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The quantization of the transverse motion energy in the continuous potentials of atomic strings and planes can

take place under passage of fast charged particles through crystals.

The energy levels for electron moving in axial

channeling regime in a system of parallel [110] atomic strings of a silicon crystal are found for the electron energy

of order of several hundreds of MeV, when a total number of energy levels becomes large. High resolution of the

spectral method permits its usage for investigation of quantum chaos problem.

PACS: 02.60.Cb, 03.65.Ge, 05.45.Mt, 05.45.Pq, 61.85.+p

1. INTRODUCTION

The motion of a fast charged particle in a crystal near
one of crystallographic axes or planes is determined
mainly by the uniform potential that is the potential
of the crystal lattice averaged along the axis or plane
near which the motion takes the place. The longitudi-
nal component of the particle’s momentum p parallel
to the crystallographic axis or plane is conserved in
such field. So, the problem on the particle’s motion in
the crystal is reduced to the two-dimensional problem
of its motion in the transverse plane. The finite mo-
tion in the potential wells formed by the uniform po-
tentials of the atomic axes and planes is known as the
axial or planar channeling, respectively (see [1, 2] and
references therein). The quantum effects can mani-
fest themselves during such motion. Particularly, the
quantization of the transverse motion energy can take
the place. The potential wells formed by the uni-
form string or plane potentials have the complicated
shape that does not permit the analytical integration
of the Schrodinger equation and makes necessary the
development of numerical methods for searching the
transverse motion energy levels and other quantum
characteristics of the particle’s motion in the uni-
form potentials of the atomic planes and strings of
the crystal.

In the present article we apply the so-called spec-
tral method [3] to the search of energy eigenvalues
in the two-dimensional case of axial channeling (for
[110] strings of the silicon crystal as an example).
This method had been successfully used earlier in the
one-dimensional problem concerning planar channel-
ing [4].
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2. SPECTRAL METHOD

The spectral method of searching the energy eigen-
values of the quantum system [3] is based on the
computation of correlation function for the time de-
pendent wave functions of the system at the initial
and current time momenta, ¥(x,y,0) and ¥ (z,y,t):
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Fourier transform of this correlation function,

VU (z,y,t)dedy. (1)

“(z,y,0

Py = / (1) exp(iBt /) dt )

contains information about the energy eigenval-
ues. Indeed, every solution of the time-dependent
Schrédinger equation

(e, y,1) = h o0, 1 Q

could be expressed as the superposition

= Z An,jun,j (I, y) exp(fiEnt/h)

n,j

U(xz,y,t) (4)

of the Hamiltonian’s eigenfunctions w,, ;(z,y),

Hun,j (xa y) = Bt j (337 y),

where the index j is used to distinguish the degen-
erate states corresponding to the energy E,. Com-
putation of the correlation function (1) for the wave
function of the form (4) gives

Z eXp(_iE’n’t/h)
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= Z exp(—iEn/t/h)A,*L,jAn/’jfém/6jj/:

’
n,n,3,J

= " |An;|* exp(—iE,t/h).

n,j

(5)
Fourier transformation of (5) leads to the expression
Pg =27hY_|An;|*6(E — E,). (6)

n,j

We see that the Fourier transformation of the cor-
relation function looks like a series of J-form peaks,
positions of which indicate the energy eigenvalues.

So, the computation of the energy levels for the
given system consists of the following steps:

1. Choosing the arbitrary initial wave function
U(x,y,0). The only conditions of the choice
are:

— tendency to zero under z,y — 400, neces-
sary for every bound state;

— wide spectrum that covers the depth of the
potential well;

— absence of any symmetry which could lead
to the lack of some eigenfunctions in the super-
position (4).

Asymmetric Gaussian waveform would be a
good choice for the most cases.

2. Numerical integration of the time-dependent
Schrédinger equation (3) with the initial value
U(x,y,0) for the discrete series of the time mo-
menta; the value of the time step At as well
as other computational details are discussed in
[3, 4, 5, 6].

3. Computation of the integral (1) for every dis-
crete time momentum from ¢ = 0 to some max-
imal ¢ = T. Subsequent integration of the ob-
tained correlation function P(t) with the expo-
nent in (2) is carried out over the finite time
interval:

T
Pg = / P(t)exp(iEt/h)dt. (7)
0
As a result, we obtain a series of peaks of fi-
nite width (inverse proportional to T') instead
of infinitely narrow d-like peaks (6).

3. STATISTICAL PROPERTIES OF THE
ENERGY LEVELS

The motion of the fast charged particle in a crys-
tal under small angle ¥ to the crystallographic axis
densely packed with atoms could be (with good ac-
curacy) described as a motion in the uniform string
potential (e.g. the potential of the atomic string av-
eraged along its axis) [1, 2]. The longitudinal (e.g.
parallel to the string axis) component of the particle’s
momentum p; is conserved in such a field. The mo-
tion in the transverse plane will be described in this
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case by the two-dimensional analog of Schrédinger
equation [1, Ch. 7, §53]

2 2 2
{557 (5 + V) @yt -
= zhg\IJ(:r y,t) (8)
ot Ty
in which the value £/ c? plays the role of the parti-
m?ct + pic? ).

The uniform string potential could be approxi-
mated by the formula [1, Ch. 6, §41]

cle’s mass (where F) =

BR?
224+ y2 4+ aR?)’ )

where for the [110] string of silicon Uy = 60.0 €V,
a=0.37, =35, R =0.194 A (Thomas-Fermi ra-
dius); the least distance between two parallel strings
is a/4 = 5.431/4 A (where a is the lattice period). So,
the uniform potential, in which the electron’s trans-
verse motion takes the place, will be described by the
two-well function (Fig. 1)

Ui(z,y) = —UpIn (1 +

U(.’E,y):U1(1'7y+a/8)+U1(.’E,y—(l/8) (10)
(neglecting the influence of far-away strings). The
finite motion of the electron in such potential (cor-
responding to negative values of the transverse mo-
tion energy E) is known as axial channeling [1].
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Fig.1. Potential energy (10) of the electron in the
field of uniform potentials of two neighboring atomic
strings [110] of a silicon crystal

Classical motion of the particle in the axial sym-
metric potential (9) of the single string is regular
because of the presence of two integrals of motion:
transverse energy and angular momentum. The clas-
sical motion in the potential (10) for the particle
with the transverse energy above the potential saddle
point is chaotic [1].

The studying of quantum chaos means investiga-
tion of the behavior of quantum systems, which clas-
sical analogs allow the dynamical chaos [7]. One of
the signatures of the quantum chaos phenomenon are



the statistical properties of the large massive of the
energy levels of the system in the semiclassical do-
main, where the levels lie densely to each other.

As it stated in [7], for regular motion the differ-
ent energy levels do not interact with each other, that
leads to the random distribution of the distances s be-
tween neighboring energy levels with the exponential
distribution function

p(s) = 5 exp(~3/D), (1)
where D is the average distance between neighboring
energy levels on the spectral interval under consider-
ation. For the chaotic motion the phenomenon of re-
pulsion of levels takes the place, that in typical cases
leads to Wigner distribution

p(s) = 2%92 exp(—ms?/4D?).

Such behavior has been observed for the particle in

billiard with mirror walls and for excited states of
some nuclei.

The distributions of inter-level distances for single

(9) and double (10) string potentials are presented on

Fig.2. We see that the behavior of levels corresponds

on a certain extent to the predictions (11) and (12).
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Fig. 2. Distributions of the distances between
neighboring levels in the single (upper plot) and
double (lower plot) potential wells on the interval
—11 < E, < 2.5 eV for the electron’s longitudinal
energy Ey = 200 MeV, in comparison with the
exponential (11) (dashed line) and Wigner (12)
(solid line) distribution functions. The resolution of
levels is not worse than s = 0.02 eV
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Fig.3. The same as on Fig.2 for even states
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Fig.4. The same as on Fig.2 for odd states

However, it is emphasized in [7] that only the lev-
els corresponding the eigenstates with the same sym-
metry could interact with each other. The distribu-
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tions of inter-level distances for the states with pos-
itive and negative parity are plotted on Figs. 3 and
4. We see that the obtained distributions are rather
far from the predictions (11) and (12).

6. CONCLUSIONS

The distributions of inter-level distances between lev-
els of the transverse motion energy for the axial chan-
neling electron in the uniform potential of the single
[110] atomic string of silicon crystal as well as the po-
tential of two neighboring strings are calculated using
the spectral method of the energy levels searching.
The results demonstrate that statistical properties of
the massive of energy levels in this case do not agree
to the predictions of [7] for regular and chaotic mo-
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CIIEKTPAJIbHBI METO/ B KBAHTOBOM TEOPUN AKCUAJIBHOI'O
KAHAJINPOBAHUA

H. @. IlIyavea, B. B. Cuuwenxo, B. C. Hepsabosa

IIpu npoxoxkaernn OBICTPHIX 3APAKEHHBIX YACTHIL Y€PE3 KPUCTAJII MOKET UMETH MECTO KBAHTOBAHUE YHED-
THUH TIOTIEPEYHOTO ABUKEHUS B HETTPEPBIBHBIX TIOTEHITNAIAX ATOMHBIX IEMOYeK U MmiockocTedt. HafimeHnsr ypos-
HU 9HEPTUW ITEKTPOHA, JBUKYIIETOCST B PEKUME aKCUATHLHOTO KAHAJTUPOBAHUS B CHCTEME TapalIebHbIX
ternouek [110] KpucTanaa KpeMHAs, IS CAydasi JeKTPOHA ¢ SHEprueil MmopsiiKka HeCKOJbKUX coreH MaB,
KOTJIA YHCJIO YPOBHEH SHEPIWHU CTAHOBUTCH BeIUKO. BhicOKas pa3pernaoias crrocobHOCTb METO A MTO3BOJIAET
WCIIO/IB30BATH €ro0 JJIsi UCCJIEI0BAHNS TPOOIEMbI KBAHTOBOTO Xa0Ca.

CIIEKTPAJIBHUM METO/I B KBAHTOBIN TEOPIi AKCMAJIBHOT'O
KAHAJIFOBAHHA

M. @. IlTyavea, B. B. Cuwenxo, B. C. Hepsbosa

IIpu mpoxomKenHi MIBUIKAX 3aPsIKEHNX YaCTOK KPi3b KPUCTAI MOXKe DyTH HAABHUM KBAHTYBAaHHS eHEPTil
TIOMIEPEYHOr0 PYyXy B HEMEpepBHUX IOTEHIaJaX aTOMHUX JIAHITIOXKKIB Ta TLIONUH. BugsieHo piBHI eHepril
€JIEKTPOHA, 110 PYXAEThCA y PEKMMI akciaJlbHOTO KAHATIOBAHHS y CHCTEeMI MapajesbHuX JaHIFoKKie [110]
KPHUCTAJIa KPEeMHII0, /IJIsi BUMAIKA eJIeKTPOHA, 3 €HEprieio OJm3bKo Kibkox cotenb MeB, konu wucio piBHiB
eHeprii crae BeIUKUM. BHCOKa po3/aiibHA 3JATHICTH METOMY A03BOJISE BUKOPHUCTOBYBATH HOTO s JOCTiI-
KeHHd npobileMyr KBAHTOBOTO Xa0Cy.
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