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Spin splitting of surface states in HgTe quantum wells
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We report on beating appearance in Shubnikov—de Haas oscillations in conduction band of 18-22 nm HgTe

quantum wells under applied top-gate voltage. Analysis of the beatings reveals two electron concentrations at the

Fermi level arising due to Rashba-like spin splitting of the first conduction subband H;. The difference ANy in

two concentrations as a function of the gate voltage is qualitatively explained by a proposed toy electrostatic

model involving the surface states localized at quantum well interfaces. Experimental values of ANj are also in a

good quantitative agreement with self-consistent calculations of Poisson and Schrodinger equations with eight-

band k-p Hamiltonian. Our results clearly demonstrate that the large spin splitting of the first conduction
subband is caused by surface nature of H states hybridized with the heavy-hole band.
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Introduction

Thin films based on HgTe are known by a number of its
unusual properties originating from inverted band structure
of HgTe [1-4]. The latter particularly results in existence
of topologically protected gapless states, arising at HgTe
boundaries with vacuum or materials with conventional
band structure. Although these states were theoretically pre-
dicted more than 30 years ago [5-7], clear experimental
confirmation was not possible at that time due to lack of
growth technology of high quality HgTe-based films. Exper-
imental investigations of wide (the width d >70 nm)
strained HgTe quantum wells (QWs), which started only in
2011, confirmed existence of the predicted surface states and
revealed their two-dimensional (2D) nature [4,8,9].

In comparison with other materials with the inverted
band structure, in which the surface states are known being
Dirac-like [10-12], HgTe spectrum involves heavy-hole
band |I'g,+3/2) modifying the surface state dispersion. Alt-
hough strain opens a bulk band-gap and results thus in three
dimensional (3D) topological insulator state of wide HgTe
quantum wells [4,8,9], it does not cancel strong hybridiza-
tion of the surface states with the |I'g,+3/2) band. As a re-
sult, the surface states in strained HgTe films can be resolved
only at large energies, while at the low ones they are indis-
tinguishable from conventional heavy-hole states [13,14].

In thin films of 3D topological insulator the surface states
from the opposite boundaries may be coupled by quantum
tunneling, so that small thickness-dependent gap is opened
up [15-17]. In strained HgTe thin films, the latter arises
deeply inside the heavy-hole band at the energies signifi-
cantly lower than the top of the valence band [4]. In the ul-
trathin limit, the HgTe quantum well transforms into sem-
imetal [2,18] and then to 2D topological insulator [1,19]
with both gapped surface and quantized bulk states.

On the other hand, the electronic states in HgTe QWs are
classified as hole-like /,,, electron-like £, or light-hole-like
LH,, levels according to the dominant contribution from the
bulk |Ig,+3/2), [I'¢,+1/2) or |I'g,£1/2) bands at zero
quasimomentum k£ =0 [19]. The strong hybridization in
inverted HgTe QWs results in the upper branch of the
gapped surface states being represented by the H; sub-
band [4]. At large quasimomentum k the wave-functions of
H, subband are localized at the QW interfaces, while at I'
point of the Brillouin zone they are localized in the QW cen-
ter and are thus indistinguishable from other 2D states.

The gapped surface states in the films of 3D topological
insulators exhibit sizable Rashba-type spin splitting, arising
due to electrical potential difference between the two surfac-
es [20]. Such spin splitting was first observed in QWs of
BizSes [21], which is a conventional 3D topological insula-
tor with Dirac-like surface states [10—12,21]. The spin split-
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ting of the gapped surface states also exists in HgTe QWs
and should be naturally connected with the splitting of the
H, subband. Previous experimental studies of 12-21 nm
wide HgTe QWs [22-24] have attributed large spin splitting
of the H; subband to the Rashba mechanism in 2D systems
[25,26], enhanced by narrow gap, large spin-orbit gap be-
tween the | I'g,*£1/2) and | I';,£1/2) bands, and the heavy-
hole character of the H; subband. The latter however con-
tradicts the fact that the splitting of other subbands H,, H3,
H 4 etc. with the heavy-hole character is significantly lower.
In this work, we investigate spin splitting of conduction
band in 18-22 nm HgTe QWs with asymmetrical potential
profile tuned by applied top gate voltage. The beating pat-
tern of Shubnikov—de Haas (ShdH) oscillations, observed in
all the samples at the applied top gate voltage, reveals two
electron concentrations at the Fermi level due to the spin
splitting of the H; subband. Experimental difference in the
concentrations as a function of the gate voltage is qualita-
tively explained by a proposed toy electrostatic model in-
volving the surface states at the QW interfaces. Self-
consistent Hartree calculations based on eight-band k-p
Hamiltonian [27], being in good quantitative agreement with
the experimental data, clearly show that the large Rashba-
like spin splitting of the H| subband is caused by the surface
nature of H, states hybridized with the heavy-hole states.

Experiment

Our experiments were carried out on undoped 22 nm
(#081112) and symmetrically n-doped 18 nm (#130213)
HgTe quantum wells with (013) surface orientation. The
samples were grown by molecular beam epitaxy, the de-
tailed description of their preparation can be found in
[28,29]. The cross section of the structures is shown in
Fig. 1(a). The structures were patterned into Hall bars with
metallic top gate, distances between the contacts 100 and
250 pm and the bar width 50 um. Electron concentration
of n-doped sample #130213 at zero gate voltage was
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Fig. 1. (a) The cross section of the structures studied. (b) Transport
mobility dependence on electron concentration for undoped
(#081112) and symmetrically n-doped (#130213) samples.
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N, = 73-10'"" cm . The experiments were performed at
temperatures from 2 to 0.2 K and magnetic fields up to 8 T.
For magnetotransport measurements the standard lock-in
technique was used with the excitation current 100 nA and
frequencies 6-12 Hz. In this study we were interested in
electron transport when only the first conduction subband is
occupied. Electron concentration was thus in the range
(1—9)-1011 cm 2. The electron mobility in this region was
rather high (see Fig. 1(b)) within 10-60 m2/(V-s) for
undoped and 8-20 mz/(V~s) for doped samples.

Let us consider our results obtained for the undoped
structures first. In Fig. 2 longitudinal resistivity p,, as a
function of magnetic field B is shown for top gate voltages
Vg from 0 to 7 V. Due to good sample quality Shubnikov—
de Haas oscillations are already seen at 0.4 T. The key ex-
perimental result is an appearance of oscillation beatings at
gate voltage V, > 3V, whereas at Ve = 0 V resistivity oscil-
lations are homogeneous. The oscillation beatings give an
evidence of presence of two carrier types in the system with
close concentrations. Fourier analysis of resistivity depend-
ence on inverse magnetic field p,, (B_l) with monotone
background removed indeed shows two nearby peaks (see
Fig. 3(a)). From the Fourier analyzes two electron concen-
trations N,; and N, can be straight calculated by
Ng; = ef; / h, where we denote by f| and f, the lower and
upper frequency positions of the Fourier peaks correspond-
ingly. Note the above expression is written for spin non-
degenerate electrons, this is justified since at considering
gate voltage range only the first conduction subband is
occupied.

Although the Fourier analysis enables finding electron
concentrations reasonably precisely, we found more accu-
rate getting the frequencies from fitting of Shubnikov—de
Haas oscillations by Lifshits—Kosevich formula [30-32]:

AP _ ZA,»D(X)exp[ _TCB]COS[Z%ZII"'%} (1)
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Fig. 2. (Color online) Longitudinal resistivity p,, dependences

on magnetic field B at top gate voltages V', =0-7 V obtained
for undoped 22 nm HgTe quantum well #081112.
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Fig. 3. (Color online) Results obtained for undoped 22 nm HgTe
quantum well #081112: (a) fast Fourier transformation of
pxx(B_l) at gate voltage Vg =7 V. (b) Electron concentrations
Ny (red circles) and Ny (blue triangular) and their sum (green
squares) obtained from Shubnikov—de Haas oscillations and total
electron concentration N obtained from Hall measurements
(pink line) versus gate voltage. (c) The oscillatory resistivity part
Ap,, normalized to the monotone resistivity part py versus in-
verse magnetic field. Black line shows the result obtained exper-
imentally at V', =7 V while red line is the fitting curve calculated
by Eq. (1). (d) Quantum mobilities gl and g2 versus total elec-
tron concentration.

where p, is the monotone resistivity part and Ap,. =
=(p, —Po) is the oscillatory part; D(X) = X /sinh(X) is
the thermal damping factor with X =21r2kBT/hcoc, kp
being Boltzmann constant and w, being cyclotron frequen-
cy; Hg; are the quantum mobilities; 4; and ¢; are some con-
stants.

Before fitting the experimental curves we first removed
any residual background, which we extracted from the initial
curves by Fourier filtering. 4;, ¢;, 1; and f; were used as
fitting parameters. We used frequencies achieved from Fou-
rier analysis (see Fig. 3(a)) as starting frequency values. To
increase sensitivity to the low-field data we used the weight
of 10 for data points at magnetic field less than ~ 0.7 T. The
fits were always excellent over the full field range, the ex-
ample of fitting curve for V', =7 V is shown in Fig. 3(c).
Concentrations Ng; and N, obtained from the fitting pro-
cess described above as functions of gate voltage are shown
in Fig. 3(b). The sum of two concentrations Ny + N,
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matches very well with the total concentration N obtained
from Hall measurements.

An additional advantage of oscillation fitting is obtain-
ing quantum mobilities p,;, which are shown in Fig. 3(d)
as functions of the total electron concentration N, p,; and
H4o are almost the same arll? do notlcihangS in a full con-
centration range from 5-10 " to 9-10° " cm °, also they are
more than one order smaller than the transport mobility
shown in Fig. 1(b). The difference between transport and
quantum mobilities implies presence of long-range scatter-
ing, which might be electron density inhomogeneities.

The experimental results for symmetrically n-doped
quantum well #130213 are shown in Figs. 4 and 5. Figure 4
shows longitudinal resistivity dependences on magnetic field
Py (B) measured at top gate voltages V, from 0 to —4 V.
Here oscillations are also homogeneous at zero gate voltage
while at V, < —1V a beating in the oscillations arises
providing two peaks in Fourier transformation of Ap,.(1/ B)
(see Fig. 5(a)), Ap,, is again the oscillatory part of p,,.
Since electron mobility in these structures is smaller than in
the undoped ones (see Fig. 1(b)), oscillations arise only at
B ~1T. Together with the elimination at large B by Zee-
man splitting it enables only one beating being resolved.
Since the beating shifts to larger fields with decreasing gate
voltage at Vg < -3 V it disappears due to overlapping with
Zeeman splitting.

We performed the same data processing procedure for
the sample #130213 as we did it for #081112. While fitting
the experimental curves by Eq. (1) we also used the weight
of 10 for data points at magnetic field less than 1.5-2 T to
increase sensitivity to the low-field data. We were succeed
to fit all the curves well over the full field range (see, as
example, Fig. 5(c)), the sum of two concentrations ob-
tained from fitting is in agreement with Hall measurements
(see Fig. 5(b)). Quantum mobilities shown in Fig. 5(d) are
as well as the quantum mobilities in the undoped structure
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Fig. 4. (Color online) Longitudinal resistivity p,, dependences
on magnetic field B at top gate voltages Vg from 0 to -4 V ob-
tained for symmetrically n-doped 18 nm HgTe quantum well
#130213.
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Fig. 5. (Color online) Results obtained for symmetrically n-doped
18 nm HgTe quantum well #130213: (a) fast Fourier transfor-
mation of pxx(Bfl) at gate voltage Vg =-1.5 V. (b) Electron
concentrations Ny (red circles) and Ny (blue triangular) and
their sum (green squares) obtained from Shubnikov—de Haas
oscillations and total electron concentration N obtained from
Hall measurements (pink line) versus gate voltage. (c) The oscil-
latory resistivity part Ap,, normalized to the monotone resistivity
part p( versus inverse magnetic field. Black line shows the result
obtained experimentally at Vg =-1.5 V while red line is the fit-
ting curve calculated by Eq. (1). (d) Quantum mobilities Mg and
Hg2 versus total electron concentration.

almost the same, do not change in a presented concentration
range and one order smaller than the transport mobility.

Discussion

Beating pattern of Shubnikov—de Haas oscillations at
high gate voltages, while at ¥, =0 the oscillations are ho-
mogeneous, in both symmetrically doped and undoped
QWs, indicates the origin of the spin splitting being asym-
metry of the QW profile, changing with V,. Let us first
demonstrate that the difference in the electron concentra-
tions extracted from the ShdH oscillations can be qualita-
tively explained by a toy electrostatic model involving the
surface states at QW interfaces. This model was previously
proposed for wide HgTe quantum wells [9], and here we
briefly repeat its derivation.

As for the relative changes in the concentrations, the in-
itial conditions are not important, therefore, for simplicity,
we assume electron concentrations on the top and bottom
surfaces being the same at zero V,. Figure 6 schematically

188

(a) (b)
E. ?2 ?1
E F
5 g
9 E HgTe 22} ed)msulalor
V,=0 V,%0

Fig. 6. Simplified band diagram and electron distribution over
surface states for gate voltages Vg =0 (a) and Vg >0 (b).

shows simplified band diagrams and electron distribution
over the surface states for a structure with metallic top gate
at zero and positive gate voltages. In the absence of gate
voltage, the Fermi level remains the same across the struc-
ture. When gate voltage is applied, the Fermi level differs in
the metallic gate and QW layer by eVg, where e is the ele-
mentary charge. Since the left surface is closer to the gate,
it partially screens the gate potential from the right surface.
The change of electron concentration AN, at the left sur-
face exceeds thus its changing AN, at the right one. In
their turn, the difference in the concentrations induces an
additional electrical potential growth eygr, between left
and right surfaces, while the Fermi level over the QW layer
remains constant. The difference in the concentrations can
be written as AN; = AE; D;, where D; (i =1,2) is the den-
sity of states and AE; is the local change of the Fermi en-
ergy for the right (1) and left (2) surface states. AE; and
AEp, are connected thus as AEp, = AEp| +edygre. The
potential difference between the two surface states can be
evaluated from the charge neutrality and the Gauss's law as
PHgTe = EngTedesr = AN defr / €ngreco, Where dgr is the
effective distance between the opposite surface states and
Epgre 1s electric field in the well. Here, we neglect a distor-
tion of the QW profile from the linear dependence caused by
distribution of charge carriers in the bulk of QW layer. Fi-
nally, we find

2
Ast /ANSI = Dz /Dl +e deffDZ /eHgTeGO' (2)

The effective distance between the surface states d.g can
differ from the QW width due to localization of the surface
states wave-functions not exactly on the boundaries of HgTe
layer. In addition, the QW width in our samples is compara-
ble with the scale of surface states localization [33] to ex-
clude the interaction between electrons at different bounda-
ries. Parameter dg can be evaluated by fitting experimental
value of ANy, /ANy =~ (dNg, /dVy)/(dNg /dV,) with
Eq. (2). It gives doir =9 nm for the sample #081112 with
(dNy, /dVg) /(dN g /dVg) =1.43 (see Fig. 3), which looks
very reasonable for given QW width.
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Let us obtain the expression for the difference in elec-
tron concentrations at two different surfaces AN, =
=N, — Ny as a function of the total concentration N,.
Now, the initial distribution of electrons over the structure
becomes important. For simplicity, we assume that N; =0
for symmetric QW profile at Vg =0, and all electrons at
non-zero V, come to the HgTe layer due to the top gate
voltage. Thus, from N; =AN,; and Ny = Ny + Ny, we
get linear dependence of AN, on N,:

_ ANy /AN -1

N.. 3
ANy /ANg +1 ° )

S

Figure 7(a) provides a comparison between experimental
data and estimation within our toy electrostatic model (pre-
sented by green curve) for the undoped sample #081112.
Here, we used €=20, dyp =9nm and D, =D =
=m"*/2rh? valid for parabolic dispersion of the surface
states. The latter holds since hybridization with heavy
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Fig. 7. (Color online) (a) and (b) show the difference between elec-
tron concentrations AN = N> — Ny as a function of total concen-
tration N, obtained experimentally (red circles) for samples
#081112 (a) and #130213 (b). In (a) green line corresponds to cal-
culations within toy electrostatic model, while blue line shows self-
consistent calculations of Poisson and Schrédinger equations with
eight-band Kane model Hamiltonian. (c) and (d) show results of the
self-consistent calculations of Poisson and Schrodinger equations
for electron concentration Ny =9- 10 em™2. All electrons are
assumed coming to the well due to top gate voltage. (c) shows the
energy spectrum, where black dashed lines correspond to surface
states without hybridization with heavy holes. (d) shows HgTe
quantum well potential profile (blue and red lines are I'g and I'g
bands correspondingly) and squared absolute values of wave
functions of electron states at the Fermi level (green lines).

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 2

holes modifies the band dispersion of the surface states,
making it close to parabolic. From cyclotron resonance
measurements [34] the effective mass of the surface states
was obtained equal to m" 0.026m, with m being free
electron mass.

Our toy electrostatic model is seen perfectly reproducing
the slope of the experimental behavior of AN (N, ). More-
over, it can fit experimental data if one assumes the residual
concentration of 4-10'" ¢cm 2 in the absence of gate voltage.
Note that this value is twice higher than it was measured for
the sample #081112 at V, =0 (see Fig. 3). The difference
between theoretical estimation and experimental values
gives the evidence of the importance of microscopic details
of the surface states, which were completely ignored with-
in our toy model.

Therefore, we also perform self-consistent calculations of
Poisson and Schrodinger equations with 8-band k - p Hamil-
tonian [27]. These calculations take into account all micro-
scopic details of the surface states and thus allow obtaining a
realistic QW profile. As it is done for a toy electrostatic
model, here we also assume that all electrons at non-zero
Vg come to the HgTe layer due to the top gate. At the final
iteration of solving self-consistently Poisson and Schro-
dinger equations, we obtain energy dispersions E(k) (k is
a quasimomentum in the QW plane). Then, for a given
value of N, we find the position of Fermi level and obtain
the values of Fermi wave-vectors k; and k,. Finally, we
find electron concentrations by N; = kl»2 / 4m. Theoretical
values of AN (N, ) found from self-consistent calculations
are shown in Fig. 7(a) by blue curve and are in a good
agreement with the experimental data.

Figure 7(c) provides an energy dispersion of the surface
states at Ng = 9-10" em™ , where they are represented by
H; subband due to hybridization with the states of heavy-
hole band. Surface state connection with the H; subband is
also supported by Fig. 7(d). The figure shows theoretical
QW profile and wave-functions of the states at the Fermi
level (see green curves). Spin-split states corresponding to
ki and k, wave-vectors are clearly seen to localize at the
opposite boundaries of HgTe QW. Large overlapping be-
tween the surface states in our samples also explains only
qualitative agreement of the experimental data with our toy
electrostatic model. We note that hybridization of the sur-
face states with the heavy-hole band is partially included in
the toy model by using expression for the density of states
D=m"/2nh? , which is inherent for parabolic spectrum.
The dashed black curves show dispersion of the surface
states neglecting hybridization with the heavy holes. The
surface states mixing with the |I'g,+3/2) band is indeed
seen transforming the linear dispersion of surface states
into parabolic. Interestingly, the spin splitting of the sur-
face states is significantly suppressed if the hybridization is
included.

AN, (N,) obtained experimentally for the n-doped struc-
ture #130213 is shown in Fig. 7(b). This pattern contradicts
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our expectations of the spin splitting increasing with the
absolute gate voltage value and decreasing thus electron
concentration. The reason is likely the presence of only one
beating in the ShdH oscillations and thus less precise elec-
tron concentration determination. As seen in Fig. 5(b) it is
not crucial for determination of the total electron concen-
tration however seems significant for that of electron con-
centration difference.

Conclusion

To sum up we have investigated Rashba-like spin split-
ting of the conduction H; band in 18-22 nm HgTe quantum
wells. Beating pattern of Shubnikov—de Haas oscillations,
arising with applying top gate voltage in both undoped and
symmetrically n-doped structures, provides two close elec-
tron concentrations. We have qualitatively described the
evolution of the difference between these concentrations
with gate voltage by a toy electrostatic model involving
electron states localization at the well interfaces. The quan-
titative agreement between the experimental data and theo-
retical calculations was achieved by self-consistent solving
Poisson and Schrodinger equations with eight-band k-p
Hamiltonian, which takes into account microscopic details
of the surface states omitted in our toy model. Comparison
of the toy electrostatic model with the rigorous self-
consistent calculations clearly shows large spin-splitting of
H, subband in the HgTe quantum wells being due to the
surface nature of its states.
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CniHoBe po3LLEenfieHHs NOBEPXHEBUX CTaHIB
B KBAHTOBUX siMax HgTe

A.A. lob6peuosa, 3.0. KeoH, C.C. KpiwToneHko,
M.M. Muxawnnos, C.A. [JBopeLbKkuin

Bussneno nosiBy Outts B ocupisinisix [lyoHikoBa—ne ['aasa B
30HI mposigHocti HgTe kBaHTOBOi siMU 3aBTOBIIKK 18-22 HM
NpU MPUKIaJACHHI BEepXHbOI 3aTBOPHOI Hampyrd. AHai3 OWUTTS
BKa3ye Ha J(Ba THIH €JICKTPOHIB 3 PI3HUMHU KOHLICHTpAUisIMH Ha
piBai Pepmi, 110 BUHUKAIOTh BHACIIIOK painbda-moioHoro crii-
HOBOT'O PO3MICIUICHHS TEPIIOi MMi30HU MpoBigHOCTI H|. PisHUIS
JBOX KOHIEHTpaLii AN sk (yHKIis 3aTBOPHOI HAMPYTH SKICHO
MOSICHIOETHCS 3alIPOIIOHOBAHOIO CIIPOIICHOIO EJIEKTPOCTATHYHOIO
MOJIEIUTIO TIOBEPXHEBUX CTaHIB, JIOKaJIi30BaHUX HA FeTePOrpaHULI
KBaHTOBHX siM. ExcriepuMeHTanbHi 3Ha4eHHs: AN TakokK 3HAaxXo0-
JUITBCSI B XOPOILi#l KiNBKICHIN 3rofii 3 caMOy3ro/PKeHHMH po3pa-
xyHKamu piBHsHb [Tyaccona ta Illpeninrepa 1yist BOCBMH30HHOTO
k - p raminproniana. OTpumaHi pe3yabTaTd HAOYHO IEMOHCTPY-
10Tb, 10 BEJMKE CIIHOBE PO3ILCIUICHHS HEpIIOi Mi[30HU HIPOBiJ-
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HOCTI 00YMOBIICHO TOBEPXHEBOIO MIPUPOJIOI0 cTaHiB H1, ribpuan-
30BaHUX i3 30HOIO BaXKHX AIPOK.

Kirouosi cioBa: cniHOBe po3uieruieHHs, edekT Pamobu, moBepx-
HeBi crand, ociwsnii lyOonikoBa—zae ["aa3a, KBaHTOBI sIMU.

CnurHOoBOE pacLuenneHne NoBEPXHOCTHbIX COCTOSIHUN
B KBaHTOBbIX siMax HgTe

A.A. lobpeuosa, 3.0. KeoH, C.C. KpuwtToneHko,
H.H. Muxannos, C.A. [1BopeuLkun

OO0HapyxeHo nosiBlieHne OueHnit B ocumnisinusax [yoHuko-
Ba—zie ['aa3a B 30He npoBoaumoctu HgTe kBaHTOBOM MBI TOJI-
IMHOW 1822 HM IpU NPUIIOKEHUU BEPXHErO 3aTBOPHOIO Ha-
npspkeHns. AHanmu3 OMEHUH yKa3bIBaeT Ha JBAa THUIA 3JIEKTPOHOB
C Pa3NMYHBIMH KOHIIEHTpaLMsIMHU Ha ypoBHe DepmH, BO3HHKAIO-
IIMX BCJIEACTBHE palIda-mogoOHOr0 CIMHOBOTO PAaCLICTIICHUS
NepBO MOA30HBI IPOBOAUMOCTH /1. Pa3HOCTH IBYX KOHLEHTpa-
it ANg kak (QyHKIMS 3aTBOPHOTO HAIpPSDKEHHS KaueCTBEHHO
OOBSICHSCTCS TIPEIIOKEHHON YIPOLIEHHOH JICKTPOCTaTHIECKOH
MOJIENBIO MOBEPXHOCTHBIX COCTOSIHUM, JIOKATM30BAHHBIX Ha Te-
TEpOrpaHUNAX KBAHTOBBIX SIM. OKCIIEPUMEHTAJILHBIC 3HAYCHHS
AN, Takke HaXOJATCSl B XOpOIIeM KOJIMYECTBEHHOM COTJIACHH C
CaMOCOITIacOBaHHBIMU pacueTaMu ypaBHeHull Ilyaccona u Llpe-
JHMHTepa JUIs BOCbMH30HHOTO K - p ramunbToHnana. IlonyuenHble
pe3yabTaThl HATILITHO JEMOHCTPUPYIOT, YTO OOJIBIIOE CIIHHOBOE
paciuenieHie MepBOi MOJ30HBI MPOBOAUMOCTH O0OYCIOBIEHO
TTOBEPXHOCTHOW NPUPOJION cOCTOSIHUE H|, THOPUIAM30BAHHBIX C
30HOM TSXKEIBIX IBIPOK.

KiroueBsle cioBa: cmuHOBOE pacieruienue, d¢pdekr Pamowl,
MIOBEPXHOCTHBIE COCTOSIHUS, ociuuiiuu 11lyonukoBa—ne ["aaza,
KBAHTOBBIEC SIMBI.
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