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Abstract. The spectral parameters (resonance energies and resonance widths) of electron, hole
and exciton in multi-shell open cylindrical semiconductor nanotube are theoretically studied within
the models of effective mass and rectangular potentials using the function of distribution over the
energy for the probability of quasi-particle location in nanosystem.

These parameters as functions of nanotube thickness are analyzed for the nanostructure composed
of Gads and Al ,Ga,_,As semiconductors.
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EKCUTOHHI CIIEKTPU Y BATATOIIAPOBIN BIZIKPUTIA HAINIBITPOBITHUKOBIHI
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AHoTauif. Y mMozeni epekTUBHUX Mac Ta NPSAMOKYTHUX MOTEHLIAIB, 3 BUKOPUCTAHHIM (QYHKIIIT
PO3MONLTY 3a €HEpPri€l0 NMOBIPHOCTI 3HAXOKEHHS KBA31YaCTUHKH y HAHOCHUCTEMI TEOPETUYHO
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JOCIIKEHO CIIEKTPajIbHI MapaMeTpu (pe30HaHCHI €Heprii Ta pe30HaHCHI IUPUHH) eIEKTPOHA, TIPKU
Ta eKCUTOHA y OaraTromapoBiil “BiAKPUTIA” IMIIHAPUYHIN HAMiBIPOBIAHUKOBIM HAHOTPYOILI.
Ha npukianai HaHOCUCTEMH Ha OCHOBI HamiBNpoBiAHUKIB Gads ta Al Ga,_,As npoaHaIi30BaHO
3aJISKHOCTI PE30HAHCHUX €HEePriil 1 pe30HaHCHUX IUPUH KBA319aCTUHOK BiJl TOBIIMHU HAHOTPYOKH.
KirouoBi ciioBa: HaHOTpYOKa, €KCUTOH, PE30HAHCHA €HEPTis, pe30HAHCHA IIUPHUHA

YKCUTOHHBIE CIIEKTPBI B MHOI'OCJIOMHOM OTKPBITOM
MOJYIIPOBOJHUKOBON HAHOTPYBKE

A. M. Maxaney, A. U. Kyuax, O. H. Bouyexosckas, B. U. I'yyyn

AHHoTauus. B Moznenu 3¢ peKTUBHBIX Macc U MPSAMOYTOJIbHBIX MIOTEHIIUANIOB, C HCIIOIb30BAHUEM
(GYHKUIMU pacnpefeneHus M0 SHEPIUH BEPOSTHOCTH HAXOXKICHHMS KBAa3WYACTHUIBI B HAaHOCHCTEME
TEOPETUYECKU MCCIIEN0BAaHbl CIEKTPAJIbHBIE MapaMeTphl (PE30HAHCHBIE PHEPIMM U PE30HAHCHBIE

LIMPUHBI) 3JIEKTPOHA,
MOJTYTIPOBOJHUKOBON HAHOTPYOKE.

JOBIPKM M OKCUTOHA B MHOIOCIOMHOM OTKPBITOM IWJIMHAPUYECKON

Ha npumepe HaHOCHCTEMBI CO31aHOM U3 ITOIYIIPOBOAHUKOB Gads u Al Ga;_,As TpOaHAIN3UPOBAHbI
3aBHCHMOCTHU PE30HAHCHBIX YHEPTHI U PE30HAHCHBIX IIMPUH KBA3UYACTHUIL OT TOJIIIMHBI HAHOTPYOKH.
KuroueBble cji0Ba: HAaHOTPyOKa, IKCUTOH, pE30HAHCHASI SHEPTHUsI, Pe30HAHCHAS IIUPUHA

1. Introduction

The multi-shell semiconductor nanotubes
have been recently studied both theoretically
and experimentally [1-7]. The unique properties
of quasi-particles (electrons, excitons and so on)
in such nanostructures allow using them as ba-
sic elements for the devices of modern nanoelec-
tronics [8-12]: nanosensors, tunnel nanodiodes,
wavelength-controlled nanolasers, effective solar
energy conversion devices [8-12].

The authors of ref. [3] have been grown the ar-
rays of semiconductor nanotubes consisting of
the sequence of Gads and Al Gay_, As
nanoshells using the method of molecular beam
epitaxy. This nanostructure was covered by rather
thick shell of GaAs inordertoavoid Al Ga,_, As
oxidizing.

The multi-shell nanotube under study is con-
sidered as an open one because the potential en-
ergy of electron and in Gads is smaller than that
in Al Ga,_, As .Inopen systems, on the contrary
to the closed ones, the quasi-particles can tunnel
through the potential barrier into the outer medi-
um, creating an additional channel of energy re-
laxation for the quasi-particles excited in the

quantum well. It is clear that in such systems the
energy spectra of quasi-particles are the quasi-
stationary ones, characterized by the resonance
energies and resonance widths.

The theory of exciton and phonon stationary
spectra together with the theory of electron- and
exciton-phonon interaction well correlating to the
experimental data and general physical consider-
ations is already developed for the closed cylin-
drical and hexagonal nanotubes [5-7]. The quasi-
stationary spectra of electrons, holes and excitons
were theoretically studied for the spherically-
symmetric quantum dots and single cylindrical
quantum wires [13-17].

In this paper, we present the theoretical study
of electron, hole and exciton quasi-stationary
spectrum in multi-shell open cylindrical semicon-
ductor nanotube. The dependences of resonance
energies and resonance widths on nanotube thick-
ness are obtained and analyzed for the nanostruc-
ture composed of Gads and A/, Ga,_, As semi-
conductors.
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2. The theory of electron and exciton energy
spectra in multi-shell open cylindrical semi-
conductor nanotube

The multi-shell open cylindrical semiconductor
nanotube consisting of inner wire with radius p,
(,,0” — Gads), barrier-shell with thickness A;
(,1”— Al Gay_, As), nanotube with thickness d
(,27 — Gads) and one more barrier-shell with
thickness A, (,,37 — Al,Ga_, As) embedded
into the outer structure (,,4” — Gads) is studied.
The cross-section and energy scheme of this
nanostructure is presented in fig.1. The potential
energy of electron and hole in outer medium is
smaller than that in barrier-shells, thus the system
is an open one and the electron, hole and exciton
energy spectra is quasi-stationary.

Ut = o

Uh

Figure 1. Cross-section and energy scheme of
multi-shell nanotube.

At first, we are going to study the quantum
states of uncoupling electron and hole in order
to analyze further the exciton spectrum. The geo-
metrical sizes of nano-system elements are cho-
sen in such a way that the approximation of ef-
fective mass for the electron (hole) is valid and
interaction between them is determined by the
Coulomb potential with dielectric constants of the
respective bulk crystals.
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Considering the symmetry of the system, all
further calculations are performed in cylindrical
coordinate system (p, ¢, z) with Oz axis di-
rected along the axial axis of nanotube. Thus, the
dielectric constants, effective masses and poten-
tial energies of electron (hole) are fixed as

e(h)
_J)¢ h)qy = JHo
ep)=1", W=,
{81 ) (M
0, 0<p<py, PI=P<P2, P>P3

UM (p)=
h
UM, py<p<pr, pr<psps -

As far as for the system under study the theory
of quasi-stationary spectrum is equal both for the
electron and the hole, let us further observe the
electron, temporarily dropping index “e”. In or-
der to obtain its energy spectrum and wave func-
tions we solve the stationary Schrodinger equa-
tion

H(p,¢,2)¥(p,0,2) = E¥(p,0,2) (2)
with Hamiltonian
Ao0.2) n*| o p8+1182
,O0,zZ) = || < |t ————5 |~
P 2p| Op{(P) Op ) u(p) P o> 3)
2 82
— 4 U(p).
2u(p) 622+ ®)

Considering the symmetry, the wave function
(Y (p,0,z)) is written as

iqz eim(p )

1
WYing(r) = Tl R,4(p) e 4)

Here ¢— the axial quasi-momentum;

m =0,£1,£2,..— magnetic quantum number; L—
the effective length of electron movement along
the axial axis of nanotube.

Substituting (4) and (3) into equation (2), the
variables (p, ¢, z) are separated and the equa-
tign for the radial wave functions ( qu(p)) is ob-
tained

m\1ofp 9) m g |
[ 2(pop P ) p2up) HP)

+U(p)_E qu(p) =0.

)
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This equation is exactly solved for each part of
nanostructure. The solutions are written as

RO ep) = A0 [H,, (kp)+ Hy(kp)l, P <po
Rr(r}();(kp) =AY H - (ixp)+ B H (ixp), po<p<p;
Rpgkp) =R (kp) = A H, (ko) + B H(kp), p1<p<ps
R (kp) = ADH (i7p)+ B Hy(ixp), p2<p<ps
R (kp)= AP H, (kp)+ BSD Hyy(kp), P> ps ©)
where
o E X:Jziluo—”‘kzm—”‘)qz D
h h Ho Mo

H,, H, — the Hankel functions of the
whole order.

Using the condition of wave function and its
density of current continuity at all nanotube in-
terfaces

R p,)=RE ()
1L AR (P)
H, Oop

1 R (p)

CHpa Op
P=Pp

(p=0.L23), (8)

P=Pp

together with the normality condition
[ Brng (k) Ry (K'p)pdp =5(k—K')  (9)
0

the coefficients 4(), p(), in expr. (6), are defi-
nitely obtained an’a, thuné, the radial wave func-
tions of electron are fixed too. The explicit ex-
pressions for these coefficients are not presented
due to their sophisticated form.

Further, we introduce the distribution function
w, (E ) (over the energy E') of the probability of
electron location in the space of four inner shells
of nanotube

1P3 2
WglE)= 5 | R, (K(EYP) pdp. (10)

Inrefs. [13, 16] it was shown that dependence
of such function on energy at fixed m looks like
a set of peaks with quasi-Lorentz shape. The ra-
dial quantum number n, is introduced in order
to number them. The position of maximum of
each peak in energy scale fixes the electron res-
onance energy (E}Se)m (¢9)). The energy interval,
defined by the distance (in energy scale) between

the abscissa of cross-points of the line parallel to

the energy axis (E) and crosses the peak Wn(er)n g (E )
p

at the half of the height, fixes the resonance width
l"y(leiﬂ (q9) of electron energy level. The resonance
p

energies (E") (¢)) and widths (T'") (¢)) of hole
P P

energy states are obtained in analogy.
In order to study the exciton quasi-stationary
states in open nanotube we solve the stationary

Schrodinger equation with Hamiltonian
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(11

ry ry rr(h
Hex =Eg +H(e)(re)+H( )(rh)_

Here E, — the energy gap for the components
“07, 27, “4”; HOr,), H™ (r;,) — the Hamilto-
nians of uncoupling electron and hole, expr. (3);
¢ — dielectric constant of nanotube which, in gen-
eral case, strongly depends on spatial location of
electron and hole in nanosystem.

The Schrodinger equation with Hamiltonian
(11) can’t be solved exactly analytically. Thus, we
use the approximated method. At the condition
that the sum of resonance energies of uncoupling
electron and hole in the respective exciton quasi-
stationary states is much bigger than the energy
of their interaction in these states, we assume that
the distribution function over the energy of proba-
bility of exciton location in nanotube is written as

ph (e (b _ 7@ gy (h) (k)
W (E©,ED) =W O EQ WD ED),

12
(p=nymgq). (12

It defines the resonance energies and widths of
exciton quasi-stationary states.

The Coulomb potential energy of electron-
hole interaction does not create the additional po-
tential barrier for the quasi-particles exit of multi-
shell nanotube, thus, it is assumed that in the first
approximation it only renormalizes the energy of
exciton resonance quasi-stationary states, not
changing their widths. Therefore, the resonance

e e e e

energies ( E n,f mh ) and widths (Fn,‘f mh ) of exciton

states in the center-mass system
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h
o Ze + 1o 2
0THo
are written as
P @ 14
R (14
P2
np P)=E, +—+E(e) .t
nltm () 2M (15)
h
+E’(1) h+AEh e
H E(e) :E(e) —
e e = E e 1=0)

M
Bt
gies of electron (hole) transversal movement,

:E(Z) ,(@=0)) — the resonance ener-
}’lp m

P — quasi-momentum, corresponding to the free
movement of exciton with the mass
M = Mge) + ugh) along the Oz axis.

€ meThe energy of electron-hole interaction

AE P . . . .
wlimh 18 approximately obtained using the

modified Bethe variational method, presented in
details in ref. [7]. According to it, the binding en-
ergy is obtained from the minimum of functional [7]

e 1 nlm
hh(nz,s) E, )+ {r. [B+| | V”(z)jnz%

npm
(16)
Here B - variational parameter;

(n,|=¥,_(2) = dexp(—x(z +P)) U(—%; 0; 2x(z+p)), (17)

e, 2 (18)
_h72€, X thn s 8—(80"‘81)/2,
_ HoMD
1% + 1
2
2 @e (0e) @ (1) (19)
pM

Vngme( ) e J-d d
nn \Z)=—]ap.apy
"o ¢ \/(Pg—Ph) +2°

p=01234
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- the effective potential of electron-hole interac-
tion, calculated wusing the wave functions

(») (p)

[0} o .(pe) ((p »(pr)) of electron (hole) in

closed (A, — ) nabnotube; E,_(B) - the energy
of bound state (E, ) along Oz axis, obtained

from the equations [7]

ov¥,_(2)
T = 0, \Pnz (Z)— cven
z=0 (20)
¥, (0)=0, ¥, (z)—odd
U - confluent hyper-geometrical function.
As a result, the resonance energies

e e

(En,ﬁ’mh) and widths (Fn{l’
npm np

and the energies of electron-hole interaction

m .
, ) of exciton states

AE p i are obtained.

3. Analysis of the results

The numeric calculation of electron, hole and
exciton spectra is performed for the multi-shell
open nanotube composed of Gads/ Al .Ga,_, As

with the
=(0.063+0.083x)m,

semiconductors parameters:
né =0.063mq 1o =0.51my, puf
uy' =(0.51+0.25x)m,

electron in

U¢ =0.57(1.155x +0.37x%) eV, U!

(mgy — mass of pure
vacuum),

=0.43(1.155x+0.37x%) eV,
E, =1,52 eV and lattice constant dgaus= 5.65A.
In fig.2 we present the shape of distribution
function Wllo0 (E©,EMY in energy scale (a), the
coordinateplanecrossingthepeak Wlloo (E © g )
at the half of the height (b) and, as an example,
the terms of resonance energies ( E1(8)= E; () ) and
widths (I“l(f)), F(h) ) of exciton ground quasi-sta-
tionary state obtained at the fixed values of inner
wire radius ( py =10ag,4, ), nanotube thickness
( d=15a5,4, ) and potential barriers thicknesses

(A=A =4aG445)-
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Figure 2. The shape of distribution function
WIIOO (E (e),E (h)) in energy scale (a), the coordi-
nate plane crossing the peak WIIOO (E © F (h)) at
the half of the height (b) at x = 0.4 and fixed val-
ues of inner wire radius Py =10as, 4, and poten-

tial barriers thicknesses A; = A, =4ag, ;-

In fig.3 the electron resonance energies E,(f)o
(a) and widths r,gz)o (b) and hole ones E,g?o (©)
and Flghg) (d) are presented as functions of nano-

p
tube thickness (d ) at fixed radius of inner wire
po =10ag, 45 and thicknesses of potential barri-

ers A; =A, =4ag,y, - Fig. 3 a, b proves that both

the resonance energies and widths of electron
states non monotonously depend on nanotube
thickness. Herein, the resonance energies as func-
tions of d are the sequence of horizontal and de-
caying plots, while at the functions of resonance
widths the brightly visible maxima are observed
for the small I". Horizontal plots in fig. 3a corre-

spond to the states where the electron is located in
inner wire with bigger probability. In the states
corresponding to the decaying plots the electron
is, mainly, located in nanotube. Its increasing
thickness causes the decreases of resonance en-

ergy.

250

1<

0, meV i

0

(h
I

I

00545+ i
it

Figure 3. The electron resonance energies E’ge)o
p
(a) and widths '°) (b) and hole ones £} (c)
P P
and F,(lh% (d) as functions of nanotube thick-
P

ness (d) at x=0.4 and fixed radius of inner
wire Po =10aG,4, and thicknesses of potential
barriers A; = A, =4ag, ;-

The dependences of resonance widths on d
(fig.3b) are explained in the following way. Let us
observe, for example, the ground electron state
(ny=1, m=0): at d =0 the nanotube is absent
and the electron is localized in inner wire, in order
to transit into the outer medium it has to tunnel
through the rather strong potential barrier with
the thickness A; + A, . Thus, the resonance width
(1"1(8)) of energy level is small. The electron pen-
etrates into nanotube more and more when d in-
creases. Now, it has to tunnel through the only
one barrier-shell with thickness A, in order to
transit into the outer medium. Consequently, the
resonance width of energy level increases, ap-
proaching its maximum. Further, it only decays
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because the resonance energy becomes smaller
and the height of the potential barrier effectively
increases, respectively.

The function T3¢ does not look the same as

(e) (fig. 3b). One can see that for the small d

the electron energy of second quasi-stationary
state rapidly decreases when d increases (fig. 3a).
The electron is localized in nanotube and its reso-
nance width is rather big but rapidly decays due
to the bigger effective height of the potential bar-
rier (fig.3b). It approaches the minimal magnitude
at nanotube thickness from 4=~ 15a6,45 till

d ~25a5,,, »wWhenthe electron is located in inner

wire and its energy almost does not depends on d

(fig. 3a). The electron energy (Eéeo) ) decays while

d increases further. The quasi-particle is local-
ized in nanotube and function Eéf)) 1S similar to

T{§) : at first it increases and then decreases only.

The non monotonous behavior of resonance
widths of other energy states is also explained by
the different location of electron in the space of
multi-shell nanostructure.

We must note that on the contrary to the single
open quantum wires, where the higher energy
level (over n, quantum number) at fixed m has
bigger resonance width [15], in the case of nano-
tube under study one can see that, for example,

when its thickness varies from ¢ ~12a6,4s till

d ~ 26aGaAs, Eg%) > EI(S) .

however 1“2(8) <F1(§) )

Such peculiarity of spectral parameters gives op-
portunity to produce multi-shell nanotubes with
the inverse occupied levels, which can be used as
active elements of semiconductor lasers.

The effective mass of the hole is an order big-

ger than that of the electron, thus, the quantum
wire with po=10as,,, contains three energy

levels of the hole. Since, in the hole resonance
energies as functions of d (fig.3b) one can see

three regions of anti-crossings: E,(,z)o ~10meV |

E(h)o ~ 60meV

and E(h)0z140meV. Herein,
p o

the resonance widths F,Ehz) as functions of d , for
P
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all quasi-stationary states except the ground one,
have more than one maximum (puc.3d). In gen-
eral case, as it is clear from ﬁgures 3a,b,c,d, the
number of maxima for F(e) (T, (h) 0) is equal to

the number of horizontal plots at the curves E (e)
(E")).
In fig. 4a,b the resonance energies E p

(a)
p

and widths " n}‘l’ 0 (b) of four lowest exciton states

n

p
are presented as functions of nanotube thickness
(d) at P=0, fixed values of inner wire radius

po =10as,,, and potential barriers thicknesses

Ay =Ay =444, . At the inset in fig.4a the bind-
ing energy of exciton in the ground state is shown
as function of d . It is clear that binding energy
non monotonously depends on nanotube thick-
ness and its absolute magnitude is not bigger than
20meV . Such situation is quite caused by the
complicated character of probability distribution
of exciton’s electron and hole location in the
space of multi-shell nanotube, described in details
in ref. [7].

The sum of size-quantized resonance energies
of electron and hole are two orders bigger than
the absolute magnitude of binding energy. Thus,
the dependences of resonance energies of exciton

e
states E 'Zp 0

"p
spectrum, fig.4a, are mainly caused by the pecu-
liarities of electron and hole energies behavior. In
particular, in these functions one can see the exci-
ton anti-crossing, being the display of the electron

and hole ones.

For the observed exciton states the resonance

on d in low-energy region of the

widths F}Se)o > F}S}% almost in the whole range of
P P

d (fig. 3b,d), thus, the resonance widths Fn,‘z’o
n
P
are mainly formed by electron ones. Just there-

fore, as it is clear from fig.4b, 10 NFZO, and

FIO ~ on everywhere, except the small vicinity

d=5 AGads -

Finally we should note that the evaluation of
electron, hole and exciton life times (t=#/T")
gives opportunity to assert that all studied states
are the typical resonance quasi-stationary states
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of Breit-Wigner type. They are well localized in
the space of multi-shell nanotube and can be ob-

served exnerimentallv.
1700

>
=

oS
oé.,go.
=
saply

1600

1550 4

0
o> meV

P

[~
np
h

FIl

0,51

e
0
Figure 4. The exciton resonance energies £ nZO (a)
n
e p
and widths Fn{l’ 0 (b) as functions of nanotube thick-
n
p
ness (d)at P=0, x =0.4 and fixed values of inner
wire radius py =10as;,,, and potential barriers

thicknesses A = A, =4ag, ;-
3. Conclusions

Within the model of effective mass and rectan-
gular potentials and using the distribution func-

tion over the energy for the probability of quasi-
particle location in nanosystem, we investigated
the spectral parameters of electron, hole and exci-
ton in multi-shell open cylindrical nanotube com-

posed of Gads/ Al Ga,_,As semiconductors.

Both the resonance energies and widths of
quasi-stationary states of all quasi-particleas non-
monotonously depend on nanotube thickness.
Herein, at the functions of resonance energies one
can see the sequence of horizontal and decaying
plots, while at the functions of resonance widths
the brightly visible maxima and minima are ob-
served. Such behavior of electron, hole and ex-
citon spectral parameters is quite caused by the
complicated character of probability distribution
of quasi-particles location in the space of multi-
shell nanotube.

The resonance widths of electron states are
much bigger than that of the hole and the exci-
ton binding energy is two orders smaller than the
sum of size-quantized electron and hole reso-
nance energies. Just therefore the dependences of
resonance energies of exciton states on nanotube
thickness in low-energy region of the spectrum
are mainly caused by the peculiarities of electron
and hole energy states and the exciton resonance
widths almost coincide with electron ones.
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EXCITON SPECTRA IN MULTI-SHELL OPEN SEMICONDUCTOR NANOTUBE

O. M. Makhanets, A. I. Kuchak, O. M. Voitsekhivska, V. 1. Gutsul

Yuriy Fed’kovich Chernivtsy National University, 2 Kotsjubynskyi Str., Chernivtsi, 58012 Ukraine,
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Summary
The purpose of this paper is the theoretical investigation of electron, hole and exciton spectral pa-
rameters in multi-shell open cylindrical semiconductor nanotube composed of the semiconductors

Gads and Al Ga,_ As .

All analytical calculations are performed using the models of effective mass and rectangular po-
tential barriers. Resonance energies and widths of electron (hole) quasi-stationary states are obtained
within the exact solution of stationary Schrodinger equation and distribution function of the probabil-
ity of quasi-particle location in the space of four inner shells of nanotube. The exciton Schrodinger
equation is approximately solved using the modified Bethe variational method.

The dependences of resonance energies and resonance widths on nanotube thickness are obtained
and analyzed in the paper. Both the resonance energies and widths of quasi-stationary states of all
quasi-particleas non-monotonously depend on nanotube thickness. Herein, at the functions of reso-
nance energies one can see the sequence of horizontal and decaying plots, while at the functions of
resonance widths the brightly visible maxima and minima are observed. Such behavior of electron,
hole and exciton spectral parameters is quite caused by the complicated character of probability dis-
tribution of quasi-particles location in the space of multi-shell nanotube.

The resonance widths of electron states are much bigger than that of the hole and the exciton bind-
ing energy is two orders smaller than the sum of size-quantized electron and hole resonance energies.
Just therefore the dependences of resonance energies of exciton states on nanotube thickness in low-
energy region of the spectrum are mainly caused by the peculiarities of electron and hole energy states
and the exciton resonance widths almost coincide with electron ones.

Keywords: nanotube, exciton, resonance energy, resonance width
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HAHOTPYBIII
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Pedepar
Mertoro 1aHo1 pOOOTH € TEOPETUYHE JIOCIIIKEHHS CIIEKTPAIbHUX MMapaMeTpPiB eJIEKTPOHA, TIPKHU Ta
€KCUTOHA y OararormapoBii “BIIKpUTIH MWIIHAPUYHIA HAMIBIPOBITHUKOBIA HAHOTPYOIll HA OCHOBI

HamiBrpoBinHukiB Gads ta Al Ga,_, As .

VYei aHamiTHYHI pO3paxyHKH BUKOHAHO B MOJIeNI €(peKTUBHUX Mac Ta MPSAMOKYTHHX MOTEHIialiB.
Pe3onancHi eHeprii Ta MIMPUHHA KBA3iCTAI[IOHAPHOTO CIIEKTPA €NEKTPOHA (IIPKH) 3HAXOAATHCS LIS~
XOM TOYHOTO PO3B’SI3Ky cTalioHapHoro piBHsSHHS lllpeninrepa 3 BUKOPHCTaHHSAM TPaHUYHHX YMOB
HENepepBHOCTI XBUJIOBUX (PYHKIIIH Ta MOTOKIB I'YCTHH HMOBIPHOCTEH Ha BCiX MeKaxX MOALTY CKiaj-
HOT HaHOTPYOKH Ta (PyHKIIIi pPO3MOMITY 3a CHEepPri€cr0 WMOBIPHOCTI 3HAXOMKEHHS KBa3IYaCTHHKHU Y
Hanocuctemi. Excutonne piBasiHHS Llpeninrepa po3B’s3y€eThcss HAOMMIKEHO 3 BUKOPUCTAHHIM MO-
nudikoBaHOTO BapiamiitHoro metony berte Ta XBuIboBUX (YHKIHM eleKTpoHA (IipKH) BiAMOBIIHOT
3aKpUTOI HAHOTPYOKH.

VY po6oTi mpoaHai30BaHO 3aJeKHOCTI PE30HAHCHUX €HEPriil 1 pe30HAHCHUX IIUPHH KBa314acTH-
HOK BiJ] TOBIIMHA HAHOTPYOKHU.

IToxazano, 110 SIK pe30HAaHCHI eHeprii, Tak 1 MIMPUHU KBa3iCTAl[lOHAPHUX CTaHIB YCiX KBa3idac-
TUHOK HEMOHOTOHHO 3aJIeXaTh BiJ TOBUIMHHM HAHOTPYOKkH. I[Ipu yomy, SKIIO y 3a]IeKHOCTIX pe3o-
HAHCHUX EHEpril 15 HEMOHOTOHHICTh HPOSIBISETHCA, SIK YEPTyBaHHS FOPU3OHTAIBHUX Ta CMAIHUX
TUISTHOK, TO Y 3aJIC)KHOCTSIX PE30HAHCHUX IIUPUH CIIOCTEPIraloThCs SCKPaBO BHPAXKEHI MAKCUMYMHU
Ta MiHIMyMH. Taka MoBeAiHKa CIEKTPAJIbHUX MapaMeTPiB JICKTPOHA, MIPKU U €KCUTOHA IIJIKOM
3yMOBJIEHA CKJIAJJHUM XapaKTEepPOM PO3MOALLY TYCTUHU MMOBIPHOCTI 3HAXOKEHHSI KBa314aCTUHKHU
y IPOCTOPI CKJIAIHOT HAHOTPYOKH.

BcTanoBneHo, 1o pe30HaHCHI MIMPUHU €JIEKTPOHHUX CTaHIB HabaraTo OUIbIII 3a IIUPUHU JiPKO-
BUX, a €HEPIis 3B’ 513Ky EKCUTOHA Ha JIBa MOPSIKU MEHIIIA B/l CyMH pO3MipHO-KBAaHTOBAaHUX PE30HAHC-
HUX EHeprii enekrpoHa i nipku. Came TOMy 3aJIeKHOCTI PE30HAHCHUX €HEPTiii eKCUTOHHUX CTaHIB y
HU3BKOCHEPTETUYHIN 007aCTl CIIEKTpa Bijl TOBIIMHUA HAHOTPYOKH B OCHOBHOMY 3YMOBJIIOIOTHCSI OCO-
OJIMBOCTSIMM TOBEIIHKM €HEPreTUYHHUX CTaHIB €JIEKTPOHA 1 AIpKH, & EKCUTOHHI Pe30HAHCHI LIMPUHU
MPAKTUYHO CIIBNAJAIOTh 13 €JIEKTPOHHUMH.

Ku11040Bi ci10Ba: HaHOTPYOKa, EKCUTOH, PE30HAHCHA CHEPTisl, Pe30HAHCHA IIUPUHA
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