy-
KEeH dPQPEKT , MPESACTABISIONIHA COO0H aHTUKPOCCHHT
HA 4acTOTE€ COOTBETCTBYIOLIEH aKyCTHYEeCKOH reHepa-
i (cM. puc. 3).

INnTepartypa

1. M. V. Gustafsson, T. Aref, A. F. Kockum, M. K.
Ekstro'm, G. Johansson, and P. Delsing, Science
346, 207 (2014).

2. R. Manenti, M. J. Peterer, A. Nersisyan, E. B.
Magnusson, A. Patterson, and P. J. Leek, PHYS.
REV. B 93, 041411(R) (2016).
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UccnepoBaHue nepexona cBepxXnpoBOAHUK-
nsonaTtop B TOHKMX nneHkax NbTIN

M.B. BypaacTbix, A.;0. MupoHoB

WHCTUTYT chuanku nonynpooaHmMkos uM. A. B. Pxaxosa CO PAH, yn. Muporosa, 30, Hosocubupcek, 630090.

*mironov@isp.nsc.ru

[MpoBeneHo akcnepMmeHTanbHOe UccnefoBaHne HU3KOTEMNEPaTypPHbIX TPAHCMOPTHBLIX CBOMCTB TOHKMX MneHoK Nbge7TiossN TomwmHom
MeHee 18 HM, MONyYeHHbIX MEeTOAOM aTOMapHO-CIOEBOro OCaXaeHusl. YCTaHOBMEHO, YTO C POCTOM cTeneHu Gecrnopsigka cuctema
pe3Ko NepexoanT U3 CBEPXMPOBOASLLENO COCTOSHUSA B AMdnekTpuyeckoe. MNokasaHo, YTo n3HavaribHO CBEPXNPOBOASILUME MIEHKM, pac-
MOSIOKeHHbIE B OKPECTHOCTU Mepexofa CBEPXNPOBOAHMK-M30MNATOp No Gecnopsiaky, AEMOHCTPUPYIOT MarHUTOMHAYLIMPOBaHHLIN nepe-
XO[, CBEPXNPOBOAHNK-N30NATOP, CBA3AHHBIA CO CMOHTAHHLIM BO3HUKHOBEHMEM OCTPOBKOBOM CTPYKTYpbI. [N nneHok Ha AnanekTpuye-
CKOW CTOPOHE MarHMTOMHAYLMPOBAHHOIMO nepexofa NpoAeMOHCTPUPOBAHO XOpOoLLEe cornacue TemnepaTypHbIX 3aBUCUMOCTEN conpo-
TUBSIEHUSI C aKTMBALMOHHbLIM 3aKOHOM B LUMPOKOM [Mana3oHe MarHWTHbIX MoSiel, a Takke nepexon K rmnepakTvBaLMoHHOMY noBefe-

HUIO B cnabbix MOMSIX ¥ NMPU HU3KMX TEMMNepaTypax.

BBepeHune

B macrosmiee Bpemsi Habmomaercss OypHOE pa3BHTHE
METOJIOB ¥ TOAXOIOB, TO3BOJIIIONIMX W3rOTABIMBATH
pa3iIU4YHbIE CTPYKTYPbl IIOHMKEHHOW Pa3MEPHOCTH
c OOTBIIION CTENEeHbI0 TOYHOCTH, OOecrednBas Tem
caMbIM BO3MOJKHOCTb HM3Y4EHUsI LIMPOKOIO CIIEKTpa
siBrieHU B HEUX. Tak, 0co00oe MecTo B (pH3HMKEe HHU3KO-
pa3sMEpHBIX CHUCTEM 3aHHUMAaeT HCCIEIOBAHHME MPOIEC-
COB, IIPOUCXOIAIIUX IIPU pA3pYLICHUU CBEPXIPOBOIS-
IIEr0 COCTOSIHMSI BYMEPHOH CHCTEMBI, TaK KakK IpH
OTIPEZICTICHHBIX YCIIOBHSIX B HEH MOXKET HaOIIOgaThCs

HPSIMOM ITePEeX01 CBEPXIPOBOAHHUK-H30IsTOp [1, 2].

JlanHast paboTa MOCBSIIEHA HCCIIEIOBAHUIO TIEPEX0a
CBEPXIIPOBOTHHUK-M30ITOP B IUICHKAX TPOMHOTO CO-
enunennst NbTiN.

MeToauka JKCnepuMeHTa

B kadecTBe 00BeKTa HMCCIIEOBaHUs BBICTYyIA HaOOp
HEYIOPST0YCHHBIX KBa3HIBYMEPHBIX TUICHOK
Nbg g7 Tig3sN Tommumuoi d < 18 HM, BhIpalieHHBIX Me-
TOJIOM aTOMAapHO-CJIOEBOT0 OCAXJICHHs NMpH TeMIepa-
Type 350°C. V3mepeHne TeMIEpaTypHBIX 3aBHCHMO-
CTell CONPOTHBICHUS OCYIIECTBISIOCh Ha oOpasuax,
W3rOTOBJICHHBIX METOAOM (oTosnuTorpaduu B BHIC
XOJTIOBCKMX MOCTHKOB. HU3KOTeMIepatypHbIe HCCie-
JIOBAHMSI TPOBOJMIIMCH B KPHUOCTATE PACTBOPEHUS
*He/*He. ConpoTuBJIeHIE HU3KOOMHBIX TUICHOK H3Me-
pSAUIOCh IO CTaHOAPTHOW YETHIPEXTOYCYHON CcXeMe
Ha iepeMeHHOM Toke |~1HA HU3KOW YacTOTHI
f=3.33Tu. U3mepeHue COMPOTHBICHUS BBICOKOOM-
HBIX 00pAa3loOB MPOBOIWIOCH B JHMHEHHOM PEXUME C
HCTIOIB30BAHUECM JIBYXTOYCYHON CXEMBI ITOAKITIOYCHUS.

Mepexon cBepxXnpoOBOAHUK-UIONATOP
no 6ecnopsaky (D-SIT)

C yBenuuyeHHWEM CTEIEHW OecropsaKka IUICHKA H3
CBEPXIPOBOJIAIIETO COCTOSIHUSI MEPEXOIST B AUDIICK-
Tpraeckoe (pucyHok 1). Ilpm aTomM miIst cBepXmpoBo-
Jsiux wieHok (S1 — S6) poct Gecropsiika TPUBOJUT K
MMOJIABJICHUIO Kak Temmepatypbl 1. mo 0.72 K, Tak u
TeMIepatrypsl nepexona bepesunckoro-Kocrepiuua-
Tayneca Tgkr 10 HyJIS, YTO SBISETCS CBUIETEIBCTBOM
npubmmkeHns cucteMsl kK mepexoxy D-SIT. Compo-
THBJICHNE IUICHOK, PACIIOJI0KEHHBIX HAa JUAJIEKTpHUYe-
ckoit cropone nepexona (11— 111), MoHOTOHHO pacTeT
¢ yBenmueHueM temmeparypsl u mpu T < 10 K xoporro
OITMCHIBACTCS AKTUBAIMOHHBIM 3aKOHOM. PasHoCTb
COIPOTUBJICHUI MEXIY IOCIEIHEN CBEPXIIPOBOAAIIECH
U nepBoM nudnekTpuyeckoil mienkamu mnpu 77 K co-
cTaBisgeT OKoyio 2 %, 4YTO CBUJETEIBCTBYET 00 oOCy-
IIecTBICHUH npsiMoro mepexona D-SIT.

1G T T :
I6 Y
\ 1

100M]
10M1
1M
o.gmom

10k +

Puc. 1. TemnepaTypHble 3aBUCMMOCTW COMPOTUBIIEHNS pas3-
nnyHblX nneHok NDbTIN. TMyHKTUPHBIMU AMHUAMUK NOKa3aHbI
CBEPXMNPOBOASLLME MIMEHKW, LUTPUXOBBIMU — AU3NEKTpUYe-

CKMe, CMIoLLUHbIE NMNMHUN — B03e-MeTanInMyeckme nreHku
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MarHMToMHAYUMPOBaHHbLIN Nepexoa
cBepxnpoBoagHuk-nsonatop (B-SIT)

[Ipy mpuIOKEHWH BHEIIHErO0 MAarHUTHOTO TIONS K
IUICHKaM, Haxomsmmumces B okpectHocTr D-SIT, B Hux
MPOUCXOMUT  MArHUTOMHAYIMPOBAHHBIA  TEPExo]
CBEPXIPOBOAHUK-M301ATOP. Ha pucynke 2a nmpuBeaeHa
MarHUTOIOJICBAsl 3aBUCHMOCTb COIIPOTHUBIICHUS 00pa3-
ma S2 mpu pasIMyHBIX TeMIepaTypax. BumHo, 4Tto B
cuibHBIX ToisX B > 8.4 Tn mmeer mecto o00xacTh
OTPOMHOT0 OTPHIIATEIILHOTO MAarHETOCONPOTHUBIICHUS
(OMO). Taxk, mpu temmepatype 200 MK OMC mieHkn
B JIBaIaTh pa3 MpEBBIIIACT CONMpoTHBIeHHE R;7. Ilo-
OOHOE TOBEICHUE CUCTEMBI KOCBCHHO YKa3bIBAacT Ha
croHTaHHOE 0OpasoBanue B obsmactu B-SIT octposko-
BOHM CTPYKTYpBI, NPENCTABISAIONICH c000# CBEPXIpO-
BOJISAIINE O0JIACTH, BHEAPCHHBIC B JTUIJICKTPUUCCKYIO

MaTpuly " CBI3aHHBIC Cl1a0BIMH CBSI3SIMU.

B pesynbraTe aHannM3a MarHUTOIOJIEBbIE 3aBUCHMOCTH
COMPOTHUBJIEHUS] OBLTH TEPECTPOEHBI B apPPEHHYCOB-
CKHX KoopAuHaTax (pucyHok 20). C yBenmMdeHHEM

MAardimMTHOrO mnoJigd MpoOUCXOAUT M3MCHCHHC XapaKTepa

Matepuanbl XX| MexayHapogHoro cumnosnyma «HaHoduarka n HaHO3MEKTPOHMKa»

kpuBbiX R(1/T, B): moHmKeHHEe TeMIepaTypbl B MOJSIX
B < 4.86 Tn (myHKTHpHBIE JIMHUM) TPUBOAUT K Taje-
HUIO CONPOTHUBJICHNU:, a ipu B > 4.86 Tn (mrrpuxoBsie
JIMHUK) — K €ro dKCIOHEHIIMATbHOMY POCTY, KOTOPO-
MY B YKa3aHHBIX KOOPIHHATAX COOTBETCTBYIOT MPSIMBbIE
C pajM4YHBIMHM yrilaMH HakioHa. IIpm stom cenapa-
TpHCa MEXKIY CBEPXMPOBOMAIICH M AUIICKTPHICCKON
CTOPOHAMH TIEPeX0/1a MPEeNCTaBIsIeT COO0H HErOPHU30H-
TalbHYIO0 KpUBYIO Re(1/T, B = 4.86 Tx) # const.

TemneparypHbie 3aBHCHMOCTH COINPOTHBIICHUS OoJiee
pasymnopsinodcHHOW TwicHKH BM1 B akTHBaIllMOHHBIX
KOOpAWHATAX MPEICTaBICHBI Ha pucyHke 2B. [Ipu Hu3-
kux temneparypax T < 1 K skcnepumeHTanbHbIC pe-
3yNbTaThl (A) XOPOIIO OMUCHIBAIOTCS AKTUBAIMOHHBIM
3aKOHOM, OJIHAKO B cia0bIX mojsx B < 2.5 Txa nabumro-
JTACTCSl OTKJIOHCHHE XOJa SKCICPUMCHTAIBHON 3aBH-
CHUMOCTH COIPOTHUBIICHUA (O) BBEPX OT TEOPETUUECKOI
KpUBOW, YTO MOJKET YKa3blBaTh HAa HAYHHAIOMIUKCS
NepexXo/i K TUICPAKTHBAIMOHHOMY ITOBCICHUIO, OIH-
ChIBAEMOMY B pamkax 3apsjoBoro mnepexoga BKT
[3, 4].
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Puc. 2. B-SIT B nnenkax NbTiN: a. marHutononesble 3aBUCMOCTM conpoTuBreHns npu Temnepatypax T = 0.2 K- 9.6 K gns nneHku

S2; 6. 3aBUCMMOCTb COMPOTUBIEHNS B rlorapncmMmM4yeckom Maclutabe ot obpaTHon TemnepaTypbl B MarHUTHbIX nonsx B =0 Tn—8.3 Tn

Ansa nneHkn S2. CnnolwHaa nuHus — cenapatpuca Rsy(1/T, B = 4.86 Tn); B. TemnepaTtypHas 3aBUCUMOCTb COMPOTUBIIEHUS MIEHKN

BM2 B aKTMBaLMOHHBLIX KOOpAMHATaxX npu ABYX 3Ha4Y€HNAX MarHMTHOro nons. CuvmBonbl COOTBETCTBYHOT 3KCNepuMeHTarbHbIM OaHHbIM,

LUTPUXOBbIE JIMHUN — aKTUBaUWMOHHOMY 3aKOHY, CnJjioWHaa NUMHUA — pe3ynbTaT NOANOHKM B COOTBETCTBUWM C BblpaXKeHUEM, NoJyyeH-

HblM B paboTax [3, 4]

3aknryeHue

B xone mpoBeeHus] IKCIIEPUMEHTAILHOTO UCCIIeI0Ba-
HHS HU3KOTEMIICPATypHBIX TPAHCIOPTHBIX CBOMCTB
ToHKUX MIeHOK Nbgg7Tig33N OBUIO yCTAaHOBJIEHO OCY-
LIECTBJICHUE TIPSIMOTO TIEPEX0Ja CBEPXIPOBOHUK-
U30JIATOP, YIPABIAEMOrO OCCIOPSIKOM ¥ BHEIIHUM
MarHuTHHIM 1ojieM. Ha ocHOBe aHain3a MarHuTONoJe-
BBIX 3aBUCHMOCTEH CONPOTHUBIICHHUS OBLJI C/IEJIaH BBIBOJ
0 CIIOHTAHHOM BO3HHKHOBCHHH OCTPOBKOBOM CTPYKTY-
PBI TIpU IPUOIIIDKCHAN CHCTEMBI K Tiepexony B-SIT.

INutepartypa
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TepmonHAyuUMpPOBaHHbIE TOKM B KUpanbHbIX

cBepxXnpoBoAHUKaX

B.N. Bagumog'?, A.C. MenbHukoB'?

1 WHetuTyT chmanky mukpocTpyktyp PAH, yn. Akagemudeckas, a. 7, Hukruit Hosropog, 607680.

2 Hwxeropoackuii rocynapcTaeHHblin yHusepeuteT uM. H.W. Jlobauesckoro, np. MarapuHa, A. 23, HwkHuii Hosropog, 603022.

B pamMKax Teopun FMHaﬁypra-HaH,uay Bbl4YUCIIEHbI CMOHTaHHbIE TOKW, 06pa3y}ou.w|ec;| npu nokanbHOM Harpese B KMpallbHOM CBepXnpo-
BOAHUKe. HangeHbl nons, co3gaBaemMble 3TUMU TOKaMu, BblYMCIIEHA 3aBUCUMOCTb MOSen OT MHTEHCUBHOCTYU Harpeea 1 pasmMmepa rops-
yero nsaTHa. [JaHHbIN 3d)d)eKT MOXeT ObITb CNOMb30BaH B KAYeCTBe TecTa Ha KnpanbHYyH CBEPXNPOBOANMOCTb.

BBegeHue

B nacrosimee Bpemsi 3KCTIEpUMEHTAIBHOE HCCIIeI0Ba-
HHE CBEPXIPOBOIHUKOB C HETPUBHAIHHBIM CIIapHBa-
HHUEM ABJISICTCS HOHyﬂﬂprlM HaHpaBﬂeHI/IeM B (1)1/131/11(6
KOH/ICHCHPOBAHHOTO COCTOSIHHSA. JTa JEATEIFHOCTH
COTIPOBOKIAETCS] TEOPETHUSCKUMH paboTaMu, mpejia-
TalIIMMH TECTHl HA CUMMETPHUIO IapaMeTpa MOpsaKa.
OcoOBIii MHTEpEC TMPEICTAaBIACT IKCICPUMEHTAIHHOS
oOHapy)XKeHHE CBEPXIIPOBOIUMOCTH p-THIIA B peab-
HBIX COCIUHCHUAX. OI[HI/IM nu3 COC}IHHeHHﬁ, B KOTOpOM
TIPETIOI0KATEIIFHO PeaNn3yeTcs TaHHBIH THIT CIIapH-
Banus, sisiercss SroRUO, [1-3]. Kymeposekue maps B
Sr,RUO, ob6mamaroT COOCTBEHHBIM OpPOMTANBHBIM MO-
MEHTOM ¢ npoekuuei L,=+1 Ha ocb KpUCTaIIINUYECKON
aHM30TpONHMH. Taknue BEPXIPOBOTHUKH HAa3BIBAIOTCS
KI/IpaJ'H)HI)IMI/I CBCpXHpOBOI{HI/IKaMH, HpOCTpaHCTBeH-
HBIE 00JIaCTH, B KOTOPBIX MPEOOIIATal0T KYIEePOBCKUE
napbl ¢ TOM WM MHOM MpOeKUHEed MOMEHTa, Ha3blBa-
H0TCA KI/IpaJ'H)HI)IMI/I JOMCHaAMU. MOJIGJ'H) KI/IpaHLHOFO
CBEPXIIPOBOJHMKA P-TUMA MPEICKA3bIBACT CYIIECTBO-
BaHUC TOKOB Ha IOBEPXHOCTH OOpasla W BIOIb JO-
MCHHBIX CTCHOK, KOTOpI:Ie7 OJJHAKO, HC 6I)IJ'II/I Haﬁ}:[eHI)I

9KCTICPUMEHTANBHO [4].

OpHako, HaJHMYHE TOKOB MOXKET OINpPEJEeNAThCS CBOM-
CTBaMH [TOBEPXHOCTH, B YACTHOCTH, TOKH OCJIA0JISIFOTCS
[IpU HE3EPKAJIbHOM OTPa)KEHUH KBazuuacTtul [5]. B To
K€ BPEMsI CIIOHTAHHbIE TOKH MOTYT IOSIBISITHCS BOJIN-
31 1e()eKTOB M HEOJHOPOJHOCTEI CBEPXIIPOBOJHUKA.
Takxke MOABIEHHUS TOKOB MOYXHO OXHJATh IIPH HEpPaB-
HOMEpPHOM HarpeBe o0Opasia, Hampumep JOKaJIbHBIM
HarpeBOM JIa3epOM, ITOCKOJBKY HArpeB JIOKaJbHO IO-
JIaBJIET CBEPXIPOBOAAIIMN MapaMeTp MopsAaKa, Urpas
TakuM o0pa3oM posb nedekra. [Ipu 3ToM NOCKOIBKY
TOK BO3HMKAET B TOJIIE CBEPXIIPOBOIHUKA, HET HEOO-
XOJIMMOCTH 3HAaTh CBOWCTBA IOBEPXHOCTH WM MHTEp-
¢eiica cBepxnpoBogHUK-AePekT. OIHAKO TPU ITOM
HEOOXOIMMO YTOOBI pa3sMep TOopsSYero IsATHAa ObLI

MCHBIIC pasMeEpa AOMEHA. CroHTaHHBIE TOKH MOXHO
ACTCKTUPOBATL U3MCPSASL MArHUTHBIC IIOJII B LICHTPC
3aCBEUCHHOM 00J1aCcTH.

Mogenb

JU7st BBIYHCICHUI UCTIONB30BANACh ABYXKOMITOHEHTHAsI
Monenb ['mu3Oypra-Jlannmay. /[Ba mapamerpa mopsiaka
M1 ¥ 1), OTBEYAIOT KYHNEPOBCKHM I1apaM C IPOTHBOIIO-
JIOXKHOW OpHeHTauuel opOuTambHOro MomeHra. CBo-
00/1HAsI SHEPTHUS] UMEET CJICTYFOIIUI BU/I;:

2

o [ [=etima + el + 5 Gl + a2
+Bn. 1?2 1? + E2Dny|? + £2|Dmy|?
+2882((D411)"(D-mz) + c.c)] d*r

F =

rae D=-iV-(2n/Dg)A, D;(DXiiDy)/\/Z, ¢ — nuHa Ko-
TepeHTHOCTH, Hgn — TepMOAMHAMHYECKOE KpUTHYE-
CKOC€ TIIOJIC, A — BeKTOpHBIﬁ IIOTECHIIMAJI MArHUTHOI'O
nonsi, 0<f m 0<{<1 — xkonctautsl. [lapamerp 7=(To-
T)/(T-T,) omnpemenser pacupeaeieHre TEMIIEPATYPHI B
oOpazstie, 31ech To u T, — TemmepaTypa OCHOBHOH da-
cTi 0o0pa3lia ¥ KPUTHYECKAs TEMIIEPaTypa, COOTBET-
CTBeHHO. MBI mpeHeOperaeM MeHCCHEPOBCKOW 3Kpa-
HUPOBKOM, cumnTas obpaser TOHKOi rieHkoi. [Tompas-
Ka K CBEPXTOKY, BbI3BaHHAsl SKPAaHUPOBKOH MMEET IO-
PAIOK MallOCTH fd//lz, rae d — TommMHA ITUIEHKH, a A
— IiIyOWHA TPOHWKHOBEHHWS MarHWTHOTO moins. Ilpm
JIOCTaTOYHO MAaJIOW TOJIIIMHE IUIEHKH SKPaHUPOBKOM
MOJKHO IIpeHeOpeyb.

OOBIYHO pa3zMmep ropsvero IsITHa MHOTOKPaTHO Ipe-
BBIIIAET JJIMHY KOT€PEHTHOCTH CBEpXIpoBoaHUKa (1-2
MkM 1ipoTB 100-200 uM). Toraa MOXKHO CYMTATH YTO
JOMUHHUPYIOIIMN NIapapaMeTp MopsiaKa ajnadaTniecKku
ClIeZlyeT 3a JIOKaJIbHOM TeMIIepaTypol, a BTOPOHl BbI-
YHUCIIUTH MO TEOPHU BO3MYIICHHH:
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3Has mapaMEeTphl IOPAAKA, MOKHO BBIYUCIIUTH TOK H

m = \/?712 =

CO31aBA€MO€ UM MAarHUTHOEC IT0JIC. B xadgecTse MOICIIN
PacCMOTPUM I'ayCCOBO PACIIPCACIICHUEC TEMIICPATYPhI U
HCCIENYEM 3aBUCHUMOCTD IIOJIA B HEHTPE IISITHA OT ITa-
PaMETPOB 3TOTO PACIIPCACIICHUA:

Bulk temperature 1.2K, £=147.6 nm, A, ;,=1155.2 nm

10*

—— Spot temperature 1.30K
— Spot temperature 1.35K
— Spot temperature 1.40K
Spot temperature 1.45K

107

-
=)

Magnetic field, Gauss

'ID‘ 107 10°
Spot size, nm

Puc. 1. 3aBMCMMOCTb MarHMTHOro nossi OT pasMepa u Temne-

paTtypbl ropsyero natHa. Kputuyeckas temnepatypa Tc=1.5 K
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BupaHo, 4TO 3aBHCHMOCTB OJIL OT pa3Mepa IMATHA CTe-
NeHHast, 11l OOJBIIMX ISATEH AEMOHCTPHUPYET MOBEje-
Hue B~1/a°. XapakrepHbie BETHUMHBI MONCH U pas-
Mepa IsITHA mopsiika Mukpona coctssisitor 0.01-0.1
I'c, 9r0 BHONIHE MOXET OBITH U3MEPEHO IKCIICPUMEH-

TaJIbHO.

Pabora mnomnmepxkana Poccuiickum ®onmom DyHpa-
MeHTanbHbIX MccnenoBanuii u Poccuiickum Hayunsim
donmoM rpantoM Homep 15-12-10020 (ASM).
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CnuH-thbepMNOHHbIE N MeXy3erbHble
KyNnOHOBCKUe B3auMoaencTBus

B npo6neme BTCII
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MokasaHo, 4TO B KymnpaTHbIX CBEPXMPOBOAHMKAX CMUH-PEPMUOHHbIE B3aUMOAEVICTBIS UrpatoT OnpeaensioLLyo ponb B (hOpMMpPOBaHN
(HEPMUEBCKMX CMUH-NONSPOHHbIX KBa3nvacTumy. AHCambrb TakvMx KBasuyacTuL npu yyete peanbHon cTpykTypbl CuO, nnockocTu npo-
ABMNSAET KyNnepoBCKyl HEYCTOMYMBOCTb C BbICOKUMW KPUTUHECKUMM TemnepaTypamu. B kayecTBe KOHCTaHTbl CBSA3W BbICTyNaeT oOMeH-
HOe B3aMMOAeNCTBUEe MeXay NOKanM3oBaHHbIMW CMIMHAMU MOHOB MeaW, KOTopoe Yepesd CrUH-(EPMUOHHYIO CBSI3b TPaHCNMPYeTCa Ha
CNVH-MOMSAPOHHBIN aHCaMbrb. YCTaHOBMEHO, YTO KynepoBCKas HEyCTOWYMBOCTb B d-kaHane, B OTNMYME OT S-kaHamna, oKasblBaeTcs
He3aBUCALLEN OT MEXY3ernbHOro KyrnOHOBCKOrO B3anMOLENCTBUSA KUCMOPOAHbIX ObIPOK, HAXOAALWMXCSA Ha COCeAHMX y3nax. OTo cylle-
CTBEHHO OTNIMYaeT NPeAnoXeHHbIN MexaHU3M KyrnepoBCKON HeYyCTOMYMBOCTH OT TOrO CLieHapusi, KOTOpbI 0ObIYHO paccMaTpvBaeTcs B
pamkax mofenu Xa6bapaa, unu t-J mogenu, n KOTopbIi BbICTPO NOAABNSAETCS MPU BKIOYEHUN MEXY3ENbHOTO KyNOHOBCKOTO OTTarnku-

BaHWs Brivkanwmx KNCIOPOAHbIX AbIPOK.

CBoiicTBa HOPMaJIBbHOU (ha3bl KyNpaTHBIX BHICOKOTEM-
nepaTypHbix cBepxnposogHukoB (BTCII) xopormo
OTIMCHIBAIOTCS JIMIIb B TOM Cllydae, €ClM a/JIeKBaTHO
YUUTBIBAIOTCSI CHJIBHBIE OJIEKTPOHHBIC KOPPESILIHU
(C3K). Umes 310 B BULY, U TEOPETHUECKOTO HCCIIe-
noBanust BTCIT Obuta npeioskena Moens Dvepu [1].
OpHako, OOJBLIOE YHCIO JJIEKTPOHHBIX OpOUTanei,
YUYUTHIBAOIINX (-COCTOSHHUS ABIPOK HOHOB MEIH, Py- U
Py~ COCTOSHMS KHCIOPOAHBIX OpOHTAsIEH, MPUBOIUIO K
IPOMO3JIKOCTH Maremaruueckoro ¢opmanmusma. [lo-
9TOMY, TOSIBHJIUCH CXEMBI Tepexoaa K d(P(PEeKTHBHBIM
raMUJIbTOHAAHAM, ITTO3BOJIAIONIAM, C OJHON CTOPOHBI,
YYUTBIBaTh HAa MNPUHLIUIIHAILHOM YpOBHE 3(EKThI
CHJIBHBIX 3JIEKTPOHHBIX KOPPENALnH, a, ¢ APYyroi cTo-
POHBI, YIIPOIIEHHO onuckiBaTh cBoiicTBa BTCIIL.

Haubounpliyto  HOMYJISIPHOCTh B TEOPHUU KYHPATHBIX
CBEPXIPOBOIHUKOB MPHOOpenn Moaens Xabbapaa u t-
J — mozmens. B pamkax 3THx Moneneil KymepoBcKoe
CHapMBaHHE OCYIICCTBISIETCS MEXIy (epMHOHaMH
Xabbapma, TOTUUHSIOMIMMHUCS — KBa3U(PEPMHUECBCKON
CTAaTHCTHKE. MeXIy TakKnMH (PepMHOHAMH pEaTn3yeT-
Csl KWHEMaTH4eCKOe B3aUMOJICHCTBUE, KOTOPOE BBI3bI-
BaeT TEHJICHIUIO K CBEPXIIPOBOJSIIEMY CIAPHBAHHIO
S-tuma  [2]. B t-J-momenm OOMCHHBI W CIHH-
(GIIyKTyalMOHHBIA MEXaHU3Mbl HHULUHPYIOT KyIEpOB-
ckoe crnapuBanue B d-kanane [3]. Takum oOpaszom, Ha
NPUHIUIHAIGHOM YpOBHE HpHupoja 3(PPEKTUBHOTO
NPUTSDKCHUST MeXy xa00aploBckumu (epMuOHaMHU,
Kazanock Obl, Obl1a BCKpbITa. OJTHAKO OCTaBanach Mpo-
OseMa, CBSI3aHHASI C MEXKY3CJIbHBIM KyJIOHOBCKHUM OT-

TAJIKUBAHUEM KHCJIOPOJHBIX IBIPOK. Jleno B Tom, 4To
paccmarpuBaeMbie B Mojenu Xabbapaa [2], t-J- [3],
win t-J*-monensax [4] MexaHuU3MBbl KYNEpOBCKOW He-
YCTOWYMBOCTH MOJABISIFOTCSl TPHU BKIIOYCHUH MEX-
y3€IBHOTO KYJIOHOBCKOTO OTTAJIKUBaHUs Vi HOCUTENEH
TOKa, HAXOIAIIUXCA Ha coceqHux y3nmax. OcoOeHHO
CHJIBHO 3TOT 3 ekt nposiBisiercs B d-kaHaie, Tak 4To
npu V= 1-2 eV kynepoBckasi HEyCTOHYHUBOCTb HCYe-
3aeT coBceM. Jlms cBepxmpoBozsiiei s-(asel u3-3a
Oonee CHIBHOTO KHHEMATHYECKOTO MexaHu3Ma [2]
KYIIEPOBCKOE CIIApUBAHUE COXPAHSETCS U TPHU BKIIO-
gyeanu V= 1-2 eV. OOGo3Haumnace OYEBUAHAS IIPO-
OneMa: HeoOXoauMmast JJsi OOBSCHEHHs DKCIIEPUMEHTa
d-cBepxmpoBosiias (Gaza CUIBHO MOIaBISIACH KYJIO-
HOBCKHM OTTQJIKUBaHHEM JBIPOK, HAXOMAIIMXCS Ha
OmKalInX y3i1ax. 3aMeTHM, YTO IpHUBIEKaeMasi HHO-
rJia apryMeHTanus, CBsi3aHHasi C YKPAHUPOBKOM KyJIO-
HOBCKOI'O B3aMMOJICHCTBHS B JaHHOM CIIy4ae Ipei-
CTaBJICTCS MaJoyOeqUTeIbHON, IOCKOJIBbKY pedb UJET
00 OTTaNKMBAHWH JBIPOK, HAXOJSAIIUXCA HA ONvKaii-

IIUX MOHaX KUcjaopoaa.

Bosnukmras nmpodiema IoOCTaBUiIa 33ady IepecMoTpa
CYILECTBYIOIIMX TEOPUH KYIEPOBCKOW HEYyCTOWYHBO-
CTH B KYyNpaTHBIX CBEPXIPOBOAHMKAX. B aTol CBs3M
YMECTHO HAIlOMHMTB, YTO TpoOieMa HeHTpaIu3anuu
KYJIOHOBCKOTO OTTAJKHBAaHMs, KaK H3BECTHO, CyIe-
CTBOBaJIa M B TEOPHU OOBIYHBIX CBEPXIIPOBOJIHUKOB. Ee
pELIEHHE CTaJo0 BO3MOXKHBIM IIOCIE TOTO, Kak ObLIO
MI0Ka3aHo, YTO 3JIEKTPOH-()OHOHHOE B3aUMOJCHCTBHUE
MHALUHUPYET 3(QQEKTHBHOE NPHUTSHKEHHE B AJICKTPOH-
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HOM TMMOJACUCTEME, KOTOPOE MOKET KOMIICHCHUPOBATH

3aTPaBOYHOC OTTAJIKMBAHUC.

Hamu mokasano, 4To pernieHne mpoodieMbl YCTOMUNBO-
cti cBepxnpoBosiei d-pasel B kynpaTHeix BTCIT
CBSI3aHO C OTKa30M OT HMCIIOJIB30BaHUS Mojenu Xao-

Oapna u ee monupukanmii (t-J-, t-J*- mozeneit) u Bo3-
BpAIICHHIO K 00Jiee peaibHON MOJEIH IIEKTPOHHOTO
CTPOEHHMSI KYNPATHBIX CBEPXIPOBOJHUKOB. B KauecTBe
TAKOBOW BBICTYIAET IOJIyYCHHAss HAa PAaHHUX ATarax
passutus teopunn BTCII cnmH-(epMuoHHAsS MOIENH
(COM). Ona crnemyer u3 momenu Omepu [1], ecnu
y4YeCTh peajibHble COOTHOIICHHS MEXIy ee Iapamer-

pamu. CymectBeHnsle oTanuust COM 0T yHOMSIHYTBIX

BBIIIE MOJENIel CWIBHO KOPPEIMPOBAHHBIX CHCTEM
CBSI3aHBI CO CleAyomuMu (akTopaMu. Bo-mepBriX, B
C®M yuuThIBaETCS NPOCTPAHCTBEHHAS! PA3HECEHHOCTD
MOJICUCTEMBl MOHOB MEAM W HMOHOB Kuciopopa. Ilpu
9TOM HOJCUCTEMA HOHOB MEJU OMMCHIBAETCSI TOMEOIIO-
JIIPHBIMU COCTOSIHUSIMH, KOT'/Ia HA Ka)KJOM HOHE MEIU
MPUCYTCTBYET CTPOrO OJAHA JbIpka. Bo-BTOpBIX, co-
XPaHAITCA Py- U Py- KUCIOPOAHBIE opOutamu. B tpe-
TBUX, U 3TO CYILECTBEHHO ISl CAMMETPUIHBIX CBOMCTB
CBEPXIPOBOJIAIIETO mapameTpa nopsaka, B COM co-
XpaHsgeTCs peanbHas CTPYKTypa Kpuctamiorpadude-
ckoro crpoernss CuQO,- mrockoctu. [amMuiabpTOHMAH
CoOM
H=H,+J+V +1,

OTIMCHIBAET TOJICUCTEMY KHCIOPOJHBIX IBIPOK (orepa-
TOp |:|0), B3aUMOJICHCTBYIOIIUX CO CIIMHAMU HOHOB
Menu (oreparop J ), KYJIOHOBCKOE OTTAIKUBAHHUE KHC-
JIOPOJIHBIX JABIPOK (orepaTop v ), a Takke OOMEHHOE
B3aUMOJICHCTBUE B MOJCUCTEME CIIMHOBBIX MOMEHTOB
HMOHOB MeH (omepaTop f). Baxweiimas 0co0eHHOCTh
C®M cBsizaHa ¢ TeM, 4TO MapaMeTp CBSI3U JBIPOK CO
CIIMHAMU HMOHOB MEJIH SIBIIsIETCS OonbImM. B pesyib-
Tare kBazuuyactuiamMu B COM SBISIOTCS CIIMHOBBIC
MIOJIIPOHBI, & KYMEepPOBCKas HEYCTOWYMBOCTH pa3BHBa-

ercst B ancaMOJie CITUH-TIOJIAPOHHBIX KBa3NUYaCTHII.

[Tonmyguennsie B pamkax COM ypaBHEHHS caMoOcOrIa-
COBaHMSA ISl CBEPXIPOBOAIIEH (a3bl MOKA3aIN BaX-
HYI0 OCOOEHHOCTB: Y4eT peanbHOil cTpykTypbl CUuO,-
miockoctd BTCII npuBenu K MCUE3HOBEHHUIO BKJaza
KyJIOHOBCKOTO ~B3aMMOAEHCTBUSI MEXIy JBIPKAMH,
HaXOJSIUMHUCS Ha OMIKAaWIINX MOHAX KUCIOpojaa, B
SIPO MHTETPAIBHOrO ypaBHeHws s d-kamama. B pe-
3ysnbTaTe d-BOMHOBAsI CBEPXIPOBOIMUMOCTh COXPAHSIET-
csl M 1pH OOJIBIIOM 3HAYEHUH KYJIOHOBCKOTO OTTAlIKH-
BaHMsA. [l S-KaHana BKJIAJ| KyJIOHOBCKOTO OTTaJIKHBa-
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HUS B MHTETPAIGHOE YPaBHEHHE I CBEPXIIPOBOJS-
mei ¢aspl ocraercs. [103TOMy CBEPXIIPOBOAMMOCTD C
TaKUM THIIOM CHMMETPHHU IapaMeTpa IMopsijika MojaB-
nfeTcs KyJOHOBCKMM OTTalKWBaHWeM. M3 pucynka
BHIHO, 9TO 0€3 ydeTa KyJTOHOBCKOTO OTTAIKHBAHUS
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Puc. 1. KoHUeHTpaLnoHHbIE 3aBUCUMOCTU KPUTUHECKOWN
Temnepatypbl. CnnowHas nuMHWS nocTpoeHa Ansa d-
TUMNa CBEPXNPOBOAsLLEN dasbl, LUTPUXOBbIE NUHUN ONs
s-hbasbl Npu Tpex 3HayveHnax Vi

NpU  KOHIEHTpanusax JAblpok X >0.1 peamuzyercs
cBepXxmpoBosias S-paza. BriroueHne KyJIOHOBCKOTO
OTTAJKUBAHHUS TPUBOAUT K TMPEANOUTHTENIbHOCTH O-
(ha3pl B OKPECTHOCTH ONMTUMAIILHOTO JOITHPOBAHHUS.

HccrienoBanue BBITIOTHEHO TpH (HUHAHCOBOW IMOJ-
nepxkke PODU (rpanter Nel6-02-00073, Nel6-02-
00304), IMTpasurensctBa KpacHosipckoro kpasi, Kpac-
HOSIPCKOTO KpaeBoro (oHAa MOIACPKKH HAydHOU W
HAYYHO-TCXHUYCCKON JICATCIIFHOCTH B paMKaxX Hay4-
HBIX MPOCKTOB Nel6-42-240435 u Nel6-42-243056.
Pabora M.M.K. monnepskana rpanrom [Ipesunenta PO
(MK-1398.2017.2).
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BnuaHue mexysenbHOro KynoHOBCKOro
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MokasaHo, YTO y4eT MexXy3enbHbIX KyJIOHOBCKUX KOppensumin B ha3e cocyLlecTBOBaHUS CBEPXNPoBOAMMOCTY d+id-Tuna cuMmeTpum un
HekonnuHeapHoro 120-TW rpalyCHOrO MarHUTHOIO MOpsiAka Ha TPeyronbHOW peLueTke NPUBOAUT K NMPUMELLMBAHMIO TPUMMETHOTO Ku-
panbHOro MHBapuaHTa p-Tuna Ans CBEpPXMNpPOBOASLLEro napameTpa nopsigka. [poaeMoHCTPMPOBaHO U3MEHEHWE MONOXEHUsT Hodarb-
HbIX TOYEK, OnpeaensoLLmnX YCIIoBUS pean13aummn KBaHTOBOrO TOMOMOMMYecKoro nepexoaa.

BBepeHune

M3BecTHO, 4TO B CBEPXIPOBOJHHUKE C KHUPAIbHBIM TH-
IIOM CHMMETPUH IapamMeTpa ITopsijKa BO3MOXKHA pea-
JM3alMs  TOMOJIOTHYECKH HEeTpUBHAIBHOW (asbl [1].
JIist TpeyroNbHO# PEIIeTKH ¢ KUpanbHbM d+id-Trumom
CUMMETPHH CBepXHpoBojsmell (aspl  peannsyercs
KBaHTOBBIIl TOTIOJIOTHYECKUH TEPEXo IO KOHIEHTpa-
mun [2]. B pabote [3] mokazaHo, YTO NpH HATHYUU
HEKOJJTMHEapHOTO0 MarHUTHOTO IMOPSIJIKA CO «CTpanmo-
BOI» CTPYKTYpoll B KHUpalbHOH CBEPXIPOBOAAIIEH
(aze MOTYT OBITH BBITIOJTHEHBI YCJIOBHS IS pean3a-
LIMM KPaeBbIX MalOPAHOBCKUX COCTOSIHUH. DTO MPHOO-
peraeT ocoboe 3HaUCHHE, ITOCKOJIbKY MEXaHU3M HHIY-
UPOBAHMUSA MaHOpPAaHOBCKHX MOJ B TOMOJOTHMYECKHX
CBEPXIIPOBO/IHUKAX, CBS3aHHBI C HEKOJUIMHEAPHBIM
MarHeTu3mMom [4, 5], BbI3bIBacT 3HAYUTENBHBIH HHTE-
pec.

B pa6orte [6] ms aHcambist hepmuoHoB Xabbapaa Ha
TPEYTOJNFHON peleTke OBIIO MOKa3aHo, 4TO MPH (op-
MHPOBAHUH «CTPAWIIOBOW» MAarHUTHOM CTPYKTYpBI
KHpaJbHasi CUMMETPHsI CBEPXIIPOBOJISIILIETO TapaMeTpa
nopsiika Hapymaercs. Ecii ske MarHuTHasi cTpykTypa
COOTBETCTBYET HEKOJTHHEApHOMY 120-TH rpagycHOMY
YIOPSIIOYSHUIO, TO OAHOpOAHAs (aza cocyliecTBOBa-
HHS KUPAJIbHOW CBEPXIPOBOAUMOCTH U MAarHUTHOTO
nopsiaka (SC+120°) craHOBUTCS JOMYCTHMOW. ITOT
pe3yJbTaT CBHUAETEILCTBYET O TOM, YTO MalOpaHOB-
CKHe COCTOSIHHUS CIIeTyeT UCKaTh UIMEHHO B Takoii (ase.
Brocnencreun mns ¢aszer SC+120° B pamkax kBajpa-
TUYHOTO FAMWJIbTOHHAHA ObUIM HAalZICHBI YCIJIOBUSI pea-

NHU3AIMH MaopaHOBCKUX Mox [7].

B nHacrosieit padotre B pamkax t-J momenu obcyxia-
eTCsl BIMSHHE MEXY3EIbHOTO KyJIOHOBCKOI'O B3anMO-
neiictBus Ha hopmupoBanue ¢pa3sr SC+120° npu yuere
OOMEHHBIX CBsI3€H B mpejenax IBYX KOOPAWHALMOH-
HBIX cep.

O6cyxaeHue pe3ynbTaToB

Ha pucynke | mpoaeMOHCTpHpPOBaHBI KOHIIEHTpAIH-
OHHBIE 3aBHCHMOCTH TEMIIEpaTypbl BO3HMKHOBEHHS
CBEPXIIPOBOAMMOCTY ¢ KMPaJIbHOW CHUMMeETpHEH mapa-
MeTpa mopsajaka npu Hanuuuu 120° MarHUTHOrO ymo-
PAAOYEHUS IS PA3TUYHBIX 3HAUEHUH mMapaMeTpa Mex-
y3€JIBHOTO KYJIOHOBCKOTO oTTankuBanus V. [Ipeanomna-
rajgoch, 4T0 TEMIEepaTypa BOZHUKHOBEHUSI MarHUTHOTO
mopsiaika HamHOro Beimie T, Ilapamerper J; = 0.5,
J, = 0.06t; saBasroTcsT OOMEHHBIMA KOHCTAHTAMM MEXK-
oy OmwKalIMMH W CIICIYIONMMH 32 OJMMKaiIImMu
cocemsiMA. BHIHO, YTO yBelIMYEHHE MEXKY3EIbHOTO
KYJIOHOBCKOTO OTTQJIKMBAHUS NMPHUBOAWUT K OXKUIAEMO-

MYy ITOJJABJICHUIO CBEPXIIPOBOAUMOCTH.

BnusiHre MexXy3eJbHBIX KYJIOHOBCKHX KOPpENSLHi B
¢aze SC+120° cBoaMTCS HE TOJBKO K MIEPEHOPMHUPOBKE
CIIapHUBaTEIbHBIX MApPAaMETPOB, HO MPOSIBIISIETCS TAKKE
B TOM, YTO PEIICHHUE IJIsI CBEPXIPOBOIAIICTO MApaMeT-
pa mopsiika MpecTaBiIsieTcsl B BUE JIMHEWHON cyrep-
MO3HI[MN KUPATBHBIX HHBAPUAHTOB (- M P-THIIOB:

A, = 2A21(p21( p) +24,,0, ( p) +2A,¢y ( p)

rae  (QyHKIMH @y, ¢, OHPENEISIOT KUpaIbHbIE
WHBapuaHThl  (-TMma st mepBOM M BTOPOM
KOOpDAWHAIIMOHHBIX Ccdep TPEeyrodbHOH  pemeTKd

COOTBETCTBEHHO, @ (;; — KHMpaJbHbIi MHBAPUAHT P-
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THUIIA, OTBEYAOIIUI CHapUBaHHIM MEXITY
@H)KaﬁmHMn cocensmu. [IpumeninBaHue HHBapHaHTA

. CBUICTENECTBYET 00 MHIYINPOBAHNH TPHUILICTHBIX
CHapuBaHUMA u MPOSIBIISICTCS TOJIBKO npu
O/JIHOBPEMEHHOM Yy4YeTe MEXKY3E€JbHOTO KYJIOHOBCKOTO

OTTAJIKMBAHUA U HCKOJUIMHEAPHOTO MarHeTu3sma.

V=058

0 0.1 0.2 0.3 0.4
Nna

Puc. 1. 3aBucumocTb TemnepaTypbl nepexoda B asy cocy-
LLIeCTBOBaAHNSA KMparnbHOW cBepxnposognMocty n 120° cnnHo-
BOMO YNOPSA0YEHMS OT KOHLUEHTpauMmn AN pasfnnyHbiX 3HaYe-
HWI napameTpa V MexXy3enbHOro KynoHOBCKOrO OTTankusa-

Hus, J4 = 0.5t4, J» = 0.06t4, ty — napameTp nepeckoka

YBenuuenne napamerpa V NPUBOIUT K YMEHBIICHUIO
aHOMaNpHON aMmimuTyasl A, . Ilpu V =V, =2J; am-
mmryaa A, oOpaiaercs B Hyldb M CBEPXIPOBOAU-
MOCTh B CHCTEME BO3MOXHA TOJIBKO 3a CUET OOMEHHO-
o B3aUMOJEHUCTBUS BO BTOPOM KOOPAMHALMOHHOU
chepe. Ilpu nanpreiimem ysemuueHuun V A, <0 u
CBEPXIIPOBOAUMOCTE B CHCTEME ITOJIHOCTBIO T10/IaBJIsI-

€TCA.

5 6 7
T/t - 103

Puc. 2. 3aBMCUMOCTb aMnUTYA, KMparnbHOrO CBEPXNpOBOAS-
Llero napamMeTpa nopsifaka oT TeMnepaTypbl Ans napameTpoB
J1=0.5t, J, = 0.06t4, V = 0.96t, n, = 0.12

ITosenenne ammmuTyasl A;; cioxsHee. B mmpoxon
obnactu napamerpoB U konuneHrpauuii A, <0. C po-
cToM V BennunHa A, CHayana yBEIHUYUBACTCA 110 MO-
JyJI10, a 3aTeM HauMHaeT yMeHblIaTbesa. OTpHLATENb-
HOE 3HaYeHWEe A, O3HA4YaeT, YTO IPH HEKOJUIMHEeap-
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HOM MAarHUTHOM YIOPSJIOYCHUH OTKPBIBACTCS JOTIOJ-
HUTEJbHBIN KaHaJ MOAABJICHUS CBEPXIIPOBOIUMOCTH 32
CYeT KyJTOHOBCKOTO OTTalKuBaHWsA. OJHAKO BeTHYMHA
AMIUTUTY/BI JTOBOJILHO Mayia (CM. PHCYHOK 2), B pe-
3yJlbTaTe 3HAYCHUC TEMIIEPATypbl 1. B OCHOBHOM

OIpCACIACTCA APpYTUMU BKIIaIaMU.

Ha pucynke 3 mokazana MoauduKanuss HOIATBHBIX
TOYEK CBEPXIPOBOIAIIETO MapaMeTpa MopsAKa 3a CUeT
MIPUMEIINBAaHUS KUPAJbHOTO MHBApPHAHTa P-THIA TIPU
YyUYeTe MEXKY3CIbHOTO KYJIOHOBCKOTO B3aMMO/ICHCTBHSL.

Puc. 3. HoganbHble TOYKM CBEpPXMpPOBOASALLEro napameTpa
nopsifka npu y4eTe KMparibHOro MHBapuaHTa p-tuna (TeMHble

TOYKM) 1 6e3 ero yyeTa (CBETIbIE TOYKM)

Pabora BeImONHEHa mpu moanuepkke Gonma PODU,
IIpaButenscrBa Kpacnospckoro kpas u Kpaeoro
¢donna nHayku (mpoektel Ne 16-02-00073-a, 16-42-
243057-p-moi1-a), a Takke B paMKax rpaHrta [Ipesu-
nenra PO MK-1398.2017.2.
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HeooHopoaHble cBepxnpoBoaALlne COCTOAHUSA
B caMocorfiacoBaHHou Teopumn boronioboBa —
ne XXeHa onsa uenoydkun Kutaesa

H.K. BaoBuueBa', U.A. LLiepewweBckuir™’, A.C. MenbHukoB'

1 WHeTuTyT dhmanky mukpocTpyktyp PAH, yn. Akapemudeckas, 4. 7, Huxnuir Hosropog, 607680.

*ilya@ipmras.ru

Llenbto HacTosieln paboTbl SBRSETCA MCCedoBaHWe pelleHWii ypaBHEHWIn CaMOoCOornacoBaHus Ans napameTpa nopsigka B Lienoyke
KvutaeBa [1] C y4eTOM BMMSHUA HU3KOIHEPreTUHECKMX KBa3N4aCTUYHbIX YPOBHEN, M3BECTHbIX Kak MaliopoHoBckMe coCTosiHMA. OCHOB-
HOe BHUMaHWe Mbl yaensem matemMaTu4yeckuM 1 YUCNEHHbIM Npobnemam, CBA3aHHbIM C YpaBHEHUSAMU camocorniacoBaHus. Mbel npmBo-
AWM, B 4aCTHOCTU, OMNepaTopHYO 3anncb ypaBHEHWUIA CaMOCOrNacoBaHus 1 BbiTEKAKOLLME U3 Hee N abCTpaKTHbIX TeOpeM O HEMOABUX-
HOWN TOYKE YCMOBUS CyLLECTBOBaHUS pelleHni. [MpeanoxeH n peann3oBaH YUCIEHHbIM anropuTM peLleHns ypaBHEHWI CamoCcornaco-
BaHUsI, OCHOBAHHbIN Ha ONepaTopHOM NMpeACTaBNeHUN 1 YeObILLEBCKOM pa3noxeHun yHKLUMIA oT onepaTtopa [2,3]. YicneHHo HanpeHbl
cemelicTBa HEOAHOPOAHbIX PELUeHUA ANns napameTpa nopsiaka Tuna «KWHK» U 1ccrnefoBaHa 3aBUCMMOCTb CBOOOOHOW 3HEPTUM 3TUX

peLUEHNn OT NOSTOXEHWUS KMHKa.

[Iporpecc B cOBpeMEHHON HAHO TEXHOJIOTUU OTKpBIBa-
€T MyTh AJS CO3JaHMsI M NPUMEHEHUs] 3K30TUYECKHUX
CBEPXIPOBOIAMINX COCTOSHUA B Pa3IMYHBIX HU3KO-
pa3MmepHBIX cuctemax. Cpen TaKuX COCTOSTHUH OO0ITb-
I10€ BHUMAHHUE B NOCIIEIHEE BPeMs MPHUBIICKAIOT JIOKa-
JM30BaHHBIE KBA3WYACTHYHBIC COCTOSHUS B OTHOMEp-
HBIX CBEPXIIPOBOJHUKAX ¢ P-criapuBaHueM. s Teope-
TUYECKOT0 M3y4YeHHs TaKUX CHCTEM 4acTO HCIOJb3YyeT-
¢Sl Tak HaspIBaeMas Mojeib menouku Kuraesa [1]. B
MHOTHX CITy4asiX peIIeHHe COOTBETCTBYIOUINX YpaBHE-
uuii boromo6oBa — g¢ XKena MoXkKeT OBITH MOJYYCHO
0e3 WCIONB30BAHUS YpPAaBHCHHH CaMOCOTIIACOBAHUS
Ui (YHKIWH, OIMCHIBAIOMICH CBEPXIIPOBOIAIIYIO
I1eJIb, MIOCKOJIBKY MPENoaraeTcs, 4YTo B IKCIIEPHUMEH-
TaX CBEPXIPOBOJIMMOCTH B KBa3HOJHOMEPHBIX MIPOBO-
JIOKaxX MHIYIUPOBAaHA KOHTAKTOM C OOBEMHBIM CBEpX-
MpoBOIHUKOM. OJHAKO IpPHU PACCMOTPEHHH CHCTEM
TUNA TIOJYIIPOBOJHUKOBBIX TPOBOJIIOK HAa TOHKOH
CBEPXIPOBOMSIICH TUICHKE WJIM MPOBOJOK C BHYTPEH-
HHUM p-CllapUBaHUEM HEOOXOJIUMO MPUHUMATh BO BHH-
MaHHe YpaBHEHHS CaMOCOTJIACOBAHHSA [UIS (YHKIIUH
CBEPXITPOBOJIALLECH LIEH.

B nanHoit pabote paccmaTpuBaeTcsi MOAEIb CBEPXIIPO-
BOJIAIICH MPOBOJIOKH C P-CIIApUBAHHEM, U3BECTHAS KaK
Mojaens KurtaeBa [1]. YpaBHeHHE caMOCOTIIaCOBaHUS
JUlsl TIapaMeTpa HopsiKa B 3TOW MOJEIH MOXET ObITh
CBEJICHO K 3ajJ]aue O HaXOXKJICHUH HEIIOIBIKHON TOUKH
CHUJIPHO HeNWHEeHHOro otoOpaxkenus N-MepHOTo mpo-
cTpaHcTBa B ce0s. DT0 0TOOpakeHHE BBIPAYKACTCS Ue-
pe3 dyukuuio [6] ot oneparopa Boromobosa — ne XKe-
Ha, 3aBHCSILETO OT MapameTpa MopsiKa - CBEPXIIPOBO-
JUIILEeH [mear. AHaJIu3 CIIEKTpa ATOrO OIepaTopa Mmoka-

3BIBAET, YUTO PACCMATPUBAEMOE OTOOPAKEHUE SBILSIETCS
Ha CaMoOM jielie 0TOOpaxkeHneM B ceOsl miapa, paanyc
KOTOPOTO 3aBHCHUT OT KOHCTAaHTBI CBsi3H, B ceOs1. M3-
BecTHast TeopeMa bpayspa [4] o HemoaBMXHON TOUKe
YTBEPIKIACT, YTO B ITOM Cllydae Takas TO4YKa 00s3a-
TeapHO cymiectByeT. OgHAKO B paccMarpHBacMOM
CIlydae 3TO YTBEP)KACHHE OKa3bIBACTCsl TPUBUAIHHBIM,
MMOCKOJIBKY HETPYIHO YOEIUTCS B TOM, UYTO YpaBHEHHUE
CaMOCOIJIACOBAHMSI BCEr/la MMEET HYJIEBOC PCIICHHE.
CylIecTBOBaHIE HCHYJICBBIX PCLICHUN BBITEKACT U3
6onee ToHKO# Teopemsl Jledrrera [5] B ciydae, koraa
HYJICBOE DEILICHHE CTAHOBHTCS HEYCTOWYMBBIM. MOXK-
HO TOKa3aTh, YTO 3TO OOS3aTENBHO HPOMCXOAUT IIPU
JIOCTATOYHO HHU3KOH Temreparype. OJHAKO 3TH pe-
3yJIbTAaThl HUYErO0 HE TOBOPST O YHCIC HEMOABIKHBIX
TOYCK, WM IPYTUMH CIOBAMH, O YHCJIE METacTaOWIIb-
HBIX cocTosiHUM nenoyku Kurtaesa. /[ oTBeTa Ha 3TOT
BOIPOC MbI HPEANPHHSIA YHCICHHOE HCCIIEIOBaHIE
CaMOCOITIaCOBAaHHBIX ypaBHeHHU bBoromoboBa — e

JKCHA.

UuncieHHOE pelIeHHe YPAaBHEHMS CaMOCOTJIACOBAHUS
MIPOBOAMIIOCH WTEPALMOHHBIM MeToxoM. Hawubonee
PECYpPCOEMKHM JTalloM Ha 3TOM IIyTH OKa3bIBaeTcs
BBIYHCIIEHNE (YHKIMHU OT omeparopa. B Tpamuumon-
HOM TIOAXO/JIC I 3TOT0 HEOOXOIMMO PenIaTh MONTHYIO
CIIEKTpalIbHYIO 3aAauy A onepaTopa baK Ha kaxaom
miare MTEpaloHHOW mpoueaypsl. Mbl HPUMEHHIH
JIpYroil MEeTOM, OCHOBAaHHBII Ha MPEACTABICHUN (PYHK-
U OT OmepaTopa B BUJE PA3IOKCHUSA 110 MTOJTHHOMAM
YeObimena [2,3]. [onyueHHbIe Pe3yabTaThl MPOUILITIO-
ctpupoBanbl Ha puc.1-3. Ha puc.1 nokazana cTpykrypa
KBa3HOJHOPOIHOTO CaMOCOTJIACOBAHHOT'O COCTOSHUS, K
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KOTOPOMY  CXOJIMUTCSI MTEPAaLMOHHBIA  Tpolecc ¢
HavyaJIbHBIMU YCJIOBHSMH B BHUJIE KOHCTAaHTHL. Hauainb-
HBIE YCIJIOBUSI B BHJIE NPSIMOYTOJBHOTO KHHKA C II€H-
TPOM B HEKOTOPOM Yy3Jie IeMOYKE [O3BOJISIOT HAWTH
JIpyrue pelieHus] ypaBHEHHs CaMOCOIJIACOBAHUS NP
TeX ke mapamerpax. [IpuMep Takoro penreHus nokazaH
Ha puc.2. JInsd aHanm3a (QU3HYECKUX CBOICTB HaiileH-
HBIX PELICHUH MBI BBIYMCIWIN 3aBHCUMOCTh MX CBO-
0OMHOW SHEPTUU OT IIOJIOKECHUSI KHHKA. Pe3ynbraTsbl
npeacraBieHsl Ha puc.3. OHU TOKA3bIBAIOT, B YACTHO-
CTH, 4TO SHEPTHUsl ci1abo 3aBUCUT OT IOJIOKESHUSI KHHKA
U Majo OTJIMYAeTCs OT DHEPrHU KBA3UOIHOPOHOTO
cocTosiHus. B TO jke BpeMsi KUHK HE MOXET HaXOJHTh-
Cs1 CIIMIIKOM OJTU3KO K KOHILY IIEMOYKH.

Eta N=500 T=0.01 g¢0=-11 p=12
0.08 T T T T : ; T T

0.07
006}
005

Lj_,f" 0.04
0.03

0.02

0.0

i i i i i i L i i
0 50 100 150 200 250 300 350 400 450 500
n

Puc. 1. KBasnogHopogHoe caMocorfniacoBaHHoe pelueHve

ans yenovkun Kutaesa n3 500 y3nos

Pabora wactnuno monaepskana PODOU.
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Puc. 2. CamocornacoBaHHOe pelleHne Tuna HecuMm-

MEeTPUYHbIV KMHK Lienodke n3 500 y3nos

Energy of kink in thr string of N=500 sites
9027 T T
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Puc. 3. 3aBucrmocTb CBOGOAHON 3HEMPUM OT NOSNOXKEHUS

KnHKa B Lenoykn Kutaesa 13 500 y3nos
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CprKTypa MarHUTHOIO NOTOKa B MarHUTHbLIX

cBepxXnpoBoagHUKax
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MeTogom aekopupoBaHusi U MarHUTHO-cunoBon mukpockonuu(MCM) nccnegoBaHa CTPYKTypa MarHUTHOrO NOTOKa B CBEPXMNPOBOAHMKaX
C aHTU-1 hbeppoMarHUTHbIM YNopsAoYeHNeM B MOHOKpUcTannax pefkodemenbHbix (Re) 6opokapbuaos (ReNi;B,C) n EuFe,As;, neru-
poBaHHbIX hocchopom. OBHapyxeHbl 06yCNoBNEeHHbIE MarHUTHLIMU NepexoaamMun JOMEHHbIe CTPYKTYpPbI, MPUpPoAa KOTopbix obcyxaaeT-
csi. BnepBble Habntoganacb CTPyKTypa COHTaHHOrO MarHUTHOIO NOTOKa B CBEPXNPOBOASLLMX MOHOKpUcTannax EuFes(Asq sPo2)2

BBepeHune

CocymiecTBOBaHHE CBEPXIPOBOJMMOCTH ¥ MarHeTu3mMa
UHTpUTyIOIast npodiema GU3MKM TBEPAOTO Tena.
HawubGonbumii nporpecc B Teopuu[l] u sKcrnepumeH-
Te[2] MOCTUTHYT A MCKYCCTBEHHBIX CIOHCTBIX TH-
Opuanbix cucteM (S/F). MUKpOCTpyKTypa MarHUTHOTO
MOTOKA B B 00BEME CBEpXIPOBOIsIIeH (a3sl HaUMEeHee
n3ydyeHa. B pabore npuBeneHbI pe3yabTaThl HaOIoOIe-
HUSI MUKPOCTPYKTYP MarHUTHOTO IIOTOKa B MOHOKpH-
cramax ErNi,B,C, ¢ TemnepaTypoii cBepXmpoBosiiie-
ro nepexona Tsc=10K , antudeppomaraurHoro mnepe-
xoma Tn=6K u ¢eppomarautHoro ¢ Tc~2.7K [3], a
TaKKe Uil Ceprur MOHOKpHCTAILIOB EUFey(AS;Py), C
koHIeHTpaiuei pochopa Py =0,13 (Ty =18K ); Py
=0,2 (Tsc=25K u Tc~17K) u Py =0,25 (Tc~17K).

Pe3synbTaTthbl 1 06CcyxaeHue

Meroaamu aexkopupoBanusi[4] u MCM uccnenoBanach
moBepxHOCTh (001) MOHOKPUCTAITOB OOPOKapOUIOB U
JKEJIE30COAEPXKANIMX CBEPXMPOBOAHUKOB EUFe,(AS;.
«Px)2 . BBIpAIlICHHBIX U3 paciuiaBa. Ha MOHOKpucTamax
ErNi,B,C npu temmneparypax Himke Tny=6K wMeromom
JICKOPUPOBaHUsl HAONIOAAINCh JOMEHHBIE TPaHHUIIBI
aHTH(EeppOMarHuTHOH  (a3pl , OPHEHTHPOBAHHBIC
Baoib <110>. Taxke HaOMFONANHCH BUXPEBBIE CTPYK-
TYpbI, KOCBEHHO CBHUJIETEIbCTBYIOIINE O CYIIECTBOBA-
HUM JIOMEHHOH CTPYKTYpbl ciabo (eppoMarHUTHOH
¢da3el cO ciegamMu JOMEHHBIX rpaHun mo <100>
[3].HauGonmpmmii mHTEpeC MPECTaBIIECT CTPYKTypa
MarHUTHOTO TIOTOKa B MOHOKpHCTaJUIaX, IJi€ B 3aBUCH-
MOCTH OT KOHLEHTpauu (Gocdopa peanusyrores 1o
TOJIBKO aHTU(PEPPOMATHUTHBIA (M CTPYKTYpPHBIN) Tie-
pexozbl (X<0.15), mubo ToabKO (heppOMArHUTHBIN Tie-
pexon (x>0.22), a mpu X~0.2 mpexamonaraeTcs cocyrie-

CTBOBAaHHE CBEPXIPOBOAUMOCTH H (peppOMarHeTH3-
ma[4].

Ha puc.] npencraieHsl pe3ynbTaTbl MarHUTHBIX W3-
MepeHuii st MoHokpucTamia EuFe;(AsygPos), | cBu-
JICTENILCTBYIONINE O CYIIECTBOBAaHHU CBEPXIPOBOJIS-
mero nepexoja npu 1sc=25K u ¢eppomarautHoro
mepxoza ¢ (Tc~17K). Meromom MCM mnpu Temmepa-
Typax Huke Tc~17K Ha 3TOM MOHOKpHCTamIe Brep-
Bble HaOJI0/1a1ach JOMEHHAsi CTPYKTYpa B CBEPXIIPO-
BOJISILIIEM COCTOSIHUM M HMcue3alia PH OTOIPEBE BBILLIE
17 K [5].

T T T T T T
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| |7
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g —«—FC ;
= sl _-" -
;‘ .-.-u-.-
= “'"
g sl o T, 4
g - ™
=] __.-'
= -t
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1
5 10 15 20 25
Temperature T, K

Puc. 1. 3aBMCUMOCTb HaMarHWY4eHHOCTW OT Temneparypbl,
n3MepeHHas B pexvime 3amopoxeHHoro notoka (FC) n B Hy-
nesBom marHuTHom none (ZFC) napannenbHOM ocu € Kpu-

ctanna EuFey(AsosPo2)2

Ha Pwuc.2 mpencraBieHbl MUKPOCTPYKTYPBI, HaOIOa-
€MbIe METOJIOM JCKOPUPOBAHMS, /Ul Pa3HbIX KOHIICH-
Tpamusix Qochopa B MOHOKpUCTaIaXx Qocopa
EuFe,(As;«Py)> . st Masbix KOHIIEHTpanusax Gochopa
Puc. 2,a (x=0,13) oOHapyxeHBI TOMEHHBIC CTPYKTYPHI
C JIOMEHHBIMH I'PaHAIIAMU aHTH()EpPOMarHuTHOH (ha3bl
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B miockocTsx tuma {110}, aHanmoruunele panee
HabmogaembiM B MoHOkpuctamiax  ErNipB,C  u
TbNi,B,C[3]. dus Gonbiuux xourentpaimii hochopa
(Puc.2,B x=0,25) xapakTepHBl JOMEHHBIC CTPYKTYpPHI
(beppomMarHeTuka ¢ OAHOOCHOI aHU30TPONHUEH U Kap-
THHOUW BeTBJIeHHS 1oMeHOB[6]. Puc. 2,6 nemoHCTpHpY-
€T JIOMEHHYIO CTPYKTYPY B CBEPXIIPOBO/ISIIIIEM COCTOSI-
Huu. [Ipeamonaraercs, 4To CBETIIbIe U TEMHBIC 00JIaCTH
(TOMEHBI) COOTBETCTBYIOT JOMEHAM CMEIIAHHOTO CO-
CTOSIHMS, B KOTOPBIX a0pHKOCOBCKHE BHXPH HaIpas-
JICHBI B MPOTHBOIOJIOXHBIE CTOPOHBI B COCEIHHX JI0-
MeHax. TeopeTHdeckr Takas BO3MOXKHOCTH PacCMOT-
pena B padore [1]. CormacHo Moeny ,THI ¥ XapakTep
JIOMEHHON CTPYKTYpBI, oOpasyromieiics B ¢eppomar-
HHUTHOM CBEpPXIPOBOJHHKE, 3aBUCAT OT COOTHOIICHHSI
KOHKPETHBIX MapamMeTpoB (MarHUTHBIX U CBEPXIIPOBO-
JSIIKMX): CTIOHTAHHOW HAMAarHUYCHHOCTH B JIOMCHE

(M), rmyOuHBl TpPOHUKHOBeHMs: (J1iMOAa), HUXKHETO

oum 3 E © 6um
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kputHyeckoro nomnst (Hgy) u reomerpun obpasma. DKc-
MIEPUMEHTAILHOE OIPECTICHUE OTHX IapaMeTpoB U
N3y4YeHUE TOHKOW CTPYKTYPBI JJOMEHOB ITO3BOJIAT IPO-
SICHUTh MEXaHH3M COCYIECTBOBAHUSI CBEPXIIPOBOIH-
MocTH W (eppomarnernsma. Ha puc.2,0 ornenbHble
BUXPHM HE Pa3peliaroTcsi, MOCKOJIBKY OXHAaeMmas HH-
OyKOWs BHYTPHU AoMeHOB mopsiaka 0,9 Tu mpu renme-
BBIX TEMIIEpaTypax, a pa3pelieHre MeTojia JIeKOPHPO-
BaHus Mo uHAyKiuK MeHbire 0,2 Tn [6] . OcHOBHBIM
pe3yNbTaTOM HACTOSIIEH padOThl IpEACTaBISAETCS
HaOJIOJICHUE CTPYKTYpPhI CIIOHTAHHOTO MAarHUTHOTO
[IOTOKa B CBEPXIPOBOJSIIEM OOBEMHOM MOHOKPH-
CTaJUIe MPU OXJIAXKAECHUU B HYJIEBOM MarHUTHOM II0JIE
n e€ HMCUe3HOBEHMH NpH Harpese Bbime [py=18K.
BriepBbie B 00BEMHBIX MOHOKPUCTAIIIAX CO CYLIECTBO-
BaHHEM CBEPXIPOBOASAIIECTO U ()ePPOMArHUTHOTO YIO-
psioueHust oOHapyKeHa JJOMEHHast CTPYKTYpa.

6um B

Puc. 2. CTpyktypa MarHWTHOro notoka B MoHokpucTannax EuFe,(AsixPx): B marHutHom none H=20 3 npu temnepatype T~7K,

Habnogaemasi meTodoM AekopupoBaHusi Ha nnockoctu (001)

: a) ang x=0,13 - oMeHHasi CTPyKTypa B aHTUdepPPOMarHUTHOM COCTO-

AHWK; 6) Ansa x=0.2 - fOMEHHas CTPYKTypa B CBEPXMPOBOASLLEM 1 (DEepPOMarHATHOM COCTOsIHWUY; B) Anst X=0,25 — OMEeHHas CTPyKTypa

B (heppOMarHUTHOM COCTOSIHUAU

ABtopsl  Onarogapusl B.B Pszanosy, JI.C.Ycnenckoit
u C.H. boxko 3a MIOAOTBOPHbBIE JUCKYCCHU U BbIpa-
xatT Onarogaprocts PODU (rpantr # 16-3260133
Mon.-a-nk u #16-32-00309 mon-a) 1 MunoOpHayke
(rpant 14.Y26.31.0007) 3a moamepKy HpH MpoBeie-
aun MCM wuccienoBanunit.  JI.J.B. Omaromapen 3a
nojaaepkky rpanra IIpesuauyma PAH «CoBpemeHHbIE
po6IeMbl (PH3UKH HU3KAX TEMIIEPaTyp».
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OnTuManbHbIe NapamMeTpbl CBEpPXNpPoBOASLLEro
MaTtepuana gnsa ucnosib30BaHUS B CYETUYMKaAX
OOUHOYHbIX POTOHOB
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TeopeTnyeckn nokasaHo, YTO CBEPXMPOBOASLLME MAEHKW, CAernaHHble U3 maTtepuana ¢ koadduumeHtom anddysmm D <~ 1 cm?c un

OTHOLLEHNEM JMeKTPOHHOW 1 (hoHOHHOW TennoemkocTen Co/Cpn|Tc ~> 1, NnepexoasT B Pe3nCTVBHOE COCTOSIHWE MOCIe MOrMoLeHNs
OMHOYHOrO (POTOHA OMTUYECKOTO UMK BGIIMXKHEro MHGPaKpacHOro AyanasoHoB, Koraa ToK B MeHke He npesbiwaeTt 50 % oT Toka pac-

napuBaHus. CBepxnpoBOAsLLME NOMOCKM ¢ 6onblmMM KoddduumeHToM anddysun, nnbo manbiM oTHoweHnem Co/Cpn|T. << 1 cno-

COGHbI AETEKTUPOBATL OAMHOYHbIE (DOTOHBI TOSLKO MPU TOKaX, GIIM3KUX K TOKY pacnapuBaHusl.

Hcnonp3yss KMHETHYECKHE ypaBHEHHS AT KBaznW4da-
cTHIl (RIIEKTPOHOB) M (POHOHOB pelIeHa 3aJadya O pac-
NPeJ/IeIEHUH DHEPIHU TIOTJIOIEHHOr0 (POTOHA ONTHYe-
CKOTO M OJINKHETO MH(PAKPACHOTO TUANA30HOB MEX-
Iy SJEKTPOHHOW M (POHOHHOH MOACHCTEMaMU TOHKOU
CBEPXIPOBOJISIIICH MOJIOCKH, a TaKiKe (POPMHUPOBAHUS B
Hel TOpsiuero MmsATHA — OOJACTH C HEPAaBHOBECHBIMHU
(ropstanmu) anmekTpoHaMu. Pacder mpoBoamics B aug-
(y3MOHHOM Ipeziesie TP y4eTe MOJTHOW (OPMBI dJIeK-
TpOH-(POHOHHOTO, (OHOH-IIEKTPOHHOTO W DIICKTPOH-
JIEKTPOHHOTO CTOJIKHOBUTENIBHBIX MHTErpanoB.  Ha
HayaJIbHOM JTamne, Ha maciitabe BPEeMEHHM MEHBIIEM
XapaKTEpHOTO BPEMEHH MOAABICHUS MOJIYJS CBEpX-
nposozsuero mapamerpa nopsaka Tt ~ h/|A| (h - mo-
crosiaHast [1nanka) npenebperasock mojasiaeHueM |A| u
pemanack TNPOCTPAHCTBEHHO OJHOPOAHAs 33jada B
obmactu ¢ xapakTepHsM pasmepom &7d, rae d — Ton-
IIMHA TUICHKH, §~(DT|A|)1/2 — JUIMHa KOTEPEHTHOCTH.
Pe3ynbTaThl YHCIEHHOTO pacdeTa IOKa3bIBAIOT, HYTO
npu poctatouHo 6ombmoM oTHOmeHHH Co/Cpp|Te ~> 1
(Ce — snexTpoHHas TemnoeMkocts, Cyn GoHOHHAs Tem-
JIOEMKOCTb, |, — KpUTHUYECKasl TeMIIepaTypa CBEpPXIpO-
BOJHUKA) OOJbINAs YaCTh HHEprud (OTOHA HAET B
AJIEKTPOHHYIO mojcucTeMy. Ecnu npu stom koadu-
ueHT auQy3un T0CTaTOYHO Mad - D <~ 1 CMZ/C, TO
NIEKTPOHBI TEepMaAU3yIOTCs (MX (YHKLIUS pacmpere-
JICHUSI CTAaHOBUTCS (hepMHU-IUPAKOBCKON ¢ 3derTHB-
HOW TeMmrmepaTypoit T, OoNbIIeil paBHOBECHOM TemIre-
patypsl T) 3a BpeMsi MEHbIIEE OJHON HMHKOCEKYH]IbI
(cpaBHMMO ¢ Tjy). DTO IPUBOAUT K HAUOONIBIIEMY IIO-
JAaBJICHHIO |A| B 00JIaCTH TOPSIYEro MATHA Ha BPEMEHaX
t>1)5), KOr1a POCT FOPAYEro MATHA MPOUCXOMT 32 CUET
muddysun ropsiuux neKTpoHoB. Ha 3Tx BpemeHax
KBa3znya-

pac4deTr JVUHAMUKH HEPABHOBCCHBIX

CTHI(?JIEKTPOHOB) U (JOHOHOB, & TAKKE JUHAMUKH |A|

OCYIIECTBIISUICS. C TIOMOIIBIO JBYXTEMIIEPATYpHOH MO-
nenu (dIeKTpoHHAs M (POHOHHAS MOJCHCTEMBI HMEIOT
CBOM TEMIIEPaTyphl, OTJIMYHbIE OT PaBHOBECHOI), a
TaKke MOJU(UIMPOBAHHOTO HECTAIMOHAPHOTO YpPaB-
uHenns [ ma30Oypra-Jlanmay. MoaenupoBaHue TIOKa3ao,
YTO HEYCTOMUMBOCTh CBEPXIIPOBOSIIETO COCTOSHUS
CBSI3aHAa C BO3HMKHOBEHHEM IIapbl BUXPb-aHTHBHXPh
(Korga MATHO HAaXOAWTCS JIAJIEKO OT Kpasl IUICHKN),
1100 BXOAa BHXpsl B 00JIaCTh ropsyero msTHa (Korma
IISITHO HAXOJIUTCS BONMM3M Kpas twieHkH). [lox nei-
CTBHEM TOKAa BHUXPH ABHIAIOTCS IIONEPEK IUICHKH, B
CBEpPXIIPOBO/IHUKE BO3HUKAET 3JIEKTPUUECKOE IOJE U
JDKOyINeB pazorpeB. [laHHBIN pa3orpeB MOXKET MPUBO-
JUTh K TIOSIBICHUIO M POCTY HOPMAJIBHOTO JOMEHa B
IUIEHKE, €CIIM pealu3yeTcs PEeKHM 3aJaHHOTO TOKa.
OnHaKko pacTymuii JOMEH BO3ZHHMKAET TOJBKO IPU J0-
CTaTOYHO OOJIBIIMX TOKax, KOTJA yXOJ TeIula B IOJ-
JIOXKKY MEHBIIIE, YeM JKOYJIEB Pa30rpeB CBEPXIIPOBOJI-
HUKa. B pesynprare, mpu JOCTATOYHO HU3KHUX TOKax
TIOSIBJICHHUE JIBIDKYIINXCS BUXPEH B 00JIaCTH TOPSYEro
MMTHA HE NMPHUBOAUT K MOSABICHHUIO PACTYIIETO HOP-
MaJIbHOTO JIOMEHA WM HalpsOKEHHE Ha JIETEKTOpE OKa-
3bIBACTCS MAJIBIM, HI)KE YPOBHS IIIyMOB, UTO HE TT03BO-
JSIET CyIUT 00 aKTe MOTJIoNeHus (OTOoHa .

Ha pucynke 1 rokazaHa 3aBUCMMOCTb TOKa JJETEKTHPO-
BaHUSA |y (IPM TAHHOM TOKE B CBEPXIIPOBOJHHKE BO3-
HUKaeT PacTyIIMi{ HOPMalbHBIH JOMEH) OT MecTa Io-
riomieHus (poToHa B IUIeHKe. B Mojenu mnpennosnara-
JIOCh, YTO TIOTJIONMICHHBIA (POTOH HArpels AJICKTPOHBI U
domonsl B o6mactn ~&°d 1o Temmeparypsl Tini>T, 3a-
BuCsIIEeH oT 3Heprun ¢oToHa. ITpu Gonbinoit sHEprun
¢dorona (6onbiiol Tiyit) BUXPH BO3HHKAIOT IPH TOKE
lvort<lget, ipn Mastoii sHepruu orona lyor=lger . B pam-
Kax IMPe/JIOKEHHON MOJIENH BCe MOIIIOLICHHbIE (OTO-
HBI IPUBOJAT K OOJIBIIOMY HANPSDKCHHUIO HAa CBEPXIIPO-
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BOJHMKE IIpH ToKe I>lg™ . 3aBucUMOCTb lge™™ OT
sHepruu (HOTOHA JJISI IBYX CBEPXIPOBOJIAIIUX MATEPH-
anoB NbN u WSi npusenena Ha puc. 2. Jlns cBepxipo-
BOJHHMKOB C MaJbIM 3HAYEHHEM Mapamerpa 7y -~
Ce/Cuh|T¢ < 1 nerextupoBanue GoTOHA ¢ SHEPrue mo-
psanka 1 eV (mmua BomHbl ~ 1200 HM) BO3MOKHO
TOJIBKO MPH TOKaX OJM3KHUX K TOKY PACIapUBaHUsL.
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Puc. 1. 3aBucumocTb Toka AeTeKTnpoBaHuA Idet 1N TOKa nosB-
neHusa BVIXpel;l |v0n OT MecCTa nornoweHna (bOTOHa B MJieHKe.
Tint=1.5 T, coOTBETCTBYET MOrMoLWeHn0 PoToHa C aHeprmen
Epnoton ~ 30.5 Eo&.°d ~ 0.38 eV, (Tini=2.0 Tc = Epoton ~ 83.8 Eo
£2d ~ 1.04 eV, Tini=2.4 T — Epnoton ~162 Eot°d ~ 2.0 eV) ans
napametpoe NbN nonocksn u3 [1]. 3pecb &c=hD/kgTy,
Eo=4N(0)(ksT.)’, napametp y=87" Co/Cpn|Te /5 ~15.8 Co/Cpn|Te

T T T T
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Puc. 2. 3aBucumocTb Toka OeTeKTMpOBaHUSA OT dHeprum ¢o-
TOHa ANA Pas3nuyHbIX 3HadeHun napameTtpa y ~ Co/Cpn|Tc. Ma-
pameTpbl NbN 1 WSi matepnanoB B3ATbl U3 paboT [1,2]. Ons
NbN y ~9, ana WSi y ~89. lnpuHa nneHkm w=20 &,
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Puc. 3. 3aBucMMOCTb TOKa OETEKTUPOBaHUSI OT 3Heprum ¢o-

ToHa Ansa matepuana ¢ y=100 1 pasnuyHbIX LUMPUH NIIEHOK

Kpome Toro, ObIIO MOKa3aHO, YTO JAXKE IIHUPOKas I0-
JIOCKa, C NIMPUHONW MHUKPOH M OOJIbIlIE, CIIOCOOHA Jie-
TEKTUPOBATH OAWHOYHBIE ()OTOHBI C PHEPTUEH TopsiIKa
1 eV. U3 pucyHka 3 BHIHO, YTO IIPH TOKE OOJIBIIEM ~
70 % ot ToKa pacnapuBaHus lgep, TOK AETEKTUPOBAHUS
HE 3aBUCHT OT LIMPHHBI ITOJIOCKH.

HO,HpO6HI)I€ PE3YJIbTAThl UCCIICAO0BAHUS MPHUBCIACHLI B
[3].

Pabora momnmepxkana Poccuiickum ®onmom DyHpa-
MeHTaabHbIX MccnenoBanuii, rpant N 15-42-02365.
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McecnepoBaHa Kputuyeckas TemnepaTtypa nepexofa B CBEpXNpPOBOAsLLee COCTOsHWe T TPEXCNoWHoW retepocTpykTypel SF1F2 (S —
CVHITMETHBIN CBEpXNPOBOAHWK, F1 n F2 — deppomarHuTHble mMeTannbl), B KOTOPOW AanbHOAENCTBYIOLWAS TPUMNETHas KOMMOHEeHTa
CBEPXMNpoBOAALLEro cnapveaHus obpasyeTcs npy HEeKONMHEapHON OpueHTaLMn HaMarHU4eHHocTen heppoMarHuTHeIX crnoes. po-
aHanM3nMpoBaHbl PasfnyHble PeXUMbl NEPEKoYeHNs CNMHOBOTO KnanaHa (MPsSIMON, TPUMMETHbLIN U UHBEPCHbIN) U 0COBEHHOCTU pac-
npeaeneHns nNo CrnosiM CMUH-CUHINETHOW W CMMH-TPUNIIETHBIX KOMMOHEHT CBEPXMPOBOASALLErO CrnapvBaHUst B 3TUX pexumax, YTobbl
BbISICHUTb Kakasi 3 KOMMOHEHT 1 Kak MOXeT BMMSATL Ha TemnepaTypy cBepxnpoBosiero nepexoaa Te.

BBepeHune

HccnenoBana kpuTHueckas TeMmIeparypa Mepexoia B
CBEPXIPOBOASIIEE COCTOSHUE T, TPEXCIOMHOM reTepo-
cTpykTypbl SF1F2 (S — CHHIIETHBIN CBEpPXIPOBOJI-
Huk, F1 u F2 — deppomarauTHsie MeTasbl, puc. 1), B
KOTOpPO#l JaJIbHOACHUCTBYIOLIAsl TPUIUIETHAs KOMIIO-
HEHTa CBEPXIIPOBOAIIECTO CIAPUBAHUS 00pazyercs
[IPY HEKOJUIMHEAPHOM OPUEHTAallM HAMAarHUUYE€HHOCTEH

(deppoMarHuTHBIX cioes [1].

S F1

dS dF]

Puc. 1. TpexcnonHas retepoctpyktypa SF1F2. N'paHuua koH-
Takta SF1 cooTtBeTcTBYeT X = 0. XKupHble cTpenku B F crosix
o60o3HavaloT HanpaeneHnst obMeHHbIX nonen h, nexawyx B
nnockoct (y, z). Yron mexagy HanpaBreHUsMu OOMEHHbIX

nonewn a

Jlist Beramcienus T, Kak (QyHKIUM TapaMeTpoB TPeX-
CJIOWHOHN CTPYKTYPHI KOHEYHBIX Pa3MepoB ObIIT IpHMe-
HEH aCHUMITOTUYECKH TOYHBIM YHCIEHHBIA METOJ
(MHOTOMOJIOBBIIT MeTO/, a Tarkke MeTon (yHIaMeH-

TaJBHOTO perieHus) [2].

Panee B pabore [3] Oputo MOKa3aHO, uTO T, TOIyOec-
KOHEYHOU TeTepoCcTpyKTypbl SF1F2 moxer OBITH He-
MOHOTOHHOI (yHKIMEH yria o Mexay HaMarHH4eH-
HOCTSIMU JIByX (pe€ppOMAarHUTHBIX CJIIOEB B TPOTHBOIIO-
JI0O)KHOCTH MOHOTOHHOMY MOBEACHHIO Tc(0), TTOTydeH-
HoMy Juist FSF Moneny cBepXIpoBOSIIET0 CIHHOBOTO

BEHTWJIA [4].

B pabote [5] Obul0 OOHApPY)KEHO CYIIECTBOBAHHC B
FFS cTpykType aHOMalbHOW 3aBUCUMOCTU CIUH-
TPHUITICTHBIX KOPPEIANUI OT yIia o B 0aJUIMCTHYSCKOM
ciydae (TOJIIUHBI CIOEB MHOTO MEHBIIE JIMHBI KOTe-
PEHTHOCTH MaTEPHAJIOB 3TUX CIIOCB).

B mnacrosmeit pabore paccMOTpEHO pacrmpeeseHue
AMIUIMTYJ CIHWH-CHUHIJICTHBIX W  CIIMH-TPUIICTHBIX
MapHBIX KOPPEISLNH Kak (QyHKINU TOJIINH CJIOEB MPU
pasNMYHBIX YIJIax o MEXKAY HaMarHUYEHHOCTSIMH B
SF1F2 crpykType, 4TOOBI BBISICHHUTH KOTOPOE M3 pac-
TIPeACIeHIH N KaKUM 00pa3oM BIIHSET Ha CBEPXIIPOBO-
JSIIIYIO TeMIepaTypy nepexoaa T.

Pe3ynbTaTtbl 1 06CcyxaeHue

SF1F2 ctpykTypa HcciepoBaHa B TPSI3HOM IIpelene,
KOTOPBIH ONUCHIBACTCA YpaBHEHMSIMU Y3azaens. 3agada
BBIYMCIICHUS T, CBOIAMTCS K CHUCTEME YPAaBHEHUH IS
CUHTIIETHOM KoMmoHeHTHl fy B S cimoe. Dra cucrema
YpaBHEHMH BKJIOYAET B ce0s1 ypaBHEHHE CaMOCOTIIaco-

BaHUA
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TcS _ é_
AN =241 Y [a) fOJ, @1)

c >0

U ypaBHEHUE Y3anaens

Dd?f,
2

o —-of,+A=0, (2)

C FPaHUYHBIMH yCIOBUSIMH [3-5]:

df df
—2=0 , =& =2 =Wf| . ($3)
dx x=—dg S dx x=0

Pe?)yJ'IBTaT YUCJIICHHBIX PacuCTOB TC Kak q)yHKHI/II/I B3a-
MMHOW OpHEHTAllMM HaMarHn4eHHoctel F cioes (Tpu-
IUIETHBIA PEKUM MEPEKIFOUCHHS CITMHOBOIO KJIAIlaHa)

MIPEJCTaBJICH Ha pHC. 2.

0,18
L[]
—d /e =20 /
0,17
d/s=2.75
\ v=1
0,16 \\ 15=0 /
8 \ d, 5F,1=(()).73
~ /e,
e 0,15 /s /
/
0,14 /
o
0,13
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Puc. 2. 3aBucumocTb TemnepaTypbl CBEPXNPOBOASLLErO ne-

pexoga T. OT yrna a Mmexagy HamarHu4eHHoOCTAMMN F cnoes

IIpu TemmepaTypax HECKOJIbKO BBIIIE MHUHUMAJIbHON
TEMIIEpaTypbl BO3MOKHO IEPEKIIOUCHNE MEXIy HOp-
MaJIbHBIM U CBEPXIPOBOSIINM COCTOSHHUSAMH IIPU OT-
HOCUTENIFHO HEOONBIIOM M3MEHEHMH yTia o MEXIy
HAMarHMYeHHOCTSAMH F-cioeB — 3 QpexT TpUILIETHOTO
CIMHOBOTO KiamaHa. V3meHenme T. Npu M3MEHEHUH
yria MeXIy HaMarHHYeHHOCTSIMHU (heppOMarHUTHBIX
CJIOEB COMPOBOXKAACTCS HW3MEHEHHEM COOTHOILICHUH
MEXAY aMIUINTYAaMH Pa3lndHBIX KOMIOHEHT CBEpX-
MIPOBOJAINEIO CIAPUBAHUA: CHHIJIETHOW KOMIIOHCH-
ThI fg, TPHIUIETHOI KOMIOHEHTHI f3 C HyneBoil mpoek-
[ueil Ha 0Ch Z M TPUILICTHOH KOMIOHEHTSH! f, ¢ mpoek-
nueit +1 Ha ock Z. MakCUMyM JalbHOJIEHCTBYIOIICH
TPUIUICTHOW KOMIOHEHTBI CBEPXIPOBOJISIIETO CIAPH-
Banus f, HaONrOJAaeTCs NMPU OPTOrOHANBHOH OpUEHTa-
UM HaMarHMYEHHOCTEeH (EeppOMArHUTHBIX CJOEB.
Pacmipenienienne BCeX KOMITIOHEHT CBEPXIPOBOJISILETO
CHApUBaHMS I10 CJIOSIM T'€TePOCTPYKTYPHI MPU OPTOTO-
HAJILHOW OPHMEHTAIlMd HaMarHUYCHHOCTEH (eppomar-
HHUTHBIX CJIOEB TIPEJICTABICHO Ha puC. 3.
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Puc. 3. PacnpegeneHuwe CrMWH-CUHIMETHOW W CMWH-

TPUNNETHbIX KOMMOHEHT CBEPXNPOBOAALLEro cnapnsaHna

VccnenoBaHbl TakkKe APYTHE PEKUMBI NEPEKITIOUCHUS
CIIMHOBOTO BEHTWJIS: MPSMON — TeMIepaTypa CBepX-
MIPOBOJIAIIETO Tepexosa T MpHU MapajieNbHON OpUEH-
Tallid MEHBINE YeM TpPH aHTUNApaUICIbHOH, W WH-
BEPCHBIN — TeMIepaTypa CBEpXIIPOBOJIAIIETO Mepexo-
na T, mpu mapanienbHOW OpHEHTalMH OOoJbIe YeM
pu aHTUNapamienbHoi. [IpoBenen aHanu3 pacnpene-
JICHUA 10 CJIOAM CIUH-CUHTJIETHOM u
CIIUH-TPUITIICTHBIX KOMIIOHCHT CBEPXIIPOBOAAIIECTO
CTapMBaHMS B 3THX PEKUMaxX IPH Pa3IUIHBIX OpPHEH-

TaquAaXx HaMarHMYeHHOCTEH (beppOMaFHPITHBIX CJIOCB.

BnarogapHocTH

Pabora Obuta mopanepskana npoextamu PODU 16-02-
01171-a, 14-02-31002-mol_a, 15-32-20362-bel_a_ved,
DFG HO 955/9-1 u [IporpaMmoit MOBBIICHUST KOHKY-
penrocniocooHocTr KazaHckoro ¢eznepaibHOro yHU-

BEpCHTETA.

NunTepartypa

1. F.S. Bergeret, AFF. Volkov, K.B. Efetov // Re-
views of Modern Physics, V.77, 1321°-°1373
(2005).

2. Ya.V. Fominov, N.M. Chtchelkatchev, A.A. Golu-
bov // Physical Review B, V. 66, 014507 (2002).

3. YaV. Fominov, A.A. Golubov, T.Yu. Karmin-
skaya, M.Yu. Kupriyanov, R.G. Deminov, L.R.
Tagirov // JETP Letters, V. 91, 308°-°313 (2010).

4. Ya.V. Fominov, A.A Golubov, M.Yu. Kupriyanov
/I JETP Letters, V. 77, 510°-°515 (2003).

5. T.Yu. Karminskaya, A.A. Golubov, M.Yu.
Kupriyanov // Physical Review B, V. 84, 064531
(2011).

50 Cekumsa 1. CBepxnpoBogsiLLine HaHOCUCTEMBbI



Matepuanesl XX| MexayHapogHoro cumnosnyma «HaHoduarka n HaHO3MEeKTPOHUKa» Tom 1

eHepauusa Gerywmx BonH

B MacCcuBax HU3KOoTeMnepaTypHbIX
AXK03e(PCOHOBCKUX KOHTaAKTOB

M.A. Fanun "**, AM. Knywun', B.M. KpacHos?, U.A. LLlepeweBckuit’,

H.B. BooBuuesa', B.B. KypuH'

1 WHetuTyT dpmanky mukpocTpyktyp PAH, I'CIM-105, HukHuin Hosropog, 603950.
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MpoBeaeHO nsMepeHne yrnoBoro pacnpeneneHns MOLLHOCTU U3IyYeHUs HUOOMEBbIX AXX03e(PCOHOBCKMX KOHTaKTOB, COEAUHEHHbIX B
LLENoYKN C pa3mMepamu, NpeBbILLALLMMI ONMHY BOMHbLI. B kayecTBe geTekTopa UCMorb30BariCst KpUCTan aHTUMOHUAA MHAnS. Takke
BbINOMHEHbI YNCMIEHHblE pacyeTbl MeTogoM FDTD avarpammbl HAanpaBneHHOCTU LENOYKM KOHTaKTOB, OMUCHIBAEMbIX PE3UCTUBHOW MO-
aenbto. AHanM3 aKCnepuMeHTarnbHbIX AaHHbIX M YUCIIEHHbIX PacyYETOB yKa3blBaeT Ha BO3MOXHOCTb BO3OYXAEHUS B MaccuBax [AXO-
3e(COHOBCKNX KOHTaKTOB BeryLux BOfH, OPUEHTUPOBAHHbBIX NPEVMYLLECTBEHHO BAOMb MOATOXKM.

BBepeHune

Wnest mpuMeHEeHUs 1K03e()COHOBCKUX KOHTAKTOB IS
TeHepanuu BhICOKoYacToTHOTO (BY) m3mydeHus Bo3-
HUKJIa Cpa3y IOCJIE OTKPBITUSI HECTalMOHApHOTo 3¢-
¢exra JIxo3edcona. brimo odeBHaHO, YTO HEOOXOAU-
MO HCIIOJIb30BAaTh MACCHBBI M3 COTECH MJIM TBICSY JDKO-
3e()COHOBCKMX KOHTAKTOB, YTOOBI IOOMTHCS TEHEPHUPY-
€MOH MOIHOCTH, HEOOXOIUMOW JUIi NPAaKTHYCCKHX
NPWIOKeHUH. PaHee CHHXpOHU3ALUsT KOHTAKTOB o0ec-
reyrBajack OJjarojaps TOMy, 4TO pa3Mep MaccuBa He
MPEBBILIAN JUTMHY BOJHBI U3Iy4eHHUs, B pe3yiabraTe BY
TOK BO BCEX KOHTaKTax OCUMIMpoBan B ¢aze [1]. B
HacTosllee BpeMsl CTaBUTCS 3ajavya yBEJTHUYCHHS
MOIIHOCTH H3JIy4CHHUs, TCHEPUPYEMOH KOHTAKTaMH B
TeparepLoBOM AMaNa3oHe, 10 3HAYCHHUH MOpsIKa He-
CKOJIbKAX MMJUIMBATT, YTO MO3BOJHUT KOHKYPHUPOBATh
CBEPXIIPOBOASALIAM CXEMaM C IOJYHPOBOJIHHUKOBBIMH
npudopaMyu W KBAaHTOBBIMHM KAaCKaJHBIMH JIa3epaMu
[2]. dast aTOoro KOMHYECTBO KOHTAKTOB B MAacCCHBE
JIOJDKHO COCTaBJISITh TOpsJIKA 104~ 10° C y4€TOM
IUIOTHOCTH pa3MELICHUss HUOOMEBBIX KOHTAKTOB, SB-
JSIOIMXCsT HanOoJjee NEepCHEeKTHBHBIMU Cpelu Iuia-
HapHBIX IEPEX0I0B, pa3Mep TaKoW cXembl Oyner ao-
cturath ~ 1 cM, 4TO cooTBeTCTBYeT mnpumepHo 30
JUIMHAaM BOJIH TEParepuoBoro Juarna3oHa. JTo o3Haua-
€T, YTO Ha JIMHAMUKY JK03e()COHOBCKMX KOHTAKTOB B
Oospimx MaccuBax OynyT BiauATH dddekTsl (azoBoit
sagepkku. B [3] Teopernmuecku mpenackasaHo, yTo B
MOJOOHBIX PKO3e()COHOBCKUX CHCTEMaX MOXKET BO3-
Oysxatbest Geryas BojiHa, KOTopast OyAeT CHHXPOHH-

30BbIBATh KOHTAKThI.

B nmanHOl paboTe mpeicTaBICHBI PE3yJIbTAThl JKCIIE-
PUMEHTAJIHOTO MCCIIEOBAHUS U YUCIEHHOTO MOJETH-
pOBaHMS JKO36()COHOBCKHX CHCTEM, pa3Mepbl KOTO-
PBIX MPEBBINIAIOT pabouyto JUIMHY BOJIHBL [loiyueH-
HBIE PEe3yJbTAThl YKA3bIBAIOT HA BO3MOXHOCTH peaiu-
3aIUM B OOJBIINX MAacCHBaX KO3e(DCOHOBCKMX KOH-
TaKTOB peXUMa Oerymiei BOJHBL B paHHOM pexume
BCE KOHTAKThl HAXOJATCS B OJUHAKOBBIX AJIEKTPOAH-
HAMHYECKUX YCIOBHSAX, T. €. KOT€PEHTHO OCLUIIIHPY-
0T C BO30YXK1aeMOii BOJHOM, MPMKATON K TOJIOKKE.

NU3mepeHusn

HccrenoBanubie 00pa3iibl MPEACTABISAIOT CO00i 0THO-
MEpHBIC [ETOYKH IUIAHAPHBIX HKO3E(PCOHOBCKUX KOH-
TaKTOB Ha OCHOBE HHOOWS, BHITIONTHEHHBIX Ha TIOJUTOXK-
K€ U3 HU3KOOMHOTO KpemHusl. [IpoBeieHo nsmepenue 2
o0pasmoB, cocrosmmx w3 6972 u 9000 mocremoBa-
TEJNIFHO COCIWHEHHBIX KOHTAaKTOB. Ha momnoxke oHHU
3aHMMAIOT IUIOIIALL NpUMEPHO 5 X 5 MM. B kadectse
JETEKTOpa MCIOIh30BAJICS KPHUCTAIDT aHTUMOHHUIA WH-
qwst (InSbh) pasmepom 3 x 2 mm.

Oopaser ¢ 1K03¢(COHOBCKUMHU KOHTAKTAMHU KPCTIHJICS
Ha METANIMYECKOH BpallAloIIeicsl MINTE B M3MEPH-
TEIILHOM 30HJI€, KOTOPBIH MOrpyXajcs B KPHOTECHHYIO
YCTaHOBKY C 3aMKHYTBIM LUKJIOM. JleTekTop pacrosna-
raJcsl HarpoTHB oOpasna Ha pacctosHun 10 mm. M3me-
puTelibHas CHCTEMa IM03BOJIsJIa BpaliaTh oOpaserl BO-
KpYT' OCH, TIPOXOJISIIEil B MJIOCKOCTH MOJIONKKH, B IIH-
POKOM JMara3oHe yrioB. B kadecTBe curnana msmepsi-
JIOCh CONPOTHBJICHUE KPHCTA/UIA MPH HYJICBOM TOKE

CMEIICHUSI, MPUYEM YMEHBIIICHUE ITON BENHYUHBI (OT-
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52

HOCUTEJIbHO HAYaJbHOTO 3HAYEHUS B OTCYTCTBHE WU3-
JIY4EHHsI) MHPONOPLHOHAIBHO PETHCTPUPYEMOH MOII-

HOCTH.

Ha puc. 1 mpeacraBieHa yriioBasi 3aBUCUMOCTh CUTHA-
Jla TIpH U3MEpeHuH Ha oOpasie ¢ 6972 KOHTaKTaMH.
HanpspkeHne cMemneHns Ha IeTI0YKe KOHTaKTOB COOT-
BercTBOBaO uactoTe reHepauuu 130.2 I'Tu. Kak Bua-
HO U3 puC. |, HA M3MEPEHHON 3aBUCUMOCTH HMMEETCS
MHOYKECTBO JICTIECTKOB PA3IUYHON AMIUTUTYIBI M IIIH-
puHbl. MakcumalbHas MOIIHOCTh W3JIYUCHHs HaOIIr0-
maercss mpu yriaax okoso 60°. Jlimst obopasma ¢ 9000
KOHTAaKTaMH ObLITa MOJTydeHa IOXO0’Kash 3aBHCUMOCTH C
MakCUMyMOM curHana okosno 45°. TlomydeHHbIH pe-
3yNbTaT COTJIACYETCS C MPEATOI0KEHHEM O BO30YKIe-
HUM OErymuX BOJH B MaCCHBE JK03¢(COHOBCKUX KOH-
taktoB [3]. HaGmromaemple JIEMECTKH MOTYT COOTBET-
CTBOBaTh PA3IMYHBIM MOIaM Oerymieil BOJHBI, KOTO-
pBIE PACIPOCTPAHAIOTCS MPEUMYIICCTBEHHO MO Ma-

150,

180

210

270

Puc. 1. CurHan Ha getektope (OM) B 3aBUCMMOCTU OT YrioBoO-
ro MonoOXeHUsi AeTeKkTopa OTHOCcUTENbHO obpasua. Yron oT-

CUYUTbIBAETCA OT HOpMaru K NioCKOCTU NOAJNIOXKN

YucneHHble pac4yeTbl

MopenupyeMasi 1k03e()COHOBCKasi CHCTEMa aHaJlo-
TMYHA OJHONPOBOJHOM aHTEHHE Oerymeil BOJHBI.
CxeMa COAEPIKHUT 5 TOUCUHBIX JKO3€()COHOBCKHX KOH-
TaKTOB, OIUCHIBAEMBIX PE3UCTUBHOW Mojenbio. Kon-
TaKTHl PACIIOJIOKEHBI HA MPSIMOM JIMHUM U COCIUHEHBI
MOCJIE/IOBATENIbHO TOHKUMH HICaTbHBIMU TIPOBOJTHH-
kamu. [lapaiuienbHo, ¢ pa3HbIX CTOPOH, K CXEMe I0jI-
KJIFOUCHBI JIBa MICTOYHUKA TOKa. Bcest memns pacronoxe-
Ha Ha TOJJIOXKKE ¢ pazMepoMm 2 X 0.3 MM U TUAIIEKTPH-
4yeckol mnponunaemocteio € = 10. Pacuér amarpammel
HaTpaBJICHHOCTH OcHOBaH Ha merone FDTD u camoco-
[JIACOBAHHOM DPEILECHUU HEJIMHEHHBIX YPaBHEHUM KO-

3e()COHOBCKMX KOHTAKTOB. J[marpamma HarpasJjeHHO-
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CTH Ha Y9aCTOTE, COOTBETCTBYIONIEH JK03e()COHOBCKOM
TeHepaluy, PAaCcCUUTBHIBACTCS CTAHJAPTHBIM METOJOM
TpaHchopMaluK OJIMIKHEro OIS B 1ajIbHEe.

Ha puc. 2 mpencrapieHa nuarpaMma HalpaBJICHHOCTH,
paccunTanHas npu 4dactote reHepanun 705 T'Tm. Kak
BHHO U3 PHC. 2, 3aBHCUMOCTh HECUMMETPUYHA, IMEET
OOJIBIIION TJIABHBIN JICIECTOK, KOTOPBIA OPUECHTHPOBAH
o1 HEOONBIIMM YTIIOM K JIMHUH PACIIOJIOKEHUS KOH-
TaKTOB, a TaK)Ke€ HECKOJIBKO MOOOYHBIX JIETICCTKOB,
HATPABJICHHBIX B pa3IMYHbIC CTOPOHBI. M3 moay4eHHO-
TO pe3ynpTaTa CIIeAyeT, YTO W3ITy4CHHE HAIPaBICHO
MIPEUMYIIECTBEHHO BIOJNb KO3E(COHOBCKHUX IEPEXO-
noB. PaccunTanHas quarpamMma MMeEET CXOJICTBO C pe-
3yapTaTaMy m3MepeHuit (cp. ¢ puc. 1), T. e. moaTBep-
JKTaeT TUIOTEe3y O BO30OYXKICHHH OCTrymuX BOIH B
CBEpXpa3MepHbIX JKO3e(COHOBCKUX cuctemax [3].

Puc. 2. [Juarpamma HanpaBneHHOCTN AXX03€(COHOBCKOW aH-
TeHHbl. KOHTaKTbl pacnonoxeHbl BAOMb OCU X, MOAMOXKa ne-

XUT B NJIOCKOCTU ZX

Pabora BbImonHena npu mnojuepxkke PODU, rpant
Ne 16-32-00686, u mpu moaaepsKke ImBeackoro Gouma
M0 MEXIYHAPOJHOMY COTPYIHHYECTBY B HAYYHBIX
HCCIICOBAHMSX U BBICIIEM 00pa3oBaHUU. ABTOpHI OJ1a-
roJapsr 3a YacTUUHYK NOJACPKKY rpaHTel PODU
Ne 15-02-05793, PODU Ne 15-42-02469, rpant PHD
Ne 15-12-10020.

INlutepaTtypa

1. S.Han, B. Bi, W. Zhang and J. E. Lukens. // Appl.
Phys. Lett., V. 64, 1424 (1994).

2. M. Tonouchi // Nature Photonics, V. 1, 97 (2007).

3. B.B. Kypun, H. K. Bnouuesa, U. A. Illepemes-
ckuit // W3B. BY3. Pagmodusuka, T.59, 1030
(2016).

Cekumsa 1. CBepxnpoBoasLLne HaHOCUCTEMbI



Matepuanesl XX| MexayHapogHoro cumnosnyma «HaHoduarka n HaHO3MEeKTPOHUKa» Tom 1

MUWKPOBONMHOBOW OTKITMK TOHKOMNJIEHOYHbIX
deppomarHeTMKkoB u B3ammoaencTeume ¢
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B coobLieHun npedcTaBneHbl pe3ynbTaTthl UCCneaoBaHust heppoMarHUTHOrO pe3oHaHca B nreHkax cnaboro deppomarHeTuka ¢ no-
MOLLbIO CBEPXMPOBOASLLEN MUKPOBOMHOBOM TEXHWKM, a Takke npeanaraetcst rubpuaHoe yCTPOMCTBO Ha OCHOBE pacripeerieHHOro
[)K03e(HCOHOBCKOrO KOHTaKTa, nossonsioliee Bo3byxaaTe U AeTeKTMpoBaTh (heppOMarHUTHbIN pe3oHaHC 3a CHET CUHXPOHMU3aLMK oc-

LUnnsaummn COJIUTOHA B KOHTaKTe co crosiyen

BBepeHune

®eppomarHuTHelii pe3onanc (OPMP) u ero 3aBucu-
MOCTh OT mpmiIokenHoro marautHoro mois (f(H))
SIBIISIFOTCSL KJTIOUEBBIMU JTUHAMUYECKUMH XapaKTepu-
CTMKaMu (eppOMAarHUTHOW CUCTEMBI. 3aBUCHMOCTb
f(H) mo3Bossier ompenenuth Ga3oBbie cBOiicTBa dep-
pomarHeTHka (HAMArHUYEHHOCTh HACHINCHUST Mg u
mojic aHu3oTponuu H,) HEOOXOaMMBbIC IJIsl OMHCAHUS
€ro MOBEACHUS B MarHUTHOM II0JIE, a TAKKe SBIIAETCS
HUCXOJHOW XapaKTEPUCTUKOW IMPHU HCCIEAOBAHUU BCEX
CIIMH-BOJIHOBBIX sIBJIeHUH. MBI IOKa)K€M HMKE, 4YTO
OMP moxeT 3hekTHBHO BO30OYKIAThCS U HCCIEI0-
BaThCS C UCIIOJIB30BAaHUEM CBEPXIPOBOMSAIINX CHCTEM:
MHUKPOBOJIHOBON TEXHMKH M PACHPEAEICHHBIX KO-

SC(I)COHOBCKI/IX TYHHCJIbHBIX KOHTAKTOB.

®MP B nneHkKax Pdo_ggFeo_m [1]

JI>xo3e(cOHOBCKIE KOHTAKTHl CBEPXIIPOBOTHUK/ (ep-
POMarHeTHK/CBEpXIPOBOHUK HAa OCHOBE cJaboro
deppomarneruka PdgggF€po; SBISIOTCS MEPCIEKTUB-
HBIMH JJICMCHTAMU KPHUOTCHHOW MAarHUTHOW MaMSTH.
OjHaKO JMHAMHUKA MarHUTHOTO MOMEHTa B CIIOSIX
PdogoFeoo1 He mcciemoBanach aKTHBHO BCIIEICTBHE
HH3KO# Temmeparypbl Kiopu u c1aboro pe3oHaHCHOTO
noryomieHus. Hamu mpoBeieHbl M3MEpEHHUs CIIEKTpa
MOIJIONICHHST MHKPOBOJTHOBOTO CHI'HAJAa B IUICHKAX M

MarHMTOCTaTU4YeCKOn BOJTHOW B deppomMarHUTHOM crnoe.

MHKPOCTPYKTYpax PdggoF€o 01 DKCIIEPUMEHT CXEMATH-
yecku n3o00pakeH Ha Puc. 1.

Puc. 1. Cxematnyeckoe wusobpaxkeHue IKCnepumeHTa Mo
CrekTpockonuy  beppoMarHUTHOTO pe3oHaHca B  MieHKax
PdFe. O6pasupl PdFe (nokasaHbl opaHxeBbiM) TonLmHon 100
nm B BUAE cepumn nonocok paamepom 1100x140 ym n cepun
MacCUBOB KBagpaTukoB paamepom 5x5 um u nepmnogom 10 um
pa3smeLleHbl HENMOCPEACTBEHHO Ha NUHUKM HMOGKMEBOro Konna-
HapHoro BonHosoAa (CPW, nokasaH cepbim). CPW ¢ lwnpuHowm
LeHTpanbHon nuHumM 150 um, 3a3opamu 82 um ¥ TOMLLMHOWM
100 nm n3roToBreH B Buae MeaHgpa obuien anvHHon 60 mm.
YepHble 1 3eneHas CTPenku ykasblBalOT HanpasrieHUs pac-
NpOCTPaHEHUS MUKPOBOMHOBOTO CUrHama W MNpUIIoKEHHOro

MarHMUTHOro noss, COoTBETCTBEHHO

V3mepeHusi CriekTpa pe30HAHCHOTO MOTIJIOIICHUSI NPU
T=2K B unTepsane moneii [-2:2]x10* A/m nossommin
onpenenuts M=2.5x10* A/m, H./M=0.14 u napamerp
3aryxaaus [wmnbepra 0.1. HeoObruHO BBICOKOE IIOJIE
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AQHU30TPOIMH CBS3BIBAETCSl C KIACTEPHON HpUpoAoi MeHHOH yacToTolt w;=1.12THz, a B kauectBe FM cros

(beppomarnerusma B Pdg ggF€ o1 — FePt menka ¢ L1y kpucTammveckoil cTpyKTypoi u

BBICOKOW MarHUTO-KPUCTAUNIMYECKON aHN30Tponueid,

®MP c pacnpeaeneHHbIM
AXKo03e(hCOHOBCKMM nepexoanom [2]

JIx03e(hCOHOBCKUE TYHHEIbHBIE KOHTAKTHI SIBIISIFOTCS
OCHMWUISITOPAMH, TIEPECTPAUBACMBIMHU HATIPSIKCHUACM.
DTO CBOWCTBO HCHOJB3YETCSl B MPE/AIaraéMoM HaMH
THOPUIHOM YCTPOMCTBE JUIsi BO3OYKICHUSI U JACTEKTHU-
poBanust ®MP B heppoMarHUTHEIX MUKPOOOBEKTAX.

Puc. 2. Cxematuueckoe usobpaxeHve rmbpugHoro yctpon-
ctBa. FM (nokasaH opaHxeBbiM) pacrnofioXeH B Henocpea-
cTBeHHou 6nm3octu ot LJJ (nokasaH YepHbiM). YepHasi kpuBas
¢« 0b03HayaeT NpPOCTpaHCTBEHHOEe pacnpeneneHne npows-
BOAHOWN CBEPXMPOBOASALLEN pa3HOCTM a3 (T.e. MarHUTHOro
noTtoka conuToHa). Ctpenku M o6osHavatoT NpoCTpaHCTBEH-
Hoe pacnpeferneHne opueHTauMm MarHUTHOro MomeHTa B FM,

nHOyunpoBsaHHoOE COJIMTOHOM. Mu @x CBA3aHbl MHOYKTUBHO

[IpemmaraemMoe ycTpOHCTBO, COCTOSIIEE W3 paclpesie-
JICHHOTO JpKO3e(pcOHOBCKOro KoHTakTa (LJJ), pabora-
roriero B pexkume zero-field steps, u cBsizanHOro ¢ HUM
deppomarueruka (FM), cxemaruuecku n3o0pakeHO Ha
Puc.2. Comuron ocrmwuupyer B LJJ u co3maer He-
00JIBIIIOE JIOKAJTM30BAaHHOE NIEPEMEHHOE T0JIE C 4acTo-
roii f;=v/2L, tie v — ckopocTh conurtoHa, L — mnHHA
LJJ. Dro mome TeHepupyer IPOCTPAHCTBEHHO-
HEOJTHOPOJHYIO MPEHECCHI0 MAarHUTHOTO MOMEHTa B
FM. HeonnopoznHoe pacrpejeneHne MarHUTHOTO MO-
MEHTa, B CBOIO O4Yepe/lb, OKa3bIBACT BIMSHHUE HA JIHHA-
MUKY couTOHa. [I0CKOJIBKY CKOPOCTH COJMTOHA TPO-
MOPLUMOHAIbHA U3MEPSEMOMY HAlPSDKEHUIO, 3TO BIIUS-
HUE JTOJDKHO TIposiBIsAThCs Ha BAX. B wactHocTH, TIpH
nf;= f, ta BAX oxwugarorcsi 0COOEHHOCTH B BHE CTY-
MIEHEeK, KOTOpbIe 0003HAYaT PEe30HAHCHYH) CHHXPOHH-
3aIUI0 IBIDKEHUS coluToHa ¢ FM m ykaxyT Ha "gacTto-
Ty ectectBernoro ®MP (t.e. f(H=0)).

[ToBenenne THOPUIHON CTPYKTYpPHI MPOBEPEHO YHC-
JICHHO C WCIOJIb30BAHUEM ypaBHEHHs CHUH-IopjoHa
s LJJ u corimacoBaHHOTO ¢ HUM MHKPOMArHUTHOTO
ypaBuenus Jlannay-Jlusmomma-I'nnbepra ans FM. Ha
Puc. 3 mokaszaHbl pe3yibTaThl MOJICIHUPOBAHUS JIJIsI
CTPYKTYpBI, B KOTOpoii B kauectBe LJJ BeicTymaer
Nb/AIO,/Nb koHTakT ¢ 1K03e(PCOHOBCKOM IIIyOHHOM
MIPOHUKHOBEHUS A;=8uM U 1k0o3e(hCOHOBCKOW TIa3-
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Puc. 3. a): BAXv npegnoxeHHON rmépuaHON CTPyKTypbl pas-
JIMYHOW [NWHHBI B OTHOCUTENbHBLIX eauHuuax. [yHKTpom
0603Ha4eHbl BAXu LJJ TOM e