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PUN3NKA KOHAEHCNPOBAHHOIO COCTOAHNA

T.S. Chikova, V.l. Bashmakov

Yanka Kupala State University of Grodno, Belarus

REVERSIBLE PLASTICITY OF METALLIC SINGLE CRYSTALS
AT THE STAGE OF THEIR RESIDUAL TWINNING

The work studies regularities of the formation of wedge-shaped twins under
growing concentrated load in single crystals of bismuth, zinc and bismuth-antimony
alloy. It was established that the twinning, detwinning and stopping of the twin
deformation near the stress concentrator can take place simultaneously with the
load growth. Reversibility of plastic deformation during twinning in metals at the
stage of residual twinning development were discovered. Various manifestations of
spontaneous detwinning of wedge-shaped twins which emerge at stress concentrators
when indenting Bi, Zn, Bi-Sb single crystals with increasing load are quantitatively
studied. Depending on the value and the sign, local fields of elastic stress can encourage
or discourage twinning, or cause detwinning.

TWINNING, DETWINNING,
BISMUTH, ZINC.

1. Introduction

Plasticity is the property of solid bodies to
be deformed irreversibly under the action of an
external force. It is known that plastic defor-
mation of real crystals occurs due to the move-
ment of crystal lattice defects under the action
of external loading. In some crystals the inter-
nal forces that appear during such movement
can cause the backward motion of defects after
an external load is removed. The initial shape
of the crystal is restored. This process is known
as reversible crystal plasticity.

Reversible plasticity is the main property of
plastic deformation by twinning. It represents
the first stage of the mechanical twinning of
crystals, elastic twinning [1]. At this stage twin-
ning inclusion is reversible and can completely
detwin spontaneously during off-loading. Un-
der a concentrated load, a thin interlayer in
the shape of a wedge appears in the crystal; it
is a wedge-shaped twin and its crystal lattice is
displaced at a certain angle to the matrix. The
dimensions of the twin wedge grow proportion-

PLASTIC DEFORMATION, REVERSIBLE PLASTICITY,

ally to the external load. If the external load
decreases, detwinning of the crystal takes place:
the twin decreases in dimensions thus keeping
the form of a thin wedge. After unloading it
disappears completely, that is, leaves the crys-
tal. Elastic twinning is observed in all twinning
crystals.

The important feature of deformation twin
development at the elastic twinning stage is that
its dimensions (wedge length L and its width A
at the base) change proportionally to the load
quantity.

After some limit value of applied stress, the
twin is wedged and after unloading stays in the
crystal. At the stage of residual twinning, de-
twinning can be observed in response to the
action of an external stress of the reversed sign
on the crystal [2, 3].

Numerous experimental investigations
showed that the processes of twinning and de-
twinning determine the mechanical properties
of many technically significant metals and al-
loys. This stimulates the interest in the study

9
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of this phenomenon. Detwinning in crystalline
solids is a unique deformation mechanism par-
tially responsible for the shape memory effect
[4 — 7]. In the last years it has been revealed
that twinning and detwinning are the impor-
tant deformation modes in metals and alloys
with various crystal structures [8§ — 19]. The
metals which have a hexagonal close-packed
structure, such as Be, Mg, Zr, and Ti, have
aroused great interest. Twinning-detwinning is
an important deformation mode in these met-
als. Detwinning, a reverse twinning process, has
been reported in some hexagonal close-packed
metals and alloys during loading, unloading or
cyclic deformation [20 — 27]. The detwinning
characteristics in magnesium alloys obtained
through a cyclic loading test have been studied
in detail [28 — 35]. Detwinning describes the
coalescence of a martensite twin into a single
martensite crystallite [36, 37]. It is stated both
experimentally and theoretically that detwin-
ning is a unique deformation mechanism of
nanotwinned metals [38 — 40]. Various theo-
retical deformation models of crystal twinning-
detwinning have been developed [41 — 46].

Earlier we studied the development of
wedge-shaped twins in bismuth single crystals
under the action of an increasing concentrated
load. In Ref. [47], it was shown that an im-
print had several residual wedge-shaped twins
after indentation of bismuth single crystals
by a diamond pyramid. Their evolution with
load growth progressed in different ways. The
proportional length and width changing of a
wedge-shaped twin was distorted with load
growth. Both twins’ growing and their com-
plete stopping while the dimensions of wedge-
shaped twins under load remained unchanged
were possible. We revealed the cases of a spon-
taneous size reduction of a twinned wedge with
load growth; that was a reversible twinning un-
der load at the stage of residual twinning.

The present paper contains studies in the
regularities of the formation of a wedge-shaped
twinned area under a growing concentrated
load in single crystals of Zn, Bi and Bi-Sb.

2. Experimental technique

Material and sample preparation. The ex-
periments were conducted on metal single-
crystal samples with hexagonal (Zn) and rhom-

10

bohedral structures (Bi and Bi-Sb alloy). The
crystal-growing processes and sample prepara-
tions were quite simple. These crystals possess
perfect cleavage planes. The (111) cleavages in
the rhombohedral crystals and the (0001) ones
in the close-packed hexagonal crystals are nat-
ural metallographic sections and do not require
additional treatment for microscopic examina-
tion of the surface.

In these metals, the slipping precedes the
twinning and accompanies it at all stages over
a wide temperature range; besides, the develop-
ment of twins in them can go with brittle frac-
ture. The crystallography of the twinning and
the slipping of the above-mentioned metals was
studied thoroughly. Three slip systems are im-
plemented in the hexagonal close-packed lat-
tice: the easy one in the basal plane (0001) <
1120 >; the more complex one, the pyramidal
slip in the system {1122} <1123 >; the pris-
matic slip in the system {1010} <1120 >.
The twinning in the close-packed hexagonal
structures is realized in the system {1012}
<1011>. Two slip systems take place simulta-
neously in the neighbourhood of the stress con-
centrator during the deformation of bismuth
and bismuth-antimony alloy: the easy basal slip
in the system {111} <110 > and the second-
ary slip with a higher yield point in the system
{111} <110>, and the twinning in the system
{110} <001>.

All metals under study have just one twin-
ning system ensuring the reliability of physical
interpretations of the obtained research results
and simplifying considerably the dislocation
analysis of twinning restructuring processes.

Similar to calcite in the case of pure twin-
ning, crystals of bismuth, bismuth-antimony
and zinc provide classical samples for studying
the twinning regularities in metal crystals.

The experiment was conducted with the
use of zinc single crystals with initial basal dis-
location density ~ 5-10* cm™ and pyramidal
dislocation density ~ 5-10°cm™, as well as
bismuth single crystals and bismuth-antimo-
ny alloy with dislocation density in non-basal
planes ~ 10° cm™.

The working samples shaped as the right-an-
gle prisms with the dimensions 10 x 10 x 5 mm
were made by crystal cleavage in the cleavage
plane using a sharp knife at the liquid nitrogen
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temperature. An impulsive force was applied
to the knife in order to avoid raised waves on
the sample surface; those usually appear while
slowing down and stopping the cleavage crack.
The high rate of crack propagation on cleavage
ensured high quality of the obtained surface.

Mechanical testing. Crystal deformation
was performed by indentation of the cleavage
plane of a single crystal by a Vickers tetrahedral
diamond pyramid. The indenter was pressed
perpendicularly into the working face and the
sample was kept under load for 15 s. All meas-
urements were taken in the load range from
0.05 to 1.5 N at room temperature.

As a rule, the indenter’s imprint after initial
loading had several wedge-shaped twins simul-
taneously (Fig. 1, a).

As the load increased, the sizes and shapes
of the initial twins changed and new ones ap-
peared. All subsequent loadings with increasing
the load were conducted by repeated crystal in-
dentation in the same imprint and the dimen-
sions of each twin were measured: the length L
and the width 4 at the basis. The measurements
were taken with an HWMMT-X7 microhard-
ness tester.

The main problem of recording the interme-
diate stages of plastic deformation development
in metals was solved using the original method
of iterated sample indentation. The investiga-
tion was carried out in a sequential manner:

placing the indenter;

pointed deformation of the crystal with a

controlled waiting time under load;

sample unloading;

measuring the dimensions of all twins which
appeared in the indent;

changing the characteristics of the external
action (load increment) and placing the in-
denter in the same hole;

sample unloading;

taking measurements, etc.

The deformation zone was photographed
after each unloading. The special experiments
proved that the repeated indentation in the
same hole with the same load in magnitude
and duration did not lead to the change in the
shape, the dimensions and the number of pri-
mary twins. The sample unloading at various
stages of twin interlayer development fixed the
position of its boundaries virtually for any pe-
riod of time. The load increment during the
repeated placing of the indenter in the same
hole lead to resuming plastic shears at twin
boundaries. This simple method allowed direct
observation of the influence of various factors
on the formation of twins near the stress con-
centrator.

3. Results and discussion

It was experimentally revealed that the di-
mensional change of residual wedge-shaped
twins of the imprint under repeated crystal in-
dentation with the increased load followed one
of the ten modes:

L and A grow simultaneously (mode 1);

b)

Fig. 1. Micrographs of a diamond pyramid imprint in (111) plane of a bismuth single crystal with a set
of wedge-shaped twins (a) and a wedge-shaped twin interlayer (b); L, A — the twin length and its width

11
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L grows and 4 remains unchanged (mode
2);

h grows and L stays unchanged (mode 3);

L grows and & decreases (mode 4);

L decreases with 4 growth (mode 5);

L decreases with the stable # (mode 6);

h decreases with the stable L (mode 7);

both L and 4 can remain unchanged with
load growth (mode 8);

L and & decrease simultaneously (mode 9);

the twin disappears completely (mode 10).

All cases when some dimension of a wedge-
shaped twin remains unchanged with the exter-
nal load growth prove the stopping of a twin
interlayer by internal causes, i. e., structural
defects of various physical natures. The size re-
duction of a twin or its complete disappearance
(the crystal detwinning) is a manifestation of
twinning reversibility.

The reversibility of plastic deformation in
our experiments appeared not at the elastic
stage as a result of crystal unloading or under
reversed sign stress but in the residual twins
with an increase in the direct external mechan-
ic stress. This is a new phenomenon which is
not certain for the pure twinning, and its physi-
cal explanation should be searched for in the
differences of twin wedge development condi-
tions under concentrated load in calcite and in
metal crystals.

In this situation, an equilibrium state of an
isolated elastic twin under load is ensured by
elastic and inelastic forces which effect on the
Iength unit of a twinning dislocation in an as-
sembly equal to zero, that is,

F, +F =0 (D)
where F

elast inelast
" are the forces produced by
an external load and elastic fields of the
dislocation assembly; F, are the braking
forces conditioned by the crystal structure and
its defects and also the surface tension forces
acting on a twin from a mother crystal.

The growth or the attenuation of the
external load increases the augend in Eq. (1)
and transmits the ordered motion to twinning
dislocations in the twinning plane and in the
twinning direction.

The interaction of a twin with stoppers in
metals slows down its growth and contributes
a component influencing the dislocation
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assembly to the inelastic forces. The defects
of various nature and power which disturb the
crystal structure generate local fields of elastic
stress in a crystal with their sign and intensity
being impossible to take into consideration in
the process of deformation development. When
summarized, the mechanic stress caused by the
pyramid, twins and structure defects produce
a complex field of mechanic stress. Local
noncompensated fields of elastic stress appear
in the deformation zone with the stress rate and
the sign at any point around the imprint being
impossible to identify definitely. The balance of
the wedge-shaped twinned interlayer under load
can be described by the following equation:

F, +F_ _+F =0 2)

elast inelast local

where the third component £, , characterizes
the forces acting on the twinning dislocation
assembly from a summary field of the elastic
stresses. Probably, it is the rate and the sign of
the forces responsible for a nonsynchronous,
ambiguous dimensional change of wedged
twins under load.

If this hypothesis is correct, the reversibility
phenomenon is mostly expressed in the twins
situating in the places of the biggest distortion
of the crystal structure with the most complex
pattern of local overstress, that is, near the
imprint boundaries, in the twins with branchy
structure and near large twin interlayers. This
is convincingly proved experimentally. It was
noted that interlayers of two types disappear
most often: small twins near the contour of
the imprint and the twin arms originating at
the curved boundary of a wedge-shaped twin
(Fig. 2).

The appearance of a new larger twin near
the existing twins is always accompanied by
a partial detwinning of the nearest interlayer
(Fig. 3).

It is apparent from Fig. 4 that twinned
wedge 3 with incoherent boundaries does not
only block the development of a smaller neigh-
boring interlayer 2 by its elastic stress field but
also leads to its degradation.

The appearance of new twins and the de-
velopment of twins in groups unpredictably
change the pattern of the heterogeneous spa-
tial field of elastic stress near the imprint. The
character of change in the twin dimensions can
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Fig. 2. The disappearance of twin arm 3 with the growth of an external load in bismuth:
P=0.3N (a), 0.5 N (b); 1, 2, 3 are the numbers of the initial twins

)

a) b
1'
>

Fig. 3. The partial detwinning of interlayer 2 at new twin nucleation 3 with an increase in static
load: P = 0.1 N (a), 0.3 N (b); 1, 2 are the numbers of the initial interlayers

Fig. 4. Twinning and detwinning in the bismuth crystal with an increase in static load:
P =0.1 N(a), 0.3 N(b), 0.4 N (¢), 0.5 N (d)

13
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Fig. 5. Changing the twin development mode with an increase in external load:
P=20.1 N (a), 0.3 N (b), 0.5N (c); 1, 2, 3 are the interlayer numbers. The arrow points to a twin embryo 3

alter in the process of a stepwise load increase
(Fig. 5).

The twin embryo between interlayers / and
2 (Fig. 5, a) grows with load increment in a
way that leads to a partial detwinning of both
neighbouring interlayers (Fig. 5, b). It is note-
worthy that in accordance with the considera-
tions given above, all reversible repeated plastic
shears at the boundaries take place near the
boundary of the imprint and do not at the top
of a twin. With further growth of the external
force, twin 7 which had preferential develop-
ment produces a powerful field of elastic stress
with a reversed sign that leads not only to a size
decrease of the neighbouring twin 3 but also to
the complete disappearance of a considerably
long section of a more distant twinned inter-
layer 2.

The quantitative investigation of the de-
pendence of twin amount in metals with dif-
ferent size changes on load rate was conducted
in order to identify the physical nature of vari-
ous phenomena of reversible plasticity at the
boundaries of residual wedge-shaped twins.

The simulation of twinning dislocations
movement at the boundaries of residual
twins in metals under load was performed
with consideration for the basic properties of
twinning dislocations: each crystallographic
plane has only one twinning dislocation; each
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following twinning dislocation is at a distance
of one interplanar space from the previous one;
the movement of one twinning dislocation
transfers a portion of matrix atoms into the
twin structure.

It is easier to simulate the disappearance of a
wedge-shaped twin as externally, this phenom-
enon is absolutely similar to elastic detwinning.
It is realized by the process of reversion move-
ment of twinning dislocations from the top of
the wedge to the basis and their exit out of the
crystal. It is interesting that the fraction of the
disappearing twins does not virtually depend on
the value of the acting load (Fig. 6, a).

The probability of detwinning for a certain
twin increases with a decrease in the parameter
h/L but its value is not defined uniquely. It is
evident that the main stimulus of the inverse
lattice restructuring is the energy gain due to a
decrease of the internal division surfaces. Local
fields of elastic stress with the opposite sign
created by accumulation of dislocations in the
neighbourhood of the pyramid imprint such as
perfect dislocation forming slip lines and partial
dislocations at the boundaries of wedge-shaped
twins play a key role in the reversible twinning
boundary displacement (Fig. 6, b).

In relation to these twins the structure de-
fects also perform the opposite function, act-
ing as a stopper. When meeting an impassable
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Fig. 6. The plots of the percentage n of disappeared
twins (a) and the twins with a simultaneous
decrease in their length L and width 4 (b) versus
the load value in various crystals: Bi (/), Bi-Sb (2),
Zn (3) (see modes 10 and 9)

stopper, the twinning dislocations halt and
the detwinning process comes to an end. The
fact that the amount of twins decreases with
the load increase (see Fig. 6, b) indicates the
growth of the amount of impassable stoppers
with an increase in the external stress.

The twinning dislocation assembly can in-
teract with the stoppers in the matrix which
create internal stress fields different in ampli-
tude, configuration and sign. If the local stress
at the wedge top is directed against the stress
from the external load, a partial decrease in the
twin length with the simultaneous width growth
takes place (Fig. 7, a). A kind of compaction of
the dislocation structure can be observed at the
boundaries in such interlayers.

When a group of twinning dislocations of
the same sign stop near the barrier, a strong
field of internal stress appears. The dislocations
that appear due to the source function create
the stress with the reversed sign that opposes
the applied one and blocks a dislocation’s gen-
eration in the source. A twinned wedge reduces
at the top without changing the total number of

twinning dislocations at the division boundaries
(Fig. 7, b).

The mechanisms of the interlayer develop-
ment are the same: translatory and backward
motions of the twinning dislocations but in the
case when the twin width 4 grows and the twin
length L decreases (see mode 5), the motions
of dislocations at the top and at the basis of
the wedge occur in the opposite directions. The
dislocation assembly forming a twin stops be-
ing single, it is fragmented and its development
depends neither on the external load intensity
nor on collective interaction of dislocations in
accumulation.

The reversibility variants in which a de-
crease in the twin width A4 at the wedge base
is observed (Fig. 8) are the most complex for
physical interpretation.

The twin growth in length and simultane-
ous backward motion of dislocations to the
source of the twinning dislocations results from
extremely specific conditions; under such con-
ditions, powerful stress fields of the reversed
sign appear near the dislocation source. The
fields not only prevent the generation of new
dislocations but also ensure backward motion
of the existing ones.
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K Y =
[} S [ ] ° .2
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A
201 . e 3
\0\0\0\03
1
0 : ! : ; ,
02 94 06 08 19 PN

Fig. 7. The plots similar to those in Fig. 6,
but for modes 5 (@) and 6 (b)
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Fig. 8. The plots similar to those in Fig. 6 and 7
but for modes 7 (a) and 4 (b)

It is unlikely that such conditions can take
place very often but, as the experiment showed,
the fraction of twinned wedges for which 4 de-
creased was relatively high, that is why it can
be assumed that residual wedge-shaped twin
boundaries formation occurs as a result of a
nucleation of not only rectilinear dislocations
of the same sign in the basis but also new twin-
ning dislocations of both signs in the shape
of half-loops with subsequent recession at the
boundary. Such a possibility is conditioned by
the theoretical estimation of the influence of
surface tension on heterogeneous buildup of
twinning dislocations in a metal. In this case
two branches of the same loop of a twinning
dislocation which cross crystal surface have op-
posite signs and it makes possible the recip-
rocal annihilation of twinning dislocations of
opposite signs from the neighbouring crystal-
lographic planes at the twin boundaries. This
means that although new dislocations in the
source are still generated, the actual amount
of both positive and negative dislocations re-
duces because of their reciprocal annihilation
and twin width at the basis decreases. Another
possible detwinning mechanism associated with
a developed accommodative slip near an in-
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coherent boundary is ensured by dislocation
reactions during boundary crossing by perfect
glide dislocations. The products of these reac-
tions can lead to both the twin growth and its
reduction, that is, to its detwinning.

Apart from the above, more complex cases
of reversibility at twin boundaries were discov-
ered which are difficult to classify in accordance
with basic features. For example, they are com-
bined detwinnings in twin pairs with a common
basis and with twinning planes intersecting at
60° angle. An alternate growth of such twins
was observed at stepwise crystal loading; the
growth of one twin at each stage of loading was
accompanied by slowing down or detwinning
of the other, on the next stage the signs of twin
transformation in twins were changed into the
opposite ones. In the pair of associated twins
a stepwise change of twin boundaries activity
was observed in one twin. The twins developed
alternately by matrix lattice rearrangement on
one of the boundaries of each twin. The oppo-
site boundaries were straight-line and fixed. Af-
ter another stage of loading in one of the twins
the former straight-line boundary appeared
curved and the boundary that had a visible pro-
file associated with twinning dislocation gen-
eration and movement appeared straight. Such
behaviour of twins cannot be explained only by
elementary dislocation processes of generation
of straight-line twinning dislocations in the ba-
sis and their movement in a twinning plane.

4. Summary

The experimental study showed that the
size change of wedge-shaped twins in Bi, Zn
and Bi-Sb single crystals is nonsynchronous
and ambiguous with the growth of external
concentrated load. The analysis of the twins
formed around concentrators showed that their
size evolution with an increase in the load
occurred in different ways. The applied load
was not the governing factor in the development
of plastic deformation via twinning in metal
crystals. Various types of plastic deformation
reversibility during twinning in metals at the
stage of residual twinning development were
discovered:

twin length grows and its width decreases;

(vice versa) twin wedge length decreases
with the growth of its width;
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twin length decreases with stable twin
width;
twin width decreases with stable twin

length;
twin  length and  width  decrease
simultaneously;

the twin disappears completely.

All possible ways of development of
wedge-shaped twins under concentrated load
in single crystals under study can take place
simultaneously in one act of indentation with
the load growth.

The development of a residual wedge-shaped
twin in metal is governed by the character of the
stress condition near its boundaries. Depending
on the value and the sign, local fields of elastic
stress can encourage or discourage twinning,
or cause detwinning. A collective mechanism
of twinning dislocation movement which is
crucial at the stage of growth or the reduction
of an elastic twin is destroyed in metal in the

process of residual interlayer development.
The assembly of twinning dislocations is
fragmented into separate parts which can move
independently from each other and sometimes
in opposite directions.

The reversible plasticity during twinning
can be regulated by modification of external
deforming conditions, the load intensity in
particular. Understanding the mechanisms
of reversible plasticity in residual twinning
reveals the potential for improving both
physical and mechanical properties of the
twinning metals.

The discovered phenomenon of spontaneous
detwinning of wedge-shaped twins in metals with
the growth of external mechanical stress proves
that the reversibility of plastic deformation in
twinning is a fundamental property of such
deformation and can be observed not only in
elastic twinning but also at the stage of residual
twinning.
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OEUCTBUE ONTUYECKOIO U3JTYYEHUA HA 3APALOBOE
U MATHUTHOE COCTOAAHUA UOHOB XEJIE3A B CUJIJIEHUTAX

HccnenoBaHbl KpUCTA/UIbl CUJIMKOCWJUIEHUTa C pa3IMYHOM KOHLEHTpalMeil
TMPUMECHBIX MOHOB Xene3a. OOHapyKeHO BIWSHUE TTONCBETKN Ha 3apsIOBOE COCTO-
SIHMe MOHOB kKeJjie3a (Iepexo] TPEeXBAJICHTHBIX B JABYXBaJICHTHbIC). MOMEHT TaKoro
nepexona (PMKCUPOBAJICI IMTyTeM M3MEPEHMST MHTEHCUBHOCTH CUTHAaJIa 3JICKTPOHHOTO
MMapaMarHUTHOTO Pe30HAHCa TPEXBAJIEHTHBIX MOHOB. Iloka3aHo, 4TO Hpu Iepe3a-
pSIIKe MEHSETCST XapaKTep KPUCTANTMUSCKIX CBA3E MOHA Xejle3a C OKPYKAOIINMUI
ero juranmamu. IlpemyoxeHa HENMPOTUMBOPEUYMBAs MOJAEIb IPOLECCOB ONTUYECKOM
repe3apsaky M MOIU(UKAIIMM MarHUTHBIX CBOMCTB TIPUMECHBIX IIEHTPOB Xelle3a B

MOHOKpHUCTA/J1IaX CUJINKOCUIIJICHUTA.

CUIUKOCUIIIEHUT, OIITUYECKAS NEPE3APAIKA, CHEKTPOCKOIIMA SITP, TUTAHA,

NOH XEJIE3A.

BBenenne

B nanHoi1 paboTe ucciaenoBaHbl KpUCTa-
Jbl cuiuMko-cuiuienura Bi,SiO, (BSO), xeru-
poBaHHbIe MOHaAMM Fe’™.

CWIIeHUTBI  TIPEJICTABISIOT COOOM  He-
LIEHTPOCUMMETPUYHBIE OKCH/IbI BUAA
BilexOZOﬂ(l\/uI = Si,Ge,Ti), cuMMeTpus Kpu-
CTAJUIMYECKOM peIIeTKM KOTOPBIX COOTBET-
CTBYeT IIPOCTpaHCTBeHHOU rpymme 123 [1,2].
B MOJHOCTBIO CTEXMOMETPUYECKUX KPUCTaJ-
Jlax CWIJIGHUTOB HOHBI 2JIeMeHTa M 4YeThl-
pexBajeHTHBI (x = 1, § = 0). IIpu aTOM aToM
BUCMYTa, HMes OKOHEYHYI0 JJIEKTPOHHYIO
koHpurypauuo 6s*(1)6p*(3)6d°(5) (yucna B
CKOOKaX yKa3bIBalOT KOJWYECTBO YYacCTBYIO-
IIMX B TUOpMAM3ALIMKU OpOUTAJIel, BEepXHUE
WHACKCHl YKa3bIBAlOT YMCJIO 3JCKTPOHOB Ha
HUX), B peElIeTKEe CUJUICHWTA MpeBpallacTcs
B TpexBaJeHTHbIII MoH Bi**, uyTo ™MO3BOJII-
€T eMy OTAaBaTh TPU 3JIEKTPOHA TPEX CBOMX
6p-opbuTaneil Ha co3IaHUEe XUMMYECKUX CBSI-
3¢l C OKpyXalollMMU JuraHgamMu (MoHaMu
kuciaopoaa)|3]. [Ipu 3ToM B KpHUCTAINIMIECKOM
pelleTKe OH SIBJSETCS TelnTaKOOpAWHUPOBAH-
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HbIM (KOOpAMHALIMOHHOE YUCJIO paBHO 7)
(puc. 1) [2].
OnucaHHble KOOPAMHAIIMOHHOE M 3a-

PSIIOBOE COCTOSIHMSI BUCMYyTa O3HAYaloT, YTO
TPU U3 €ro CeMU XMMUYECKUX CBI3EH TOJIK-

Puc. 1. Kpucraninueckas siueiika MOHOKpHUCTasIa
cukocuiaenuTaBi ,SiO, .
IMTapHbIMU cTpeKaMu MoKa3aHbl 18
HETTOAEICHHBIX 3JIEKTPOHHBIX TTap
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Puc. 2. XumMuueckue cBSI3M MOHA BUCMYyTa
C MOHaMM Kuciaopoza B kpucraiie Bi SiO,,.
Curma-cBsi31 TOKa3aHbl CIUIOIIHBIMU JTUHUSIMU,
JIOHOPHO-AKIIENTOPHbIE — MYHKTUPOM

Hbl OBITb CUTMa-CBSI3SIMU C WOHAMU KUCJIO-
pona. OctanbHble 4YeTbIpe CBS3U SIBJISTIOTCS
JIOHOPHO-AKIIENTOPHBIMU (KOOPAVHAIIMOHHBI-
mu). Takum obpazom, noH Bi** Haxomutcs B
pelleTKe CUIJICHUTA B cOCTOSTHUY 6p°(3)64°(4)-
ruopuanzauuu. Ilpm 3TOM oOpOUTAIM UO-
HOB Kuciopoga O?7, CBSI3aHHBIX C HOHOM
Bi**, BeiHYXXneHHO HaxoasaTcs B 2s%(1)2p*(3)-
TUOPUAM30BAHHBIX COCTOSIHUSIX, B KOTOPBIX
OHM HMEIOT BO3MOXHOCTb OTIATh C OJHOM
TUOPUIHOI OpPOUTANM 3JEKTPOHHYIO TMapy Ha
BaKaHTHYIO OpOMTalb BUCMYTa JJISI CO3AaHUS
KOOpAMHALIMOHHON CB3U (puC. 2).

HMon M obpasyeT yeTblpe CHUTMa-CBSI3U C
HoHaMU Kucjopona (cM. puc. 1). B yactHocTH,
noH Si** Haxoautcsa B coctossHuu 3s*(1)3p*(3)
n obpasyeT ykKaszaHHble CcBS3U. JletanbHoe
paccMOTpeHHe KPUCTAUIMYECKON  pelleTKU
Bi,SiO,, mokaspiBaeT, 4YTO MOH KPEMHMs
OKPYXXEH TOJIbKO 4YeThIPeXKOOPAMHUPOBAH-
HbIMUA MOHAMM KHUCJIOPOJA, TOTJA KakK renTa-
KOOPIMHUPOBAHHBII MOH BUCMYTa OKpPYXKEH
KakK 4eTblpex-, TaK U TPEXKOOPAMHUPOBAHHBI-
MU MoOHamMu Kuciopoaa. OmHaKo, HECMOTPSI
Ha TPEXKOOPAMHUPOBAHHOCTh YacTU WOHOB
KUCJIOPO/ia, BCE OHU HAXOAATCS B COCTOSIHUU
2s2(1)2p*(3)-rubpunnsau, uMest 1o IBE THU-
OpuIHBIE OPOUTAIM C Mapoi SJEKTPOHOB Ha
KaXJI0i MX HUX, NMPUYEM B YEThIPEXKOOPIU-

HUPOBAaHHOM BapuaHTe 00€¢ BJEKTPOHHbIC
napbl 3aHSTBHl CO3JaHMEM KOOPAMHALIMOHHBIX
CBsI3eil, TOrma Kak B TPEXKOOPAMHUPOBAHHOM
BapraHTe OJHA I1apa OCTaeTCsl CBOOOMHOM (CM.
puc. 1).

WccnenoBaHue KpUCTa/UIOB CUJICHUTOB,
JIETUPOBAHHBIX MOHAMM XeJje3a, MpeacTaBis-
€T OCOOBIil MHTEpeC, TaK KaK Keje30 Bcerma
MPUCYTCTBYET B 3TUX COCAMHEHUSX B Kaye-
cTtBe (poHoBoI1 mpumecu [4, 5]. Kpome Toro,
JIETUPOBaHUE XEJE30M M3MEHSIET ONTUYECKUE,
BJIEKTPUYECKHE 1 MarHUTHBICE CBOMCTBA CUJI-
JICHUTOB TakKMM 00pa3oM, YTO CYIIECTBEHHO
pacuipsieT 00JacTb MX MPaKTUYECKOTO MUC-
nojp3oBaHusg [6]. OmHako B JuUTepaTtype Ha
JaHHBIE MOMEHT OTCYTCTBYET YCTOSIBILIEECS
MHEHHUE O TOM, SBISETCA JU B KpUCTayaax
cuieHuTa noH Fe’™ goHopom ¢ 0O6pa3oBaHU-
eM moHa Fe*" B kauecTBe (PMHAIIBHOTO COCTOSI -
HUS WM Xe akuentopoMm ¢ Fe?™ B KauecTBe
¢uHaIBHOrO COCTOSIHUSA [7].

Hacrosiass paboTta mocBsileHa UCCIe-
JIOBAaHWIO MarHUTOONTUYECKUX CBOMCTB KpU-
CTajuloB cumkocuiienuTa Bi ,SiO,, neru-
poBaHHBIX MOHamu Fe**, m paccmarpuBaeT
COCTOSIHME MOHOB 3XeJie3a B TaKO KPUCTaJLIM -
YECKOW CTPYKTYpeE.

MarHuTHbBIe CBOMCTBAa MOHOB XeJje3a IOI-
pOOHO M3yueHBI B COCTaBe MHOTUX COEIUHE-
HUI M, B YaCTHOCTU, B I'eéMOIJIOOMHE KPOBU.
B cBSI3M ¢ 3TMM YMECTHO MPUBECTU HEKOTO-
pble CBeACHMSI O MarHUTHBIX CBOMCTBAaX I'eMoO-
mobrHa, B (hOPMUPOBAHMU KOTOPBIX HOHBI
JKejle3a UrpaloT BaXHYIO pOJb, HE TOJbKO
onpenesisisi KpacHbIi 1IBET KpOBU, HO M 00e-
CIeYMBasl BBIIOJIHEHUE KUCIOPOIHOM TpaHC-
MOPTHOU (PYHKUMU SPUTPOLIMTAMU KpOBHU. B
Taba. 1 mpencTaBieHbl CIMHOBBIE COCTOSIHUS
MOHa KeJie3a B €ro pa3IMUHbIX 3apsIIOBBIX CO-
cTOosIHUAX [8] B MOJIeKyJie reMOrI001Ha.

Wrtak, noH xene3a cnmocoOeH MEHSThb CBOE
3apsiIOBOE COCTOSIHME, HaxXOIsCh B ILIEHTpe
OKTa3/IpMUECKOI CTPYKTYpbl B MOJIEKYJE Te-
mornobuHa [8]. B cocrosguuu Fe’t cymmap-
HBII CIIMH MOHA Xejle3a B reMe paBeH 5/2, Tak
KaK B COOTBETCTBUM C IpaBUIOM XyHIa Bce
MATh 3JeKTpoHOB MoHa Fe’* pacmonoxeHbl Ha
pa3auuHbIX d-opbOutansx. OOpalnaeT Ha ceds
BHUMAaHME TO OOCTOSTENBCTBO, UYTO d-OpOUTAIIN
HE YYacCTBYIOT B ruOpuaM3ali, XOTSI OOUH U3
d-31eKTPOHOB BOBJIeKaeTcs B (hOPMUPOBAHUE
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MarHuTHbIE€ COCTOSIHUSI MOHOB Kejie3a B MOJIEKYJIe reMorJo0uHa

XapakTepucTuka CrninHoBOe
BHEILHEN BJIEKTPOHHOM COCTOSITHME
000JI0YKM MOHAa Fe2+ Fe3+
-+ -+
-+ +
DJIeKTpOHHAd CTPYKTypa = 1=
-+ +
<1 -+
CyMMapHBIi CIUH 2 5/2
CyMMapHBIi MAarHUTHBIE MOMEHT 4 5
(B marHeToHax bopa)

[Ipumeuanwue. [IpemcraBieHbl MAarHUTHBIC COCTOSTHUS MoHa Fe?"
IO TIPUCOEIMHEHMs KUcaopoja 1 noHa Fe’' mociie mpricoennmHeHNs

MoseKyJbl yrapHoro raza CO.

CUTMa-CBSI3M C MOJIEKYJIOM YrapHOro rasza, 4To
MMPUBOJIUT K CMEHE BaJICHTHOCTHM MOHA Xeje3a
¢ 2+ nHa 3+ (cMm. Taba. 1) mocne mpucoenu-
HeHust MosieKysibl CO (OH MMes BaJIEeHTHOCTD
2+ B OKTa®ApUYECKOM OKPYKEHUU 10 €€ IpH-
COCIUHEHUST).

IIpuuynuHa TOTO, UTO d-OpPOUTANU HE y4a-
CTBYIOT B THOpMAM3alIAM, XOTSI OOWH U3
d-31eKTPOHOB BOBJIEKaeTcs B (hOPMUPOBAHUE
CBSI3€I, CBOOUTCSI K TOMY, UTO aTOMBI Iepe-
XOAHBIX META/VIOB 00J1aJal0T HEAOCTPOCH-
HbeIMU 3d-o0onoukamMu. B wactHOCTH, aTtom
Kejie3a MMeeT IIeCTb 3d-3JeKTPOHOB BMe-
CTO JecsITU. DTO CBSI3aHO C TEM, UTO 3IHEp-
rust 3d-coCTOSIHUI BbILIE, YeM BDHeprus 4s-
COCTOSIHU, TT0ATOMY 4s-0pOUTAIM HAYMHAIOT
3aIOJHITLCS 2JCKTPOHAMM paHbIIIe, YeM IPO-
WCXOJUT OKOHYATEJbHOE 3aloJIHEHUE 3JIeK-
TpoHamu 3d-ob6osouek. JlaHHAs 37AEKTpOHHAas
KoH(uUrypauusi obecrieunBaeTr 3d-opOUTaIISIM
BO3MOXXHOCTh OTAABaTh CBOM B3JICKTPOHBI IS
CO3MaHMsI XMMUYECKUX CBs3eil Oe3 yJyacTusl B
rubpuauszanuu. B yacTtHocTH, U1 MOHA XKe-
Jie3a tubpuaHbeie opoutanu Fe-okrasgpa rema
crposTcs u3 4s%(1)- n 4p°(3)-opouTaeii.

B cocrossnuu Fe?*cymmapHbiii criiH MoHa
JKeJie3a MOXeT OBbITh paBeH 4/2 WM paBeH
HYJIIO, B 3aBUCUMOCTH OT TOTO, MPUCOEANHEH
K HEMY WJIM HET MOCTOPOHHUI MOJEKYJISIPHBIN
KOMILIEKC. 3aMeTUM, YTO 3TO CBOWMCTBO OIlpe-
JeseT BO3MOXHOCTh TPaHCIOpTa KMCIOpOoAa
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KPOBBIO B XKUBOM OpPraHM3Me.

B ciyyae cuaieHUTOB MOH Keje3a Takxke
croco0eH, KakK IM0Ka3aHo Jajee B HacTOsIICH
CTaThe, MEHSITh CBOE 3apsIOBOC M MarHUTHOE
cocTosIHUS, TpaHchopMupysch u3 noHaFe’" B
noH Fe?", mpuueM, B OTIMYME OT reMOIJIOOM-
Ha, 0e3 U3MEHEHUSI TeOMETPUYECKOM CTPYKTY-
PBIL OKPYKEHMSI Y TIPUCOCINHEHMST TIOCTOPOH-
HUX MOJIEKYJISIPHBIX KOMILIEKCOB.

ILlenn Hacrodiueid paboOTbl — BBISIBUTh
poJb IpUMecH XeJieda B QOpMUPOBAHUU Mar-
HUTHBIX U OINTUYECKUX CBOWCTB KPHUCTAJLJIOB
B,,SiO,:Fe n ycraHOBUTH BIMSHHE OITHYE-
CKOTO M3JIY4YEHHMsI Ha XapaKTep KpUCTaUInye-
CKHX CBSI3ell MOHA Kejie3a ¢ OKPYXKarolIUMU
€ro JIMraHaamu.

06[)33]151 N METOAUKA IKCICPUMEHTA

WccnenoBaHusi 3J€KTPOHHOIO Ilapamar-
HuTHoro pe3oHaHca (OIIP) mposeneHbl Ha
oOpa3uax KpUCTaJJIOB CWIMKaTa BHUCMYTa
Bi,Si0,, BbIpaleHHbIX MeTOA0M YoXpaibCcKo-
ro. JlerupoBaHue MOHAMM KeJie3a IIPOU3BOIM -
JIOCh Ha 3Tafe CMHTe3a 00pas3loB MyTeM MO -
MELIMBaHUS B UCXOIHYIO IIUXTY OKCHIA XKejle3a
(IIT)Fe,O,. Pasmepbl 00pa3suoB COCTABJISIN
7 x5 x 1 mm. IIpu U3MEPEHUSIX UCIIOIb30Ba-
JIUCh YEThIPe MOHOKPUCTALIMYECKUX 00paslia
Bi ,SiO,, ¢ xoHueHTtpauueit xenesa 3,0-10%,
1,7-10', 5,6-10'°u 6,0-10"7cm 3.

Mg peructpauuu criekTpoB DITP ucnosnb-



dusnka KOHAEHCUPOBAHHOIO COCTOAHUA

30Bajicsa MOAUGUIIMPOBAHHbBIN OTEYECTBEHHBIN
DIIP-cnekTpomerp (tum PD-1306, pabouas
JUTMHA BOJHBI MUWKPOBOJHOBOTO M3JyYEHUS
—3,2 ¢M), OOIOJHUTEJIbHO CHAOXEHHBINA CH-
CTEMOM MOMABJIEHUS IIYMOB, CUCTeMO# (op-
MHUpPOBaHMUSI KaJIMOPOBOYHBIX PE30HAHCHBIX
METOK Ha OCHOBE MOHOKpHCTAJLJa, COAepXKa-
1IeTO IBYXBaJCHTHBIM MapraHein. JlazepHoe
MU3JyYeHME BBOIMIIOCH Yepe3 CelralbHOE OT-
Bepctue B pe3oHaTope DIIP-cmexkTpomerpa ¢
MOMOIIIBIO CBETOMPOBOJAA U (POKYCHPOBAJIOCH
Ha o0paslie.

B kauecTBe MCTOYHUKOB M3IYYEHUST UC-
MOJIb30BAJIMCh IIOJYIPOBOIHUKOBBIN  Ja3ep
mapku Laser 303 (mauHa BOJHBI — 542 HM,
IIMpPUHA IIOJIOCHI M3ydyeHUs] — 4 HM, MOIII-
HocThb — 200 MBT, MIOTHOCTH MOIIHOCTU —
2,55-10° Br/m?, nuametp ayda — 0,2 cM), cBe-
TOAMOAHBIN u3nydatenb AJl-112 b (miuHa
BOJIHBI M3JIy4eHHUsI B Makcumyme — 540 HM,
LIMpPUHA TOJOCHl U3ydeHus — 70 HM), a Tak-
XK€ TEJIUN-HEOHOBBIM J1a3ep C TUIOTHOCTHIO
moiHoctu 200 MBt/cm?.

Pe3y.l'leaTbl IKCIIEPUMEHTOB

Kanu6poBka MHTEHCUBHOCTU DIIP-
MOTIJIOLIEHUST CHEKTPOMETpa I03BOJIMJIA OlLle-
HUTh KOHIIEHTPALMIO ITapaMarHUTHBIX MOHOB
>KeJjie3a B pa3HbIX oOpasliax.

Curnanel DIIP Ha mepBoM sTame mccie-
JIOBaHUSI PErUCTPUPOBAIUCH MPU TeMIepaTy-
pe 300 K B oTcyrcTBHME BHEIIHEH 3aCBETKH

+ 4

PN

3

~3 1
= 316 333
& 5 3165 ) 5
g
= 3285 208
S ‘
0 3255

(puc. 3).
AOcojoTHasT MHTEHCUBHOCTb CHUTHAJIOB

OIIP ObUta OpsIMO MPOIMOPIIMOHAIBHA HUCXO-
JTHOUM KOHIUEHTpAllMi MUOHOB XeJje3a (Tabn.2),
omnpezensgemoii noneit Fe,O, B MCXOMHOM 1IMX-
T€ MPU CUHTE3E.

ITo MOJYYEHHBIM  JaHHbIM SITP-
MOTJIOIIEHUST MAarHUTHBIMKA MOHAMU XKeje3a
Fe’*B pasnmuHbix 00pasnax, ObUIN TTOCTPOCHBI
KOHILIEHTpAllMOHHbIE 3aBUCHMOCTU Ilapame-
TpoB auHuii DITP: mmpuHbl U 3PHEKTUBHOTO
g-dakrtopa. PesynbraThl npuBeneHsl B Ta0I. 2
M Ha puc. 4.

OOmyyeHne 0Opas3lOB CBETOM ITOJIYIIPO-
BOIHUKOBOTO yazepa Mapku Laser 303 u cBe-
toauogHoro usnydatenss AJI-112b  BeI3bIBajIo
MoIaBJIeHUE UHTEHCUBHOCTU curHaja OITP Ha
20 % or cBOEro TeMHOBOTO 3HauyeHUs. Bos-
JNECTBUE CBETOM TeJUii-HEOHOBOTO Jia3epa
(ms oopasua BSO:Fell ¢ koHLIeHTpaIueit no-
HOB XeJjie3a5,6-10'°) BI3bIBAIO MajJeHUE YPOB-
Hs1 curHana DI1P Ha 10 % oT ero TeMHOBOIO
3HAYEHUSI.

O0cyKaeHne pe3yJIbTaToOB

[ToBenenme mHTEeHCUBHOCTHA cUTHaNOB DITP
or obpasuos Bi SiO,:Fe coorsercTBOBaIO
OXMAAaeMOMY, a UMEHHO: C POCTOM KOHIIEHTpa-
LMY MAaTHUTHBIX MOHOB eJjie3a MUHTEHCUBHOCTD
curHana OIIP pocna nuneitno. IlomoxeHue
JmHnn  BI1P, oOycnosnenHoit nonom Fe’*,
CABUTAJIOCH C POCTOM KOHIIGHTpAallMd HMOHOB

3270

334

Magnetic field, mT

Puc. 3. Curnansr DITP moHokpuctamnoBBSO:Fe npu pasnuuHbIX KOHLEHTPALIUSIX
MarHUTHBIX nOHOB Fe’'.Homepa KpMBEIX COOTBETCTBYIOT HOMEpaM 00paslioB,
MPUBEAEHHBIX B Ta0OJ. 2
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Taonunpa 2

3navenus napamerpos junnii DITP-nornomenus B Bi,SiO, :Fe B 3aBUCHMOCTH OT KOHIEHTPAIMH HOHOB
TPEXBAJIEHTHOTO JKeJje3a

H Copepxanue [wpuna AoOcoimoTHag
oMep HazBanue
MarHuTHBIX MOHOB | JuHuUM DIIP, | g-pakTOp | MHTEHCUBHOCTh
obpasia obpasia
B obOpasle MmTn JIMHUM, OTH.E[I.
1 BSO:Fe 3,0-10% 2,0 1,988 20
2 BSO:Fel 1,7-10' 7,5 2,028 110
3 BSO:Fell 5,6-101° 8,0 2,036 360
4 BSO’52OFeOV48 6,0-10" 12,0 20,77 10000
Ilpumeuvanusga. HMiamepenuss nposeaeHbl npu 300 K. Pabouas mivHa BOJHBI MHUKPOBOJHOBOTO

u3nydyeHus — 3,2 cM.

Kejie3a B CTOPOHY MEHBIIMX MAarHUTHBIX I10-
neii  (g-akTop Bo3pactan). OOLIENPUHITOE
00BSICHEHNE 3TOMY SIBJICHUIO CBOIUTCSI K TOMY,

2.1001

2.0604

!"J
(=3
=]
(=]
1

L

-factor

g
—
o
=]
o

i

-

1.9404

10

12.01

10.0 4

ESR linewidth, mT
Py

10]5 lD16 wl? 1018

Magnetic ion concentration, cm 3

Puc. 4 . 3aBucuMocTu mmapamMeTpoB JIMHUI
DITP-moromeHnsT OT YKMCJIa MAaTHUTHBIX HOHOB
B oOpa3lie
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YTO MOHBI KeJje3a, SBJSISICh KJIaCCUYeCKUMU
(beppomMarHeTMkamMu M B3aUMOJCHCTBYS MEXTY
co00i, (popMUPYIOT BHYTPU KpUCTajia BHY-
TpeHHEee MarHWTHOE TI0Jie, KOTOPOEe, CKJIaabl-
BasICh C BHEIIIHMM, OOECIIE€YMBAeT MArHUTHBIN
PE30HaHC TPY MEHbIIMX BHeIIHUX moysax. 00
YCWJICHUY B3aMMOACICTBUSI MAarHUTHBIX MOHOB
Fe3*c pocTtoMm KoHIIeHTpalu XeJjeza B obpas-
11aX CBMIIETE/ILCTBYET TAKXKE POCT LIUPUHbI JIM-
aun OIIP (cm. puc. 4). BeposTtHo, ¢ pocToM
KOHLICHTPALIMY YBEeJIMYMBACTCS UHTEHCUBHOCTD
CIIMH-PELIETOYHOM pejakcalmu, TO eCThb YKO-
pauMBaeTCcsl e¢ xapakTepHoe Bpemsa. Henbss
TaKXKe MCKJII0YaTh M POCT BKJIaAa HEOTHOPOI-
Horo ymmpenus auHuu DI1P npu yBeanueHun
KOHIIEHTPAaIl MarHUTHBIX LIEHTPOB.

I[Ipunumass Maccy Moy KpuUcTajlla
Bi ,SiO,, paBHOi1 2856 T, MIOTHOCTb KPUCTaJI-
Ja paBHoii 8,8 r/cm?[1], moayyum, 4yTo 1 MoIb
cuJiMKaTta BHCMyTa uMeeT obbeM 324,5 cwm?.
C yd4eToM A3TOro, MPOBEICHHBIM HaMHu TIpa-
BUMETPUUYECKUI aHalu3 JaeT pe3yJbTaT, KO-
TOPBIII TOKA3bIBAET, UTO HCCICAOBAHHBIE 00-
pasubl  KpucrawioB cocraBa BiSij,OFe
obmamast B cpenHeM obbeMom 0,035¢wm?, co-
JIepkat okojo 10'® MarHMTHBIX MOHOB KeJie3a.
Hannsie DI1P gator ¢ TouHocTbio 10 15—20 %
Ty X€ YMCJIEHHYIO OlLIeHKy. Takum oOpas3oM,
KaK TpaBUMETpUYECKUE NaHHbIe, TaK W JaH-
Heie DI1P yka3bIBalOT Ha TO, YTO MOHBI XKejie3a
B peiuetke Bi ,SiO, 3amMeIiaoT MOHbI KPEMHUS
U SBJISIIOTCSI TEM CaMbIM TeTPaKOOPAMHUPO-
BaHHBIMU.

[ToaToMy B OCHOBHOM TpeXBaJ€HTHOM CO-



(OETIE] KOHAEHCUPOBAHHOIO COCTOAHUA

CTOSIHUM MOH Xeye3aFe’t, nmes, mo gaHHbBIM
OIIP, cymMmapHblii ciuH 5/2, NOJKEH MMETh
ruopunmzaunio 4s*(1)4p'(3), XOTd BJIEKTpOH-
Hasi KOH(MUrypauus HEUTpaJIbHOIO aToMa Xe-
Jie3a Ha 4p-opOuTaisix 3JeKTPOHOB HE COIep-
xkut. Takum o6paszom, B Kpucramie BSO mpu
TETPAaKOOPAMHUPOBAHHOM TIOJIOKEHUM MOHA
JKeJie3a 3TOT MOH JEJIETUPYET CBOEMY OKpYKe-
HUIO TPU BaJIEHTHBIX 2JIEKTpOHA (OAUH M3 KO-
TOPBIX SIBJISIETCS d-37I€KTPOHOM) JIJISI CO3TaHUSI
TPEX CUTMa-CBA3eil ¢ TpeMs JuraHgamMu (1o-
HaMmu Kuciopopa). Ilpu stom yeTBeprast ru-
OpuaHasi opOMUTadb MOHA Xeje3a, Oyay4yu My-
CTOI, 00pa3yeT TOHOPHO-aKIIENTOPHYIO CBSI3b
¢ omHUM wu3 2s%(1)2p*(3)-TMOpUIN30BaHHBIX
MOHOB Kuciopoaa. Takum obpa3om, Ha 3Tarie
CHUHTE3a KpUcTajia Ipu (popMUPOBAHUU KPU-
CTAJUIMYECKOM pelIeTKN CUJUICHUTA CO3/1aeT-
cs cUTyalusl, IIpU KOTOPOM aTOM KMCJIOpOJA,
MPUCOCIUHSSACh K aTOMY 3KeJie3a, «BBbITSIIMBa-
€T» C BHYTpEHHUX d-opOUTajeil aToMa Xejesa
OIVH M3 LIECTU 3d-3IeKTPOHOB HEHTPATBbHOIO
aToma kejesa v roMelaeT ero npu (popMmupo-
BaHUM XMMUWYECKON CBSI3U HA OIHY M3 YEThI-
pex rubpuaHbix opoutaneit 4s%(1)4p'(3) noHa
Fe3* (TouHo Takasi ke cuTyalusl peaau3yercs
B TPEXBaJEHTHOM MOHE Xejie3a B MOJICKYJe
reMorjiobuHa). DJeKTpoHHasi KOH(Urypa-
LMSI BHEIIHEH 3JeKTPOHHOI 000JI0YKM MOHA
JKeJie3a TakoBa, YTO YKAa3aHHbBIM BapMaHT I'M-
OpuAM3alM OKa3bIBACTCSl €IMHCTBEHHO BO3-
MOXHBIM B YCIIOBUSIX OJHOBPEMEHHOIO CO-
OJIIOIeHUS CIIEAYIOINX YCIOBUIA:

YETBIPEXKOOPAMHUPOBAHOCTh MOHA XeJIe3a
Fe3*;

TPeXBaJICHTHOCTh MOHa keje3aFe’';

Hajauune y moHa xenesa Fe*t cymmapHoro
crnuHa 5/2.

IlonuepkHeM, 4TO B JaHHOM cJy4yae HU
ogHa W3 NATU 3d-opOuTaneil HU TIPU KaKUX
YCJIOBUSIX HE MOXET y4acTBOBAaThb B TMOPUAM-
3alMU, TaK KaK B MPOTUBHOM CJIyuyae OCTaB-
muecst yeTbipe 3d-opOuTaaym MOHA Kejie3a He
B COCTOSTHUM O0ECTIeUMTh 3a(PUKCUPOBAHHBIN
AKCMEPUMEHTAIbHO CyMMapHbIi criuH 5/2.

®opMaabHO B NPUBOIUMBIX HAMM 00O3HA-
yeHusix opouTaneir noHa Fe’* 310 oTpaxkeHo B
3ameHe ¢ 0 Ha 1 BepxHero uHmekca npu 4p°(3)-
opOuTaaM aToma Kejie3a, YydacTByIOIlIeil B
4s2(1)4p'(3)-rudpuousanyn. JaHHOE UCXOMHOE
COCTOSIHUE WJUTIOCTPUPYET puc. 3, 4.

Jnst  BO30YXKAECHHOTO  JABYXBaJIEeHTHOTO,
VWHULMHAPOBAHHOIO  ITOACBETKOM,  COCTOSI-
HUS MOHa Xeje3a Fe’* mmeeT mecTo WHas
ruOpuam3annsi MOHA Kejie3a, a MMEHHO —
45%(1)4p°(3), 4TO COOTBETCTBYET BO3BPATy «BbI-
TSIHYTOT'O» KMCJIOPOIOM 3JIEKTPOHA Ha OIHY U3
natu 3d-opoutaneit. OgHa U3 BO3MOXKHOCTEH
TaKOro BO3BpaTa COCTOMT B TOM, YTO KBaHT
CBETa pa3pbIBacT OJHY M3 CUTMa-CBI3eil MOHA
JKejle3a C MOHOM KHCJIOpoJa U BO30YXKIeH-
HBII 3JIEKTPOH, MPEOI0JIeBast 3a CUET SHEPTUM
KBaHTa MOTEHLUAJIbHBIA Oapbep, BO3HUKILIWI
npu 00pa30BaHUM CHUIMa-CBSI3U, IEPEXOIUT
Ha omHy W3 IATH 3d-opOutaneii moHa Fe’',
BO-IIEPBBIX, MOHMWXKasl €ro BaJEHTHOCTb OT
3HaueHus1 3+ mo 3HayeHus 2+ M, BO-BTOPHIX,
MOHMXAs1 CYMMAapHbII MArHUTHBIA MOMEHT
OT 3HauyeHMs 5/2 mist noHa Fe’t mo 3HaueHus
4/2 nna vona Fe?*(cm. Tabn. 1) 3a cuer cna-
pUBaHUS MIPUILIEAIIEIO Ha d-0pOUTab 1IECTO-
TO 3JIEKTPOHA C OAHUM U3 MSTU UMEIOLIMXCSI.
Takum obOpazomM, B BO30Y>XIEHHOM IIOJICBET-
KO COCTOSHMU MMEET MECTO HaJUuuMe IBYX
BAJICHTHBIX BJIEKTPOHOB JI CO3[AaHMS JABYX
curMa-cBa3eil moHa Fe?* ¢ aByms Juranmamu
(MoOHaMM KUCJIOpoJa), a OgHA U3 TMOPUIHBIX
opbOuTajeil onycroliaercsa. B aTom cocrosHuu
TpeThsl U YeTBepTass TMOpUAHbIE OpPOUTAIN
MOHa XeJie3a, OyaydM Terepb IMyCThIMU, 00pa-
3yIOT JTOHOPHO-AKIIENITOPHbBIE CBSI3U C ABYMS
25(1)2p*(3)-ruOpuAN30BaHHBIMI OPOUTATISIMU
voHa kucjaopoaa (puc. 5, b).

BroimensnoxeHHoe  o3HayaeT, 4To |y
noHa Fe? mnosgBasiercss HOBasg JOHOPHO-
aKlenNTOpHasl CBSI3b B3aMEH CUIMa-CBS3H,
OTKyIa CJeAyeT, YTO M B MOHE KHCJIOpPO-
Jla, UMEBIIEro IO IOACBETKU ITOJHOLIEHHYIO
CUIMa-CBSI3b C MOHOM 3XeJjie3a, TaKXKe MPOKC-
XOIUT B pe3yJbTaTe AeHCTBUS CBeTa Iepepac-
npeaejaeHue 3JeKTPOHHOUW TJIOTHOCTHM: OJHA
U3 HEeTIOJAeJeHHBIX 2JIEKTPOHHBIX Map, 10 Oeii-
CTBUSI TIOACBETKM JAEJErMpoBaHHAs Ha OIHY
W3 JOHOPHO-aKIUENTOPHBIX CBsI3eil moHa Bi’*,
nepenaeTcs Ternepb MOHY Fe?", a moHy BUCMY-
Ta OCTaeTCs Ha BTON CBSI3U OIMH DJIEKTPOH.
DTO0 BBIHYXKIaeT WMOH Bi*" Takke TmpousBe-
CTHU TIEpEPACTIPEACIIEHUE CBOEW JIEKTPOHHOM
TUIOTHOCTA TaKWM 00pa3oM, YTOOBI €ro Ha-
pyllleHHass KOOpAUHALIMOHHAS CBSI3b C MIOHOM
KucJiopoja OblTa BoccTaHOBJEeHA. 1 3TOro
noH Bi** 3aMMCTBYeT OIMH 3JIEKTPOH y TPEX-
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a)

Puc. 5. TemHoBoe (a) 1 MOAU(PULIMPOBAHHOE MOACBETKOM (b) COCTOSIHUSI MOHA KeJie3a
U ero OJrKauiuero OKpyKeHMUs.
Honsr Fe’* (a) u Fe?" (b) Haxomarcst B COCTOSTHUU Sp-TUOPUIN3AIINY;
rUOpUAHbIE OPOUTAIM HaIpaBieHbl K BepLIMHAM MPaBUJILHOIO TeTpasapa

KOOPAMHUPOBAHHOIO MOHA Kucjaopoaa (CM.
puc. 1) KOTOpbIil, XOTS U SABISICS TPEXKOOP-
IUHUPOBAHHBIM, TEM HE MEHee, HaXOIUJICS B
cocrossHuu 25*(1)2p*(3)-rubpuauzauuu  (cMm.
puc. 1) 1 moTomMy HUMeJ CBOOOIHYIO HEIMO-
JeJIEHHYIO Mapy 2JeKTPOHOB, HE y4acTBOBAB-
1Iyio B pOpMUPOBAHUM XUMUYECKUX CBSI3Ci B
KpucTtajanuyeckoi pemerke. Ilepepacnpene-
JICHUE 3JIEKTPOHHOM IUIOTHOCTU B YKa3aHHOM
TPEXKOOPAMHUPOBAHHOM HMOHE KMCJI0poaa
co31aeT CBOOOIHYIO, BO30OYXIEHHYIO CBETOM
BJIEKTPOHHYIO BaKaHCUIO (IBIPKY) B BaJCHT-
HOIi 30HE KpUCTajllla, KOTOpas CIIoCOOHa, KaK
B JIIOOOM TONYNPOBOAHUKE, MUTPUPOBATH IO
kpuctamny. M3 obiedusnueckux coobdpaxke-
HUI cleayeT, 4To BO30YKIeHNE JEKTPOHHOM
BaKaHCUM 0o0Jjiee BEPOSTHO Y TPEXKOOPAUHU-
POBaHHBIX MOHOB KHCJIOPOJa, HEXEIU Yy 4Ye-
THIPEXKOOPAMHUPOBAHHBIX, TaK KaK JHEPIUS
OTPBbIBA OT HUX 3JEKTPOHOB JOJKHA OBITH B
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LIEJIOM HMKE€, YeM DHEpTUs OTphIBa DJIEKTPO-
Ha OT aToMa KUCJIOpoJa, Y KOTOPOro Bce TH-
OpuIHBICE OpPOMTAIM Y4YaCTBYIOT B CO3JaHMU
XUMMYECKUX CBSA3eH KPUCTAIINUECKOTO Kap-
Kaca. M3 mpuBeneHHOro OINMCAHUSL CIEdy-
eT TakXe, YTO BajJeHTHas 30Ha KpucTajia
CWJUICHUTA AOJIKHA CTPOUTHCS U3 OpOUTaieit
aTOMOB KMCJIOPOJa, JIETKO OTHAAIOIIUX BJIeK-
TPOHBI, TOrAda KaK 30Ha MPOBOIUMOCTHU BEPO-
SITHEE BCEro CTPOUTCS M3 opOMTaieil aTOMOB,
npuHUMalomux 371eKTpoHbl (Bi, Fe).

BTopast Bo3aMOXXHOCTb BO3BpaTa 2JIeKTpOHa
Ha BHYTpeHHHUE d-opOuTanu noHa Fe’'u nepe-
XO7la €ro B COCTOSIHME CO CIIMHOM 4/2 COCTOUT
B TOM, YTO KBaHT CBeTa BO30yXIaeT B KpU-
cTajyie HepaBHOBECHBI 3JIEKTPOH U HEPaBHO-
BECHYIO IBIPKY, KaK 3TO OOBIYHO IIPOUCXOIUT B
MOJYNPOBOAHUKOBOM KpucTtaaie. CBOOOAHBIN
BJIEKTPOH 3axBaThbIBaeTCs Ha 3d-opOUTaIbL MOHA
Fe’*, HO TIpn 3TOM MOH Kejie3a «BBITECHSICT»
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CTaBIIMI «JIMITHUM» 3JEKTPOH CUTMa-CBI3U
Ha MOH KHCJIOpoda, o0pa3ysl IBYXBaJeHTHBII
noH Fe?". Orcroma ciieyeT, 9YTo KOHEUHOE CO-
CTOSIHME BO BTOPOM BapHaHTE IIpoliecca OITH-
yeckoi nepe3apsaaku noHa Fe’* takoe ke, Kak
U B IepBoM, To ecTh Fe?*, a He Fe*', kak 310
3aKkJiroyaeTcs B padore [7].

IloguepkHeMm elle pa3, 4TO, IIO Halle-
My MHEHUIO, BCE HOHBI KMCJIOpOAa B pe-
LIeTKE CUWIJIEHWTAa HaXOHSITCSI B COCTOSIHUM
252(1)2p*(3)-rubpunnsauni, HECMOTPS Ha TO,
YTO B 3JJIEMEHTAPHOU SYENKE TPUCYTCTBYIOT
KakK 4eTblpex-, TaK U TPEXKOOPAUHUPOBAHHbBIE
MOHBI KHUCJIOpoAa. DTO Kaxylleecs IPOTUBO-
peuure, ¢ Hallleil TOYKW 3PEHUS, MOXET OBITh
paspelieHo CieayouM 00pa3oM.

Hou kucnopona B Bi,SiO,, Bcerna Ha-
XOOUTCSI B COCTOSIHUM  Sp’-TUOpUAM3ALINU.
B wHammx o6o3HaueHmsix 310 25%(1)2p*(3).
[IpyynHa Takoro MoJIOXKEHUSI COCTOUT B TOM,
YTO, KaK I10Ka3blBalOT PEHTTEHOBCKUE MUC-
CJIeIOBaHMS, XMMUYECKHE CBSI3M HU y OIHO-
ro U3 HMOHOB KHUCJIOpOJa HEe JeXaT B OQHOU
IJIOCKOCTH, TO €CTh BCE MOHBI KUCJI0pOJa B
pewerke Bi ,SiO, He HaxomATca B MO3MLIM-
SIX, TIPU KOTOPBIX MX XMMMYECKHUE CBSA3U pac-
MOJIOXKEHBI B OJHOI IIOCKOCTM TOI YIJIaMU
120°, kak mipu 2s%(1)2p*(3)-rudbpuausanuu win
1o OfHON TpsiMoi, Kak npu 2s*(1)2p'(1)- wau
2s2(1)2p*(1)-rudbpunuzanusax. [lpu s3Tom Bce
WOHBI KHMCJIOpOAA MMEIOT XMMWUYECKHUE CBSI3U
J1b0 ¢ BUCMYTOM, JIMOO ¢ KPEMHUEM, HO HU-
KaK He CBSI3aHBI IPYT C APYroM (cM. puc. 1).

Bce MOHBI KpeMHUSI THOPUIM3MPOBAHBI
OOBIYHBIM 00pa3oM (4s2(1)3pX‘(1)3py‘(1)3pz°(l)),
TO €CTh 00pPa3yloT ¢ MOHAMU KUCIOPOAa OObIU-
HbI€ CHUTMa-CBSI3U, TOrAa Kak HMOHBI BUCMYTa
pacrojioXKeHbl B TeNTasApUYeCKOM OKpYXKe-
HUM U, OyayYu TpeXBaJICHTHBIMM, HO 0Opasysi
ceMb CBsI3eli, TPEOYIOT KaXKIbIi 1O YeThIpe He-
MoJieJICHHBIE 2JIEKTPOHHBIE Maphl sl 00pa3o-
BaHUS KOOPAMHAIIMOHHBLIX CBg3eil. Eciam ObI
MOHBI KMCJIOpOAa He TIPeObIBaM B COCTOSIHUU
C ABYMS HEIOAEJICHHBIMM I1apaMu, TO BUCMYT
(BBUIY CBOEW TPEXBaJICHTHOCTHU) OBLT OBI, KaK
MOKAa3bIBACT MPOCTOM aHAJIN3, HE B COCTOSIHUU
oOpa3oBaTh HEOOXOIMMbBIE MOHY BUCMYTa B
renTasape CeMb XMMMYECKUX CBSI3Ei, TaK Kak
TOJILKO TPU U3 CEMM ITHX CBs3eil (BBUAY TPEX-
BaJICHTHOCTU Bi3*) MOTyT OBbITh ITOJIHOLIEHHbI-
MM CUTMa-CBSI3SIMM.

Takoe 00BbsICHEHWE MOATBEPKAAETCS PEHT-
T€HOBCKMMM HCCIENOBAaHUSIMU KPUCTAIMYE-
CKOM pellIeTKN CUJIMKOCWIIJICHUTa, KOTOpbIE
MOKa3bIBalOT HAaIMpaBI€HUSI BaJICHTHBIX CBSI-
3€li MOHOB KMCJIOPOIa, U3 YEro CJIEeIyeT, YTO
yacTh MOHOB Kucjiopoga (B YaCTHOCTHU, Te,
YTO CBS3aHBI C KPEMHHUEM OOBIYHON CUIMa-
CBSI3bIO), 0O0pa3dys C CcocemsiMU TOJIBKO TpU
CBsI3M (CM. puc. 1), HO HaXOAsICh B COCTOSIHUM
Sp3-TUOPUAM3AUM C IBYMsI HEMOICICHHBIMU
napaMu, pacxXoaylT Ha KOOpAWHAIIMOHHBIE
CBSI3U TOJIBKO OIHY M3 HEMOMAEJeHHBIX I1ap, a
Jpyrasi CBOOOIHO pacroJiaraeTcsi BHyTpU Kpu-
crajia.

HMnes o Hannuuy CBOOOAHBIX HEMOAEICH-
HBIX TIap B KpHUCTa/UlaX CHJUICHWTOB BBHICKA-
3pIBajiach 1 paHee [9,10], HO O6e3 meTaabHOTrO
OOBSICHEHUSI BO3MOXKHOCTH WX IIOSIBJICHUSI.
IIpuBeneHHBII HaMM B HacTodlleld pabo-
T€ aHajJM3 MOKa3bIBaeT, UYTO KPHUCTaJJINYE-
cKasl s4Yellka CUJUIEHMTa COIEpXUT OoJjee
JlecsiTKa TaKUMX CBOOOIHBIX ITap 3JEKTPOHOB
(cm. puc. 1).

OnucaHHasl cUTyallusl HABOAUT Ha MbICIb,
YTO IIJICYO MHTEHCUBHOI'O ONTUYECKOro IIO-
mJIolIeHUsT BOIM3KU Kpasi (yHIAMEHTAIbHOTO
MOMIOLIEHUS] CUJIJIEHUTOB, KOTOPOE, C Halllei
TOYKHU 3pSHUsI, UMEET COOCTBEHHYIO, a HE TIpU-
MECHYIO TIpUpOY, C OOJbIION BEpOSITHOCTHIO
00513aHO CBOMM IIPOMCXOXICHUEM YIIOMSHY-
THIM HETOACJICeHHBIM T1apaM, JIETKO OTAaloIIUM
CBOM BJIEKTPOHBI B 30HY ITPOBOJIUMOCTH.

3aMeTUM TakKKe, UTO JOKaJabHOe (DOTOBO3-
OyXIeHue, KOTOPOE MOXKET OBITh JIETKO pea-
JIN30BaHO B KPUCTaJUIaX CWJUIEHUTOB, TIOMUMO
BO3HUKHOBEHUS JIOKAJbHBIX 3JEKTPUYECKUX
nosieit 3a cueT 3¢dpdekra embepa, mpuBener,
KaK clieayeT U3 pe3yJbTaTOB HACTOSIIEH pa-
0OTHI, K JIOKAJIbHOMY M3MEHEHUIO BaJICHTHO-
CTW ¥ MarHUTHOTO COCTOSTHHSI MOHA XXeje3a B
OCBEIIEHHO! 00jlacTu KpucTtajia. Takoe us-
MEHEHME, B CBOIO OYEpeab, MPUBEIET K J0-
MOJIHUTEJIbHOMY JIOKAJIbHOMY MPOMUINpOBa-
HUIO MAarHUTHBIX M 3JEKTPUYECKUX TOJEH B
Kpuctauie cwuieHuTa. IlocnemHee mOJKHO
MPOUCXOIUTH 3a CYET U3MEHEHUS JIOKATHLHOTO
KPUCTAJUIMYECKOTO TMOJISI, BBI3BIBAEMOIO W3-
MEHEHMEM THUIIAa U COOTBETCTBEHHO SHEPTUM
XUMUYECKUX CBSI3EM MpU CMEHE BaJCHTHOCTU
voHa xejesa. JlaHHBIN 3] @eKT MoXeT ObITh
HCIIOJIb30BaH Ha IPaKTUKE IIPU 3alUCU OITU-
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yeckoi MHMOpMallUM Ha KpuUCTaulaX CHUILIe-
HUTOB, 4, C YYETOM HX BBICOKMX DJICKTPOOII-
TUYECKUX KO2G@UIIMEHTOB, U CUMTHIBAHUS
3JICKTPOOINITUYECKOro pebeda MoJIpu30BaH-
HBIM CBETOM, a Take MarHMTHOTO peJibeda
MAarHUTOYYBCTBUTEJIBHBIM 30HIIOM.

3akinoueHue

Takum 00pasoM, IEWCTBUE OINTHYECKOIO
W3JTyYeHMST Ha 3apsiIoBO€ M MArHUTHOE COCTO-
SIHUS MOHOB XeJjie3a B CUJUIEHUTAaX MPUBOIUT,
BO-TIEPBBIX, K MU3MEHEHMIO BAJICHTHOCTU MOHA
Keje3a OT BEJMYMHBI 3+ [0 BEJIMYMHBI 2+,

BO-BTOPBIX, K M3MEHEHUIO CYMMapHOIO Mar-
HUTHOIO MOMEHTAa MOHA KeJie3a OT 3HAYCHMUS
5/2 nmo 3HaueHus 4/2 U, B-TpeTbUX, K Iepe-
CTPOVIKE XapakKTepa CBSA3€H MEXIy 3JeMeHTa-
MM KPUCTAJUIMYECKON PEIIETKU. YKaXKeM, 4TO
Takas IepecTpoiika He MPUBOIUT K CTPYKTYP-
HBIM U3MEHEHMSIM KPUCTANIMUECKOM pelleTKU
CWUICHUTA B OTJUYME OT IEPECTPOMKU CTPYK-
TYpbl OKPYXXEHMSI MOHa Kejie3a B MOJICKYJe
reMorjo0uHa, rie Takas IepecTpoiika COIpo-
BOXIAeTCs1 BbIXOAOM MoHa Fe m3 miockoctu
OCHOBaHMUSI OKTasJpa IMpU CMEHE BaJIECHTHOCTU
OT 3HaueHus 3+ mo 3HaueHus 2+[1].
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HYDROMAGNETIC AXISYMMETRIC SLIP FLOW ALONG A VERTICAL
STRETCHING CYLINDER WITH A CONVECTIVE BOUNDARY CONDITION

Steady axisymmetric laminar boundary-layer slip flow of a viscous incompressible

fluid and heat transfer towards a vertical stretching cylinder in the presence of a
uniform magnetic field is investigated. It is assumed that the left surface of the cylinder
is heated by a hot convective flow. Using a similarity transformation, the governing
system of partial differential equations is first transformed into a system of coupled
nonlinear ordinary differential equations. The resulting intricate nonlinear boundary
value problem is solved numerically by the fourth-order Runge — Kutta method with
the shooting iteration technique. The analytical solutions are presented for a special
case. The effects of various physical parameters on the velocity and temperature
profiles are discussed through graphs. The values of the skin friction coefficient and
the Nusselt number are tabulated and examined. It is found that the thermal boundary
layer thickness increases with an increase in the velocity slip, the magnetic field, the
surface convection parameter and the curvature parameter and decreases with the

Prandt]l number.

AXISYMMETRIC FLOW, MHD, SLIP FLOW, STRETCHING CYLINDER, CONVECTIVE

BOUNDARY.

1. Introduction

Flow and heat transfer due to a stretching
cylinder or a flat plate in a quiescent or
moving fluid is important in a number of
industrial manufacturing processes that include
manufacturing both metal and polymer sheets.
Flow over a cylinder is considered to be two-
dimensional if the body’s radius is large and
comparable to the boundary-layer thickness.
On the other hand, for a thin or a slender
cylinder, the radius of the cylinder can be of
the same order as the boundary-layer thickness.
Therefore, the flow may be considered
axisymmetric instead of two-dimensional along
a vertical or a horizontal cylinder [1 — 6].

Magnetohydrodynamic (MHD) flow and
heat transfer for fluid have broad applications
in various engineering problems such as MHD
power generators, petroleum industries, plasma
studies, geothermal energy extractions, boundary
layer control in the field of aerodynamics,
and many others [7—27]. MHD flow along a
stretching cylinder has been considered by the
authors of Refs. [28—31].

The nonadherence of the fluid to a
solid boundary, known as velocity slip,
is a phenomenon that has been observed
under certain circumstances. When fluid
is encountered in microelectromechanical
systems, the no-slip condition at the solid-fluid
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interface is abandoned in favor of a slip flow
model which represents the nonequilibrium
region near the interface more accurately. In
all of the above-mentioned investigations, the
no-slip condition at the boundary was assumed.
Even in literature, the slip flow over a flat plate
has not been studied sufficiently. Zheng, et al.
[32] investigated the flow and the radiation
heat transfer of nanofluid over a stretching
sheet with the velocity slip and the temperature
jump in a porous medium. Mukhopadhyay [33]
analyzed the slip effects on MHD flow along
a horizontal stretching cylinder. Very recently,
Abbas, et al. [34] studied the slip effects on
the flow over an unsteady stretching/shrinking
cylinder in the presence of suction.

Heat transfer characteristics of the
stretching sheet problem have been restricted
to two boundary conditions of either prescribed
temperatures or heat flux on the wall in the
published papers. Most recently, the heat
transfer problems for a boundary layer flow
concerning a convective boundary condition
was investigated by Aziz for Blasius flow [35].
Following Aziz, many researchers investigated
boundary layer flows with the convective
boundary condition [36—40].

All the above-mentioned studies on the flow
along a stretching cylinder have been carried
out with a prescribed surface temperature
(PST) and prescribed surface heat flux (PHF)
boundary conditions only. This motivates
us to do the present work. We investigated
the slip effect on MHD flow along a vertical
stretching cylinder with a convective boundary
condition. Using a similarity transformation,
the governing system of partial differential
equations was first transformed into coupled
nonlinear ordinary differential equations and
then solved through the numerical shooting
method.

2. Equations of motion

Let us consider the steady axisymmetric slip
flow of incompressible fluid along a vertical
stretching cylinder in the presence of a uniform
magnetic field. The x-axis is measured along
the tube axis and the r-axis is measured in the
radial direction. It is assumed that a uniform
magnetic field of intensity B acts in the radial
direction. The magnetic Reynolds number
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Fig. 1. The coordinate system and the physical
model

is assumed to be small so that the induced
magnetic field is negligible in comparison with
the applied magnetic field. It is also assumed
that the left side of the cylinder is heated by
convection from the hot fluid at temperature
T, which provides a heat transfer coefficient
hf, and T is the ambient fluid temperature (see
Fig. 1).

The continuity, the momentum and the
energy equations governing such type of flow
[33] are as follows:
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where u and v are the velocity components,
respectively in x and r directions; v=p/p
is the kinematic viscosity (u is the dynamic
viscosity of the fluid); p is the fluid density;
g is the acceleration due to gravity; B is the
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volumetric coefficient of thermal expansion;
c is the electric conductivity of the medium,
B, is the uniform magnetic field, o is the
thermal diffusivity of the fluid; 7 is the fluid
temperature.

2.1. Boundary conditions

The appropriate boundary conditions for the
problem are given by the following formulae:

u=Ux)+Av v -,
or

4)
kL _h T -1
Ko D
at r = R;
u—>0,T—>T asr— w. (5)
Here Ux) = Ugx/L is the stretching

velocity (U, is the reference velocity, L is the
characteristic length), A, is the velocity slip, &
is the thermal conductivity, Tf is the hot fluid
temperature, 4, is the convective heat transfer
coefficient, R is the cylinder radius.

2.2. Method of solution

The continuity equation is automatically
satisfied by the introduction of a stream
function y as

p=ltov ,_-lov
r or r ox

Introducing the similarity variable as
7'2 _ R2 U 0.5
n= - )
2R (vx)
v = (Uvx)" R F(n),
T-T,
A

0(n) =

AT =T, -T, (6)

and upon substitution of (6) in Egs. (2) — (5)
the governing equations and the boundary
conditions are reduced to

(1+2Cn)F" +2CF" + FF" -
- F?-M?F'+10 =0,
(1+2Cn)0" +2CO' + Pr(FO' — F'9) =0, (8)

F=0,F=1+AF", )
0 =—y(1-0) at n=0,

(10)

(7

F'—>0, 6 >0 as n—> o,

where the prime denotes differentiation with
respect to n; A is the slip parameter, M?is the
magnetic parameter,

A:A EO.S. MZZGB(?L‘
"\ L ’ pU, ’

C is the curvature parameter, A is the mixed
convection parameter,
s = SBATLL

\/L 0.5
C=|——51 7z
U,R U,
Pr is the Prandtl number, y is the surface
convection parameter,

0.5
Pr:u_q'yzh_fﬂ .
kT K\,

We assume that AT = AT x.

Other important characteristics of the
present investigation are the skin friction
coefficient C, and the Nusselt number N, which
are defined as follows:

ou
2%)
Cr=—gr " = O, )

(o)
e
Tk = (Re,)"6(0).

N, =-
T,-T,
Here Re is the local Reynolds number,
Re, = %
A%

2.4. Analytical solutions for a special case

It is significant that if C = 0 (i.e. R— ),
the problem under consideration (with
A=M=A=0and y - ©) is reduced to the
boundary layer flow along a stretching at the
plate. The closed form of the solution of Eq.
(7), with the boundary conditions given in
Egs. (9) and (10), in the absence of A and C is
obtained as

1—efMm
f(n)=(mj, (11)
where
» 21/361
= _—(3A)! -
p=-CD [3A(B2 +\/4l313+l3§)'/3}+
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>
|
(B, ++/4B] +B3)'"” Y=
" 3427 '
Y, =5,
with '
g vy =1+ Oy + My, -
B, = —(1+ ), _ 2Cy3 — W —ky4), (14)

B, = A2(27 +18M?) - 2.

The analytical solution of Eq. (8) with the
boundary conditions in Egs. (9) and (10) is
obtained by the power series method in terms
of Kummer’s hypergeometric function [41] as

-PrX

0(n) = CleaUﬁnM(ao -La, + I,B—zeﬁn) (12)

The heat transfer rate at the surface is given
by

2

+[ao —lj(PerM[aO’2+a0,—PI;XD’
a, +1 o B

where

PrX —p?

G ==Y 4 X
B PrX

x M(a0 -1L,a, +1,_PIZ-XJ+(00 _ljx
B a, +1
xM(a0,2+a0,_I;2Xﬂ—
1
-yM [ao ~1,aq, + 1,_};/\7])

PrX

BZ

0'(0) = ¢, (—aOBM (ao ~La, + 1,ﬂj +

a, = , X =4+

2.5. Numerical method for solution

The nonlinear coupled differential Egs. (7)
and (8) along with the boundary conditions
(9) and (10) form a two-point boundary value
problem. This problem is solved using the
shooting technique together with the fourth-
order Runge-Kutta integration scheme by
converting it into an initial value problem.
In terms of this method we have to choose a
suitable finite value of 1 — o, for instance n_.
We set the following first-order system:

36

!

Yo =DVs,

¥y =1+ Cn)"'[2Cys + Pr(yys - »,0,)]
with the following boundary conditions:

1(0) =0, y,(0) =1+ A4y;(0),

70) =1+ (&j
Y

To solve Eq. (14) with conditions (15) as an
initial value problem, the values for y,(0), i.e.,
F"(0), and y(0), i.e. 0'(0), are required, but
such values are not given. In order to obtain
the solution, we chose the initial guess values
for F"(0) and 0'(0) and applied the fourth-or-
der Runge-Kutta integration scheme. Then we
compared the calculated values of F'(n) and
0(n) at n_ with the given boundary conditions
and adjusted the values F"(0) and 0'(0) using
the shooting technique to achieve the better ap-
proximation for the solution. The process was
repeated until we obtained the correct results
up to the desired accuracy of 10~ level, which
fulfilled the convergence criterion.

(15)

3. Results and discussion

For the verification of the present numerical
results, we have compared F"(0) values with
those obtained by Mukhopadhyay [11] in
the absence of a slip and mixed convection
parameters which are presented in Table 1. The
comparison results are found to be good.

In order to analyze the obtained results, the
numerical computations were carried out for
various values of the curvature parameter C, the
mixed convection parameter A, the magnetic
parameter M, the Prandtl number Pr and the
surface convection parameter y. The numerical
values are plotted in Figs. 2—6 for illustration
of the results. The values of the skin friction
coefficient and the Nusselt number have been
calculated and are presented in Table 2.

The effects of C and A4 on the dimensionless
horizontal velocity profile are presented
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Table 1

Comparison between the results obtained for the local skin friction coefficient F''(0)

M i Mukhopadhyay [11] Present results
araagrrriZtlecr (without slip parameters) (without the slip and 1)
P Without curvature
0.5 —1.11803400 —1.11803399
1.0 —1.41421350 —1.41421356
1.5 —1.80277564 —1.80277564
a)
Fr(m)p
0.7
]
0.6
1
i)
0.5 l"\‘
4 X A=08,06,04
“
03+
0.2t
0.1+
0 6 7 n
b)
6(n)
0.15 §
A=04,06,08
0.10
0.05 C=0.2,04,0.6
0 0.5 1.0 L5 2.0 n

Fig. 2. Effects of slip and curvature parameters on the velocity (a) and the temperature (b) profiles

with M=1,2=1,Pr=28,y=0.6;

a — solid lines correspond to C variation with A = 0.2 (variation I), dashed ones to A variation with
C = 0.1 (variation II); b — solid lines correspond to variation 11, dashed ones to variation I
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0.05

. e B B e

25 3.0 35 n

Fig. 3. Effects of magnetic and mixed convection parameters on the velocity (a) and the temperature (b)
profiles with C=0.1, A=0.2, Pr=38, y = 0.6.
Solid lines correspond to A variation with M = 1, dashed ones do to M variation with A = 1

in Fig. 2, a. It is clear that the curvature
parameter decreases the velocity profile near
the wall and increases it far away from the wall.
When a slip occurs, the flow velocity near the
stretching wall is no longer equal to the stretching
velocity of the wall. With an increase in A such
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a slip velocity increases and consequently the
fluid velocity decreases because under the slip
condition, the pulling of the stretching wall can
only be partly transmitted to the fluid. Thus,
the increasing values of the slip parameter
decelerate the dimensionless velocity profile.



4 MaTtematmnueckoe mogennpoBaHme hmM3nMueckKnx NpoLeccoB

0.05

2.0 n

Fig. 4. Effects of the Prandtl number and the surface convection parameter
on the temperature profile with C= 0.1, A=02, M =1 =1;
vy variation with Pr = 8 (solid lines) and Pr variation with y = 0.6 (dashed ones) are presented

F(0)
O -

_25 L 1 1
0

0.5 1.0 1.5

Fig. 5. Effects of curvature, slip, mixed convection and magnetic parameters on F "(0).
C variation with M= 1, =1, Pr=8, A= 0.2 and y = 0.6 (solid lines); A variation with M =1, C = 0.1,
Pr=8, A= 0.2 and y = 0.6 (dashed ones); A4 variation with M =1, C=0.1, Pr=8, A= 1, and y = 0.6
(dotted lines with stars) are presented

Fig. 3, a depicts the effects of M and A on
the horizontal velocity profile. It can be seen
that increasing values of the magnetic parameter
reduce the horizontal velocity profile. The figure
clearly shows that the transverse magnetic field

opposes the transport phenomena. This is due
to the fact that M variation leads to the variation
of the Lorentz force induced by the magnetic
field, and this force produces more resistance
to transport phenomena. With an increase in A,
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the horizontal velocity is found to increase the
buoyancy-induced flow (A > 0) but decreases
the buoyancy-opposed one (A < 0). For A > 0,
there is a favorable pressure gradient caused by
the buoyancy forces, which results in the flow
being accelerated.

The effects of C and A4 on the dimensionless
temperature profile are shown in Fig. 2, b. It
can be seen that increasing the values of the

curvature parameter enhances the thermal
boundary-layer thickness. The temperature
profile increases with an increase in the slip
parameter. This is because an increase in the
slip parameter leads to the thickening of the
thermal boundary layer.

Fig. 3, b demonstrates the effects of A and
M on the temperature profile. With increasing
%, the temperature is found to decrease in the

-0'(0)
0.51f
0.50f
0.49}
0.48
0.47
0.46
04st e
-
0.55
0.50
0.45
0.40
<2 ............... T « S
035 L TEPPRRR. G, L2 LETTPPN £ TR,
....... o..o
0.30f
L = TTTT AR T TIT TR, L T Ot @,
0.25 I l ; .?_ ..? ............... -0
0 15 20 25 30 35 M

Fig. 6. Effects of curvature, slip, mixed convection, surface convection and magnetic parameters on 0'(0).
Here we present: C variation with M =1, » =1, Pr=8, A = 0.2 and y = 0.6 (solid lines); A variation with M = 1,
C=0.1, Pr=8,4=0.2 and y = 0.6 (dashed ones); A variation with M =1, C=0.1, Pr=8,x =1, and y = 0.6
(dotted lines with stars); y variation with M =1, C= 0.1, Pr=8, A = 1, 4 = 0.2 (dotted ones with circles)
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buoyancy-induced flow and to increase with
A in the buoyancy-opposed one. The thermal
boundary-layer thickness decreases with an
increase in the values of the mixed convection
parameter. The temperature profile enhances
with an increase in the magnetic parameter.
Thus, the presence of the magnetic field leads
to increasing the thermal boundary-layer
thickness.

The effects of Pr and y on the dimensionless
temperature profile are elucidated in Fig. 4.
It is clear that the increasing values of Pr
reduce the temperature profile. The fluids with
lower Prandtl numbers have higher thermal
conductivities (and thicker thermal boundary-
layer structures) so that heat can diffuse from
the sheet faster than for fluids with higher Pr
numbers (that have thinner boundary-layers).
Hence the Prandtl number can be used to
increase the rate of cooling in conductive fluids.
It is also seen that the temperature profile

enhances with the surface convection parameter.
The y parameter is directly proportional to the
heat transfer coefficient associated with the
hot fluid hf The thermal resistance on the hot
fluid side is inversely proportional to 4. Thus,
as y increases, the hot fluid side convection
resistance decreases and consequently, the
temperature profile increases.

Physically, the negative sign of F"(0) implies
that the surface exerts a dragging force on the
fluid and the positive sign implies the opposite
effect. This is consistent with the present case,
as a stretching cylinder which induces the flow
is considered here. Fig. 5 shows the variation of
the skin friction coefficient. It is clear that this
coefficient F"(0) grows with increasing A and
A, and decreases with increasing C and M. The
variation of the Nusselt number is shown in
Fig. 6. It is observed that the Nusselt number
grows in value with increasing values of C, A
and vy, and decreases with M and A.

Table 2
Various values of governing parameters and F''(0), 0'(0) values for them
. Value
Governing Governing
parameter parameter —F"(0) —0'(0)

0.1 1.06754708 0.18479261

C 0.2 1.09310236 0.18493968

0.3 1.11775841 0.18508489

1 1.06754708 0.18479261

M 2 1.52007910 0.18220507

3 1.91790594 0.17847387

1 1.06754708 0.18479261

A 2 1.05348361 0.18484647

3 1.03963697 0.18489862

0.2 1.06754708 0.18479261

A 0.3 0.94852567 0.18407353

04 0.85471337 0.18341212

6 1.06754708 0.18479261

Pr 7 1.06950873 0.18595638

8 1.07099257 0.18689031

0.1 1.07438124 0.09604074

Y 0.2 1.06754708 0.18479261

0.3 1.06125922 0.26708712

Note: While studying the effect of individual parameters the following
values were assumed: C=0.1, M=1,A=1,4=0.2, Pr=6,y=0.2.
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4. Conclusion

The steady axisymmetric laminar boundary-
layer slip flow of viscous incompressible fluid
and heat transfer towards a vertical stretching
cylinder in the presence of the uniform
magnetic field has been investigated. Using
a similarity transformation, the governing
system of partial differential equations was first
transformed into coupled nonlinear ordinary
differential equations and then was solved with
the help of the numerical shooting method. The
parameters involved in this study significantly
affect the flow and heat transfer. The following
conclusions can be drawn as a result of the
computations:

(i) The thickness of the momentum
boundary layer decreases in the presence of
the velocity slip and the magnetic field and
increases with the mixed convection and
curvature parameters;

(ii) The thermal boundary-layer thickness
increases with an increase in the velocity slip,

the magnetic field, the surface convection
parameter and the curvature parameter, and
decreases with the Prandtl number;

(iii) The skin friction coefficient enhances
with the increasing values of mixed convection
slip and surface convection parameters and
decreases with the curvature parameter, the
magnetic parameter and the Prandtl number.
The Nusselt number increases with the curvature
parameter, the mixed convection parameter,
the Prandtl number and the surface convection
parameter, and decreases with magnetic and
slip parameters.

We expect that the physics of flow over a
stretching cylinder can be utilized as a basis for
many engineering and scientific applications
especially in petroleum engineering with
the help of the present model. The results
pertaining to the present study may be useful
for investigating different models. The findings
of the present problem are also of great interest
in different areas of science and technology,
where the surface layers are being stretched.
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Fanew H.B., laHea b., Xakum A.K.A., CapaHes C., Kanau6aHaH P. TWOPOMAT-
HUTHbIN OCECUMMMETPUYHbIV OBTEKAIOLW M MOTOK BAOIb BEPTUKAJIbHO-
o PACTAHYTOIO UWMNNHAPA C KOHBEKTUBHbIM TPAHNYHBIM YC/TOBUEM.

WccnenoBaH cTallMOHApHBLIA OCECMMMETPUYHBINM JJAMUHAPHBIA OOTEKAIOLIMIA TOTOK BI3KOW HECXKMU-
MaeMOW XMIKOCTA B IOTPAHUYHOM CJIOE, a TaKXKE €ro TeIulolepenaya Mo HampaBIeHUIO K BEPTUKAJIb-
HOMY pPaCTSIHYyTOMY UWJIWHAPY B OJHOPOJHOM MarHUTHOM mojie. CaenaHo MpPenrnojiokeHue, YTo JieBasi
TMOBEPXHOCTh LWJIWHIPA HArpeBaeTCsl TOPSIYMM KOHBEKTMBHBIM TMOTOKOM. B KadecTBe MepBOro miara Mbl
Mpeodpa3oBaIv OMPENEIONIYI0 cucTeMy AuddepeHInaibHbIX YPaBHEHUI ¢ YaCTHBIMU MPOU3BOAHBIMYU B
CHCTEMYy TMAapHBIX HEJIVMHEWHBIX OOBIKHOBEHHBIX AU(depeHIIMaTbHbIX YPABHEHNM, UCTTONB3Ys Mpeobdpa-
30BaHue noaoous. [lonyyeHHas cioxXHasi HEJIMHEHAs KpaeBasl 3a1aya ObUIa pellleHa YMCIEHHO METOIOM
Pynre-KyTTbl 4-TO mopsiika ¢ MOMOIIBIO UTEPALMOHHON MPOLEAYpbl MPUCTPENKU. 151 criennaibHOTro
cJlydasi HAaMU TIpe/ICTaBIeHbl aHAIUTUYECKNE pellieHus1. BausHue paznuunbix pu3nueckux rnapaMmeTpoB Ha
MPoUIN CKOPOCTU M TEMIIEPATYPBI OOCYXKIAETCSI ¢ MPUBJICYEHUEM TpadUUecKoro Marepuana. 3HAUeHUs
koa(dunmenTa moBepxHOCTHOrO TpeHust U uuciaa Hyccenbra cBeneHbl B TAOJUIBI M TTPOAHAIM3UPOBA-
HBl. YCTaHOBJIEHO, YTO TOJIIIMHA TEPMUYECKOTO TPAHUYHOIO CJIOS YBEJIUUYMBAETCSI C POCTOM CKOPOCTHO-
0 CKOJIbXEHUS, BEJIMYUHBI MAaTHUTHOTO IOJIs, MapaMeTPOB MOBEPXHOCTHONW KOHBEKLIMU U KPUBU3HBI U

YMCEHbBLIACTCA € POCTOM YHrClia HpaHI[TJ'IH. . .
OCECUMMETPHUYHBLIN TTOTOK, MATHUTOT'MAPOANMHAMMKA, OBTEKAIOILIMK TTOTOK, PACTAHYTLIM LIU-
JIMHAP, KOHBEKTUBHAA 'PAHULA.
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YNCNIEHHOE UCC/NNEAOBAHME
NPOCTPAHCTBEHHO-BPEMEHHOM 3BOJIIOLUU
BTOPUYHOIO TEYEHUA B MOZEJIAX OBLLEN COHHOU APTEPUM

[IpoBeneHO YMCIEHHOE MCCAEAOBAHME BTOPUYHOIO TEUEHMSI B IBYX F€OMETPU-
YeCKM Pa3IMYHBIX MOJIENSIX OOIIeil COHHOI apTepuM: CPEeIHECTaTUCTUYCCKON U C
MaKCHMAaJIbHO# (hU3MOJIOrMYEeCKOM U3BUTOCThIO. M3yueHO BusHUE ITapaMeTpOB 13-
BUTOCTHM Ha BPEMEHHYIO M IIPOCTPAHCTBEHHYIO 3BOJIIOIMIO 3aKPYYEHHOIO ITOTOKA.
IMokaszaHo, 4yTO HamboJiee CUIbHAS 3aKpyTKa (hOpMUPYETCS BO BpeMs (a3bl YMEHb-
LIEHUS pacxoja, Ha CThIKE FPYIHOTO U IIEHHOro oTaeaoB. B aToii obiactu mpouc-
XOIUT TpaHchopmaums Buxpeil JlnHa, xapaKTepHBIX IJIsI TSUCHUSI B KPUBOJIMHEHBIX
TpyOKax, B €IWHBIA BUXPb, (HOPMUPYIOIIMI 3aKpydeHHOe TeueHue. [lomydyeHHBIe
pacueTHBIC OLICHKM MHTCHCUBHOCTHM 3aKPYTKM COOTBETCTBYIOT pe3yjabTaTaM KIWHU-

YECKHUX H3MepeHHﬁ.

ObLLIAA COHHAA APTEPUA, BAKPYYEHHOE TEYEHME, BbIYMCIIMTEIBHAA T'MAPO-

JAUHAMUKA, YPABHEHUS HABBE — CTOKCA.

BBenenue

CoHHBIE apTepuu — 3TO OCHOBHBIE IMPO-
BOIHUKM KpOBU OT cepiama K Mo3ry. Jlepas
o011asi COHHasl apTepusl HauMHAeTCsl OT Iyru
aopThl, IpaBasg — OT OpaxuiedaabHON apTe-
pun. OO0e pa3BEeTBISIOTCS Ha BHYTPEHHIOIO
COHHYIO apTepuI0, KOTOpasi CHa0XKaeT KPOBBIO
MO3T, M Ha BHEIIHIOKO, IT0 KOTOPOI KPOBb Te-
YeT K OCTaJIbHOW YacTH TOJIOBBI.

HenaBHue wcciaeqoBaHUSl BAMSHUS TPO-
CTPAHCTBEHHOW KpPUBM3HBI OOIIEKH COHHON
apTepuu Ha KpoBOTOK [1 — 3] mo3BoJISIIOT 3a-
KJIIOUUTh, UTO TEUCHHE C OCECUMMETPUUYHBIM
pacripeaeieHIeM CKOPOCTU B CEUEHUSIX apTe-
pUM IpaKTUUECKU He peanau3yercs. PesynbTaThl
pacyeToB, MPOBEACHHBIX IS MPOCTPAHCTBEH-
HO M3BMUTOM Tr€OMETpUM OOLIE COHHOM apTe-
pun B pabore [1], mokazanu, 4To B Hel op-
MUPYETCSI TEUEHHUE CO CKOILICHHBIM MPOpuIeM
OCEBOI CKOPOCTH, MaXe MPU YMEPEHHOU KpU-
BU3HE IlIeiiHoro otaena. CMmelleHue MaKcu-
MyMa CKOPOCTH K OJTHOM M3 CTEHOK OOYCJIOB-
JIEHO pa3BUTHEM BTOPUYHBIX (ITOMEPEUHbIX)
TedeHuil. PacyeTsl, MpoBeneHHbIe B padoTe [2]
JUISL MOJIEJIM U3BUTOM COHHOM apTepUu, TAKXKe
CBUIETEIBCTBYIOT 0 (DOPMUPOBAHUM TEUEHUS,
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XapaKTepU3yeMOIro BBIPaXKEHHOI CKOIIEHHO-
cThlo mpodwisi oceBoil ckopoctu. B pabote
[3] BrOopryHOE TeueHUe B OOLLEll COHHOM ap-
TEPUU U3Y4aJIoCh C TOMOIIBIO YIbTPA3BYKOBO-
ro JOIUIEPOBCKOrO METO/AA; aBTOPbI PErUCTPU-
poBany Haauuue BuUxpeit JInHa u CKOLIEHHOTO
npoduisgs 0CeBOM CKOPOCTH.

B HacTosueit padbote ¢ npuMeHEHUEM Me-
TOHOB BBIUMCINUTEIBHONM TUAPOANHAMUKHN TTPO-
BEICHO MCCIeAOBaHUE TEYCHMSI B ABYX I'€OMeE-
TPUYECKU OTIMYHBIX MOJEJISIX OOLIEe COHHOM
apTepuun: CpPeAHEeCTaTUCTUYECKON U ¢ Mak-
CUMaJIbHOM (DU3MOJOTMYECKON U3BUTOCTHIO.
M3yyeHsl BpeMeHHass U IIPOCTPaHCTBEHHAas
BBOJIIOIMS 3aKPYYEHHOTO KPOBOTOKA B 3aBU-
CHMMOCTHU OT HapaMeTpPOB KPUBHU3HBI apTepPUU.
JenaroTcsi BBIBOABI O CTPYKTYpe M CBOMCTBaX
KPOBOTOKA B M3BUTOCTSIX.

I'eomeTpuueckas monesn
o0ImIeil COHHOM apTepun

I'eomeTpust McClIeqOBaHHBIX MOJIENEH I0-
CTpO€HA Ha OCHOBE JAHHBIX, IOJYYECHHBIX
myreM 3D MarHWTHO-PEe30HAHCHOI aHTHOTrpa-
(un cocymoB Ha ydacTKe OT AYTM aOpThl IO
OudypKalMu COHHOW apTepuu, W SIBJISTIOTCS
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Tadonauua
ITapameTpbl reoMeTpUH MPAaBOii 00MIEl COHHOW apTeprH M MCCJIEOBAHHBIX MOJeJei
3HaueHue
Mounenb
CpemHecTaTUCTH - .
[Tapametp O6o03HaueHue | JlaHHbIE C MaKCUMaJIbHOU
yeckasi MOJesb .
MPT (usmonornueckoit
(M1)
U3BUTOCTHIO (M2)
Paguyc KpuBU3HBI, MM
LIeifHOro oTaena R, 40£20 40 20
TPYIHOTO OTAENIA R 150£100 150 50
JlnvHa xopabl, MM
LIEWHOTO OTaea RT 40+15 40
IPYOHOIO OTAesa RC 60£15 60
Yromn Mexmy xopaamu, rpam o 25+25 25
YTon MeXay TIOCKOCTSIMU,
B KOTOPBIX JieXXaT LIeHHbI 0 90+90 90
W TPYAHOM OTHEJIbI, TPa

ITpumeuvanue: Jannsle MPT monaydeHbl ocpeaHeHueM 1o 28 300pOBbIM 100poBoabLaM B padote [1].

ocpelHeHUeM Mo 28 310POBbLIM J10OPOBOJIbLAM
[1]. CormacHO MeToaMKe, TPEMIOXEHHON B
pabote [1], obmasi coHHas apTepusi YCJIOBHO
pasnensgercd Ha TPYyJIHOW U IIEWHBIA CETMEH-
THI; JUISI HUX OLIEHUBAIOTCS paauyChl KPUBU3HBI
LIEHTPaJbHON JIMHUU KaXXIOro0 M3 CErMEHTOB,
OJIM3KUX K Iyre OKpYy>KHOCTH. JJIsT yKazaHHOM
OLICHKM TIPUBJICKAJICSI METOH HaMMEHBIIINX
KBaJpaToB.

I'eomeTpuueckue mapaMeTpbl paccMaTpU-
BaeMbIX MOIEJel apTepuu, a TakKKe auana-
30H (PM3MOJOTMYECKNX TaHHBIX U3 paOdoTHI [1]
NpuBeneHbl B Tabauie. BHyTpeHHUIT paguyc
cocyna, TNPUHSTHIM HAMU IIPU MOICIMPOBA-
HuU, R = 2,5 mM.

Br16op BTOpOIT TeomeTpun (Momenb 2) 00-
YCJIOBJEH KpalHUMH 3HAYEHUSIMH PaIUyCOB
KPUBU3HBI IIEHHOTO M TPYIHOIO OTAEJIOB M3
(pr3MoNIOrNYecKoro auamna3oHa.

[TocTpoeHue reomerpuu Momeau oOOILIeH
COHHOH apTepuM C MCIOJb30BAaHUEM IIPO-
rpamMmbl  DesignModeler, koTtopas sBasieTcs
NpuoXeHrueM paboyeil minaTgopmbl  Ansys
Workbench, cocTostio M3 HECKOJIBKHUX 3Ta-
noB. CHavaja BO B3aMMHO II€PIEHIUKYJISIP-
HBIX TUIOCKOCTAX XY u XZ ObUIM MOCTPOCHBI

IYTU ¢ OOlIEel TOYKON IMepeceueHusl B Hayase
KOOPAMHAT: OJHA COOTBETCTBOBAJA IICHHOMY,
Ipyrass — TpyOIHOMY OTAeNy oOlleil COHHOMI
aprepun (puc. 1). Kaxmas agyra ompenens-
Jlach PaaUyCOM KPUBU3HBI U JJIMHOW XOPIBI.
Ha nyru 3atrem HaHOCUJINCH paBHOOTCTOSIIINE
JIpYyr OT JApyra TOYKHW, Yepe3 KOTOpbIE MPOBO-
JWIACh TJagKasl IIPOCTPAaHCTBEHHAsT KpUBas C
noMoubio MHCTpymMeHTa 3D-Spline. JlaHHas
KpUBasi CIyXWJIa OCbIO MOIEIM OOIleil COH-
HO#l apTepuu. 3aBeplIAOIIMM 3TalloM  CIIy-
KWJIO TIOCTPOSHUE HUJIMHIAPUYECKON IMOBEPX-
HOCTH, MOJEIUPYIOIIei BHYTPEHHIO CTCHKY
apTepum.

MatemaTuyeckasi MoJejIb

g MomenupoBaHUSI TEUEHUS] B oOOLIeH
COHHOI apTepyM pellaiCh TPEXMEPHbIC He-
craunoHapHble ypaBHeHUs1 HaBbe — Crokca.
Pacuertsl BeimonHsinch B nporpamme ANSYS
CFX no MeTtony KOHTPOJBLHBIX OOBEMOB CO
BTOPBIM TIOPSIAKOM TOYHOCTH IO MPOCTpPaH-
CTBY U II0 BPEMEHHU.

Ha BxonmHo#1 rpaHulie 3amaBajicsl OIHOPOI-
HBII TIPODUIL CKOPOCTU M U3MEHEHHUE Cpel-
HEpacXoJHON CKOPOCTM BO BpPEeMEHM LIMKJIA
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Puc. 1. Dranbl mocTpoeHUs FeOMeTPUIECKOM MOJIEIN ITpaBoii OOIIell COHHOM apTepuu:

a — MPT-cHUMOK CeTH KPOBEHOCHBIX COCYIOB (0003HAUYCHBI IIpaBast U JieBasi OOIINEe COHHBIC apTEPUN);
b — mpaBas ob61as aprepusi, pazourtas Ha otaens! (rpynHoil (T — thoracic) u meitnsbiii (C — cervical));
¢ — ochb cocyna (IIyHKTUP), TPYAHOM U IIEWHBINA CerMEHTHI (CIUIOLIHBIC TUHUM); d — MOMIEb 00IIei
COHHOM apTepuu, MOJyYeHHAas MTyTeM CIJIaXWBAHUS TPYAHOU M INEWHBIX AYT, C MOCIEAYIOIIUM
MOCTPOEHMEM LMJIMHAPUYECKON TToBepXHOCTH [1]

(manee 3T0 OymeT MOKa3aHO TOYEYHOU KPUBOM
Ha puc. 5). Kpuast cpemHeil cKopocTu ObLIa
MoJlyudeHa 13 KPMBOM pacxoma, KoTopas OT-
paxaeT pe3yabTaT KIMHUYSCKUX WM3MEPEHUIA
KPOBOTOKA 3I0POBBIX JOOPOBOJIBLIIEB METOIOM
(a30BO-KOHTPACTHON MATHUTHO-PE30HAHCHO
tomorpapuu (MPT) [4]. Tlepwon umkia
T =1 c. ®a3a yBeIUYEHUSI CKOPOCTU COCTAB-
ageT 15 % ot Bcero BpeMeHM LMKiIa. Mak-
cuMaJibHasl 3a IepHOI CpeaHepacXOogHasI CKO-
pocte V, = 0,7 m/c. ®asza yMmeHbLIEHUA
CpeIHEePaCcXOTHON CKOPOCTU XapaKTepU3YeTCsI
HaJIW4YMEM TpPeX JIOKAJIbHBIX MaKCUMYMOB CKO-
pPOCTH, CBSI3aHHBIX C IBMKCHUEM ITyJILCOBOM
BOJIHBI MO cocymaMm. Ha BBIXOOHOI rpaHulie
MOIEJIM COCyIa 3amaBajicsl MOCTOSHHBINA YpO-
BeHb AaBjieHUs. Ha cTeHKax cTaBUJIOCH YCJIO-
BUE MIPUINATIAHUS.

PacueTsl BBINOMHSIIMCH IJI XKUAKOCTU 10
CBOMCTBAM aHAJIOTMYHOU KPOBU:. AWHAMUYE-
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ckuit koapuumeHt Bazkoctu = 0,004 Ia-c,
mioTHocTh p = 1000 xr/m3. Iyt JaHHBIX T1a-
paMeTpoB MaKCUMaJIbHOE 3a LMK yuncio Peii-
HOJIbJICA

Re = 2pV,  R/u~900,
yuciao Yomepciun

Wo = R\2np/uT =~ 3.

Boi0op pacuyeTHoii ceTKn

PacuetHast ceTka ajsg Moaeau ooliel CoOH-
HOIi apTepuM Obla ITOCTPOEHA B IpOrpamMme
ANSYS Meshing (npwioxenue padodeit cpe-
o1 ANSYS Workbench), ¢ moMoIibio HHCTPY-
MmeHTOB Body Sizing m Inflation. IlepBbrii u3
HUX T103BOJISIET YCTAaHABAMBATh TUII 3JIEMEHTOB
CeTKM W WX MaKCHUMaJbHbIA pa3Mep, BTOPOM
MHCTPYMEHT — CIYIIIEHUE CETKM K CTEHKE MO-
nenu. PacueTtHast ceTka cocToslia U3 IIpU3Ma-
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Puc. 2. Buasl Haubosee rpy0oii (a) u Hanbojee MeJKo# (bh) pacueTHBIX CETOK
B IOTICPEYHOM CEYCHUU MOICIIN apTepuu

b)

Puc. 3. IToast oceBoii CKOPOCTH TTOCEepeanHE IIeITHOro oTaea (IIOIepPeyHOe CeUeHNe),
paccuMTaHHble Ha HauboJjee rpyooit (a) u Hanbojiee MenKoit (b) ceTkax

TUYECKUX BJIEMEHTOB, MAaKCUMAJIbHBII pasmep
KOTOPBIX ObLT BHIOPAH, MCXOJS U3 MCCIIeN0Ba-
HMSI Ha CETOYHYIO CXOIAMMOCTb.

Ha puc. 2 npexacraBieHbl 1B U3 YEThIpex
PaCYEeTHBIX CETOK B MOMEPEYHOM CEYEHUU MO-
JeJIM apTepuur. DTU CETKUM — caMmylo rpyOyio
(ob11ee Yncao 3JIeMEHTOB — 43 THIC.) U caMylo
nonpobHyo (450 ThIC.) — MBI MCIIOJIbH30BA-
JU TIpU UCCJIEAOBAHUM HA CETOYHYIO CXOJAM-
MOCTb.

Ha puc. 3 npuseneHo moiyie 0ceBOi CKO-
pPOCTM B TIONEPEYHOM CEUEHMM TOCepeIrHe
LIEAHOro OTHAEa, PACCUYMTAHHOE Ha JaHHbBIX
CeTKax B CTAallMOHAPHON 3amaye IJIsi MOJEIHN
2 aptepuu, MpPU CPEIHEPACXOJHOW CKOPOCTH
noroka V, = 0,7 mM/c (maHHOe 3HA4YeHHUE OT-

BeyaeT MaKCMMaJbHOM CKOPOCTHU 3a LIMKJI TIpU
pelleHNM HeCTalMOHAPHOM 3a1a4n ).

PesynbraThl ucciaenoBaHMsI Ha CETOYHYIO
CXOAMMOCTD ITO3BOJIMJIN B LIEJIOM 3aKJIIOUUT,
YTO MMOJIeé CKOPOCTU JJisI caMOil rpy0oil ceTku
CYILECTBEHHO OTJIMYAETCS OT MOJICiA, ITOJTyYeH-
HBIX JJI TPEX APYTUX ceTok (86 Thic., 172 ThIC.
u 450 TbIC. 3aeMeHTOB). Ilpu 3TOM pesynbTa-
THI JIJIs1 ABYX MOCJIEIHUX CETOK BeCbMa OJu3-
KU: pasiauuue He mpeBocxoauT 5 %. B urtore
JUISL TIPOBEICHUSI HECTAllMOHAPHBIX PAcUeTOB
ObLIa BhIOpaHa CeTKa C YMCJIOM BJIEMEHTOB B
450 ThIC.

Bruto Takke MmpoBeneHO UCCeIOBaHKME Ha
YYBCTBUTEJBHOCTh MOJIYYaeMbIX PE3YJIbTaTOB K
mary mo BpeMeHu. CpaBHUBAJIUCh pELICHUS,
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noaydeHHble ¢ mwaramu 0,005, 0,010 u 0,020 c.
B pesynbrare OBIJIO YCTaHOBJIEHO, UTO pellle-
HUE MaJI0 U3MEHSIETCSI ¢ YMEHbIIECHUEM Lara
110 BpEMEHHU B YKa3aHHOM JIMaIla30He; [T0O3TOMY
OCHOBHBIE BBIYUCJIEHUST MTPOBOAMINCH TOJBKO
¢ marom 0,01 c.

Pe3ynbTaTnbl pacueTon

PacueTsl nmokazajiu, 4To B TPyIHOM OTHAEJIE
o01Ieil coHHOU aprepuu (OPMUPYIOTCS MHap-
Hble BUXpU JIMHA, B KOTOPBIX >KUAKOCTb Bpa-
1IaeTCsd B MPOTUBOMOJOXHBIX HaIpaBJICHUSIX.
Ha puc. 4 Buxpu /luHa BU3yalu3UpOBaHbI C
MOMOIIBIO M30IOBEPXHOCTEN  Q-KpUTepus;
OHM UMEIOT BHUA ABYX ONM3KUX II0 (opMme
CTPYKTYP, BBHITSIHYTBIX BIOJIb BHEIIHEH CTEH-
Ku moaenu cocynga. Buxpu duHa, nepexons
B IIEWHBIA OTOEA OOIeld COHHON apTepuw,

a)

TpaHC(HOPMUPYIOTCSI B €AWHBINA BHXpPb, (HOP-
MUPYIOLINI 3aKpydyeHHOoe TeueHue. Hauboiee
CUJTbHAs 3aKpyTKa TEHEPUPYETCS B MeCTe CO-
YJIeHEHMS TPYIHOTO U IIIeiTHOTO OTIe10B. BHU3
10 TEYCHUIO 3aKpyTKa 3aTyXaeT, U MPUMEPHO
Ha cepearHe MIeHOTo OT/Iea BO3HUKAET BTO-
POt BUXPb, KOTOPHII TTOCTEIICHHO YBEIMUMBA-
eTCsl B pa3Mepax I0 JJIMHE COCYy/a.

s xapaKTepUCTUKU MHTEHCUBHOCTH 3a-
KPYYEHHOTO T€YSHUST MCITOJIb30BaHbI ABa Ta-
paMeTpa: MHTerpajbHblil MapaMeTp 3aKPYyTKU
Sa

vy
 R[Virdr

— 0e3pa3MepHbIi MOMEHT KOJIMYECTBA ABMXKE-
HUSI B OKPY>KHOM HaIIpaBJICHUM, a TaKKe ILIM-

b)

Puc. 4. MzonoBepxHocTu Q-Kputepus B ¢a3y yMeHbleHus pacxona (1 = 0,3 ¢) u IMHUM TOKa B TPeX
nioriepeyHbix ceuenusix (1, 11, I11) nns monenu 1 (a) u Mmozxenu 2 (b); Ha BCTaBKe MpUBEIeHA TMHAMUKA
CpeIHEPacXOMHOM CKOPOCTU 3a LIUMKJ, MOMEHT ¢ = (0,3 ¢ OTMeUYeH TOUKOi1
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0.4 0.8
S I,

m/s

.

.
testecaas,
.,

0 s 1.0

Puc. 5. U3meHeHre BO BpeMEeHM LIMKJIa IBYX Iapa-
METPOB 3aKPYTKU: S (MyHKTUPHbIE JTUHUH)
" f (CTUIOILIHBIE), B CEUEHUN TTOCEPEINHE
1IefiHOrO oTAeaa I Moaenei 1 u 2,
10 CPAaBHEHUIO C JUMHAMUKOU CPEAHEPACXOOHOMN
CKOPOCTH (TOUeYHasl JUHUS)

POKO HMCHOJB3YEMBIM Ha IMPaKTUKE TMapamMeTp
3aKpPYTKHA B,
V

B — ¢ max

|4

zmax

— OTHOILLICHUE MAaKCUMAaJbHOM OKPY>KHOM CKO-
POCTH K MaKCUMMaJIbHOM OCEBOMA.

B npuBegeHHBIX opMynax r — pamuaib-
Hasg KoopauHarta; R — paguyc cocyaa; Vq}, V.—
OKpY>KHasi U 0CeBasl CKOPOCTH.

Ha puc. 5 o o6enx uccienoBaHHbIX MO-
JeJieil MoKa3aHo U3MEeHEeHNe BO BPEMEHM LIMK-
Jla OBYX BBEIEHHBIX ITapaMETPOB 3aKPYyTKWU.
BugHo, yTo Hanbojee MHTEHCUBHAsS 3aKpyTKa
BO3HUKAET BO BpPeMsI CUCTOJBI (IIpUMEPHO OT
0,17 mo 0,40 c). dnst cpemHecTaTUCTUYECKOM
MOJIIEJIM apTePUM B 3TOT IMMPOMEKYTOK BPEMEHM
napameTpsl S ~ 0,08, B = 0,2, a w11 Monmenun
C MaKCUMaJIbHON (pM3MOJIOTUIECKON M3BUTO-
CTbI0 MHTEHCUBHOCTb 3aKPYTKU MPUMEPHO Ha
30 — 50 % 6onbuie. [TpumeyaTebHO, YTO Ha
OoJsiblIe YacTW LIMKJIa OTHolueHue B/S mis
obeux Moneneid MpuOIU3UTENTLHO MOCTOSIHHO
u cocrasuger 2,0 — 2,5.

Ha puc. 6 mokazaHo M3MeHeHME Iapa-
METPOB 3aKPYTKMU I10 IJIMHE ILIEHHOIO OTIe-
Ja momenu aprepuur. OHO MMeET XapakTep
IJIaBHOI'O YMEHbIIEHUSI, INPaKTUYECKU JIU-
HEeHOro Ha OTIeNbHBIX yyacTKax. HecMoTps

1
o
)

1

o Vb, m/s

Puc. 6. U3mMeHeHne mapaMeTpoOB 3aKPYyTKHU
MO IJIMHE IeiHOoro otaena: S (ITPUXOBbIE JTUHUN)
U B (CIUIOLIHBIE) B MOMEHT BpemeHu ¢ = 0,3 ¢
11 Moziesiet 1 1 2 obliieit COHHOM apTepuu;
Il 1] — TouKM moIepeYHbIX CEUEHWI HA OCH Z;
BCTaBKa WIACHTUYHA TTPUBEIEHHOM Ha puc. 4

Ha BeCbMa CUJIbHOE pa3nyKue MHTEHCUBHO-
CTell 3aKpyTKM B HayaJle IIeHHOro oTaea,
MOJYYEHHBIX [JISI OBYX paccMaTpUBaeMBbIX
mopeneit (mist monenu 1 S~ 0,1, p~0,2; n1da
momdenun 2 S~ 0,2, B~ 0,45), K KOHLY IICii-
HOTro OTAeja MHTEHCUBHOCTb 3aKPYYEHHOTO
TeUYEHUS M0 00EUM MOJEJISIM BEIpaBHUBAETCS
M XxapakTtepusyeTrcsl 3HayeHusgmu S ~ 0,05,
B =~ 0,1. JaHHbIe 3HAUEHUSI PEKOMEHIYETCS
HWCTOJb30BaTh IS TTOCTAHOBKY YWCJIEHHOM
3aJa4yy O pacueTe KPOBOTOKa B OudypKauuu
COHHOU apTepuM B KaYECTBE BXOIHBIX YCJIO-
BUIA.

3akinouenue

3akpydyeHHOE TeUeHUE B U3BUTOU COHHOW
aprepuu GopmupyeTcs moja AeUCTBUEM IPO-
CTPAHCTBEHHOU KPUBU3HBI apTEPUU U T1YJIib-
CHUDYIOILIETO XapakTepa TedeHus. HawmOomee
CWIbHAsl 3aKpyTKa (OpMUpYeTCsT BO BpeMs
(azpl yMeHbllIeHUSI pacxona Ha CThIKE Tpyi-
HOrO0 W LIEHHOro OTHAEJNOB, TAE MPOUCXOIUT
TpaHchopMauusg Buxpen JluHa, xapaKTepHBIX
IUISl TeYEHUsSI B KPUBOJMHEWHBIX TpyOKax, B
€IVHBIN BUXPb, (DOPMUPYIOIINI 3aKPYIEHHOE
teueHue. [1o Mepe 3aTyxaHUsl 3aKPYTKH, BHU3
10 TEYEHUIO BHOBb BO3HUKAET BTOPOU BUXPb.
CpenHuil 3a cUCTOJy YDOBEHb MHTEHCUBHOCTU
3aKPYTKM (OH XapaKTepU3YeTCsl OTHOILIEHUEM
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MaKCUMaJbHOU OKPYXXHOW K MaKCHUMaJbHOM
0CeBOI1 CKOpOCTH) cocTaBiisieT 3HaueHue 0,20
JUTS MOJENIU CPEIHECTAaTUCTAYECKOU OobO1Iei
COHHoOIt aptepuu u 0,25 — 11 MoAeaU ¢ MaK-
CUMAaJIbHOM (PU3MOJIOTUYECKON M3BUTOCTHIO,

4TO COOTBETCTBYET KIMHUYECKUM pe3yJIbTa-
Tam [5].
PabGora BbIMosHeHAa Tpu (DUHAHCOBOUM MOJ-

nepxke Poccuiickoro ¢oHaa dyHaaMeHTaIbHbIX
nccaenmoBanuit (rpant Ne 15-01-07923).
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SPATIAL-TEMPORAL EVOLUTION OF THE SECONDARY FLOW IN THE MODELS OF
A COMMON CAROTID ARTERY.

Numerical study of the secondary flow in the two geometrically different models of a common carotid
artery has been carried out. One of the models (Model 1) is characterized by a statistically averaged curvature,
and the second one (Model 2) is attributed to the maximal curvature of the artery. It was shown that
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the most intensive swirl occurred at the phase of flow rate decreasing, the maximum values of the swirl
parameters were observed at the interface of the cervical and thoracic segments of the artery. This interface
is the place where the Dean vortices are transformed into a single vortex forming a swirling flow. The swirl
intensity averaged over the systole and characterized by the ratio of the maximal values of the axial and
circumferential velocities was evaluated as 0.20 for Model 1 and 0.25 for Model 2. Generally, it was in

accordance with the data of clinical measurements.

COMMON CAROTID ARTERY, SWIRLING FLOW, COMPUTATIONAL FLUID DYNAMICS, NAVIER — STOKES

EQUATIONS.
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NMPUMECHASA TEPATEPLLOBAA JIIOMUHECLIEHLUUA B HAHOCTPYKTYPAX
C KBAHTOBbIMAU AMAMMU NMPU MEXX3OHHOM ®OTOBO3bY)XXAEHUU

IIpencraBieHbl pe3yabTaThl SKCIEPUMEHTATBHOTO WMCCICAOBAHUS IIPUMECHOM
(OTONIOMUHECLICHIIMU JajbHero (TeparepuoBoro) u omvxkHero MK criekTpaabHbIX
JINAMa30HOB B CTPYKTypax ¢ KBAaHTOBBIMU simaMu n-GaAs/AlGaAs pa3nmuyHON 1Iu-
PUHBI TIPY MEK30HHOM (POTOBO30YKIEHUHN 3JIEKTPOHHO-ABIPOYHBIX TIap. B criekTpax
doTomomMuHecieHIIMKM B ganbHeM MK numamazoHe oOHapyXeHBI ONTHYECKUE Iepe-
XOIbl JICKTPOHOB MEXKJ1y TEPBOI MOA30HOM Pa3MEPHOro KBAHTOBAHMSI 1 OCHOBHBIM
COCTOSIHMEM JOHOPHOM MPUMECH, a TAKXKe MEXIY BO30YKIEHHBIM U OCHOBHBIM CO-
CTOSTHUSIMU JOHOPHOI npumecu. HabGioaeHre 3TUX ONTUYECKUX TIEPEeXOI0B CTaIo
BO3MOXHBIM, OJIaromapsi OITyCTOLIEHWIO OCHOBHOTO COCTOSIHMSI TOHOPA B KBAHTOBOM
sIME 3a CYET M3JIydaTeJIbHBIX IePEX0/I0B HOCUTENICH 3apsiia ¢ OCHOBHOTO JOHOPHOIO
COCTOSIHMSI B MEPBYIO ITOA30HY Pa3MEPHOr0 KBAHTOBAHUS ABIPOK B KBAHTOBOIA SIME.
DKCHepUMEHTAIbHO MOKa3aHa BO3MOXHOCTh NEPECTPOMKHU UIMHBI BOJHBI Teparep-
LIOBOTO M3IYYCHUSI CTPYKTYP C JISTUPOBAHHBIMU KBAHTOBBIMM SIMAMHM 33 CUCT M3Me-

HEHUA IIMPHUHBI KBAHTOBLIX fM.
TEPATEPLIOBAA JIIOMWHECHUEHLMA, U3JIYYEHUE, KBAHTOBAA AMA, CIIEKTP, HA-
HOCTPYKTYPA, ITOJIYITPOBOAHUK.

BBenenue HU3M SIBJISIETCS aJbTePHATUBOM KBAaHTOBO-
KackagHoMy Jasepy [4], Aas Npou3BOACTBa
KOTOPOr0 TPEeOYIOTCS OYEHb CJIOXHBIE METO-
JUKM POCTAa BBICOKOKAYECTBEHHBIX IOJIYIPO-
BOJHMKOBBIX HAHOCTPYKTYP.

B Hacrosiiee BpemMs CyllecTBYeT HECKOIb-
KO MEXaHM3MOB re¢Hepaluy TeparepLoBOro 13-
JIydeHUsI, OCHOBAHHBIX Ha TMPUMECHBIX Iepe-
XO0JaX HOCUTEJICH 3apsiia B IIOJIYIIPOBOIHUKAX

Y TIOJTYIIPOBOTHUKOBBIX HAHOCTPYKTYpax. Tak,

B Hacrosiiiee BpeMsl aKTyaJbHOU SIBJISICT-
cs 3agavya pa3paboTKu 3(PPEKTUBHBIX MOIY-
MIPOBOAHUKOBBIX MCTOYHMKOB TeparepioBoro
U3Iy4YeHMs1 (Auana3oH UIMH BOJH 3JIEKTPO-
MarHuTHOro uanaydeHus coctasiaset 30 — 300
MKM ), TIOCKOJIBKY OHM MOTYT HAalATH CBOE IIpU-
MEHEHME B Pa3INYHBIX 00JIaCTIX HAyKU U TeX-
HUKU, TaKUX KaK MEIULMHA, 9KOJOIMYECKUI
MOHUTOPUHI OKPYXKaIoIIei Cpelbl, CHUCTEMbI

0e30macHOCTH, a TakkKe WMH(MOPMALIMOHHbIC
TEeXHOJOTUHU (CM., HarmpuMep, padotsl [1 — 3]).
OnuH U3 NepPCIEeKTUBHBIX MEXaHU3MOB JJIS Te-
Hepaluy TepareplLiOBOr0 M3JIy4eHUs] OCHOBaH
Ha ONTUYECKUX IIepexomax HepaBHOBECHBIX
HOCHUTeJIell 3apsiga C yJacTHeM IIPUMECHBIX
COCTOSIHMII B IOJIYNPOBOAHMKAX M TMOJYMIPO-
BOJHMKOBBIX HAHOCTPYKTypaxXx. DTOT Mexa-
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TeparepLoBOe U3IyYyeHre Ha0II01a]10Ch Ha TIe-
pexojax HEpaBHOBECHBIX HOCUTENIEH 3apsiaa
y4acTUEM PE30HAHCHBIX COCTOSIHUII IPUMECU
Mpu Mpodoe MpUMeceid NEKTPUUECKUM MOJIeM
B MexaHudecku nedopmupoBaHHoM p-Ge [5]
U B MUKPOCTPYKTYpax cO BCTPOEHHBIMU MeXa-
Huueckumu HamnpspkeHusiMmu GaAs/GaAsN:Be
[6]. KpoMe Toro, mpu BHYTPM3OHHOM OIITH-
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YeCKOM BO30OYXIEHWM HOCHUTeNel 3apsaa
HaOII0JaJIOCh TepareploBOoe M3JIyYeHHE U3
00BEMHOIO KpPEMHUS, JIETUPOBAHHOTO pas-
JIUYHBIMU TIpuMecsiMu [7]. Ilpu MexX30HHOM
(poTOBO3OYXKAIEHUN M3TyYEHUE TEePareprioBOro
Juara3oHa ObUIO OOHApy:Ke€HO B JIErMPOBaH-
HBIX OOBEMHBIX TTOJYIPOBOAHUKAX, TAKUX KaK
GaN [8], GaAs u Ge [9].

PaGoT, MOCBSIIEHHBIX MCCAEIOBAHUIO M3-
JIydeHUsI, JieXKallleTo B TepareplLoBOM Oua-
na3oHe, U3 HAHOCTPYKTYpP C JIETMPOBaHHBIMM
kBaHTOBbIMU siMmaMu (KS), onybnvkoBaHo He-
MHoro. Hampumep, B MPOAOJBbHBIX 2JIEKTPU-
YeCKMX TIOJSIX TepareploBOe M3JydeHUE Ha-
Omonanoch B KBaHTOBBIX siMax GaAs/AlGaAs,
JIETUPOBAHHBIX IpUMecsIMU goHOopHoro [10] u
akuenTopHoro [11] Tumnos.

IlepBoe HaOIOIEHUE TEepPareproBOro M3-
JIy4eHUST U3 HAHOCTPYKTYP C JErMpOBaHHBIMU
KA mpu MexX30HHOU ONTUYECKON HaKauyke
npeacrasieHo B padote [11]. IIpu Takoit Ha-
Kayke MPOMCXOIUT TeHepalusl 3JIEKTPOHHO-
JIBIPOYHBIX Iap C UX IMOCIEIYIOLIMM 3aXBaTOM
B K. IIpu HM3KOW TemmiepaType KpUCTAJLIU-
YeCKON pelIeTKn AOHOpHBIe TMpuMecu B K5
BBIMOPOXKEHBI, T. €. HEUTpaJIbHBI. DJIEKTPOHBI
C OCHOBHBIX JOHOPHBIX COCTOSTHUI MOTYT pe-
KOMOMHMpPOBaTh C HEPAaBHOBECHBIMM IbIpKa-
MU. DTOT MPOLECC OOBIYHO COMPOBOXKIAETCS
HCITyCKaHMeM KBaHTOB cBeTa OmxkHero MK
nuarazoHa. Ha ocBoOomuBIIMECS B pe3ysib-
TaTe 3TOr0 Mpollecca OCHOBHbIE MPUMECHBIE
COCTOSIHUSI BO3MOXKEH 3axBaT HEPaBHOBECHBIX
3JICKTPOHOB, KOTOPBI MOXET IMPOUCXOIUTH C
HUCITyCKaHHEeM KBaHTOB CBeTa TepareploBOro
Jarna3oHa.

Hacrogimass padota sBIsSeTCS pa3BUTHEM
npeapiaylieil paboTel aBTOPOB MO 3TOM TeMa-
Tuke [11] 1 mocBslleHa UCCIeTOBAHUIO U3JTY-
yeHusl TeparepuoBoro u ommkHero MK mma-
Ma30HOB B HAHOCTPYKTYpax C JIETMPOBaHHBIMU
JpoHopamu KS pasznuuyHO LLIMPUHBI.

Hccaenyembie 00pasibl
¥ MEeTOAMKA KCNepuMeHTa

OnTuyeckue McciieqoBaHus OBLINA BBITION-
HeHBbl Ha Tpex oOpasuax. [Ba u3 HuUX ObUIM
BBIpAIEeHbI METOJOM MOJIEKYJISIPHO-ITYYKOBOI
SMUTAKCUM HA MOJYU3OJUPYIOLICH ITOIIOXKE
apceHuja Tauiusl U COAEpXKaiu JIErMpOBaH-
Hele KA GaAs/AlGaAs pa3iIvMyHON IIUPUHBI.

B nepBoM u3 00pas3uoB ObLIO 226 MEpHUOAOB
KS GaAs mmpunoit 16,1 HM, pa3meieHHBIX
Gapsepamu Al ;Ga  As TonumHONi 4,8 HM.
Bropoii obpasen comepxan 50 mepuomoB KA
GaAs mupunHoit 30 HM, pasaeneHHBIX Oapbe-
pamMu A10’3OGaO’7OAs toamuHoi 7 HM. CTpyK-
TYphI ¢ y3KMMHU U 1mmpokumMu K5 mmenu mo-
BepXHOCTHBIN cjoii GaAs ToiamuHoi 60 u
20 uM, cooTtBeTcTBeHHO. Jleruposanue K B
00eUX CTPYKTYpax OCYIIECTBIISIIOCh KPEMHM-
eM (IOHOpP) ¢ MOBEPXHOCTHOM KOHIIEHTpaLMeit
n = 3-10'" cm~2. B xauecTBe TpeTbEro odpasua
ObLIa MCIOJb30BaHa MOJYU30IUPYIOIIasa TO/I-
Jnoxka GaAs, aHaJOrMYHasl TeM ITOIJIOXKKaM,
Ha KOTOPBIX ObUIM BbIpallleHbl HAHOCTPYKTYPBI
¢ nerupoBaHHbIMU KS1.

[Ipu onTrYeCcKUX UCCIEA0BAHUSIX 00Pa3LIbI
HaxXOOWJINCh B KPUOCTAaTe 3aMKHYTOTO IIMKJIa
Janis PTCM-4-7, KOTOpPHI ITO3BOJISIT TIOIIEP-
JKMBaTh TeMIlepaTypy oOpaslia B Auamna3oHe OT
4 no 320 K. OnTuyeckoe BO30yXneHHE He-
PaBHOBECHBIX HOCUTEJIEH 3apsiga B CTPYKTypax
OCYILECTBIISUIOCh Yepe3 OKHO M3 TUIABICHOIO
KBapllia HENpPepbhIBHBIM H3y4YeHUEM TBEpIO-
TeJBHOTO JIa3epa ¢ AMOJHOI HaKayKou (JInHa
BOJIHBI A = 532 HM, CPEIHSS BBIXOMHAS MOIII-
HocTh P = 8 MBT).

WccnenoBanust crekTpoB (QOTOIIOMUHEC-
ueHuu (M®JI) B TepareplioBOM CIIEKTPaJIbHOM
IMAana3oHe OCYILIECTBISLIOCh C MOMOIIbLIO Ba-
KyyMHoro @ypbe-cniekrpoMeTpa Bruker Vertex
80v, paboTarolero B peskMMe MoIIaroBoro ckKa-
HUpoBaHUs. BhIxogHOEe OKHO KpHUOCTaTa 3aM-
KHYTOT'O LIMKJIa OBLIO BBIIOJIHEHO U3 MOJIUME-
TWITNIEHTEHA, a BXOOZHOE OKHO CIIEKTpOMETpa —
W3 TIoMUATUIIeHA. JlaHHBIE MaTepuaabl OKOH
00J1a1al0T BBICOKOI CTETEHbIO MPO3PauHOCTHU
B TepareplioBoM auanazoHe. Mamyyenue DJI
oOpasia cobupajoch BHEOCEBBIM MapadoIu-
yeckuM 3epkajiom @Dypbe-CrieKTpoMeTpa 4de-
pe3 GWIbTp M3 YEPHOro MOJMAITUJICHA, KOTO-
pBIii TIpenoTBpallajl IMoNaJaHue pacCessHHOTO
M3JTyYCHMS HAKAYKM B M3MEPUTE/IbHYIO YacThb
SKCIEPUMEHTAIbHONM yCTaHOBKU. B KadecTBe
JIEeTeKTopa TepareploBOro WU3JAyYEeHUSI UC-
MOJIB30BAJICSA OXJIAXKIACMbINA KUIKUM TeJIM-
€M KpEMHUEBBI OOJIOMETp, KOTOPbIM HMeJ
BaKyyMHbBI ONTUYECKUII KOHTAakKT ¢ Dypbe-
cnekrpomeTrpoM. CurHaia (poTooTBeTa 00JIOoMe-
Tpa u3Mepsicsl (Pa30uyBCTBUTEIBHBIM OCTEK-
topoM (lock-in amplifier) SR-830, koTopsblit
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ObLT CUHXPOHM3MPOBAH C JIa3epOM HaKayKu
(13MyyeHue Jiazepa MOAYJIMPOBAIOCH OOTIOpa-
TopoM Ha yactoTe 87 I'll CO CKBaXKHOCTBIO 2).

HOns  ucciemoBaHUSI CIEKTPOB Teparep-
nooit ®JI HaMU KCHONB30BAIUCH JIBE KOH-
¢urypauumn ontuyeckoir cucteMbl Dypbe-
CIIEKTpOMeETpa.

IlepBas BkiIIOUasa B ceOsl KOMOMHALIMIO
MOJAUITUIEHOBOrO (hUabTpa TOIMHOM 0,5 MM
Ha BXOJe KPEeMHUEBOro 0OJOMETpa U CBETO-
JeJUTENST U3 MHOTOCJIOMHOTO JIaBcaHa TOJIIM -
HO#l 6 MxM. JlaHHasg onTuyecKas KOHdUrypa-
1IMs TI03BOJISIIa MPOBOAUTH MCCIIEAOBAHUS B
JIuaria3oHe sHepruii kaHta ot 4 mo 40 maB.

Btopast koHpurypauus BkJo4ajga B ceOs
(uIbTp M3 KpUCTAJUIMYECKOro KBapla Ha 00-
JIOMETpe 1 JIaBCAHOBBIN CBETOMAEIUTEb TOJI-
IIMHON 25 MKM; OHa IIO3BOJIsIa IIOBBICUTH
MpoInycKaHue onTudyeckoil cucreMbl Dypbe-
CIIEKTpOMETpa B Oualla30He 3HEPIuil KBaHTa
2 — 14 maB.

WUsmepenne cnektpo DPJI B OmmkHEM
MK nuamnaszoHe mpoM3BOAMUIOCH C ITOMOILIBIO
peurerouHoro MoHoxpomartopa Horiba Jobin
Yvon FHR-640 ¢ ronorpaduyeckoit audpak-
LIMOHHOW penreTkoi, nmeromeir 1200 mrpu-
xoB / wMM. Ilpu wucciemoBaHUU CIIEKTPOB
®JI ommxnero MK nuamasona wcrosb3oBa-
JIOCh BBIXOJHOE OKHO KpHOCTaTa 3aMKHYTOTO
1IMKJIa W3 TUIaBJAeHOro KBapua. ManydeHue
(oTtomomMuHecueHIMM oOpas3la IMPOXOAMIO
yepe3 cBerodpmiabTp KC-15, xoTopslii 00Jja-
JaeT MPO3pavyHOCThIO B AMAIa3oHe JJIMH BOJH
0,68 — 2,50 MKM M He IpPOIYCKAeT paccesH-
HOE M3Jy4eHME HakKauyku, U (POKyCHpOBaOCh
JIMH30i1 HA BXOMHOM IIEJU PELIETOYHOIO MO-
HoxpomaTtopa. [leTekThupoBaHUE CUTHaja OCy-
mecTBiIsiiock KpemHueBoit I13C-marpuiiei,
OXJIAKTAEMOW XUIKUM a30TOM.

DKcnepuMeHTA/IbHbIE Pe3yJIbTaThl
U HX 00CYXKIeHHE

CnekTtpbl TeparepiioBoit MJI, 3apeructpu-
pOBaHHbBIC MJISI CTPYKTYPhl C Y3KUMM JI€TH-
poBanHbiMU KA m misg mosyuzonupyroiein
nomnoxku GaAs, TpencTaBieHbl Ha puc. 1.
BunHo, uto B 000MX cHEKTpax HaOJ0maeT-
cs TI0Jloca M3Iy4YeHMsl B Auaria3oHe BHep-
ruii kBaHTa 18 — 27 m3B. Ilostromy MoOxXHO
yTBepKAaThb, YTO AaHHasl I0J0ca He CBs3aHa
¢ HajnumuueM JerupoBaHHbIX KS B uszyuaemoit
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CTPYKType. DTa 1ojJ0ca MOXET ObITh BhI3BaHA
HaJIU4MeM HEKOHTPOJUPYEMbIX IIpPUMECeil B
MOMJTOKKE WJIM B OOBEMHBIX CJIOSIX CTPYKTYPhI
¢ K. OgHoit u3 Takux mpuMeceil MOXeT ObITh
YIJepoa, KOTOPBI OOJagaeT 3HEeprueil CBSI3U
0k0;10 20 M5B 1 MOXeT BO3HUMKATh B IIPOLIEC-
Ce BBIpalllMBaHUS OOBEMHOIO apceHMaa raj-
mms1 MetogoM Yoxpanabckoro [12] unu B mpo-
1IeCcCe BbIpAlIMBAHMSI 3MUTAKCUAIBbHBIX CJIOEB
METOIOM MOJIEKY/ISIPHO-IIYUKOBOI 3MUTAKCUU
[13]. Paznuuue B LIMpUHE MOJOC Tepareplo-
BOro uzjyyeHust (B criektpe / oHa OoJiblile)
M OTCYTCTBHE TOHKOI CTPYKTYpPBI IOJOCHI B
criektpe I (cM. puc. 1) oObscHsIIOTCS OoJiee
HU3KMM pa3pelieHrueM CIEeKTpa IJIs CTPYKTY-
phl ¢ y3kumu K4 (cnekrp 7). ToHKast CTpyKTy-
pa TUHUK CIIeKTpa 2 cBs3aHa ¢ apTedaKkToM —
uHTephepeHlMeil B YEpHOM IIOJUITUJICHO-
BoM ¢unbTpe. Ilepuon uHTepdhepeHUUU pa-
BeH mnpuMepHo 1,86 M3B, 4TO COOTBETCTBY-
€T peajbHOM TOJIIWHE MOJUATUIEHA (OKOJIO
100 MKM).

[Tosioca uznyyeHust B Auana3oHe dHEPruit
kBaHTa 8 — 16 M3B ¢ MakcumMyMoM BOJIU3U
12 M3B HaOmogaeTcss TOJBKO B CIIEKTpE Te-
parepuosoii DJI obpasua ¢ yskumu K4 u He
HaOJII01aeTCs B CIIEKTPE MBJIyUYCeHUS TOATOXK-
ku GaAs (cm. puc. 1). DTo ykasbiBaeT Ha TO,
YTO JaHHas I0oJoca W3TyYeHUS MOXKET OBITh
cBsizaHa ¢ HaauuveM KA B uzyyaeMoil HaHO-

CTPYKTYpE.

DHepruio CBA3M JTOHOPHOW  TpUMECHU

[35]
(=1
T

PL intensity, a. u.

5 10 15 20 25 30 35
Photon energy, meV

Puc. 1. CriexTpsl TeparepiioBoii (poToroMuHeC-
neHuu oopasua GaAs/AlGaAs (yzkue K1)
(kpuBast 1) ¥ TIOJYU30JIMPYIONIEH TTOUTOXKKHI

GaAs (2), usMmepeHHble Ipu Temnepatype 4,2 K
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KpeMHus B y3kux K MBI MOXeM OLIEHWTb Ha
OCHOBE pe3yJIbTaTOB TEOPETUUECKOTO pacuera
sHepreTuyeckoro crekrpa KA, yuwuTbiBao-
1IeTO MpUMECHBIEe cocTosiHus [14]. DHeprus
cBsa3u npuMecu i K mupunoit 16,1 HM,
COIVIACHO HAIllMM OLIEHKaM, COCTaBJISIET IIpU-
mepHo 10 maB. TToaToMy nojoca u3ny4eHus ¢
MaKCHMMyMOM OJIM3U 3HepruM KBaHTa 12 mMaB
MOXET OBITh CBSI3aHA C U3JIy4YaTeJIbHBIMU
nepexogaMy HEPaBHOBECHBIX 3JIEKTPOHOB C
MEPBOTO YPOBHS PAa3MEPHOTO KBAHTOBAHUS
IJIS. DJIEKTPOHOB el Ha OCHOBHOE COCTOSIHHME
MOHM30BaHHOU MOoHOPHOU nmpumecHu 1s. Crek-
TpajJbHOE IIOJIOKEHUE 3TOM IMOJIOCH H3JIyye-
HUS YAOBJIETBOPUTEIHLHO COOTBETCTBYET Ha-
1M OLIEHKAM SHEPruM MOHMU3ALUU MPUMECH
B y3koi K n3ygaemoro obpasiia, COCTaBIIsIIO-
et okono 10 M3B. 3HauuTenbHas IIMpUHA
JaHHOM IOJIOCHI UBJIYYEHUST MOXKET OBITh CBSI-
3aHa C HU3KMM CIIEKTPaJIbHBbIM pa3pelleHU-
€M M3MEpPEHHOro criekTpa TeparepioBoit PJI,
a TaKXKe C €ro HEOMHOPOAHBIM YIIUPEHHEM
BCJIEACTBHE HEOTHOPOAHOIO paclpenacaecHus
3HAUYUTEIbHOIO 4ncaa npumeceit B KA.

B cooTBeTCcTBUM € MEXaHU3MOM TIe€Hepa-
LMY U3Iy4YeHUsI, ONMCAaHHBIM BBIIIIE, HATUINE
nepexonoB el — 1s, oOHapyXXeHHOE B CIIEKTpe
teparepuoBoit MJI musg obpasua ¢ y3kumu Kl
(cM. puc. 1), JOKHO TOATBEPKAATHCS HaIM-
ypeM OCOOEHHOCTEl B CIEKTpax MEK30HHO
®JI, xoTopble BbI3BAaHbI M3Iy4aTeJbHOU pe-
KOMOMHalMeil HEepaBHOBECHBIX 3JEKTPOHOB U
IBIPOK YEpe3 OCHOBHOE COCTOSHME JOHOpa B
K. Pe3ynbraThl 3KCIIEpUMEHTAJIbHOIO HCCIIe-
noBaHus criektpo @JI ommkHero MK amana-
30Ha 1j1s1 oopasua ¢ y3kumu KA GaAs/AlGaAs
npeacTaBiaeHbl Ha puc. 2. PacueTHoe 3HaUYeHME
SHEPruM MeX30HHOro mepexona el — hhl ot-
MEUEHO Ha PUC. 2 CTPEJIKON BHU3Y.

Kaxk mipaBniio, B ciekTpax Mexk3oHHoM DJI
JIETUPOBAaHHBIX HAHOCTPYKTYpP (KOraa CHOEKTPhI
PETUCTPUPYIOTCS MpPU HU3KOW TeMIlepaType U
HU3KUX YPOBHSIX HAKauku) OOHapy>KMBAIOTCS
MUKU U3IYYCHUsI, CBSI3aHHbIE C M3IydaTesb-
HOIi peKOMOMHALIMeil CBOOOOHBIX TSKEIbIX
WIW JIETKMX OKCUTOHOB, C WU3JyvyaTesibHOMN
peKoMOMHALIME SKCUTOHOB, CBS3aHHBIX Ha
MPUMECH, U C M3JTydaTeJIbHOM PEeKOMOMHALIM-
e IIEKTPOHHO-IBIPOYHBIX Map Yepe3 IMpUuMec-
HbIE COCTOSIHMSA (CM., Hampumep, [15 — 17]).

I[lux wu3nyyeHUss TIpUd DSHEPTUM KBaH-

Ta 1,528 3B OTCTOUT OT pacueTHOro 3Haue-
HUSL OINTUYecKoro mepexomga el — hhl Ha 7
MaB. MbI monaraeM, 4To 3TOT MUK OOYCJIOB-
JIEH M3JIydaTe/IbHOI peKOMOMHalMei cBOOOI-
HBIX TSDKEJIBIX 3KCUMTOHOB, 0Opa30OBaHHBIX Ha
OCHOBHBIX IIOJ30HAaX Pa3MEpPHOI0 KBAaHTOBA-
Hus (mepexon Xel — hhl Ha puc. 2). DHep-
TYsl CBSI3U CBOOOTHOIO TSKEJIOTO 3KCUTOHA B
00beMHOM (GaAs cOCTaBlIsIeT BEJIMYMHY OKO-
Jo 4,2 maB [18], a misg noctatouno y3kux KA
3HAYEHUE DHEPIUM CBSI3M BKCUTOHA JOJDKHO
OBbITH BbIIIE O0BEMHOro [15]. AHaJIOTMYHBIM
00pa3oM OBbUIM BBISBIEHBI U3JIydaTeIbHbIC TI€-
pexoabl CBOOOMHBIX TSLKENbIX U JETKUX 3KCU-
TOHOB, CBSI3aHHBIX Ha COOTBETCTBYIOILIMX IO -
30HaX Pa3MEPHOTO KBAaHTOBAHMS: IIEPEXOIbI
Xel — [hl, Xe2 — hh2, Xe2 — [h2, Xe3 — hh3
(TakxKke OTMEYeHbl CTpeJIKaMu Ha puc. 2).

Ilux w3nMydeHWsT Npu SHEPIUMUA KBaHTa
1,5257 3B oTrcTOUT MO 3HEPruM OT IIepexona
Xel — hhl Ha 2,1 M3B u cBs3aH ¢ U3ydyaTesb-
HOII peKOMOMHAIIMeil 3KCUTOHOB, CBSI3aHHBIX
Ha AoHOpHON mnpumecHu. CorjgacHO AaHHBIM
pabothl [15], @ISt KBaHTOBBIX SIM ILMPUHON
20 HM 3HaYe€HWE SHEPTUM CBSI3M SKCUTOHA,
CBSI3aHHOTO Ha JOHOPHOI IIpUMECH, COCTaB-
JsgeT 2 M3B, 4TO XOpoIIO corjacyeTcs ¢ Ha-
LIMMU pe3yabTaTaMMu.

100 T T
SiaX‘

‘Xel—)lhhl

lsahhu

PL intensity, a. u.
=

Xe2>hh2 .,

el—)hhli

L L 1

1
1.48 1.50 1.52 1.54 1.56 1.58
Photon energy, eV

Puc. 2. Crrextpsr @JI 6mxkaero MK mmamazona
o6pasua ¢ yskumu KA GaAs/AlGaAs (T = 4,2 K),
U3MEPEHHBIE C Pa3JIMYHBIMU MEPUOIAMU
HakorieHus curHana: 1 ¢ (xpusas 1) u 10 ¢ (2);
MaclTad KpUBbIX 1O BEPTUKAIBHON OCU Pa3dyeH.
CTpCJTKI/I YKa3bIBalOT HAa MO3ULMU ITpEAIiogaracMbIxX
OCHOBHbIX IIEPEXOA0B; PAaCUECTHOC 3HAYEHUEC SHEPIUN
g nepexona el — hhl TakKe OTMEUEHO CTPEJIKOI;
M — marpuua
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Ha cmextpe ®JI HabOmomaeTcs IUIedO
BOJIM3M 3HepruM KBaHTa 1,523 3B (cMm. puc. 2),
KoTopoe OoTcTouT Ha 12 M3B oT pacueTHOro
3HAYeHMUSs U3JIydYaTesIbHOTO repexoaa el — hhl;
OHO CBSI3BIBACTCS C M3JTy4yaTeIbHON peKOMOU-
HalKMell HEePaBHOBECHBIX 3JEKTPOHOB M JIbl-
POK Yepe3 OCHOBHOE COCTOSIHME IOHOPHOM
npumecu Si B y3kux K nzyuaemoro obpasiia
(mepexon ls — hhl na puc. 2). HanomHum,
4yTO B criekTpe TeparepuoBoit @JI aasg obpasiia
¢ y3kumu KA (cm. puc. 1) O6buta oOHapyxe-
Ha ToJioca U3JydYeHUsI C MaKCUMYMOM BOJIM3U
SHeprum KBaHTa 12 MaB, KoTopas CBSI3bIBaeTCS
C M3JIyyaTeJbHbIMU IIEPEXOJaMu HEepaBHOBEC-
HBIX 3JIEKTPOHOB MEXIY OCHOBHOW MOA30HOMI
pa3MepHOTO KBAaHTOBAHMSI JUISl DJIEKTPOHOB el
M OCHOBHBIM JOHOPHBIM cocTosiHueM 1s. Kpo-
me Toro, B K GaAs/AlGaAs mmpunoit 20 HM
SHEPTUS CBSI3U JOHOPHOI NMPUMECH COCTaBUJIa
11,6 M3B [15], 4To TakKe XOPOILO COIIACYET-
Cs C HAllMMU pe3yJbTaTaMU.

IIInpokas noyioca U3IydyeHUs B AMaIla3oHe
sHepruii kBaHTa ot 1,485 mo 1,510 3B, or-
MeueHHas Kak M (Marpuiia) Ha pucC. 2, MOXET
OBbITh CBSI3aHA C ONTUYECKUMU TIEpexoJamMu
30Ha — IIPUMECh B OOBEMHBIX CJIOSIX CTPYK-
TYPBHIL.

Takum obpazoMm, mais1 obpasua ¢ y3KUMU
JerupoBaHHbIMU K5I, B ciekTpax MeX30HHOM
®JI 6puta OOHapyKeHa JIMHUS U3TydaTeIbHOM
peKOMOMHAIIMM HEPABHOBECHBIX 3JICKTPOHOB
U JIBIPOK 4Yepe3 OCHOBHOE JOHOPHOE COCTOSI-
Hue (mepexon 1s — Ahl Ha puc. 2), a B CIIeK-
Tpe TeparepuoBoit DJI g Toro xe obpasua
oOHapyKeHa I10Jloca M3JTy4eHMsI, BbI3BaHHAS
ONTUYECKUMU TIePeXoaMU JIEKTPOHOB MEX-
JIy OCHOBHOI ITOA30HOI pa3MepHOT0 KBaHTO-
BaHMS U OCHOBHBIM IIPMMECHBIM COCTOSIHUEM
(repexon el — 1s Ha puc. 1).

Bropoii obpazen ¢ KA He oTnuyaercst ot
IepBOTo IO YpOBHIO JiernpoBanus K, onHa-
KO 1MpuHa ero jerupoBaHHoil KS OGosblire.
YBeauueHUe YKa3aHHOUW IIMPUHBI JOJIKHO
MPUBOAUTL K CHUXXCHMIO DHEPIUU CBS3U J0O-
HopHolt ipumecu B KA [19, 20], a aT0 momx-
HO OTpa3uTbCs Ha CHEKTpaxX TepareploBOi
®DJI cMmenieHMEeM B IJIMHHOBOJHOBYIO 00J1aCTh
MUKa M3JIy4eHUs, OTHOCSIIErocs K 3JeKTPOH-
HBIM TIepeXo/iaM, CBSI3aHHBIM C HaJW4YMeM J0-
HOpHBIX npumeceit B K4
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Crrextpnl Teparepuosoii @JI mrsg obpasia
C LIMPOKMMHU JerupoBaHHbIMU K, n3mepeH-
HbIe MPU Pa3IUYHBIX TeMIlepaTypax KpucTaj-
JINYECKON pelleTKU, MpeacTaBIeHbl Ha pUIC.
3. Ilpu 3TuUX M3MEpEeHUSIX MCIIOIb30BaANIAChH
BTOpast KOH(UTrypauusl ONTHUYECKON CUCTEMBI
®Dypbe-cnekTpoMeTpa, onucaHHas Bbilie. Ha
JaHHOM Tpaduke npucyrcrByer nuk PJI, Ko-
TOPBII COOTBETCTBYET SHEPrMM KBaHTa 8§ MaB.
[TonoxeHue 3TOro mMKa Ha CIEKTPE XOPOILIO
corjacyercsl ¢ pesyJbTaTaMM pacyeTa dHepre-
Thueckoro criekrpa K, yumthIiBaloliero Ha-
Jmuue npuMecHbIX coctossHuit [10]. TTuk mo-
KET OBITh CBSI3aH C ONTUYECKUM IIEPEXOIOM
BJIEKTPOHOB U3 TIEPBOI IMOA30HBI pasMEpPHO-
ro KBaHTOBaHUS B OCHOBHOE COCTOSIHUE IO-
HopHoW mpumecu (el — 1s, sHeprusi KBaH-
ta — 8,7 M3B), a TakKe ¢ BHYTPULEHTPOBBIM
nepexonoM 2p — ls (6,6 MaB). PacueTHble
3HAYCHUS DHEPIUI 3TUX IIEPEXOH0B IMOKA3aHbI
CTpeJIKaMu Ha puc. 3.

ITonyyeHHBIE HAMU Pe3yJIbTAaThl TAKXKE XO-
POILIO COIIACYIOTCS €O CHeKTpamMu (OTOIpPO-
BOIMMOCTHU IIpU BO30OYXKIEHUU CBETOM p- U
S-TIONSIpU3allM, B CTPYKType, aHAJIOTMYHOU
M3ydaeMoil HaMM, TOXE€ C IIUPOKUMM JIeTH-
poBanHbiMU K4 [10], roe Takke Habaomanu
LIMPOKYIO JTUHUIO MOTJIOIIEHUS, CBSI3aHHYIO C
nepexogaMu 1s — el u Is — 2ny-

W3 cpaBHeHUSI CIEKTPOB TepareploBOii

PL intensity, a. u.

5 10 15
Photon energy, meV

Puc. 3. Crektpsl TeparepruoBoii DJI obpasiia
¢ mmpokumu KA GaAs/AlGaAs, usmepeHHbIe
npu Temneparypax 4,4 K (xpuas 1) u 10 K (2).
CTpenkaMy OTMEUYEHBbl pacueTHbIE 3HAYEHMST SHEPTUI
JUIA YKa3aHHBIX JIEKTPOHHBIX MTEPEXO10B
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®JI, 3aperucTpUpoOBaHHBIX A OOpPa3lOB C
Y3KOU Y LIMPOKOUN SsMaMu, BUAHO, YTO MOJIOca
W3JTy4eHHUSI, BbI3BaHHAS PUMECHBIMU TIEPEXO-
JaMy HepaBHOBECHBIX 2JIeKTpOHOB B KA1, cme-
1[aeTcs B IJTMHHOBOJHOBYIO O0JIACTb C YBEJIM-
yeHueM IupuHbl KS, 4To 1 0XXMoanock.

M3 cpaBHeHMSI CHEKTPOB TepareproBoi
®JI, nosyyeHHBIX I 00pas3la ¢ IUPOKUMU
JlerupoBaHHbIMU K mipu nByx TemmepaTtypax
(cM. puc. 3), BUTHO, UTO IPU YBEIUICHUN TEM-
neparypbl MHTEHCUBHOCTH TeparepioBoit @JI
nagaeT. DTO MOXKET OBITh CBSI3aHO C COOTBET-
CTBYIOIIIMM CHMXXKEHUEM BEPOSTHOCTHM 3axBaTa
5JIGKTPOHA Ha MOHM30BaHHBIN JOHOp. Takoe
MOBEJEHNE TepareproBOi JIOMMWHECLIEHIIN
C POCTOM TeMIlepaTyphl YK€ HaOII0JajIoCh B
00BEMHBIX MOJYIIPOBOIHUKAX aBTOPaMM pado-

THI [21].
YT1o6bl MOATBEPAUTH MpPEAIoJaracMblid
MEXaHW3M TEHEpaluu TeparepioBOoro W3Jy-

yeHUs (C yJyacTHeM IIPMMECHBIX COCTOSIHUI B
Ks1), Obl1 m3MepeH crniekTp Mex3oHHoit DJI
(puc. 4), xak u a1 obpasua ¢ yskumm Kil.
CrpenkaMu Ha puc. 4 OTMEYEHBI CIIEKTPalb-
HbIE 0OCOOEHHOCTH, KOTOPBIE MOIYT OBITh CBSI-
3aHbl C M3JydyaTesIbHOW peKoMOMHalMei CBO-
OOMHBIX TSDKEJIBIX dKCUTOHOB, CBS3aHHBIX Ha
OCHOBHOI 3JIEKTPOHHOM M IBIPOYHOM IOI30-
Hax (nepexon Xel — hhl Ha puc. 4), a TaKkkKe ¢
U3JIydaTesIbHOM peKOMOMHAIell SKCUTOHOB,
CBSI3aHHBIX HA JTOHOPHOM MPUMECU KPEMHMUS
(mepexon Si — X Ha puc. 4). [IpuBeneHHas
NIeHTU(UKAIIAS CIIEKTPAJIbHBIX OCOOEHHO-
CTell caejlaHa Ha OCHOBE MAHHBIX 2KCIEpH-
MEHTa M pacyeTa IHEPreTMYECKOro CIeKTpa,
COIOCTAaBJICHUSI OLIEHOK TIJTyOMHBI 3aJieraHMusI
NpPUMECHU, DHEPTMM CBSI3U 3KCUTOHOB B KA.
I[MIupokasg nosoca uU3IyYeHUs] B JIHAIla30HE
sHepruii kBaHTta oT 1,48 o 1,51 3B, oTmMeueH-
Hasl KaKk M («MmaTpulla»), MOXET OBbITh CBsI3aHa
C ONTUYECKUMMU TIepexoJaMu 30Ha — MPUMECh
B OOBEMHBIX CJIOSIX CTPYKTYpBL. DTa IIojioca
TakKe HaOJIoAaeTCcsl B CIIEKTpax MeX30HHOM
DJI nnsg cTpyKTYphI ¢ Y3KUMU JIETUPOBAHHbI-
mu KA (cm. puc. 2). JluHus uznydeHus rpu
sHeprun KBaHTa 1,528 3B mpumnuceiBaercs
U3ydYaTeJbHONM pPEeKOMOMHALIMKM HEpaBHOBEC-
HBIX 3JIEKTPOHOB M OBIPOK Yepe3 OCHOBHOE
npruMecHoe coctosiHue (nepexon ls — hhl Ha
puc. 4), TOCKOJIBKY OTCTOMT OT pPacYeTHOTO
3HA4YeHUsI U3TydyaTeJbHOro nepexona el — hhl

M ls—>hhl¢

—_
(=1
T

PL intensity, a.u.

1 Lasfl 1 1 L
1 77

148 1.50 1.515 1.520 1.525 1.530
Photon energy, eV

Puc. 4. Cnexrp ®JI 6amxnero MK gumamasoHa,
TIOJTYYCHHBIN JUIST CTPYKTYPHI ¢ IpokuMu K5I
GaAs/AlGaAs (T = 4,2 K).

CTPEJIKPI YKa3bIBalOT HA MO3ULHUU IIPpEATIOIaracMbIxX
OCHOBHBLIX ITEPEXOA0B

Ha 8 M3B. DTOT pe3ynbTaT XOpOILIO COrIacyeT-
cs ¢ pe3yJbTaTaMM pacyeTa SHEPreTUYeCKOro
CIIEKTpa SJIEKTPOHHBIX COCTOSIHUI C Y4YETOM
coctostHuil mpuMecu [10], a TakxKe ¢ pe3yib-
TaTaMU aHaju3a CIeKTpoB TeparepiioBoii DJI
s oopasua ¢ mupokumu KA (cM. puc. 3).

3akinoueHue

B paboTte mpoaeMOHCTpUPOBAH MEXaHU3M
reHepaluu TeparepuoBOro W3JAy4YeHUsl MpU
MEX30HHOM (POTOBO30OYKIEHUU HEpaBHO-
BECHBIX HOCUTEJIeW 3apsiia B JIETMPOBAHHBIX
JIOHOPHOW TPUMECHIO KPEMHUSI KBAHTOBbBIX
amax GaAs/AlGaAs pa3IuyHON IIMPUHBI,
KOTOpPBIM TMOJAKPEIUIeH 3KCIepUMEHTaIbHbI-
MU pe3yibTaTaMy MUCCIEI0BaHUS CIEKTPOB
MEX30HHOUW (DOTOJIOMUHECLICHIIMN [T UC-
cienyeMbix oopasioB. [IpoBeaeH moapoOHBIN
aHAJIU3 TUX CMEKTPOB, UX CPABHEHHUE C pe-
3yJibTaTaMU TPOBEIEHHOTO TEOPETUYECKOTO
pacuera, a TakxKe C JUTEpPaTypHbIMU TaHHBI-
Mu. [lokazaHa BO3MOXHOCTb MEPECTPONKU
IUIMHBI BOJIHBI TE€PAarepLiOBOrO MU3JIYYEHUs B
HAHOCTPYKTypax MpPU HW3MEHEHUU LIUPUHBI
JgerupoBaHHbIX KA.

Pabora BbIMmosHeHa Tpu (PUHAHCOBOM MOJ-
ngepxke rpaHtoB PODU Ne 16-32-60085, rpaHra
IIpesunenra Poccuiickoii Denepanuy Ijisi MOJIO-
IbIX KaHauaaToB HayK MK-6064.2016.2 u Muno6p-
Hayku Poccum (rocymapcTBeHHOE 3alaHUeE).
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Makhov 1.S., Panevin V.Yu., Vinnichenko M.Ya., Sofronov A.N., Firsov D.A.,
Vorobjev L.E. IMPURITY ASSISTED TERAHERTZ LUMINESCENCE IN QUANTUM
WELL NANOSTRUCTURES UNDER INTERBAND PHOTOEXCITATION.

The results of experimental study of the impurity-assisted photoluminescence in far- (terahertz) and
near-infrared spectral ranges in n-GaAs/AlGaAs quantum well structures with different well widths under
interband photoexcitation of electron-hole pairs have been presented. In the far-infrared photoluminescence
spectra the optical electron transitions between the first electron subband and donor ground state as well
as between excited and ground donor states were revealed. Observation of these optical electron transitions
became possible because of the depopulation of the donor ground state in the quantum well due to the non-
equilibrium charge carrier radiative transitions from the donor ground state to the first heavy hole subband.
The opportunity to tune the terahertz radiation wavelength in structures with doped quantum wells by

changing the quantum well width was demonstrated experimentally.
TERAHERTZ LUMINESCENCE, RADIATION, QUANTUM WELL, SPECTRUM, NANOSTRUCTURE,
SEMICONDUCTOR.
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! CaHkT-TleTepbyprckmm NnonnTEXHUUYECKUIN

yHuBepcurteT [MeTpa Bennkoro, Poccuinckas Penepaums;

2Yuumsepcurer wrata Hoto-Mopk B CtoyHu bpyk, CLUA

BIMAHUE OXE-PEKOMBUHALIUUN HA KOHLUEHTPALIMIO

HEPABHOBECHbIX HOCUTEJIEN 3APAA B KBAHTOBbBIX IMAX

InGaAsSb /AlGaAsSb

DKCITepUMEHTAJIBHO MCCIICAOBAHBI CIIEKTPHI MEX30HHON (POTOMIOMUHECIICH-
LIUA CTPYKTYpP C KBaHTOBBIMU siMaMM InGaAsSb/AlGaAsSb pa3nnyHOI IIMPUHEI.
[IpoBeneH pacyeT 3aBUCUMOCTU KOHIICHTPALIMM HOCUTENIEH 3apsiia, YIaCTBYIOIINX B
M3JIydaTeIbHOM peKOMOMHALIMM, OT MHTEHCUBHOCTM HaKauyku. Pe3ysibTaThl pacuera
YIOBJIETBOPUTENIBHO COLJIACYETCS C DKCIIEPUMEHTAIbHOM 3aBUCUMOCTbBIO MHTCHCUB-
HOCTU (DPOTOTIOMUHECIEHIIMA B MaKCUMyMe CIIEKTpa OT MHTEHCUBHOCTM HaKayKH.
B omHOM 13 MccaenyeMbix 00pa3iioB oOHapykeHa pe30HaHCHAs 0Xe-peKOMOWHAIINS
C y4acTHeM JBYX ABIPOK M 3JEKTPOHA, KOTOpasi MPUBOAUT K 3HAYUTEITBEHOMY YMEHbB-
LIeHWIO KOHIEHTPAIIUM HocuTeael 3apsaa. s moBwieHusT 3¢ QGEeKTUBHOCTA WH-
SKEKIIMOHHBIX ITOJIyIPOBOAHUKOBBIX Ja3epOB Ha UIMHBI BOJH OKOJIO 3 MKM JaHbI

PEKOMEHIAlMM 10 MOJaBJICHUI0 0e3bI3TyyaTeIbHON OXe-PeKOMOMHALIUMY.

OXE-PEKOMBUWHALINA,
HECLUEHL M.

BBenenne

B nanHOil paboTe pacCMOTpPEHBI MpOLEC-
Chl, CBSI3aHHbBIE C PEKOMOMHaIMel HepaBHO-
BECHBIX HOCHUTEJICH 3apsia B HAHOCTPYKTypax
¢ kBaHTOBEIMM ssMamu InGaAsSb/AlGaAsSb.
HMHTepec K U3y4eHUIO TaHHBIX CTPYKTYp O0y-
CJIaBJIMBAETCSI BO3MOXHOCTBIO CO3JaHUS Ha UX
OCHOBE MOJIyITPOBOJIHUKOBBIX WHXEKIIMOHHbBIX
JIa3epoB OMaria3oHa JUIMH BOJH 2 — 4 MKM,
paboTarllrX B HEMPEPbIBHOM PEXMME TeHe-
paluy U UMEIOLIUX JOCTATOYHYIO MOIIHOCTbD.
Jlazepnl cpeanero uHgppakpacHoro (MK) nua-
na3oHa MOTYT IIMPOKO MPUMEHSTHCS B TaKUX
00J1aCTsIX, KaK CIIEKTPOCKOMUSI Pa3IUUYHbIX
BEIIECTB, Mepenadya nHpopmaluy no o6ecrnpo-
BOJIHBIM JIMHUSIM CBSI3M, B O0JJACTH OXpaHHBIX
U TIOKapHBIX CUCTEM, B MEIMIMHE, BOCHHOI
MPOMBILJIEHHOCTU U B Apyrux. CTouT oT™me-
TUTb, YTO TPO3PAYHOCTH aTMOC(hepbl B 3TOM
CHeKTpaJlbHOM auamna3oHe [1] cyllecTBEHHO
pacuimpsieT 00JIacTb IPUMEHEHUsI TaKUX Jla3e-
poB. HecMoTpsl Ha 1mMpoKuii Kpyr nmpuMeHe-
Hug MK nazepoB, co3gaHue HMCTOYHMKOB Ha
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KBAHTOBAA SMA, IIOJYINIPOBOAHUK, ®OTOJIIOMU-

MUAIa3oH JUIMH BOJIH BOJM3W 3 MKM OCTaeTCs
BaXHOM, 10 KOHIIA HE peajM30BAaHHOMN 3aaa-
yeil.

Wcnonp3oBaHWe KBAaHTOBOKACKAIHBIX Jia-
3epoB B IMarna3oHe JUIMH BOJH OKOJO 3 MKM
MpeacTaBasgeTcsd IPoOJeMaTUYHBIM B CHIIY
CJIOXKHOCTU KOHCTPYMPOBaHMSI IIOJYIIPOBO-
JTHUKOBOI CTPYKTYPhI CO 3HAUYUTEILHBIMU pa3-
pBIBaMM 30H MEXIY ABYMS IOJYITPOBOIHUKO-
BbIMU MarepuasiaMu. K pelieHUIo mpoOJeMbl
CO3/1aHusl JIa3epOB BTOrO JIMarazoHa MOXKHO
MOIOWTU C IPYyro CTOPOHBI — MYTEM PACLIU-
peHusl B JJIMHHOBOJHOBYIO 00JIaCTh CIIEKTpa
pabouero auana3oHa WHXXEKIIMOHHBIX Jia3e-
poB Ha ocHOBe rerepoctpyktyp InGaAsSb/
AlGaAsSb, paboTarolyx Ha JJIMHAX BOJH Me-
Hee 2 MKM. OgHAKO M3 9KCIIEPUMEHTOB W3-
BECTHO, YTO C YBEJIMYEHUEM JJIMHBI BOJHBI
MU3JIy4eHUST IMOBBILIAETCSI IMOPOTOBbIM TOK TIe-
Hepaluy 1 NagaeT u3ydyaeMasi MOIITHOCTh UH-
JKEKLIMOHHBIX Jla3epoB [2].

OnHoO#l M3 BO3MOXHBIX IPUYMH YXYIILIE-
HUS XapaKTepPUCTUK JIa3epOB TMpPU BBICOKUX
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YPOBHSIX MHXEKIIMM B MaTepualaXx ¢ MaJloi
ILIAPUHOM 3alPeIIeHHOM 30HbI MOXET SBJISITh-
¢ Oe3bI3yvyaTeSibHas —OXe-peKOMOWHAIIW,
KOTOpasl IIpU ONpPEACICHHBIX YCIOBUSIX MOXET
MMETh PE30HAHCHBIN XapakTep, YTO MPUBOIUT
K 3aMETHOMY POCTY CKOPOCTU PeKOMOMHALIUUN
[3]. M3yueHue MexaHU3MOB PEKOMOMHALIUU,
B YaCTHOCTU OKe-peKOMOMHAILINM, O KOTOPOil
MOMAET peub Jajee, UrpaeT BakHYIO pOJIb IIPHU
KOHCTPYMPOBAHUM JIa3epOB C YJIyYILIEHHBI-
MU XapaKTepuCTHUKaMu. Takue uccienoBaHus
TaK>XKe MHTEPECHHI U ¢ PyHIaMeHTaJIbHOI TOY-
KM 3pEHUS.

OCHOBHBIM METOIOM MCCJEAOBaHUSI B Ha-
et pabore ObUT aHAIU3 CIEKTPOB MEX30H-
HOII (POTONIOMMHECLIEHIINM, KOTOpPbIE HalOT
CYIIIECTBEHHYIO MH(pOpPMAlMI0O O KOHIEHTpa-
LMY HOCHUTEeJIell 3apsiga, YYacTBYIOLIUX B U3-
JIyJdaTeJIbHOM peKOMOMHALIWH.

O0BeKThI 1 METObI MUCCJICIOBAHUM

OObekTaMu  HCCAENOBaHUS  SIBJISUIUCH
CTPYKTYpPhI ¢ KBaHTOBbIMU ssMamMu InGaAsSb/
AlGaAsSb paznuuyHoil mupussl: 4, 5, 7 u 9
HM. CocTaBbl TBEPAbIX PACTBOPOB KBAHTOBBIX
sIM U GapbepoB MOAOMPATUCh TAKUM 00pa3oM,
4yTOoOBbl HE BBLIMTU 3a MOpedesbl 00JacTeil He-
CcMelInBaeMocTu [4] u o0ecneunuTh OTCYTCTBUE
MEXaHUYeCKMX HAaIpSsKEHWII B OTHOCHUTENIb-
HO TOJICTBIX CJIOSIX, OOpasylolIux Oapbephl.
Bce cTpykTyphl ObLIM BBIpallEHBI METOAOM
MOJIEKYJIIPHO-ITYyYKOBOM 3MUTAKCUM C HUCHOJIb-
3oBaHneM peakTopa Veeco GEN-930 Ha mon-
Jnoxkax GaSb.

CniekTpbl MEX30HHOM (DOTOTIOMUHECIEH-
LMY U3MEPSUIUCh C IIOMOIIbBIO BaKyyMHOTO
nHdpakpacHoro ¢ypbe-crnekrpomerpa Bruker
Vertex 80v. OnTtuueckoe BO30OyXIeHUE He-
PaBHOBECHBIX HOCUTEJIEN 3apsifa B UCCIeaye-
MbIX oOpaslax IPOU3BOAWIOCH HU3IYYEHUEM
UMITYJIbCHBIM J1azepoM (Av = 1,17 3B). lnn-
TEJbHOCTb MMITYJIbCa ONTUYECKOr0 BO30YXKIE-
Hus coctaisiaa At = 100 Hc, yacToTa MOBTO-
penusa — 800 I', a mMakcumanbHasl CpemaHss
MolHocTs — 2,4 MBT. M3nydyenue peructpu-
poBajioch ¢ Momolblo ortonpueMHuka InSb,
OXJIAXKIAeMOro XUAKUMM a30ToM. MexX30HHas
(¢oTOJIOMUHECLIEHIIUSI B TaHHOW paboTe u3y-
yajach npu temnepatypax 1 = 77 u 300 K.
OOpazeu pacrnosnarajcs B 3aJJMBHOM a30THOM
KpHocTaTe ¢ KOHTPOJEeM TeMrepaTypbl Ha 00-

pasue B nuana3oHe oT 77 no 320 K.

DKcnepuMeHTAlIbHbIE Pe3YJIbTAThI
1 HX 00CYKIeHue

OpHoll M3 ledel JaHHOW pabdoThl ObLIO
ornpejiesieHMe BKJaaa Oe3bI3ydyaTesibHON pe-
30HAHCHOM OKe-peKOMOMHALIMK B IIPOLIECCHI
peKOMOMHALIMM HOCUTEJIeH 3apsiia B KBaHTO-
BoIx sMax InGaAsSb/AlGaAsSb. Pe3zonaHc-
Hasl OXe-peKOMOMHAlLMS B KBAHTOBBIX sMax
MOXeT HaOJrofaThCsl, HalpuMep Torma, Korma
Pa3HOCTb JHEPTU MEXAY TMEePBbIM YPOBHEM
pa3MEpHOro KBaHTOBAHMSI 2JIEKTPOHOB el M
MEepPBbIM YPOBHEM Pa3MEPHOI0 KBAaHTOBAHWMSI
TSKEJIBIX ABIPOK Ahl mpuOIM3UTENBLHO paBHA
PacCTOSTHUIO MeXy YpOBHEM hhl U ypoBHeM
SHepruu sol — mepBBIM YPOBHEM IIOA30HBI,
OTHICTIJIEHHON CHUH-OPOUTAIbHBIM B3aUMO-
neiictBueM [3]. Takum oOpa3om, JaHHBIN MPO-
LIeCC PE30HAHCHOM OXe-peKOMOMHALIMU IIPO-
XOIMT C yYacTHeM ABYX IBIPOK M 3JIEKTPOHA,
a pa3HuIla PHEPTUA TPUMEPHO paBHA 9(13(1)61(—
TUBHOW LIMPUHE 3AMPEILEHHOM 30HbI E

E(hhl) - E(sol) = E(el) - E(hhl) = E,. (1)

Ha puc. 1, a, b npuBeneHbl prUMepbI Ta-
KOW pe30HaHCHOM OXXe-peKOMOMHAIIMU C BbI-
noiaHeHueM paBeHcTBa (1). B cayuae, koraa
5TO PaBEHCTBO HE BBIIOJHSIETCSI, BO3MOXKHO
HaOJIofAeHWEe TaK Ha3blBA€MOl HEepe30HaHC-
HOIi OXe-peKOMOMHALIMK C Yy4acTUeM JABYX
IBIPOK M OJHOIO 3JIEKTPOHA C pa3IdYHBIMU
3HaUeHUSIMM KBasuumilyibca k (puc. 1, c).
ITporecchl oxXe-peKOMOMHALIMUA ITPOUCXOIST C
BBITTOJJTHEHUEM 3aKOHOB COXPAaHEHUSI UMITYJIb-
ca ¥ DHEPTUM yYyacTBYIOIIMX YACTUIL

E -E =E,-E, )

k, -k, =k, —k,, 3)

rae k, kK, u E, E, — KBa3UUMITYJIbChI K 9HEP-
MU 4YacTUIll B HayaJbHBIX COCTOSIHUSIX 1 U 2;
k,, k, u E,, E, — KBa3UMMITyJIbCbl M SHEPIUU B
KOHE@UYHBIX COCTOSIHUAX 3 U 4 (cM. puc. 1, ¢).

Kax mokazaHo B ctaTbe [3], BEpOSITHOCTB
PE30HAHCHON OXe-peKOMOMHALIUMU, TPU KOTO-
pOii KBa3UMMIMYJIbChl YaCTUILL HE U3MEHSIOTCS,
3HAUYUTEIbHO IPEBHIIIAET BEPOSITHOCTb HEpe-
30HAHCHbBIX MPOLIECCOB.

Hns uccienoBaHus TPOLIECCOB PEKOMOU-
Hauuu ObUIM BbIOpaHBI YeThIpe 00pasla ¢ pa3-
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a) b)

AE,
-
~~— hv ~ Eg+E(e;)*+E(hhy)
AE, '_ T
Do
SO- N

v E

A E
e2 e2
el el
3
2 1

ki ki

hh1 hh1
4

so1 sol

Puc. 1. DHepretnueckast 30HHasI AuarpaMMma (a) M sHepreTudeckass JuarpaMmmMa IepexoaoB B KBAHTOBBIX
sIMax, TIe MOXET MPOUCXOIUTh pe3oHaHCHas (b) U Hepe3oHaHCHas (c) 0Xe-peKOMOMHAIIUS ¢ yJacTheM
IIBYX OBIPOK (ITyCThIe KPY:KKW) W OTHOTO 3JICKTPOHA (3aTyLIeBaHHBIC KPYKKH)

JIMYHON IIMPUHOI KBaHTOBBIX sIM InGaAsSb/
AlGaAsSb: 4, 5, 7 m 9 uam. B pamxax mome-
mmu KeitHa [5], yuuTbiBamolleil Hermapadboany-
HOCTb 3aKOHa JAMCMIEPCUU, ObIIM pacCcUMTaHbI
MOJIOXKEHMST SHEPTETUYECKUX YPOBHEI BO BCEX
CTpyKTypax. JlaHHOe puOIMXKeHNe HeOOXOI -
MO HKCIIOJIb30BaTh, ITOCKOJbKY DHEPTUs 3JICK-
TPOHOB B IMOJ30HAX Pa3MEPHOIro KBAHTOBAHMUSI
HUCCIIEYeMbIX CTPYKTYP COCTaBIISICT BEJIMUMHY
MOPSIAKA IIUPUHBI 3aIlIPEIICHHON 30HBI U 00-
Jee Hee. IlapameTpbl CBOMCTB TBEPIBIX pac-
TBOPOB 7151 pacueTa ObLIM B3SITHI U3 PabOTHI
[6]. HampszxkeHue cxkaTusl B KBAaHTOBOU sIM€
YMEHBIIAET TJIOTHOCTb COCTOSTHUM B TTOI30HAX
TsikeNbIX AbIpoK [7]. TToaToMy mpu pacuerax
WCIOIb30BAJIaCh MEHbIIAsl, MO CPaBHEHUIO C
00BEeMHBIM MaTepuayioM, 3¢ heKTUBHAs Macca
TSDKEIBIX OBIPOK. IS 3KCIIepMMEHTaIbHOTO
oIpe/ieJIeHUs] TI0JIOKEHUI OCHOBHBIX YPOBHE

68

pa3MepHoro kBaHToBaHus el u hhl B uccue-
JIyeMBIX HAHOCTPYKTYpax C Pa3IMIHON IINPU-
HOIi KBAaHTOBBIX M ObUIM 3aperucTpUpOBaHbI
CIEKTPHl (DOTOTIOMUHECUCHIIMA TIPU TEMIIC-
patypax T = 77 n 300 K. IMTosoxeHus mukoB
(oToOMOMUHECHIEHIIMM XOPOIIO COTJACYIOTCS
C pacyeTHbIMU 3HaYeHUSIMU 3GGHEKTUBHOM
IIMPUHBI 3aIIpellleHHON 30HBI. 3aBUCHUMOCTH
MHTEHCUBHOCTU MUKOB (DOTOJIOMMHECLIEHLIUN
IIJIS BCEX YETBIPEX MCCIIeNYeMBIX CTPYKTYp, U3-
MEpEHHBbIe MpU TeMIlepaType KpUCTaInye-
ckoit pewetku T'= 77 K, npu MakCUMaJbHOM
MHTEHCUBHOCTU ONTUYECKON HaKayKu, Ipe-
crapieHbl Ha puc. 2. O4eBUIHO, UYTO ITMKOBAs
MHTEHCUBHOCTbH B CIIEKTpe (hOTOJIOMUHECIIEH -
LM OMpPENeIsieTCsT ONTUIYECKUMU TIepexogaMu
3JIGKTPOHOB MEXIy 3HEPreTUYeCKMMU COCTO-
STHUSIMM BOJIM3U JHA 3JCKTPOHHON ITOM30HBI
el 1 MOTOJIKA MOA30HBI TSXKEJIbIX IBIPOK Ahl.
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Puc. 2. CnexkTpsl (hOTOJIOMUHECLIEHLINN
CTPYKTYyp ¢ kBaHTOBbIMU siMamMu InGaAsSb/
AlGaAsSb pa3Hoii IMpPUHBL, HM: 9 (KpuBas 1),

7(2,50,4¥;
MHTEHCUBHOCTb ONTUYECKON HAKaYKU MaKCUMaJIbHA;
Temmneparypa pewetku 7= 77 K

3aBUCUMOCTb MOJIOXKEHMST 3TOTO TTHKA B CIEeK-
TPE OT LUMPUHBI KBAHTOBBIX SIM IIPEACTAaBICHA
Ha puc. 3 BKCHEepUMMEHTaJbHBIMU TOYKAMMU.
OTMeTUM, UYTO MOIJIOILIeHHUE BO30YXKIAIOILETO
WU3JyYEHMST Pa3HBIMU CTPYKTypamMy HEOAWHa-
KOBOE, YTO TaKxXKe MOXKET MPUBOIUTDH K Pasin-
YUSIM MHTEHCHUBHOCTU (DOTOJIOMUHECIICHIIUN
IUISL Pa3HBIX CTPYKTYP.

Ha puc. 3 Takke mpeacTaBieHbl Teope-
TUYECKME 3aBUCUMOCTM JHEPruy paspelleH-
HBIX TIePEeXOJ0B OT IIUPUHBI KBAHTOBBIX SIM
InGaAsSb/AlGaAsSb 1ipu TeMrepaType XHI-
koro azorta. lItpuxnynkrupHas auHust I co-
OTBETCTBYET PACCUMTAHHOI BHEPIUM IEPEeXO-
JIOB MEXITYy OCHOBHBIM COCTOSTHUEM TSIKETbIX
IOBIPOK W TIEPBHIM YPOBHEM IIOA30HBI, OTIIE-
TUIGHHOW  CIUH-OpOUTAJbHBIM  B3aUMOJIEHi-
ctBueM: E(hhl) — E(sol). CruiolHOM TUHMUEN
2 mpeincTaBjieHa pacCUMTaHHAs 3aBUCUMOCTH
SHEPTUM TIepexoJa MeEXIY OCHOBHBIMM CO-
CTOSIHUSIMM BJIEKTPOHOB M TSDKEJIBIX ABIPOK
npipok E(el) — E(hhl). IltpuxoBast JIUHUSI
3 COOTBETCTBYET DHEPTUM TE€PEXOA0B MEXIY
MEePBLIMU ABYMS 3JCKTPOHHBIMM YPOBHSIMU B
KBaHTOBbIX siMax: F(e2) — E(el). BunHo, 4yTo
MOJIOXKEHHME TTMKOB (DOTOTIOMUHECIIEHIIUN XO-
POIIO COIJIacyeTCsl C TEOPETUYECKU PacCuu-
TAaHHBIMM ITTOJIOXKEHUSIMM SHEPIUil IepPeXoIoB
E(el) — E(hhl), 4TO TOBOPUT O JOCTATOY-
HOIl TOYHOCTH PacyeTOB 30HHOM CTPYKTYDhI.

W3 puc. 3 BUIHO, YTO TOJNBKO B KBAaHTOBBIX
sgMax mupuHoi 5 HM nipu 7= 77 K BHIMOI-
HsIeTcsl paBeHCTBO (1), YTO MO3BOJISIET HAOMIO-
JaTh pPE30HAHCHYIO OXe-peKOMOMHALIMI0 C
ydyacTMEeM JBYX IBIPOK M OJHOTO 3JEKTPOHA.
Hnss opyrux CTpyKTyp paBeHCTBO (1) He BHI-
nojHseTcs. TakuM o0pa3oM, KakK yKa3blBaJlOCh
paHee, B HUX MOXET UMETb MECTO TOJIbKO He-
pe3oHaHCHasl oxe-pekoMmOuHaiusg. OTMeTuM,
YTO pe30HAHCHas OXe-peKOMOMHALUs C yya-
CTHEM JBYX DJIEKTPOHOB M JABIPKM B HAIIUX
CTPYKTYypaxX He MOXKET HaOJIomaThCs, TaK Kak
HET MmepecevyeHrst MeXay KpUBbIMU 2 U 3.
Wudopmanuio o KOHLIEHTpallU HepaBHO-
BECHBIX HOCHUTEJIeil 3apsiia, y4acTBYIOLIMX B
MU3JIydyaTesIbHOM peKOMOMHALIMM, MOXKHO IIO-
JYYUTh M3 aHaju3a CHEKTPOB (POTOJIOMUHEC-
LICHIIUU IIPU pa3HbIX YPOBHSIX ONTUYECKON Ha-
kauku. Ha puc. 4 npencraBieHbl U3BMEpPEHHbBIE
3aBUCUMOCTU MHTEHCUBHOCTU (DOTOJIIOMUHEC-
LEHIMM (9KCIEPUMEHTAIbHbIE TOUKHU) B CIIEK-
TpaJbHOM MakKcuMyMe (T. €. B CIIEKTpaJIbHOI
00ylacTi, TPUOIU3UTEILHO COOTBETCTBYIOINICH
3 (GEKTUBHON IIMPUHE 3aIlpellieHHON 30HbI)
OT YPOBHSI ONTUYECKON HAaKAuKM ISl BCeX 00-
pasuoB npu temneparype 77 K. BugHo, uro B
CTPYKTYpE C LIMPUHON SIMBI 5 HM, TIE OXU-

04r
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Puc. 3. DxcnepumeHTanbHas (TOUYKW) M pacyeTHBIC
(IMHMM) 3aBUCUMOCTU DHEPIUU pa3pellieHHBIX
MEepPeXoIoB OT NIMPUHBI KBAaHTOBBIX siM InGaAsSb/
AlGaAsSb (T = 77 K). DkcniepyMeHTalIbHO
orpeieIeHbI MOJIOKEHUST TTMKOB (DOTONIOMU-
HecUueHUMU njs nepexonoB E(el) — E(hhl).
Paccuntanbl 3HaUeHUs SGHEPTETUIECKUX 3230-
poB E(hhl) — E(sol) (1), E(el) — E(hhl) (2),
E(e2) — E(el) (3)
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JAeTCS BO3HMKHOBEHWE DPE30HAHCHOW OXe-
pekoMOuHauuu (1), 3aBUCUMOCTb SIBJISIETCSI
JIMHEMHOM, B OTJIMYME OT IPYIUX CTPYKTYp.
DTO, CKOpee BCero, CBsI3aHO C TeM, 4TO 0e3-
BI3JIydaTeJIbHASI OXE-PEKOMOWHAIAS YMEHb-
11aeT KOHLEHTpAlMio HOcuTesled 3apsiia B
KBAaHTOBBIX SIMaX, KOTOPBIE YYaCTBYIOT B W3-
JlydaTeJibHONM peKOMOMHAIIMKU U JAl0T BKJIAJ B
MEX30HHYIO (POTOMOMUHECHIEHIINIO. J{aHHOe
OOBSICHEHUE MOXHO MOJITBEPAUTh pPacueToOM
3aBUCMMOCTM WHTEHCUBHOCTH  (DOTOIIOMMU-
HECLIEHIIMU Ha BBIIEJIEHHON JIJTMHE BOJHBI OT
KOHIIEHTPAIIMA HOCUTENIEH 3apsia.

a)

0.15 T T T T T

max’

JPL

n, 102 cm?
10

0.0 0.5 15

0.4 -

503 - [}

max’
°
L]

JF'L

0.2 -

0.1

0.2 0.4 0.6 0.8 1.0

PUMP? a.u.

OcHOBBIBasICb Ha METOJAUKE, OMMCAHHOM
B pabote [8], MBI pacCUMTaIu 3aBUCUMOCTU
KOHLIEHTpAllMd HOCUTEJIel 3apsiga OT MH-
TEHCUBHOCTU (POTOJIOMUHECLIEHIIMM Ha BBI-
JIeJEHHON JJWHE BOJHBI. 3aMeTUM, 4YTO B
HaIllMX 3KCIIepUMEHTaX BO30yXKIeHUE HEpaB-
HOBECHBIX HOCHUTEJIeil 3apsija OCYIIEeCTBIs-
JIOCh HEMOCPEICTBEHHO B KBAHTOBBIX SIMax,
T. €. DHEepTrusl KBaHTa W3Jy4yeHUs HaKayKu
(1,17 »B) Obula MeHbIIE ILIMPUHBI 3aIlpe-
1eHHOoU 30HBI Oapbepa (1,72 3B). Ilpu Ta-
KOM THUIIe BO30OYKIAEHUS 2JIEKTPOHBI U IBIPKU
POXAalOTCSl B KBAHTOBOM SIME Ha TeX YPOBHSIX

b)

0.3 T T T T

pump?

n, 102 cm?

0.5 1.0 1.5 2.0

0.2 0.4 0.6 0.8 1.0

J,

pumpr -U-

Puc. 4. DkcnepuMeHTa bHbIE (TOYKM) U PACUETHBIE (IMHWUW) 3aBUCMMOCTH MHTEHCUBHOCTU B MaKCUMYyMe
(hoToNMOMUHECHIEHIIMM OT UHTEHCUBHOCTU ONTUYECKOW HAaKaYKU (TOUKM) U OT KOHLUEHTPALIMU HOCUTENEH
3apsina (JIMHWUM) TS CTPYKTYP C pa3HOU IIMPUHON KBAaHTOBBIX siM, HM: 4 (a),5 (b), 7 (¢), 9 (d)
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pa3MepHOro KBaHTOBAHMS, PACCTOSIHUE MEX-
Iy KOTOPHIMM MEHbIIIe BEJIMYMHBI SHEPIUU
KBaHTa U3JIy4eHUST HAaKayKU.

Jng pacuera OblIa pacCMOTpEHa CUCTE-
Ma U3 TpeX YPOBHEM TSDKEJBIX ABIPOK W IBYX
BJIEKTPOHHBIX YPOBHE# (CM. puc. 5, Ha KOTO-
pOM MoOKa3aHa cxeMma OINTUYECKUX IepeXOa0B,
KOTOpBbIE MOTYT IaBaTh BKJIAI B MEX30HHYIO
¢oromomMuHecueHuu). ClenyeT OTMETUTb,
YTO Mepexonbl e2 — hh3 UMeT HauMEHbIIYIO
BEPOSITHOCTh ¥ HAMU HE yuMThIBaInCh. Kpome
TOro, B KBAHTOBOH $IME KOHEYHOI TJIyOMHBI
npu k = 0, corlacHO mpaBujiaM OTOOpa, pas-
pellIeHbl TOJBKO MEPEXOIbl MEXIY YPOBHSIMU
oAnHaKoBo# yeTHOCTH (el — hhl u e2 — hh2).
OnHaKo ¢ POCTOM 3HAUE€HUS k TaHHBIA 3aIpeT
CHUMAETCS, CJIeA0BaTeIbHO, TPU OOJBIINX
YPOBHSIX HAKaYKM BKJIAJ OT 3allpellieHHbIX Tie-
PEXOIOB MOXET ObITh CYILLIECTBEHHBIM.

Beenem o0003HaueHMsI BEJIMYMH BHEPTUU

MepPEXOIOB CIEAYIOIINM 00pa3oM:
A = E, + E(el) + E(hhl) = E;,

Ael—hh2

=E, + E(el) + E(hh2) = E; +Ab,
AT = E 4+ E(el) + E(hh3) = E, +Al\, (4)

AeZ—hhl

= E, + E(e2)+ E(hhl) = E, + A},

AP = E 4+ E(e2) + E(hh2) = E, + A}, + A},
re A, = E(el) - E(e2), A, = E(hhl) - E(hh2),
AL = E(hhl) - E(hh3).

M3BECTHO, YTO KOHILIEHTPALMS HOCUTENENt
3apsiiia CIIeMyeT BBIPAKEHUIO

N, (T, E) = [ 8.,(E)f.,(E) dE,

1€ MJIOTHOCTh COCTOSIHUIA g, , Ul KBAHTOBBIX
SIM TIPEACTaBJIsIeT CO0OM CTynmeH4aTylo (pyHK-
LIMIO C LIArOM CTYNEHbKU

Ee
N
—————————————————————————————— -——— €2
fo fo lfo L el
Ael—hhl AEZ—hhl Aez—hhz
fo  4-——f———- | AU E - ) A L _——  hhl
el-hh2
_________________V_A ___________ Y___ hh2
el-hh3
____________V_é ___________________ hh3
\%

E

h

Puc. 5. CxemaTnyHag 3HepreTUUecKasl JruarpaMMa MEXK30HHBIX M3IyJ9aTeIbHBIX ONTUYCCKUX TIEPEeX0I0B
B KBaHTOBOM sIM€ C TpeMsI AbIPOYHBIMU U ABYMSI 3JCKTPOHHBIMU YPOBHSIMM.
CTpCHKaMI/I TMoKa3aHbl HanboJiee BEPOATHLIC ONTUYCCKUEC MTEPEXOIAbI.
KpI/IBBIe cjaeBa — (I)YHKHI/II/I pacrnpeacjacHud 3JICKTPOHOB U JbIPOK
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5

m eh
ge,h (E) ’}'[hz
(m*ey , — 9GhdekTrBHasg Macca 3JIEKTPOHOB U
ABIPOK), f, , — QYHKLUMHK pacnpe/ie/IeHns] HOCHU-
TeJIel 3apsiia MO SHEPTUSIM,

feh(E) = (

(ky — mocrostHHas bosnbumana, F,, — mosoxe-
HUe ypoBHeill PepMmu IJIs1 JEKTPOHOB U [IbI-
POK, COOTBETCTBEHHO).

JI1s1 KBaHTOBBIX SIM WHTErpaia Uisl orpe-
JeJeHUsT KOHLEHTpallMu HOCUTENIe 3apsijia
MMEET aHAJIUTUYECKOE BbIpaXXeHUE, KOTOpoe
MO3BOJIIET HAWTU ypPaBHEHUS, OTIPEACISIOINE
noJoxeHus: ypoBHeil DepMu 17151 2JIEKTPOHOB
n 11 ObIPOK:

F, F,—A$ N,
e e 12 5
(1+eB")1+e ™" )=ele, )

Fy Fy=Ab Fy—Afs ﬂ
(L+e™ )1 +e B Yl+e ™ Y=V, (6)

rne N, N, — 5pPeKTUBHbIE MIOTHOCTU CO-
CTOSIHUM DJIEKTPOHOB M ABIPOK B JBYMEPHOM
MOI30HE, COOTBETCTBEHHO;

_ mhyT

_ mkT
nh’ '

Ne Th’

’ 4
bynem cunTaTh, 4TO MPU ONTUUECKOM BO3-
6y>KI[eUHI/II/I BBITTOJTHSAETCST paBeHCTBO N, = N,,
U HalijeM 3aBUCUMOCTb IIOJIOXEHUSI KBa3U-
ypoBHell DPepMU 3JIEKTPOHOB 1 JBIPOK OT TEM-
nepaTypbl U KOHIIEHTpalMK HOCUTEIeH 3apsi-
Ja. Yucao KBaHTOB, WCHYILEHHBIX B €IUHULEC
o0beMa B eIMHMIY BpeMEHU B MHTEpBaje ya-
CTOT OT v 10 v + dv IIJIs1 TIepexoA0B HOCUTe e
3apsiia ¢ 3JEKTPOHHOIO YPOBHS [ Ha YPOBEHb
IBIPOK j, MOXHO 3aIlicaTh CIAEAYIOIIMM o0pa-
30M [8]:
2ne’ m
= — (hv)x

d i»>j _
T nhmy Ly,

(7)
P? 2
Xc_3]i_’j(k )/, f,d(hv),
rae L, — WMprHa KBAHTOBOI SIMBI, /1 — MO-

KasaTeslb NPEeJIOMJIEHUs, m, — TNPUBEIEHHAd
macca, I,,_)j — MHTerpajbl TepekpbhiTus (pac-
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cuuTaHbl B padote [9]), P — KEMHOBCKUI Ma-
TPUYHBINA 3JIEMEHT OIlepaTopa MMIIYJIbCa.

YKa3zaHHbII MaTPUYHBINA 3JIEMEHT BbIpaka-
eTCs uepe3 0ObEMHYIO IIMPUHY 3alpelcHHOMI
30HBI E, M Maccy 2JIEKTPOHa m, CICAYIOLINM
oOpazom:

Pty —Eg(Eg;A“’). (8)
M (Eg +ASOJ
3

Takum 06pa3om, MOJHOE YUCIO UCITYLICH-
HbIX KBAHTOB CBeTa IPM BCEX BO3MOXHBIX
nepexogax (CM. puc. 5) 3amucbIBaeTCsl B Cle-
JyIoIIeM BUIE:

0, = [day’. ©)

IToactaBuB B hopmyiy (9) BeipaxkeHue (7),
C YYETOM 3aBUCUMOCTHU (DYHKIIUM pacIipenee-
Hus oT ypoBHs Depmu (OH, B CBOIO oYepelb,
3aBUCUT OT TeMIlepaTypbl M KOHLIEHTpalUU
HOCHUTEJICH 3apsiia), Mbl OIPEIeIIN TeOPETH -
YeCKYI0 3aBUCUMOCTb MHTEHCUBHOCTH JIIOMU-
HECHCHIIMM B MaKCUMyMe OT KOHLIEHTpaluu
HOCHUTeJIeH 3apsiaa U KaXka0i CTPYKTYPHI IIpU
temneparype 77 K (cMm. puc. 4). Maciuradbu-
pysl ocbh abcLUCC, Mbl ONpPEeAeIWId 3HAUCHUS
KOHIIEHTpalluM HOCUTeNel 3apsiia, COOTBET-
CTBYIOIII€ XOPOIIEMY COBIIAJEHUIO SKCIIepU-
MEHTAIBHBIX TOUYEK C TEOPETUYECKOM KPUBOM.
M3 puc. 4 BUOZHO, YTO B CTPYKTYpE C IIUPUHON
KBAHTOBBIX SIM 4 HM KOHIICHTpPAIlMsI HOCHUTE-
JIel 3apsiga, yJ4acTBYIOIIMX B M3JIydaTeIbHOM
PEeKOMOMHAILIMM, HIWXE, IOCKOJIBbKY, COTJIaCHO
pacuyeTaM 30HHOM aMarpamMMbl, IIpU OMNTHYE-
CKOIl HaKauyKe HOCHUTEIU 3apsiia BO30YKIarOT-
Csl TOJILKO Ha OCHOBHBIX YPOBHSIX pa3MepHO-
ro kBaHToBaHud. KOHLIEHTpalMu HOCUTEIEH
3apsma B CTPYKTypax C KBAaHTOBBIMHU SIMaMM
IUPUHONM 7 1 9 HM CYIIECTBEHHO HE pa3yiu-
YaloTCsd BBUJAY HE3HAUYMTEIBHOIO pPa3jIMuus B
30HHBIX AMarpaMmmax.

3aBUCUMOCT MHTEHCHUBHOCTUA (DOTOJIIO-
MUHECLIEHIIMM OT YPOBHSI HaKauykKh BO BCEX
3TUX TpeX oOpas3lax MOXHO pa30ouTbh Ha TpU
yyactka. Ha HavajibHOM yyacTKe, MpU HU3-
KOM YPOBHE ONTHYECKON HAKauKW, KOJIMYE-
CTBO MHXEKTUPOBAHHBIX HOCHUTENEH 3apsaa
HEBEJIMKO, CJIENOBATEIbHO, paclipeaeieHne
3JICKTPOHOB M JBIPOK IO SHEPIUSIM OIMCHI-
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BAE€TCS HEBBIPOXICHHOW CTaTUCTUKOM. Takum
00pa3oM, MHTEHCUBHOCTh (hOTOTIOMUHECIICH-
MM B MaKCHUMyME CIIEKTpa IpSIMO MpPOIop-
LIMOHAJIbHA TIPOU3BEACHMIO KOHILIEHTpALUii
WHXEKTUPOBAHHBIX 3JICKTPOHOB U  JIBIPOK,
T. €. 3aBUCUMOCTb KBagpaTuuHas. Jlanee, ripu
CPEIHUX YPOBHSIX HAKauyKu (BTOPOM y4acToOK),
MPOUCXOIUT BBIPOXKICHUE 3JIEKTPOHHOIO ras3a.
ITpy aTOM nmBIpKU, B CUIY OOJIBIIEH IIJIOTHO-
CTU COCTOSIHUIA, OCTAIOTCSI HEBBIPOXKIESHHBIMU.
Takum o06pa3oM, KOHIIEHTpAIMs 3JEKTPOHOB
B 00JIaCTU 3HEPIuii, U3 KOTOPOM MIOYT U3IY-
YyaTeJIbHbIE TEePEXO/bl, OCTAETCS MOCTOSHHOM,
U MHTEHCUBHOCTh (POTOTIOMUHECHEHINU TIPU
CPEeIHUX HaKayKax 3aBUCUT TOJbKO OT U3-
MEHEHMSI KOHLIEHTPAallUM WHXKEKTUPOBAHHBIX
IBIPOK, T. €. JMHEMHO 3aBUCUT OT YPOBHS
OINTUYECKON Hakauku. [1pu BBICOKMX YPOBHSIX
HaKayku (TPETUI Yy4acCTOK) W IJEKTPOHHBIN, 1
IBIPOYHBIN ra3bl BHIPOXIEHHL. B 3TOM ciyuae
B U3JIy4YaTeJbHONM pPEKOMOMHAIIMM YYaCTBYIOT
HOCHUTEJIM 3apsiaa U3 00acTeil 30HbI IIPOBOIM -
MOCTH Y BaJICHTHOU 30HBI, TI€ KOHILIEHTPALIUN
3JICKTPOHOB U JBIPOK OCTAIOTCSI MOCTOSIHHBI-
Mu. WHTEHCUBHOCTb (POTOJIOMMHECLIEHIIHN
Ha BBIICJICHHON IJIMHE BOJIHBI B 3TOM ClIydyae
HE 3aBHUCUT OT YPOBHS HaKauykKW U CTPEMMTCS
K HACHILLIEHUIO.

W3 puc. 4 BUAHO, UTO IJisI CTPYKTYpPhbl C
IIMPUHONM KBAHTOBBIX SIM 5 HM 3aBUCHUMOCTh
WHTEHCUBHOCTH OINTHMYECKON HaKauKud B MaK-
cuMmyMe (OTOJIOMUHECUCHIIMA OT HaKayKu
BEIET ce0s MPUMEPHO JIMHEHHO. DTO COOTBET-
CTBYeT CpEIHMM 3HAUCHUSIM KOHIEHTpaLUuu
HOCHUTEJIE 3apsiaa, yJacTBYIOIIMX B (DOTOJIIO-
MUHecleHIMU. BruaHo, 4To 13 Bcex oOpasloB
HaMMEHbIIIasl KOHIIEHTPAIUs HOCUTENel 3apsi-
Ja CYLIECTBYeT MMEHHO B CTPYKType C LIMPU-
HOI KBaHTOBBIX M 5 HM. Kak ObLI0 TOKa3zaHO
BBIIIE, B JAHHOW CTPYKTYpe MHKEKTHPOBaH-
HbIE HOCUTEIW 3apsiia yJ4acTBYIOT B O€3bI3NIy-
yaTeJbHOM pe30HAHCHOM 0Xe-peKOMOUHALIUHA,
YTO YMEHBIIAeT WX BKJAd B H3Ty4YaTEIbHYIO
PEeKOMOMHALINIO.

Takum obpazom, Oe3bizydyaTesibHasI Pe3o-

HaHCHasl OXe-peKOMOMHAIMsS MOXKET TMOUTU
Ha MOPSIIOK YMEHBIIUTh KOHLIEHTPAIUI HO-
cuTesiell 3apsiia, yYacTBYIOIIMX B U3JTyvaTelb-
HOII peKOMOMHAIIMK. DTO SIBJICHUE ITOHIXAeT
KBAHTOBBI BBIXOI U 3(P(PEKTUBHOCTD JTa3epOB.
YtoObl 130aBUTHCSI OT O€3bI3NIydyaTesIbHOMI
0Xe-peKOMOMHALMKU, TPU KOHCTPYMPOBAaHUU
MOJIYIIPOBOIHUKOBBIX MHXXEKIIMOHHBIX Ja3e-
POB Ha JIJTMHY BOJIHBI U3Jy4E€HUSI OKOJIO 3 MKM
HEo0XOAMMO IPOBOAUTH TILATEIbHBINA pacueT
30HHOI AMarpaMMbl M TIPOBEPKY, UMEETCS JIU
HEBBIMOJIHEHUE YCJIOBUSI paBeHCTBA 3ddek-
TUBHOM IIMPUHBI 3aNPEIIEHHON 30HbI U DHEP-
TeTUYECKOTO HHTEpBajia MeEXIy OCHOBHBIM
COCTOSTHUEM TSKEJIbIX ABIPOK UM MEePBBIM YPOB-
HEM 30HbI, OTILIETUICHHON CIIMH-OPOUTAIbHBIM
B3aMMOJICIICTBUEM.

3akinoueHue

B maHHoi1 paboTe uccaeaoBaHbl 3aBUCUMO-
CTU MHTEHCUBHOCTU (DOTOJIOMMHECLICHIIMM B
MaKCUMyMe CITeKTpa OT UHTEHCUBHOCTHU OTTU-
YeCKOI HaKauykKM JJIsSI HAHOCTPYKTYpP C pa3iny-
HOW IKUpUHON KBaHTOBBIX siM InGaAsSb/Al-
GaAsSb. B cTpykType ¢ KBAaHTOBLIMHU SIMAMU
LIMPUHOM 5 HM, TlIe OXMIAJOCh HAOIIOACHNE
PE€30HAHCHON OXe-peKOMOMHALIMM, JdaHHas
3aBUCHMMOCTh MMeJa JIMHelHbIl xapaktep. C
LIeJbI0 aHajiu3a IIOJYYeHHBIX 3KCIEepUMEH-
TaJbHbBIX PE3YJbTATOB ObUIM PACCUMTAHBI 3a-
BUCUMOCTU KOHIIEHTpalMM HEPaBHOBECHbBIX
HocuTesel 3apsiia OT YPOBHSI ONTUYECKOM Ha-
KauKM.

[IpoBeneHHOE wuCCAENOBAHUE TO3BOJIMIIO
clejaTh BBbIBOA, YTO KOHILIEHTpaLMsI HOCHUTE-
Jiei 3apsiia, y4acTBYIOIIMX B M3JydaTeJabHOM
PEeKOMOMHALIMM, CHUXKAETCS B CTPYKTYpE, IJIs
KOTOpPOi1 BBITIOJHEHBI YCJIOBUS Oe3bI3ayda-
TeJIbHOI Pe30HAHCHOU 03Ke-peKOMOMHALIMU.

Pabora BbImosHeHa Tipu (UHAHCOBOM TOJ-
nepxke IlpaButensctBa CaHkTt-IleTepbypra, MuH-
obpHayku Poccum (rocymapcTBeHHOE 3alaHUe),
rpaHta POOU No 16-02-00863, rpanTa [1pesumeH-
ta Poccuiickoit Deaepaunu 11T MOJOIBIX KaHIM-
natoB Hayk MK-4616.2016.2.
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ON THE NONEQUILIBRIUM CHARGE CARRIERS CONCENTRATION IN InGaAsSb /
AlGaAsSb QUANTUM WELLS.

The interband photoluminescence spectra of InGaAsSb/AlGaAsSb quantum wells with different well
widths have been experimentally studied. The dependence of the concentration of the charge carriers
participating in the radiative recombination on the pumping intensity level was calculated. Results of
theoretical calculations appeared to be in good agreement with the experimental relationship between the
photoluminescence intensity at spectral maxima and the pumping intensity. The resonant Auger recombination
involved two holes and one electron and caused a significant decrease in the charge carrier concentration
was detected in one of the samples. Recommendations were made to increase the operating efficiency of
semiconductor injection lasers at wavelengths of about 3 pum for suppressing the parasitic nonradiative Auger

recombination.
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[JanbHeBOCTOUHbIN (beaepanbHbIM YHUBEpPCUTET, . BnagmBocTok

r’MAPO®U3IUYECKUA NASEPHO-UHTEP®EPEHLIMOHHbIM KOMMMEKC

Co3maH HOBBIM THAPODU3NICCKII M3MEPUTESITHHBI KOMILIEKC, OCHOBOI KOTO-
poOro SIBJSICA pa3pabOTaHHBIA paHee W IPOILCAIINIA 3KCIIePUMEHTAIBHYIO aIllpo-
Oanmio Ja3epHBI M3MEPUTEIh Bapualyii maBieHUs ruapocdepbl. Bee xapakrepu-
CTUKM HOBOTO KOMILIEKCA 3HAYMTEIbHO YJIy4YILeHbl Oarogapsi IMOJy4eHHOMY paHee
SKCILTyaTallMOHHOMY OITBITY. OOecledeHbl TMPUHINITHAIBHO HOBBIE BO3MOXKHOCTH
CO3IaHHOTO0 O0OpPYIOBaHMS, TaK KaK MPUOOP MOJYyUMJI HOBBIE HAaTYUKU JUISI COIMYT-
CTBYIOIIMX M3MEPEHUI U KOHTCHHEP, MO3BOJISIOIINI paboTaTh aBTOHOMHO. HoBBIi
M3MEPUTEIBbHBINA KOMIJIEKC 00Jiee MPOCT B IKCIUIyaTalluu, odecrieunBaeT 00Jiee BbI-

COKOC Ka4€CTBO ITOJIy4aCMbIX JAHHbLIX M1 HOBLIC Cq)epbl Cro MpuMCEHCHMA.
JIABEPHBIM U3SMEPUTEJL, BAPUALIVA JABIEHUSA, TUIPOCOEPA, UHTEP®EPOMETP,
MOHUTOPUHT TMAPOAMHAMMUYECKUX IMTPOLIECCOB.

Ilpu uccnemoBaHUM pa3IUUHBIX reocdep-
HBIX TPOLIECCOB U SIBJICHUM OOJIbIIIOE 3HAYE-
HUE MMEIOT TeXHUUECKHE XapaKTepUCTUKU
00opynoBaHUsl, MTPUMEHSIEMOTO ISl PeleHUs
BO3HUKAIOIIMX IIpo0eM, HaIlpUMep HPUPOIbI
BO3HUKHOBEHMSI M pa3BUTUSI Bapualluii me-
¢dopmanum 3eMHOI Kopbl. C LIeIbI0 U3yYeHUS
TakOl TPUPOABI CO3MaHbl JiazepHble aedop-
morpadbl pa3auuHbIX Mogudukauumii [1 — 3].
[TpuMeHeHue JazepHO-MHTEPPEPEHIIMOHHBIX
METOJIOB IIPU pa3pabOTKe APYIUX U3MEPUTEIb-
HBIX CPEACTB MO3BOJIMJIO CO3/1aTh Ja3epHbIC Ha-
Hobaporpadsl [4] 1 1azepHble U3MEPUTETN Ba-
puauuii napieHus: ruapocdepsl [5], KoTopbie
CIOCOOHBI U3MEPSATh BapualMU aTMOC(EpHO-
ro ¥ ruapocepHOro naBjeHUil B MHMPa3BY-
KOBOM U 3BYKOBOM Jduania3oHax C BBICOKOI
TOYHOCTHIO. OTHOBPEMEHHOE HCIIOJIb30BaHNE
JlazepHOTO HaHoOaporpada u J1a3epHOTO U3-
MepUTeNIsl Bapualvili JaBjIeHUS TUIPOChEps
MO3BOJIMJIO TOJAYYUTh Psii MPUHLIMIIMAIBHO
HOBBIX pe3yibTaToB. Tak, OBLIO yCTaHOBIE-
HO, YTO IIyTU BOJIH AAaBJICHUSI B BOAHOM cpe-

e C mepuojaMu, JexalllMMM B Iuaria3oHe
BpPEMEHHBIX ITepuonoB 7 — 13 MWH, BBI3BaHBI
MOAOOHBIMM K€ ILIyraMM BOJIH B aTMocdep-
HOM JaBJieHUM, a He KOPOTKOMEPUOAHBIMU
BHYTPEHHUMU MOPCKUMHU BosjHamu [6]. He-
CMOTPSI Ha yCIELIHOe MPUMEHEHUE J1a3epHOro
M3MEPUTEJIsl Bapualuii JaBieHUs] TUAPocdephl
(JIMBAI') B HayYHBIX MCCIENOBAaHUIX, HEO0-
XOIMMO €ro JajibHeiilllee YCOBEPIIeHCTBOBA-
HHUeE, TaK KaK OH OOJIaJaeT PsIOM CYIIECTBEH-
HBIX HEJIOCTATKOB:

OoJiblliMe TabapuThl U BEC, YTO MPUBOIUT
K HEYCTOMYMBOCTU MHTEepPEPEHIIMOHHON Kap-
TUHBI (MOMHUMO Heya00CTBa B AKCIUIyaTallluM);

HEBO3MOXHOCTb Pa3leuTh BKJIadbl, 00Y-
CJIOBJICHHBIE BapualysIMKM 3a00pPTHOM TeMmIle-
paTyphbl, B IMOKa3aHUs IIprudopa;

OTCYTCTBHE BO3MOXHOCTU
paboTHI;

OTCYTCTBHME BO3MOXHOCTU MOAKIIOUYEHUSI
JIOIOJIHUTEJIbHBIX JaTYUKOB.

B cBg3u ¢ ykazaHHBIMM HEIOCTAaTKaMMU,
JIMB/T Obl1 mogBepruyT 3HAYMUTEILHBIM KOH-
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Puc. 1. OnTuko-mMexaHuyeckasi cxema UHTephepomeTpa:
1 — MICTOYHMK u3JlydyeHus (TeJnii-HeOHOBBIN a3ep), 2 — cucTeMa peructpaunu, 3 — (GOTONpUEeMHUK,
4 — cobupatrolliasi JMH3a, 5 — MeMOpaHa ¢ 3aKpeTUIeHHbIM Ha Hell 3epKajoM, 6 — IeauTesbHas
IJIOCKOMapalie/ibHasl JIaCTUHA, 7 — Mbe30KepaMUKU KOMIICHCALMKA U MPOOHOr0 CUrHaia, § — repMeTUYHBII
KopItyc, 9 — KaMepa KOMIIEHCALIMY TMAPOCTATUYECKOrO AaBICHIUS

CTPYKTUBHBIM M3MEHEHHUSIM, KOTOpbIE MO3BO-
JIWIM CYILIECTBEHHO YIYYIIUTh €ro 3KCIUTyaTa-
LIMOHHbBIE XapaKTEPUCTUKU.

WUcrounukom wusnayyeHus [/ B JIMBAT
CITYXUT reJIMii-HEOHOBBII ~ YaCTOTHO-
crabwiu3upoBaHHbIE ~ Jazep  MellesGriot

(puc. 1). OcHOBHasl YacTh JAHHOIO Ja3epHO-
ro U3MEpUTess IIO-TIIPEXHEMY IIPeICTaBiseT
coboit uHTepdepomerp MalikeabcoHa, IO-
CTPOEHHBII TI0 MOIU(PUIIMPOBAHHON CXeMe
HEpPaBHOIUIEYETO TUIIA, OJHO IJIEYO KOTOPOTro
SIBJISIETCSI 3TaJIOHHBIM.

JIy4, KOTOpBI pacrpoCcTpaHsIeTcs Mo Apy-
romy IUieuy, IMPOXOOUT Yepe3 3epKaao, ycTa-
HOBJIEHHOE€ Ha MeMOpaHy B KPBIIIKE MPUOO-
pa, KOHTAKTHUPYIOILIYI0 BHEIIHEW CTOPOHOM C
BOJIOM. DTOT JIyd SIBISIETCSI, TAKUM OOpa3oM,
u3MepurelbHbIM. CBelneHHe O00OUX JIydeit,
BEPHYBILMXCS Ha IEJUTEIbHYIO TJIaCTUHY, I10-
3BOJISIET MOJIYYUTh UHTEP(EPEHLIMOHHYIO Kap-
TUHY, U3MEHEHUE SIPKOCTU KOTOPOW CBSI3aHO
C M3MEHEHHEeM pa3sHOCTU Xona Jiydyeir. M3me-
HEHUE SIPKOCTU PErMCTpUpyeTcs (HOTONpUEM-
HUKOM J3 CHUCTEMBI perucTpanum 2, KoTopas
(opMupyeT cHTrHaa Ha KOMIIEHCALMIO pas-
HOCTHU XOja Jydeil. DTOT Xe CUTHaJ SIBJISIETCS
BBIXOJTHBIM.

B mpubope npumeHsercss cucteMa KOM-
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MEHCAllMN THAPOCTaTUUEeCKOTo napineHus. OHa
HeoOXonuMa JIJIs BRIpaBHUBAHUS JTaBJICHUS 110
00e CTOPOHBI OT MEeMOpaHbI IS IPUBEICHMUS
ee Tiepen M3MEpPEHUSIMU B HEWUTpaIbHOE TI0-
JnoxxeHue. Ilpn morpyXeHnMM KOMIUIEKCA ITOf
BOAY, MO KOMaHJIe OTKPBLIBACTCS BJIEKTpOMAr-
HUTHBINA KJIarlaH, KOTOPBINA IPOIyCKaeT BO3-
IyX U3 CIeMaJIbHON eMKOCTH B Kamepy. [lo
OKOHYAHMM TIOTPYKEHUS [0 HEOOXOIUMOM
TTYOMHBI KJIamnaH 3aKPbIBAETCS, YTO MMO3BOJISIET
HavaTh u3Mepenus. [1pn mogpeme nmpudopa u3
BOJHOW TIyOWHBI JAaBJICHUE CTPABINBAIOT.

OnTnyeckass CcKaMbd — MeTaJUTMYecKast
TIacTMHA, Hecyllasg Ha cebe BCce ONTUYECKUE
KOMITOHEHTHI Mpubopa, ObUla yKOpoueHa IIpH
CO3JaHUM HOBOTO KOMIIJIEKCA C TIPEeXHEN I~
Hbl B 1144 MM go 400 MM. DTO cTajso BO3-
MOXKHBIM TIOCJIE TIPOBEIEHUS ONTUMU3ALN
pa3MepoB neTajieil 1 nx Oojiee palOHAIbHO-
IO pacIoJIOXKEHUS B MpOrpaMMe TPEeXMepHOTO
MoJAeIupoBaHUus (puc. 2).

OOHOBJIEHHAS OIITUYECKAsI CKAMbs BBIIIOJI-
HeHa W3 HepXKaBellleil CTajlyd, 4TO BKYIIE C
pedpaMu yCUJICHUS, PACTIONOKEHHBIMU C 00e-
MX CTOPOH, M CTaJIbHOM PacCTSKKON C BepX-
HEil CTOPOHBI YBEIWUMIO 3KECTKOCTh 3TOTO
aJleMeHTa. MICTOUHMK M3JIydeHUsT TIepeHeceH
C TIPEXHEro MecTa MoJ ONTHYECKYIO CKaMblo,
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Puc. 2. TpexMmepHas MoJeIb pacioOXeHNsI KOMITOHEHTOB M3MEPUTEJIbHOIO KOMILJIEKCa:
1 — 3epkaja M AejuTesibHas MJ1acTUHA, 2 — MevaTHbIC MJIaThl CUCTEMbI perucTpaunu, 3 — JIMH3a,
dokycupylolas Jyd Ha MeMOpaHe, 4 — ja3ep, 5 — KOJUIMMaTop, 6 — OTCeK OJIOKOB MUTaHUS

OTKYyJa JIy4 CTaJl BEIBOAUTHCS C MIOMOILBIO CH-
CTEMBI 3epKaJl HA OPUTMHAIbLHOM MPYKUHHOM
MoJBece, KOTOPhIA KOMIICHCUPYET COTPSICEHUS
CHUCTeMbl. YMEHbIIEHUE IJIUHbI ONTUYECKOM
CKaMbM ITO3BOJIMJIO COKPATUTh IJIMHY TepMe-
TUYHOI'O KOpIyca Ha 543 MM; 3TO 3HAUUTEJIb-
HO CHHU3WJIO BeC mpubopa, a HOBbIe TabapuThI
YIOPOCTUIM BBITIOJIHEHUE PabOT IO YCTaHOBKE
M3MEpUTeIIsl B pabouee IMOJOXEHHE U II0 ero
MoabEMY W3 TJYOUHBI.

JlaTuynky TeMIiepaTypbl Ha OCHOBE LIM(pPO-
Boro TepmoMeTpa DS18B20 ObLiu ycTaHOBIIE-
HBI 110 OJHOMY BHYTPH (Ha ONTUYECKOM CKaMbe
uHTepdepoMeTpa) U CHaAPYKU (TOHKOCTEHHbII
LIYII-CTepKeHb B palioHe MeMOpaHbl) MIPUOO-
pa. HeoOGxonumMocTh u3MepeHus: TeMIepaTyphbl
BHYTpU IpubOpa CBI3aHa C TEM, UTO €€ M3Me-
HEHME BHOCHUT CYIIECTBEHHYIO TMOTPEIIHOCTD
B paboOTy HepaBHOILUICUEro MHTepdepoMeTpa.
Pazperatoniass ¢cnocoOHOCTb MO TeMIlepaType
B 12-OuTHOM peknMe padOThl TPUMEHSIEMOTO
natyuka coctasuia 0,0625 °C.

Ha xpsoliiky mpubopa ycTaHOBJIEH I'eépMO-
pazbeM mis yctaHoBKM (paayopumerpa ECO FL,
npeaHa3HAaYeHHOIOo IJIsl OmpeneieHuss OMOJIO-
TMYEeCKMX XapaKTepUCTUK Boabl. B yacTHOCTH,
orpee/ieHde KoJIumyecTBa xjaopoduia a IaH-
HbII 1aTYMK CIIOCOOEH MPOBOAUTH B TMANa30He
0 — 125 mxkr/a ¢ paspewtenuem 0,02 MKr/1.

Cucrema peructpauid MHTephepeHIINOH-
HOTO WM3MEPUTEId BapualMii AaBIeHUS ObLIa
3HAYUTEJIBHO yCcOBeplleHCcTBOBaHA. DYyHKIIMO-
HaJbHO HOBasl CHCTEMa IMOJOOHa paHee CO3-
JaHHOU M MOAPOOHO omucaHa B cTaThbe [7].

MakcuMasibHas TOYHOCTb U3MEPEHUS TIe-
peMeleHnii MemOpaHbl coctaBuiaa 0,06 HM.
HaBneHue P, KOTOpOe pEeTUCTPUPYET U3MEPU-
TeJb BapUalMil JaBlIeHUs THApochepnl, 000-
PYAOBaHHbIA OMNMCAHHOW PETrUCTPUPYIOLLIEH
CUCTEMOM, MOXHO PaCCUMTATh IO CJIECIYIOLIEI
(opMyiie, onuchIBalolIeil MOBEAEHNE TJIOCKOM
MeMOpaHbI, 3alleMJICHHOM Ha Kpasx:

_AlL16-K-E
3.(1-6)-R"’

roe Al — cMellieHue MmeMOpaHbl; R, & — paauyc
MeMOpaHBbI U ee TonuHa; £ — monyab FOHra;
c — kKoappuuueHt I[lyaccoHa.

B usMepurtesae MoxXeT ObITh MCIIOJb30BaHA
MeMOpaHa, U3roTOBJIeHHAsl U3 HepKaBelollen
CcTaqy, IpUYEeM HM3MEPUTEIb KOMILIEKTYeTCs
HabopoM MeMOpaH pa3HOUM TOJILMHBI, MM:
0,1, 0,5, 1,0 u 2,0. McneITaHus1 TIPOBOAUINCH
¢ MeMOpaHO¥ TOJIIMHON B 1 MM.

Takum oOpa3oM, IpU 3HAYEHUSIX ITapame-
TpoB R=5cm, h=1wmm, £E=2,1-10!' H/Mm?,
c =0,25u Al = 0,06 HM 3HaueHUe paspelle-
HUS no jgasjieHuIo coctasiser P = 11,5 mlla.
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Cucrema crnocoOHa perucTpupoBaTh BapHa-
LMY JABJI€HMSI B AWalla30He 4acTOT OT HYJISI
(ycnoBHo) go 1 xI'w.

PaGora mpubopa ¢ ucnoib3oBaHUEM Ka-
OeIbHON JTWMHMU YCIOXHSIET IKCIUTyaTalluio, a
NpoBeACHNE M3MEPEHUI Ha AUCTAHIUSIX 00-
Jiee 500 M oT OeperoBoif YepThl U BOBCE CTAHO-
BUTCSI HEBO3MOXKHBIM 110 MHOTMM IIPpUYMHAM.
B cuity yKazaHHBIX OOCTOSITELCTB MOSBUIACH
HEO0OXOAMMOCTh B aBTOHOMM3AaLlMU HTAHHOTO
u3MepuTenbHoro cpeactsa. CoxpaHUTb Bce
MNperMyIlIecTBa U MMEIOILIMECs] BO3MOXHOCTHU
paboTBl KakK ¢ MCHOJb30BaHHUEM KabeIbHOMI
JIMHUU, TaK U 0e3 Hee, yoajJoch MyTeM pas-
paboOTKM W CO3MaHMSI YHUBEPCAIBLHOIO KOH-
TeiiHepa aBTOHOMU3ALUM TUAPOPU3NIECKUX
npudopon (KAITI).

YHuBepcaabHbI KOHTEHHEP MOMKIII0YACT-
¢l K OCHOBHOMY T'epMOpa3beMy Mprudopa U TeM
caMbIM 3aMeHsIeT co0oii OeperoBoil KaOelb,
UMUTHUPYS TaKMM OOpa3zoMm paboTy mpubdopa
Ha kabene. KAI'TI comepxur B cebe GaTapeun
9JIEMEHTOB MUTAaHUS, OJIOKM COrJIacoBaHUS U
CcTa0WIM3aluU MapaMeTPOB  3JIEKTPUUECKUX
Lereil, a TakKe MUKPOKOMITBIOTEP C TBEPIO-
TeJIbHBIM HaKOIUTEJIeM [JIs 3alicy MH(popMa-
MM, TocTynaroliei u3 nmpuodopa. Mcneitanus
pabdotel KAI'TI B TeueHue 7 4 moKasaiau pa-
0OTOCIOCOOHOCTh JaHHOro ycTpoiictBa. Teo-
PEeTUYECKU PACCUYUTAHHOE BpeMsl aBTOHOMHOM
paboThl TIpubopa cocTapisieT okoao 40 u.

342768

Pressure, Pa

3umoii 2015 roga MpoOXOAWIM UCHBITAHUS
OOHOBJICHHOI CUCTeMEbI B OyxTe BuTsi3p 3anuBa
ITocwet ITpumopckoro kpas. I'myorHa OyXThl B
MECTe YCTAaHOBKU M3MEPUTEIHLHOTO KOMILICK-
ca cocTaBpisia 9,5 M; BbICOTa U3MEPUTETbHOM
MeMOpaHbI U JaTYUKOB Hajx gHoM — 0,5 M.

IIpy mpoBeneHUM MCMOBITAHUIA, C TTOMO-
1IbI0 UHTepdepoMeTpa npudopa ObLIU ITOJIY-
YeHBbI 3allMCH BETPOBOIO BOJHEHMS. Bwicora
BOJIHBI O JAHHBIM 3a(pMKCUPOBAHHOTO IaB-
JieHus ObLia TMoJjlydeHa Mo cieaylolleir ¢op-
myae [8]:

4 chlk(h + 2)]
ch(kz)

rae P — namieHue; g — yCKOpeHre CBOOOIHOTO
NageHus; a — aMIUIMTYda BOJHBI; K — BOJIHO-
BO€ UKCJIO; A, p — TJIyOMHA U IUIOTHOCTb BOJIbI;
Z — T1yOMHA yCTaHOBKM JaTYMKa.

B xauectBe mpuMepa Ha puc. 3 npuBeacHa
3aIlUCh, Tae 3a()MKCUPOBAH CUTHAJ BETPOBOIO
BosiHEeHUd. Ilepuon kosebaHuii CUTHaIa CO-
craBis1 6,89 c; cpenHsis BeJIMUMHA BapuaLlMii
JaBjieHusI, OIpeAesieHHas: MHTepdepoMeTpoM
IUIST OTOTO BOJIHEHMS, cocTaBuiaa 1697,97 Ila,
YTO COOTBETCTBYET aMILIUTY/I€ TTOBEPXHOCTHOM
BosiHbI 0,27 M (cormacHo ¢opmyie (2)).

YcraHoBieHHbIe B Tpubope LMMPOBBIC
JATYMKW TeMIIEpaTypbl JAlOT BO3MOXKHOCTh
MPOU3BOAUTH KOPPEKTUPOBKY MOKA3aHUI MH-
TepdepoMeTpa, BapualMM IOKAa3aHU KOTO-

P= )

2015 January 27

0
12:12:55

12:16:17

Time, hour:min:s

Puc. 3. IIpumep rpacduka Bapuamuii JaBJeHUS BeTpa, BEI3BAHHBIX BETPOBBIM BOJTHEHUEM
I'padbux noaydyeH npu usmepenuu komruiekcoM JIMBT. HaiinenHble mapameTpbl cUTHala MPUBEACHBI B TEKCTE
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poro cBsi3aHbl C M3MEHEHHWEM TeMIlepaTyphl.
DTa 3a/a4ya OUYeHb aKTyaJibHa, MOCKOJbKY M3-
MEHEeHHUE TeMIepaTypbl BHYTpM Mpubopa Be-
JET K U3MEHEHUIO JUTMHBI 3TaJOHHOTO Tiaeda
BCJIEICTBUE TETUIOBOIO pPACIIMPEHUs AeTaneit
uHtepdepomeTpa. Kpome Toro, BHeIHU AaT-
YUK JaeT MHGOpMaIMIo O TeMIepaType BOJbI,
oKpyxamlieil pudop. Ha puc. 4 mpuBeneH
Y4YacCTOK 3aMuCcy Bapuallvil TaBAeHUs, 3aperu-
CTPUPOBAHHBIX C MCMOJb30BaHUEM JIa3epPHO-
ro uHTepdepomerpa, ¢ OTHOBPEMEHHOI pe-
TUCTpalMeil TeMIepaTypbl 3a TOT XK€ Mepuoj
BPEMEHU.

[IpoBeneHHbBIE CUHXPOHHBIE WM3MEPEHUS
JaBJICHUSI U TeMIepaTypbl ¢ TOMOIIbIO WMH-
TepepomMeTpa U TEMIIEpaTypHBIX JaTYNKOB
MO3BOJIMJIN  OMpPEAEIUTh BEJIUYMHBI KOpPpeK-
TUPYIOIIMX KO3Gh@UIIMEHTOB, TO3BOJISIONINX
MUHUMM3UPOBATh BIWSHUE TeMIepaTypbl Ha
n3MepeHusi. OyHKIMS KOPPEeKIUY TTOKa3aHU i
BKJIIOUEHA B MpPOrpaMMHOe obecrieueHue JUist
nocroopaboTku naHHbIX. ['padhuk ckoppekTH-
POBAaHHOTO JaBJeHUs MPUBEIEH Ha puc. 4, d.

Hrak, pazpaboranHbiii B TuxookeaHCKOM

OKEaHOJIOrMYECKOM HHCTUTYTE UM. B.W. nbu-
yeBa /10 PAH ruapodusndeckmii anmapaTHO-
MPOrpaMMHBbIi1 JJa3epHO-UHTEP(PEPECHLIMOHHBII
KOMIUIEKC TOKa3asl BBICOKYIO 3(h(heKTUBHOCTD
paboThl cBoMX cucteM. Mcronb3oBaHME NaH-
HOTO KOMIIJIeKca TO3BOJISIET pelllaTh 3aaadu
MO M3YYEHMUIO aMILUIMTYIHO-(a30BbIX Bapua-
Ui KoeOaHWii ¥ BOJIH TUAPOCHEPHl B HU3KO-
YacTOTHOM Jauana3zoHe. Bce xapakTepucTuku
HOBOTO KOMIUIEKCA 3HAUYUTEIBHO YIYYIIECHBI
Oysaromapsi TOJIyUeHHOMY paHee DKCILUTyaTa-
LUOHHOMY OIBITYy. OOecrneueHbl MPUHIINIIN-
aJbHO HOBBIE BO3MOXHOCTH CO3JIaHHOTO 000-
pyooBaHMS, TaK KaK IPpUOOp MOJIyYMJ HOBBIE
JATYMKU 11 COMYTCTBYIOIIMX W3MEPEHUI U
KOHTCHHEp, MO3BOJISIIOIINI padoTaTh aBTO-
HOMHO. HOBBIII M3MEpPUTEIbHBII KOMILIEKC
0oJjiee MPOCT B IKCIUIyaTalMM, obOecneyrBaeT
0oJiee BBICOKOE KAyeCTBO IIOJydyaeMbIX JaH-
HBIX 1 HOBBIE C(Pephl €ro MPUMEHCHHUSI.

PaGotra BbIMOJHEHA TpU YacTUYHOU bu-
HaHcoBoi  moamepxke PH®  (cornamenue
Ne 14-50-00034, co3manue THAPODU3NICCKOTO M3-
MmepurenbHoro komruiekca), JIBO PAH (mpoekr
No 15-1-1-043).
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YakovenkoS.V.,BudrinS.S.,DolgikhS.G.,ChupinV.A., Shvets V.A.HYDROPHYSICAL
LASER-INTERFERENCE COMPLEX.

A new hydrophysical measuring complex has been developed on the basis of the laser measuring
instrument of hydrosphere pressure variations. The latter was previously engineered and experimentally
approbated. The use of this equipment allows solving problems on investigation of the amplitude-phase
variations of hydrosphere vibrations and waves in the low-frequency range. All performance data of the
complex was considerably improved by virtue of the operating experience obtained previously. Radically new
opportunities of the created equipment were provided since the apparatus was rigged with new sensors for
accompanying measurements and a container, which allowed working independently. The new hydrophysical
measuring complex is easier to operate and maintain, ensures higher quality data obtained and new spheres

of its application.
LASER MEASURER, HYDROSPHERE PRESSURE VARIATION, INTERFEROMETER, MEASUREMENT SYSTEM,
HYDROSPHERE.
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H.H. CkBopuoB', M.B. BopomkoB?

! CaHkT-lNeTep6yprckmMm rocyaapCcTBeHHbIN YHUBEPCUTET

KWUHO U TeneBnaeHnqd;

2 [naBHas (MynkoBckas) acTpoHoMMueckas o6cepatopus PAH,

r. Cankr-letepbypr

®PAKTAJ/IbHbIE CBOMCTBA JIABUHHOIO NPOBOA CBETOAUOOA

B crarbe aHamM3MpyeTCs CYIIECTBYIOIIAsl MOJENb IPOLECCOB, MPOTEKAOIIMNX B
XOJI¢ YaCTUYHOI'O JABUHHOTO Ipo0O0si p—rn-Tiepexona. YCTAaHOBJIEHO, YTO JaHHBLIE,
MOJTyYeHHBIE B Pe3yJIbTaTe 3KCIIEPHMMEHTOB ¢ 00paTHOCMEIICHHBIMIA CBETOANONAMMU,
HE OIMMCHIBAIOTCS 3TON Mopesnbio. OOHapy:KeHHbIe (hpaKTaJbHbIE CBOMCTBA MUKPO-
TUTa3MEHHOTO IITyMa CJIy>KaT OCHOBAaHWEM IS TIPOBEICHUS NaIbHEUIIINX KMCCIEI0-
BaHMI, KOTOPBIC MOKHBI OOBSICHUTH XapaKTePUCTUKU MPO00sST peabHBIX 00pa3lioB
CBETONMOJOB M OTKOPPEKTUPOBATH CYIIECTBYIOIIYIO MOJIEIb JIABUHHOTO IIPO0OsT

Pp—N-TIEPEXOJIOB.

JABUHHBIN TTPOBOM, MUKPOIIJIASMA, p—n-TIEPEXOJ, ®PAKTAJI, CBETOANO/I.

BBenenune

JIns1 2eKTPOHHBIX KOMITOHEHTOB, HaIlpu-
Mep CTaOWIMTPOHOB, TpeIHa3HAYEHHBIX IS
paboThl B peXuMe 3JEKTPUUECKOTo Mpobos,
caM yKa3aHHBII pexXrM He TpecTaBsieT ornac-
HocTu. Ho M misd apyrux 2JeKTPOHHBIX KOM-
TMOHEHTOB, HE TMpelHa3HAYEHHBIX I pabOThI
B 9TOM peXHMeE, DJICKTPUUYECKUI MPOOON SIB-
JisieTcss B OOJIBIIIMHCTBE CJIyyaeB OOpaTHMBbIM.
K TakuM KOMITOHEHTaM OTHOCUTCSI CBETOJMO]I,
JUISI KOTOPOTO MPU MOBTOPHOI Mojaye Harpsi-
JKEHUsI B TIPSIMOM HampaBJICHUU COXPaHSIETCS
SIBJICHUE 3JI€KTPOJIOMUHECIIEHIIUM.

OpHako B CTaOMIMTPOHAX MOXET HaOJ0-
JaThCsl KaK TYHHEJIbHBINA, TaK W JIABUHHBIN
npob6oii. HeobxonuMo omnpeaeauTbh BUO IPO-
0051 U TSI CBETOAMO/IOB.

ITocne  aKcrepUMEHTAJbHOTO  OMpenae-
JIeHUs1 BUAa Mpo0Oosi OblIa MpoBeleHa cepusl
9KCTMEPUMEHTOB, TIOCBSIIEHHBIX HCCIeI0Ba-
HUIO CBOWCTB MUKPOIUIa3MEHHOTO IIyMa, €ro

BPEMEHHBIX M CIEKTPaJIbHBIX XapaKTePUCTUK.
Hanee B Xxoae 3KCIIEPMMEHTOB M MaTeMaTu-
YECKOr0 MOJACIMPOBAHMSI OBbLUIM  BBISIBJICHBI
(bpakTanbHBIE CBOMCTBA MMKPOILIA3MEHHOIO
1yma.

CurHalbl, 00Ja1a0lI1e CBONCTBOM (ppak-
TaJJbHOCTH, B HACTOSIIEE BpeMs IIPUMEHSITCS
B paguoOTeXHUKE, PaauojioKaluuu, B (U3UKE
KOHJIEHCUPOBAHHOTO COCTOSIHWSI, B HaHO-
CTPYKTYPUPOBAHUU U APYTUX OOJIACTSIX.

Bun npoGos cBeronnona

DleKTpuYecKue Mpodou IesATCs Ha JBe
TPYIIIbL: TYHHEJIbHBIE U JaBuHHBbIE [1]. C po-
CTOM TeMIlepaTypbl HaMpsKeHUe JaBUHHOIO
npo0os yBEIMYMBACTCS, a TYHHEJIbHOIO —
ymenbinaetrcs [2, 3]. Ilostomy Bum mpoOos
KOHKPETHOTO  3JIEKTPOHHOTO  KOMITOHEHTa
MOXHO OIIPEAC/IUTh 3SKCIEPUMEHTANIBHO IO
CMEIIEHUIO BOJIbTAMIIEPHBIX XapaKTEPUCTUK
(BAX) nipu Harpese. Jlyisi 1aBUHHOTO TIpo0Ost
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XapakTepHO cMmelleHrne KkpuBoii BAX B cTopo-
HY BBICOKMX OOpaTHBIX HaIpsKEHUI MpU M0-
BBILLIEHUU TeMIIEpaTyphl.

XapakTtep mpo00si KOHKPETHBIX ITPOMBIIII-
JIEHHBIX CBETOAMOAOB BUAMMOIO CIEKTpa
KpacHoro cBeueHus: (Mmartepuasbl: AlGaAs/
AlGaAs (DH), GaP, AllnGaP/GaAs) 6bu1
oIpelesieH HaMM BSKCIIEpUMEHTaJbHO C IIO-
MOIIIbIO HarpeBa B jabopatopHoii neuu. [lpu
aHaju3e MmoyydeHHbIX BAX cBeTOnMom0B ObLIO
BBISIBJIEHO, YTO B HUX peau3yeTcs JIABUHHBIN
npob6oii [3].

Anamm3 CyHIECCTBYIOIUX npeacTaBJIeHuit

Kak mokazaHo B KHwure [2], yaie BCero
npoboii HauuHaeTcs BOIM3U AeHEKTOB KpU-
CTaUla — AWCIOKALMM, BKIIOYEHUI BTOPOM
(azpl, HEOTHOPOAHOCTEN B pacHpeAcIeHUN
JIeTUpyIOlMX TIpuMeceil. Bomms3um muciaoka-
LMY MMEIOTCSI O0JIaCTM CXaTWUsl M paclIMpe-
HUS KPUCTAIMUECKON PEIUeTKU, UYTO BIIMSI-
€T Ha IIMPUHY 3aIlpellieHHON 30HbL. Kpome
TOr0, JUCIOKALIMY MMEIOT CBOIICTBO OKPYKATh
cebs1 mpumecsamu. KoHueHTpauusi nmpumeceit
BOJIM3U JAUCIOKAIMU YBEJIMYMBAET YUCJIO HO-
cuTeNell 3apsma M yMeHbIIaeT 3POeKTUBHYIO
TOJIIIMHY 00€THEHHOTO CJIOSI, UTO MPUBOAUT K
JIOKAJIbHOMY CHMZKEHUIO HaTIpSIKEHUS TTPo0os.
Takue nokanbHble 00JIACTU MTPOOOS MOJTYYUIN
Ha3BaHMWE MUKpoIuia3M. ToK, MpoTeKaroluii
yepes3 KaxkIylo MUKpPOILIa3My, HOCUT XapakTep
KOPOTKUX HMIIYJILCOB, ITOSIBJISIIOIIMXCS U KC-
ye3alollux B CllyyallHble MOMEHTHI BpeMEeHU
[T — 3]. DTO MOXHO OOBSCHUTHL CIy4YaliHBIM
XapakKTepoM 3axBaTa M BbIOpoca HOCHUTEJei
3apsaa B o0sacty neeKToB Kpucrajia (Iuc-
JIOKaIuit).

HaubGonbimii uHTEpeC IpeacTaBiIsieT pe-
KUM YaCTUYHOTO JIABUHHOTO IIpo0O0si, Korda
CBETONMOJ IIPOOUT HE MOJHOCTbIO, HO He-
00JIbIIION (1IIYyMOBOI) TOK B BUAEC MMIYJIbCOB
yepe3 p—n-niepexon yxe TedeT. [Ipu ganpHeit-
IIEM VYBEJIMYCHUM HAIPsDKEHUS aMIUIATyIa
MMIIYJIbCOB PacTeT B 3aBUCHMMOCTH OT KOJIM-
YecTBa BKJIIOYAEMbIX MUKPOIUIa3M, a OJM3KO
PpAacIIOJIOKEHHbIE UMIYJIbChl CIMBAIOTCS, May-
3bl MEXJY HUMU COKpAIAlTCs. DTO MPOI0-
JKaeTcsl 10 TeX MOop, MOoKa He HauyMHaeT Teub
MPAKTUIECKU TIOCTOSIHHBIA TOK, T. €. IIOKa
CBETOIMOM HE TEepeieT B pexKuM pa3BUTOIO
JIJABUHHOTO MPOo0o0si.
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IloBeaeHMe MUKPOILIA3MBbI, COTJIACHO CY-
LIeCTBYyIOLLIeil Moaenu [2], oOmuChIBaeTCs 4e-
THIPbMSI TIapaMeTpaMU: HampsKeHUEM Mpo0ost
U ., TOCIEN0BaTENbHbIM CONPOTUBIEHUEM
R]; U BEPOSITHOCTSMU BKJIIOUEHUSI M BBIKIIIO-
YeHUsSI MUKPOIUIa3Mbl B €IUHUILY BPEMEHM —
Po1 U F{o . [lepBbic a1Ba MapameTpa ompeness-
1o1ca u3 BAX, a BepOSITHOCTHBIE IapaMeTphl
pacCUMTBIBAIOTCS M3  OKCIIEPUMEHTAIbHBIX
JaHHBIX IO (hopMyaaM

vl, .

I, —(1,)’
P - Vi,

10 <IO> >
IJ¢ vV — 4acTOTa MUKPOIUIA3MEHHBIX UMITYJIb-
cos; 1, <10> — aMIUIMTYIHOE U CpelHee 3Ha-
YeHUSI MMIYJIbCHOIO TOKa COOTBETCTBEHHO
[2].

[Ipn aHanu3e SKCIEPUMEHTAIbHBIX ITaH-
HBIX OBLIO BBISIBJICHO, UTO BEPOSTHOCTh BKIIIO-
YEHUSI MUKPOILIa3Mbl U BEPOSTHOCTb €€ BbI-
KJTIOUEHMST HE MOTYT OBITh pacCUMTAaHBI TOYHO.
HeBo3MOXHO M3MEpUTh YacTOTy CIIydalHBIX
HMMITYJIbCOB, a CpelIHEe 3HAYCHUE MMITYJIbCHO-
ro TOKa He SBISIeTCS B JaHHOM clydae WH-
¢dopmaruBHOI BennuuHO. OcLuUIOrpaMMma
MMKPOIUIa3MEHHOTO IIyMa, IIOJy4eHHas Ha
conpoTtusiieHun Harpy3ku (1 KOMm), BKIIIOYEH-
HOM TIOCJIeIoBaTe]bHO CO cBeToauoaoM BL-
L813URC (marepuan AlGaAs/AlGaAs (DH)),
npeacTaBjieHa Ha puc. 1, U3 KOTOPOro BUIHO,
YTO MHTEPBaJbl BPEMEHU MEXIY MUMITYJIbCaMU
MOTYT CYILIECTBEHHO OTJIMYAThCS APYT OT APY-
ra.

Po1=

JIMTebHOCTU Tay3 MEXIY WMIYJIbCaMU
Ha JaHHOM (pparMeHTe OTJIMYAIOTCSI TPUMEPHO
B 20 pa3. M3BecTHO, YTO BEPOSITHOCTh BBIKIIIO-
YeHUs 3aBUCUT OT pPa3MepOB MUKPOTLIa3Mbl
(MM HECKOJIBKUX MMKPOIUIa3M) M yMEHbIlIa-
€TCSl C POCTOM MPWJIOXKEHHOTO HampsiKeHUsI
[2]. CyiiecTByeT BO3MOXHOCTb pPaccyMTaTh
BEPOSITHOCTY BKJIIOUEHUSI U BBIKJITIOUEHUST MU-
KpoIJia3Mbl, OJHAKO OIlIMOKAa TaKOTo pacuera
OylleT JOCTAaTOYHO BEJIMKA.

N3 puc. 1 Takke BUIHO, YTO IIIyM OT OJHOM
MMKPOILJIa3Mbl MPEICTaBIsIET COO0I He Herpe-
PBIBHBINI, & JTUCKPETHBINA CUTHAJL.

CorylacHO MoOfeJM IIyMOB YaCTUYHOTO U
Pa3BUTOrO JIABUHHOTO TMpPO00sI, OCHOBAHHOM



Pusnyeckas aneKTpoHMKa

u v

sevee

N
.
.
.
:
.
.
:
H
.
H
4
.
.
.
.

0.08

0.06

tSLTTITE TRLTETR

0.04

0.02

S I

0.00

-0.02

sreaspravenrey

H
'
'
'
H
CETETETEEPTEPTPTRY )
'

—0.04frreenreranees

1

ssssssesrrnnnne

vessssavrrsnns CEETTTTTRETRRE

.
H
.
.
Sertesseasetaesrraderianrenassrenranay
.
.
N
'
H

.
.
.
e
14
.
.
.
.
.
.
.

cesecosprecsscapecessccpacce

»
.
.
»
.
.
.
.
.
.
.
.
.
.
.
.
.
4
.
.
.
.
.
.

1

.

.

.

i

.

.

.

‘

.

.

.

i

T

: 3
:
:
i
i
.
:
;
;
.
.
:
i

T S TT LT ST T T T Ty

asssadrssnavabanes

ceccacpeccncss
R .

v i
serserseasasentibaniesestentseanreedisianarenrreanirene
' H

sesssssnsanns e

.
H
1

L
0.0236 0.0238 0.0240

0.0242

| 1
0.0244 0.0246 t,s

Puc. 1. OcumwuiorpaMMa MUKPOIUIA3MEHHOTO 1lIyMa, MOJy4YeHHAasl Ha COMPOTUBICHUM HArPy3KH,
BKJIIOYEHHOM TTocenoBaTebHO co cBetoaronoM BL-L8I3URC. JIauTenbHOCTH Tay3 MEXAy
UMITYJIbCAaMU Pa3IMIHbI (BbIIEJICHA TIepBasi 1ay3a)

Ha ¢opmyse Tarepa m omnucaHHoOi B pabo-
Tax [4, 5], criekTp LIyma JJaBUHOOOpa3oBaHUS
oIpeesIsieTcs Kak

o\ 2q,M°1
) =1 fIf)

rae g, — 3apsan 2aekTpoHa; M — xoaddu-
LVEHT JAaBUHHOTO YMHOXCHUSI HOCHUTENEH;
f,, — dacrora JjaBuHOOOpasoBanus; I, [ —
MTHOBEHHBIC 3HAYEHUSI TOKA M YaCTOTHI COOT-
BETCTBEHHO.

BEIIBMM CyTh JaHHBIX ITApaMETPOB IIpUME-
HUTEJIbHO K IPOMBIIIUIEHHBIM CBETOIMOAAM.

KoadduiimeHT JTaBMHHOTO YMHOXCHUS
IpyU YaCTUYHOM JIABUHHOM IIpo0OO€ SIBJISIET-
Csl TIOCTOSTHHOM BEJIMYUHOM, T. €. M = const.
Eciu M — c©, TO OpOUCXOIMT IIOJHBINA Jia-
BUHHBI TpoOON 00pasiia, KOTOPBIA MOXET
MEepPEeNTH B TEIJIOBOI U MPUBECTU K pa3pyllie-
HUIO KpucTasuia. B HaleM ciydae peub MAET O
yacTUYHOM Tpoboe. KoapdulimeHT J1aBUHHO-
Tr0 YMHOXEHHMSI TIPSIMO CBSI3aH ¢ KO3 GUILIM-
€HTOM MOHHU3allMM HOCHUTENEl 3apsiia o, KO-
TOPBI PaBeH YHUCIY 3JIEKTPOHHO-IBIPOYHBIX
nap, oopa3yeMbIX HOCUTEIEM 3apsiia Ha eIu-
HUIlE TYTA B HaMNpaBIICHUM 3JIEKTPUUISCKOTO
nons [5]:

rae L — mivMHa OMHOPOJHOTO ITOJYIPOBOAHM -
KOBOTO 0o0pa3lia.

It Toro 4ToObl OMpeneauTbh BEIUYMHY
Ko3(hulLIMeHTa JTaBUHHOIO YMHOXEHUsI, He-
00XOOMMO 3HaTh KOHKPETHBIC IapaMeTpPhbl
p—n-miepexoja: Miaoliaab, KOHIEHTPAIUU MpU-
Meceil, TpopWiIb JErMpOBaHUs, IIIUPUHY 00-
JlacTi mpoctpaHcTBeHHOoro 3apsiaa (OI13) npu
KOHKPETHOM BEJIMUMHE HAMPSKEHHOCTH 3JIEK-
TPUYECKOTO MoJjsgd U T. M. [1] DTu naHHble OJs
MPOMBIILJIEHHBIX 3JE€KTPOHHBIX KOMIIOHEHTOB
OTCYTCTBYIOT. VMI3BECTHBI JIMILb AlIPOKCUMM-
pylole BbIpaxkeHUsT IS KO3(P(PULMEHTOB
MOHM3aUMU U KO3(h(GULUEHTOB JaBUHHOTO
YMHOXEHHUSI, COIepxKalllie ITOATOHOYHOE Iia-
paMeTphl, KOTOpble OJIM3KK K 3KCIEpUMEH-
TaJbHBIM 3aBHCHUMOCTSIM IJISI KPEMHUEBBIX M
repMaHueBBIX p—n-TiepexonoB [2, 4, 5]. Co-
BpPEMEHHBIE K€ CBETOIMOIbI N3rOTaBINBAIOTCS
M3 06oJiee CIOXHBIX MAaTEPHUAIIOB HA OCHOBE Te-
TEPOIEPEXOI0B.

BepHeMcs K onpenesieHUIO CIIEKTpa Iryma
JJaBUHHOTO mpo0Oos. YacToTa naBUHOOOpPa30-
BaHUsI ONpEAe/IsieTcsl Kak

1
fav=—,t'
2n(M -1) =

™ )5

Benuuuna t/2 omnpenensier xapakTepHOe
BpeMsl JIaBUHOOOpA30BaHMsI, PaBHOE TOJIOBU-

87



‘ HayuHo-TexHMueckmne segomoctu CI16IT1Y. Pusmko-maremarnuyeckme Haykm Ne 4(253) 2016

He BpeMeHM mpoJjeta Hocuteaeil yepe3 OII3
p—hn-Tiepexona. DTa BeJIUMYMHA TakKKe HEuU3-
BecTHa. PaHee ObLIO OTMEYEHO, YTO 4YACTOTY
MUKPOIUIa3MEHHBIX UMITYJIbCOB U3MEPUTh HE-
Bo3MoxkHO. CrenoBaTelibHO, HE MpPeACTaBIs-
€TCSI BO3MOXHBIM M HEIIOCPEICTBEHHOE U3MeE-
peHure 4acTOThl JIABUHOOOpa30BaHUs.

CnekTpsl MOITHOCTH

CpaBHMM CHEKTPHl MOIIHOCTH CUTHAJIOB,
KOTOpbIe 3aJaeT MOAC/]b MHUKPOILIa3MEHHO-
ro mpobost p—n-niepexona [2, 4, 5], u cnek-
TPbl, TMOJyYCHHbIC B HallleM 3KCIIEpUMEHTE.
CoryacHO TEOPETUUCCKMM TIPEACTABICHUSIM,
JUIUTEILHOCTA MMIIYJIbCOB U May3  MEXIy
VMIIYJIbCAMU CIYyYalHBI M TTOAYMHSIIOTCS 9KC-
MOHEHIMAJbHOMY pacrpeaeneHuo. CpeaHss
YacToTa MMITYJIbCOB, HAOJIIOZAEMBIX ITPU KOM-
HATHOM TeMmepaType, OOBIYHO COCTaBJIsIeT
10 — 100 xI'a. CrekTp TakKOro CMTrHama Ipem-
craBjieH Ha puc. 2. [lepBblii y4acTOK MMeEET
¢dopMy maTo M HamoMuHaeT Oeabiil myM. Ha
yacrortax, oam3knx K 10° k', cnekrpaibHas
IUIOTHOCTh pacIpenessieTcsl Mo 3akKoHy f
npu v > .

S, W/Hz '

OpHako CMeKTp MUKPOILJIa3MEHHOTO 11IyMa,
MOJIyYeHHOIO HaMHu OT CBeTOAMOAAa MapKH
AJI102AM, umeet uHoit Bua (puc. 3). benbli
1IIyM HaOI10JaeTCsl Ha CYIIECTBEHHO 0oJiee KO-
poTtkoM ydactke no 1 kI'u. Bropoil u Tpetuii
YY4aCTKHA COOTBETCTBYIOT 3aBUCUMOCTSIM f ¥ C
pasHbIMM MOKA3aTeSAMU: v, > V.

OT1auyaeTcss OT TEOPETUYECKOTO M IIOJIY-
YEHHBI HaMU BUJ SMIOUPUYECKUX pacrpese-
JICHUI IUIOTHOCTU BEPOSTHOCTU (IMCTOrpaMM
IUIOTHOCTM  BEPOSATHOCTU)  JJIUTEIbHOCTU
MHTEpPBAJOB MEXIy wuMmOyiabcamu (puc. 4).
B mepBoM ciydae, Mcxomsi U3 CYIIECTBYIO-
IIUX IpeacraBieHuii [2, 4, 5], 1Mo pesyabTa-
Ty MaTeMaTU4eCKOro MOJEIMPOBAHUS C HC-
MO0JIb30BaHMEM MaTeMaTUYEeCKOIo IreHepaTopa
CAyYalHBIX YMCEJ CTPOMJAch TUCTOrpaMma.
Bo BTOpOM cilydyae yYUTBIBAIOCHh KOJUYECTBO
BPEMEHHBIX MHTEPBAJIOB 1 MEXIY MMITYJIbCa-
MU MUKPOIUIa3MEHHOTO IIIyMa, JieXKallluX B CO-
OTBETCTBYIOIIMX AMana3oHax Mo OCu abCLMCC:
ot X(i) no X(i) + dr.

Bce o™y mpu3Haku yKasbiBalOT Ha TO, YTO
CYIIECTBYIOIIAs MOJE/b IIPOLIECCOB, MPOTEKa-
IOIIMX B XOJ€ YACTUYHOTO JIABUHHOIO MPOO0OsI

'J .h !|l..‘;-':"!"-“'”' i
i U”[Wi

10°F

Y

10

107k PR S |

M|

10°

aal " " PRy
10° 10*

/., Hz

Puc. 2. Bug TeopeTndyeckoro crieKTpa MUKpPOIIJIa3MEHHBIX UMITYJIbCOB
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S, W/Hz
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Puc. 3. DkcniepuMeHTaIbHO MOJyYEHHbBIH CIEKTP MUKPOILJIA3MEHHOTO IIyMa MPOMBILIJICHHO
BbIMyckaemoro cBetonrona Mapku AJ1102AM

p—h-Tiepexona, HeIMpPUMeHUMa K ITPOMBIIIIJICH -
HBIM O0pa3liaM CBETOIMOIO0B.

Kpome Toro, mpakTuiyecku Bce COBPEMEH-
HbIe CBETOAMOIBI CO3MAIOTCS Ha OCHOBE TIe-
TEPOCTPYKTYP WU CTPYKTYP C KBAHTOBBIMH
sMmamu. [loBeneHMe reTepOCTPYKTYp B Cllydae
MPUJIOXKEHUST O0paTHOTO HAMNPSDKEHUSI MMEET
OCOOEHHOCTH TI0 CPaBHEHUIO C TOMOTEHHBIMU
nepexogamMu [6]:

1. KoHneHTpaunst HOCUTEIE B aKTMBHOM
00JIacCTM BOMHBIX TETEPOCTPYKTYp HAMHOIO
MpPEBBIIAET UX KOHIEHTPALIMIO B TOMOTE€HHbBIX
rnepexoaax.

2. Kpucranmnnyeckue CTPYKTypbl U TO-
CTOSIHHBIC PELICTOK TIeTECPOIEPEXOMOB ITOYTU
OIMHAKOBBI, OMHAKO MX ITapaMeTphbl HE coria-
COBAaHBI.

B cuny mepBoii U3 mpuBeIEHHBIX OCOOEH-
HOCTEII aKTUBHYIO 00JIACTh OOBIYHO CHMIJILHO
He jgerupyior [6]. IToHMXKXeHHbIE KOHLIEHTpaA-
MU JICTUPYIOLIUX TPUMeceil BeayT K YMEHb-
1meHuto yucia aedexron. CiemoBareabHO, MO
CPaBHEHMIO C TOMOTCHHBIMU, JIOKAJIBHBIX 00-
Jacteil mpobosi B reTepoCTPyTypax dOJIKHO
OBbITh MECHBIIIE.

HecornacoBanue mapamerpoB  (BTOpas
OCOOEHHOCTb) IPUBOAUT K IMCIOKALIMSIM He-
COOTBETCTBUS WJIM OOOPBAHHBIM CBS3SIM, T. €.
K nedekTaM, UYTO YBEJIMYMBAET BEPOSTHOCTh
JIOKAJIbHOTO TPo0os.

Kaxkoil u3 aByX KOHKYypUpPYIOIINX (PaKTO-
pOB OyzeT Ipeobsianath, ONpeAeasieTcss mMaTe-
pHuagoM, U3 KOTOPOIO M3TOTOBJIEH CBETOMMOI.
Ho HamMmu 53KCHEepUMEHTAJIbHO YCTaHOBJIEHO,
YTO CBETOAMOIbI Ha OCHOBE TIeTepoIlepexo-
noB AlGaAs/AlGaAs u AllnGaP/GaAs umerot
HaIpsDKeHWe Ipo00sT BBIIIE, YeM Ha OCHOBE
romoreHHbIX TiepexonoB (GaP:N — dochun
rajiivsi, JIeTMpOBaHHbIM a3zoTom). Takum 00-
pazom, B 9TOM ciiyyae HauboJjiee cyliecTBeHHa
nepBasi 0COOEHHOCTb.

C 1enplo uccleaoBaHUSI MPOLECCOB, MPO-
UCXONSIIMX B OOPaTHOCMEIIEHHOM CBETO-
nuone, Obla CKOHCTPYMpOBaHa CHelLMabHast
YCTaHOBKa, U B pe3yJibTaTe MPOBEACHUS U3Me-
pPeHU U aHaIM3a MOJyYeHHbIX JaHHBIX cAeja-
HBI clienylolue 3aKkiaoueHus [3]:

JIUTATEJIbHOCTh MHTEPBAJIOB MEXIYy UMITYJIb-
caMu OTJIMYAETCSl B HECKOJIbKO IeCSITKOB pa3 1
UMEET CIYyYalHBIA XapakTep;
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an/n p

. ms

Puc. 4. MonenbHast (/) u 9KCiepUMEHTAIBLHO TOJydeHHast (2) TUCTOTPAaMMBbI TUIOTHOCTH
BEPOSITHOCTH IJTUTEIBHOCTH WHTEPBAJIOB MEXIY UMITYJIbCAMUA

pSABl  MMITYJIBCOB  00JIagaloT CBOMCTBOM
¢ pakTaIbHOCTH.

®dpakTajbHble CBOICTBA
MHKPOILIA3MEHHOTO IIyMa

®dpakTagaMy Ha3bIBAlOT OOBEKThI, UMEIO-
1IMe HEePETryJISIPHYIO CTPYKTYpPY U obJajarolime
CBOICTBOM caMoIlogo0usi. XapakKTepHbIM IPO-
SIBJICHUEM CaMOMOI00usl SIBJSETCS MacllTad-
Hasi MHBAapUaHTHOCTb, T. €. HEU3MEHHOCTh
CTPYKTYphbl ((DOpMbI) 00BEKTa TTPU U3MEHEHUU
Maciutaba pparMeHTOB.

®pakTaabHOCTh OBIBACT MPOCTPAHCTBEH-
HOI ¥ BpeMeHHOoM. DpaKTalbHbIE BPEMEHHBIE
psiibl BOBHUKAIOT, B YACTHOCTH, TIPU U3MEpe-
HUSIX Pa3IAYHBIX €CTECTBEHHBIX ITPOLIECCOB:
COJTHEYHOM aKTUBHOCTU, YPOBHE pas3iuBa
peK, IIYMOB 3JEKTPOHHBIX IIPUOOPOB, TI€O-
(pusnyeckoii M TEOMarHUTHON aKTUBHOCTH,
(bU3MONIOTUYECKUX XapaKTePUCTUK OpraHuM3Ma
yesIoBeKa U T. II.

B xauecTBe KpuTepus OLICHKH (PpaKTalib-
HOCTHM MCCJIEIyeMOTr0 BPEMEHHOIO psifia HaMu
ObUIO BBIOpAHO BBIYMCICHUE (PpaKTaJIbHOM
pa3mepHocTy Tura Xaycnopda [7].

B cpenme Matlab ObL1 peanm3oBaH CIEI-
aJbHO pa3pabOTaHHbIM aITOPUTM BBIYMCICHUS
(bpakranbHOI pazMepHOCcTH D 1o dhopmyie

90

rne dT — nauHa BBIWICHSEMOIO OTpe3Ka HC-
CJIeAyeMOIr0 BPEMEHHOIO psifa, i — KOoJuye-
CTBO UTEpaALIUA.

ITo mosiyyeHHBIM 3HauyeHUdIM D MoCTpo-
€Hbl COOTBETCTBYIOIIME KpWBBIE JUISI pas-
JIMYHBIX 3HAUYEHUIl OOpaTHOro HAIIPSKEHUS
(puc. 5). B Tabauue ykazaHbl 3HAYE€HUST 00-
paTHOrO HAIPSDKEHUST U COOTBETCTBYIOIILE
BEJIMYMHBI paCCUMTAHHOM (PpaKTaIbHOI pa3-
MEPHOCTHM, COOTBETCTBYIOIIME KPUBBIM Ha
puc. 5.

Ha ¢dpakranpHbie CBOMCTBA MUKPOILIA3-
MEHHOIO IIIyMa YKa3blBaJl M XapaKTep CHEK-
Tpa, MpEACTaBICHHOro Ha puc. 3. dpakTaib-
Has pa3MepHOCTh D CBsI3aHa C MOKa3aTeIeM Yy
yepe3 CKEMJIMHTOBBIN MMapaMeTp WJIN MTOCTOSH-
Hyo XepcTta [8, 9]. Ha mepBoM yJyacTke cHek-
Tpa Ha puUC. 3 YacToTa CJIEAOBAHUS KMITYJIb-
COB Me€HbllIe, yeM Ha ocTajbHbIX, D — 0. Ha
TPETheM ydacTKe 4acTOoTa BEJIMKA, YaCTUIHBII
npo0oii BBIPOXKAAETCS B TIOJHBIM JTABUHHBIA
npoboii, D — 1. Ha BTopoM ydacTKe CIIeKTpa
BeanunHa 0 < D <1 u gBasieTcs TMPUTOTHON
IIJIS. MICIIOJIb30BaHUSI B TIPUIOXEHUSIX.
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Puc. 5. KpuBble (hpakTaqbHOIl pasMepHOCTHU ISl PA3IMYHBIX 3HAYEHUI OOPATHOTO HAMPSIKEHUS
(COOTBETCTBYIOIIME TTapaMETPhI IIPUBEACHBI B TAOJIMIIE)

Taonuna

Pe3ynbTaTsl oneHKH ()PAKTATBHOCTH MUKPOILIA3-
MEHHOro IymMa (cM. puc. 5)

Howmep xpuBoit vV . B D
Ha puc. 5 res
1 17,40 0,85
2 17,35 0,78
3 17,32 0,72
4 17,30 0,54
5 17,25 0,44
O6o3HaueHudg: V_ _— obOpaTHOe HaIpsKEHUE,

res

D — dpakTanipHas pa3MepHOCTb

Taxum o6pa3oM, yCTaHOBJEHO, YTO MUKPO-
IUTa3MEHHBIN 1IyM o0JiagaeT (paKTaabHbIMU
CBOMCTBaMM, CTEINEHb BBIPAKEHHOCTU KOTO-
PBIX 3aBUCHUT OT 0OpaTHOTO HampsikeHus [3].

BriBoabl

B HacTtosiieit paboTte TpoBeleH aHaIu3
CYLIECTBYIOLIIE MOIEIM IPOLIECCOB, IPO-

TEeKalOlIMX B XOAE YACTUYHOIO JABUHHOTO
npobost p—n-mepexoaa B KPEMHUU. YCTaHOB-
JICHO, YTO JaHHBIC, ITOJyYeHHbIE B pe3yJIbTa-
T€ HalllMX 3KCIEPUMEHTOB, HE OMNUCBHIBAIOTCS
o101 Moaeb. OO0HapyKeHHbIe (hpaKTalbHbIC
CBOICTBAa MUKPOIUIA3MEHHOTO 1IIyMa MO3BOJIST
OOBSICHUTh XapaKTePUCTUKU IIPOOO0sI peayb-
HBIX 00pa3II0B CBETOAMOMOB U OTKOPPEKTUPO-
BaThb CYIIECTBYIOIIYIO MOJIE/Ib JIJABUHHOTO IIPO-
00s1 p—n-nepexonoB. [1oaydyeHHbIE pe3yabTaThl
CIIy>KaT OCHOBaHUEM [JIs1 IIPOBEACHUS Oalb-
HEUIIUX UCCIICIOBAHUNA.

B nHacrosiee BpeMst (ppakTalibHbIC CUTHA-
JIBI YK€ TMPUMEHSIOTCSI B pa3IMYHbBIX 00J1aCTsIX
HAayKM M TEXHUKM, HAIIpUMEpP B paguOU3MeE-
PpUTEIBLHON ammapaType M B paauoCHCTEMax
pasauuHOro HaszHaueHus. Ilpeamonmaraemast
00sacTh MPUMEHEHUS (QpaKTaabHOTO CHUTHA-
Jla, TIOJIYYEHHOrO C IOMOIIbID OOpaTHOCME-
IIIEHHOTO CBETOAMOJA, — 3TO CUCTEMBI CBSI3H,
B KOTOPBIX 3TOT CUTHAJl MOXHO HCIIOJIb30BaTh
IUI  TIOMEXO3allIMIIEHHON KOH(UICHIIMAIb-
HOW TiepenayM CUTHAJIOB.
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breakdown has been analyzed in this paper. Microplasma noise spectra of industrially produced LEDs were
compared with those predicted by the model. The data obtained experimentally on the reverse-biased LEDs
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ELECTRON SPECTROMETER FOR STUDYING FIELD-INDUCED EMISSION
FROM NANOSTRUCTURED OBJECTS

A novel electron spectrometer has been designed to study low-voltage field-
induced emission of nanostructures such as nanoporous carbon, nanotubes, nanodia-
mond and other carbon structures. The estimated high resolving power of the device
is mainly achieved by using an original energy analyser of high energy dispersion and
by retarding the electron beam by the factor of tens and hundreds in terms of energy.
The analyser pass energy governs the absolute energy resolution AFE of the spectrome-
ter; AE value varies approximately in the range of 10 meV < AE < 300 meV. There
are three different working modes adapted for emission of widely variable current. The
minimal emission current at which energy analysis is still possible is approximately
0.1 nA. The spectrometer working modes were tested experimentally using a ther-
moemitter as the test object. The study then proved that the recorded spectra

reflected physical phenomena taking place on the emitter surface.
LOW-VOLTAGE FIELD EMISSION, NANOSTRUCTURE, HIGH RESOLUTION, ELECTRON

SPECTROMETER.

Introduction

Nowadays, a lot of materials are known
which are formed from structural elements
measured in nanometers and tens of nanometers.
These are so-called nanoporous carbons |[1,
2], carbon nanotubes [3], nanodiamond and
nanocarbon films [4], nanodiamond composites
[5], graphene films [6].

Adistinctive property of these nanostructured
materials is their capability to emit electrons
at rather low strength of the electrostatic field
(around 1 kV/mm) which is 10° — 10* times less
than the values typical for cold field emission
of metals. Even though this phenomenon has
been investigated for many years, the question
of its physical nature has not yet been fully
answered.

The analysis of the energy spectra of
emitted electrons could have been one of the
natural methods for studying this low-voltage
field-induced emission. The idea of separating
a flow of charged particles into monokinetic
components is not in itself original, but for the
field emission, even in the case of low-voltage
one, such separation meets some specific
troubles.
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This work presents a description and
experimental test resultsforanovel spectrometer,
which has been elaborated and made especially
to record electron field emission spectra.

The ways to increase the spectrometer
resolving power

The spectrometer consists of an electrostatic
analyzer I, receiving zoom lens 2 and electron
collector 3 (Fig. 1, a). The lens input diaphragm
‘looks’ at the surface of the sample 4 under
study. The initial part of the electron way from
the sample (emitter) to the collector lies inside
the lens. The resolving power of the analyzer
proper is

E
R, =— D (1
AE AX, + Ax, + &

where Ep is the analyzer pass energy (the energy
of the electron entering the analyzer input
diaphragm); A E'is the absolute energy resolution
(in eV); Xis the representative size of the device
(here it is the distance between the input and
output diaphragm centers: X = x, — x,); D is
the analyzer energy dispersion expressed in the
units of X (reduced dispersion):
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Fig. 1. The scheme of the spectrometer (a)
and magnified positions 4, 2 (in part)
with geometric parameters (b):

1 — energy analyser; 2 — retarding lens; 3 — electron
collector; 4 — sample (emitter); LB — lens body;
L, — focusing electrodes; Up , U,y — power supply
of potentials

_E, dx.

X dE’
Ax, and Ax, are the input and output dia-
phragm widths respectively; & is the measure of
the aberration blurring of the input diaphragm
image in the vicinity of the output diaphragm.
Let both diaphragms be at zero potential

(see Fig. 1, a), and the emitter under investiga-
tion be at the potential U, = —|E L/ e|, where
e is the electron charge.

Then, in the vicinity of the sample surface,
the strength of the electric field “pulling” elec-
trons out is

Where 4 is the vacuum gap between the
lens entrance aperture and the emitter surface
(see also Fig. 1, b); U,; is the positive potential
applied to the lens electrode with the entrance
aperture. Electrons entering this aperture pos-
sess kinetic energy

(U -U,)-¢.

For some reasons (for instance, because
of the emitter roughness or the entrance aper-
ture finiteness), the value 4 cannot be made too
small, and on average A~ 0.5-1.0 mm. As a
result, the emission threshold potential

Uy —U, ~500—1000 V.

Consequently, the minimal energy of elec-
trons at the entrance aperture of the lens (and,
actually, of the whole spectrometer) should be
approximately equal to 500 eV. On the other
hand, the resolution needed in the experiment
is about k7" =25 meV, that is the electron ther-
mal energy spread at room temperature (here
k is the Boltzmann constant, 7 is the emitter
temperature). So, the minimal value of the re-
solving power of the spectrometer should be
rather high:

R .. ~500-10°mV /25 mV =2-10"

'sp min

R can be enlarged by several methods,
though each of them has some weaknesses:

(/) The analyzer size X can be increased (see
Eq. (1)). Increasing X makes the spectrometer
more expensive. Moreover, it demands stron-
ger vacuum pumping and more careful protec-
tion of the spectrometer from any stray fields
including the Earth’s magnetic field.

(if) The analyzer diaphragm sizes Ax, and
Ax, can be decreased. This will inevitably cause
reduction of the recorded signal intensity, apart
from the fact that it will be impossible to pro-
duce the spectrometer in case of excessive dia-
phragm decrease.
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(iii) It is possible to try to diminish beam
divergence at the analyzer entrance 2Aa. This
will bring & closer to zero but, of course, the
signal intensity will be decreased.

(iv) Since, according to Eq. (1), AE is pro-
portional to E , the beam deceleration in the
lens makes Rsp f)igger. The electron energy

E=|U,-U,)¢

at the lens entrance and the corresponding F
value can be kept invariable by increasing U, .
Unfortunately, if the lens magnification factor
is equal to unity, then, according to the Helm-
holtz — Lagrange law, the beam divergence at
the analyzer entrance is increased by a factor
of JE/E,.

All of these methods were used somehow
when the spectrometer was being designed.
There could have been one extra way to in-
crease Rm: it is increasing the reduced disper-
sion D of the analyzer. But this parameter is an
inherent characteristic of the electrostatic field
which separates monokinetic components of
the beam. It is well known [7] that the D value
varies in a very narrow range (0.8 < D <1.2)
under the focusing conditions in the fields of
simple geometry (plane, spherical, cylindri-
cal).

Energy analyzer of increased dispersion

In Refs. [8-12], a construction, principle
of operation and experimental tests of a non-
traditional energy analyzer were described. The
device is based on a two-dimensional electro-
static field with the plane of symmetry (yz):

Ulx. y) = sh?2ny —sin? 2nx ?)
Y (ch2my + cos2nx)?

Expression (2) is written in a specific system
of units where the energy unit is the analyzer
pass energy E , the potential unit is |E / e| and
the length one is the distance X between the
point source and its point image. The solution
of Eq. (2) with respect to y gives us the follow-
ing equipotentials:

y = arcch[U cos2nx +
+ [1+(1-2U)sin* 2nx]/? - (1-U)"]-2n) ™.

The (xy)-plane cross-sections of some of
these equipotentials are shown in Fig. 2, a.
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Fig. 2. (xy)-Cross-section of some equipotentials
of electrostatic field with (yz)-plane of symmetry (a)
and trajectories of the electrons entering the field in
the (yz)-plane at different polar angles 0 (b).

a — potential U, a.u.: 0 (1), 0.300 (2), 0.700 (3), 0.900 (4),
0.975 (5), 1.000 (6); b — angle 0, degrees: 57 (7),

70 (&), 80 (9), 85 (10). Focusing in (yz)-plane is perfect

In the plane of symmetry, the field possesses
ideal focusing: an electron, moving in the plane
(yz) and starting its flight from the origin with
the unit initial energy F£ at any polar angle with
respect to the z axis, wifl definitely come to the
point (x =1, y = 0, z = 0). Some trajectories
of this kind are shown in Fig. 2, b.

In the same plane, the reduced dispersion

! (3)

T 2cosl 0

It is seen from Eq. (3) that D grows with 0,
and when 6 approaches n/2, D tends to infinity.
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From this point of view, it is reasonable to de-
sign the analyzer with the maximal value of the
entrance polar angle 0. But the height of the
trajectory increases with 0 (see Fig. 2, b), and
this fact implies the increase in the size of the
device. Moreover, the electron kinetic energy
at the top part of the trajectory decreases with
0 growth, and this circumstance again demands
more careful protection of the spectrometer
from any stray fields including the Earth’s
magnetic field. Furthermore, to enhance the
optical efficiency of the analyzer, the working
mode for the device should be chosen so that
focusing exists not only in the (yz)-plane but
in the x-direction as well, in other words, the
spatial focusing exists. Calculations have shown
[13] that from this point of view, the 0 =~ 80°
regime is optimal at which little focusing ap-
pears in the x-direction, the source image be-
comes most compact, and D ~ 16.6, which is
more than ten times more than the typical dis-
persion of any simple field structures.

In reality, though, the electrode shapes
are slightly different from the ideal ones be-
cause the last are difficult to be produced.
As a consequence, the reduced dispersion,
which actually depends on the working mode,
is a bit smaller: D ~12-13. The device has
been made from copper, its base dimension
X = 50 mm, it measures 65x70x80 mm. It
is provided with changeable diaphragms from
0.2 to 0.6 mm in width.

Retarding system

After choosing the field structure of the
high-dispersion analyzer, the next step towards
enhancing the spectrometer resolving power is
creating a lens (retarding system) which will
decelerate the electron beam, before it enters
the volume of the analyzer, from the extraction
energy E (as it was mentioned, E ~1 keV or
higher) to Ep.

A five-electrode axisymmetric lens 2 (see
Fig. 1, a) was designed and made. The inner
diameter of the focusing electrodes is 8 mm, the
whole length of the system is 36 mm. To extract
electrons from the emitter 4, the lens body is
fed with positive voltage U, ,. Then, along their
trajectories, electrons are consequently influ-
enced by the focusing electrode potentials LI,
L2, and L3. The last, fifth, electrode is me-

chanically and electrically joined to the lower
electrode of the analyzer, their common poten-
tial being zero. Taking into consideration the
feed circuit described, the lens electron energy
retarding coefficient is

|ULB| + |Up| ULB -U
Koo = = L. (4
“ V|

Transportation and focusing electrons are
deeply influenced by the potential pattern
near the emitter surface. In Fig. 3, it is shown
how the potential picture of the electron tra-
jectories alters with the distance /4 (see also
Fig. 1, b) between the sample surface and the
lens end. The calculations were done using ‘Si-
mion 7’ software. The lens entrance diaphragm
diameter d was taken to be equal to 0.4 mm,
the outer diameter of the lens body end
G = 1.0 mm. Fig. 3 also shows the trajectories
of the electrons starting their flights from the
emitter surface at right angle to it.

Electrons start their movement from the
emitter surface along the normal with the initial
energy of 20 meV. The potential relief between
the surface and lens butt is shown as an equi-
distant equipotential series. The equipotentials
are practically horizontal near the emitter sur-
face (on the bottom) and are essentially curved
in the vicinity of the butt. In all the three pat-
terns, the first particle moves along the axis of
symmetry, while the subsequent electrons start
their flights with the step Ar = 30 um along the
radial coordinate. Thus, the radial coordinate
for the starting point of the k-th electron is
Ar(k — 1). In terms of increasing emission cur-
rent at constant value of |U, 4|, it seems rea-
sonable to diminish the gap /4, because the less
h is, the stronger, on the average, the field is
between the emitter and lens end. It can be
seen in Fig. 3, a that even if A is essentially
less than d, the equipotentials near the emit-
ter surface bend and the field starts influencing
the electrons, which are relatively low in the
vicinity of the surface, like a divergent lens. If
h>1.2d-14d (see Fig. 3, ¢), the equipoten-
tials bend in the opposite direction, and the
field acts like a convergent lens. At 4 = d, the
field at the surface is practically plane: it can be
seen from Fig. 3, b that several equipotentials
nearest to the emitter remain plane.
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Fig. 3. Changing the pattern of the electron trajectories with the distance 2, mm: 0.1 (a), 0.4(b), 1.2 (c);
the lens entrance diameter d = 0.4 mm (see Fig. 1, b)

So, two modes can be used to study emis-
sion spectra, with the choice between these
modes governed by the sample characteristics.
Let us suppose that the emission centers are
placed ‘densely’ on the surface: there are a lot
of them in the area .S = nd? /4 which equals
the area of the lens entrance diaphragm. Then
the distance s ~d should be chosen as the
minimal one at which the beam is not unfo-
cused yet near the surface. In this situation,
electrons fly in the plane field approximately
half of their way towards the lens.

On the other hand, if the emission centers
are placed rarely, the risk is that there are no
centers opposite the diaphragm. In this case,
the sample should be moved back from the dia-
phragm to the distance /4 >1.2d -1.4d,, and
thus the area should be enlarged of the surface
useful in terms of obtaining emitted electrons.
Of course, enlarging the area will be done at the
sacrifice of the field strength F at the surface.
The potential U, ;and the retarding coefficient
have to be increased. It is seen in Fig. 3 that at
h = d= 0.4 mm, eight trajectories pass through
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the entrance diaphragm. This corresponds to
the ‘useful’ emission area of

S* =nAr@ -] ~1.4-10°(um)>.

The corresponding number of trajectories is
ten at 4~ = 3d = 1.2 mm, and the ‘useful’ area
increases:

S* = 7[Ar(10 = )] = 2.3-10%(um)>.

After choosing relative position of the emit-
ter and lens end, calculations were done of how
to transport and focus the beam by the lens.
It was again implemented with the use of the
program ‘Simion7’. The following values were
taken as the initial calculation parameters:
three potentials of focusing electrodes U,,, U,
and U,,, and the retarding coefficient K, , the
last being defined actually by the ratio of U,
to U. It was accepted in the calculations that
Up = —10 V, and that the electrons leave the
emitter surface normally to it with the initial
energy E = 20 meV.

Before describing the calculation results, we
note that the signal was detected at the analyzer
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exit by the method of single electron recording
with the use of a VEU-6 secondary-electron
multiplier (SEM). In the multiplier, each in-
coming electron produces at the exit an elec-
tron avalanche which is recorded as an electric
pulse. This means that each particular electron
is recorded rather than an integral electric cur-
rent. The unit of signal level is ‘electrons per
second’ (el/s). Using the SEM allows, on the
one hand, not to worry too much about the
signal intensity because an emission peak can
easily be recorded even if the top intensity
does not exceed 300 — 500 el/s. But on the
other hand, the SEM of the model mentioned
above cannot work stably if the intensity ex-
ceeds 10° el/s. That is why, while choosing the
best focusing modes, the emphasis was made
not only on the output intensity but more on
minimizing the beam divergence angle at the
analyzer entrance (that is at the lens exit) equal
to 2Aa. It was accepted that Ao should not ex-
ceed two degrees. Evaluations showed that in
this case the aberration blurring in the analyzer

a) b)

could be neglected as the & value in Eq. (1) was
negligible.

Fig. 4 demonstrates typical deformations
of the beam axial section inside the lens and
near its exit when the potentials U,,, U,, and
U,,vary. Because of the beam axial symmetry,
calculations were only made for a half of its
section. The source data for the results present-
ed in the figure are as follows: U ,= +300 V,
which means, in accordance with Eq. (4),
that K, = 31; d = h = 0.4 mm; the diam-
eter of the round output lens diaphragm, which
at the same time is the analyzer input one, is
d,= 0.6 mm. The initial electron radial co-
ordinates are r,= 2(i — 1) um, where i is the
‘number’ of an electron (i = 1, 2, ..., N). So,
the starting point coordinate step Ar = 2 um,
and opposite the upper half of the lens input

diaphragm
N=d /Q2Ar) + 1 = 101 particles

start their flights, the first one moving along
the axis.

9]

g

Fig. 4. Some calculated variants of the electron-beam focusing that depend
on the given electrode potentials:

U,

L

= U,=-10V, U,=300V (a); U,= U,

= U,=25V (b); U, =300V, U,= U,=30V ().

The rest parameters are taken constant being as follows: Up =10V, U,=300V, d= 0.4 mm,
h = 0.5 mm (see Fig. 1, b)
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Fig. 4, ¢ shows ‘strong’ focusing when about
50 % of the electrons whose starting points are
opposite the entrance diaphragm (it means all
the particles with 0 <r, <d /2) pass through
the exit diaphragm. These focusing conditions,
nevertheless, are not appropriate, and this does
not occur because the intensity can be too
much for the SEM. The problem is that the
divergence angle 2Aa at the exit exceeds 4°, and
this will cause the blurring & comparable with
the analyzer exit slit dimension Ax,.

Fig. 4, b shows one more variant of focus-
ing which is inappropriate for carrying out the
experiment. Now, the fact of the matter is that,
after passing through the diaphragm, the beam
appears to be split into two weaker beams, and
the angle between them lies in the range of
10 — 15 degrees. In such a case, instead of one
single emission peak, two peaks or one double
peak will be recorded.

In Fig. 4, a, the divergence angle of the
beam after passing the exit diaphragm is very
small, and anyway 2Aa < 4°. The intensity of

|Uvar/ (/;;|
16

the recorded beam /  makes approximately 4 %
of the full emission current Ifu” of the electrons

passing the entrance diaphragm of the lens. IM
was calculated as some part of the electrons
passing through the lens. It is supposed mean-
while that the whole emissive area is equal to
that of the entrance diaphragm. This would not
be correct in the case of geometry in Figs. 3, a
or c. But as d is approximately equal to A,
which geometry corresponds to Fig. 3, b, the
emitted electrons are accelerated at the early
stage of their way by strong and practically
plane field. This means that almost all the elec-
trons emitted opposite the entrance diaphragm
will pass it, and that almost no electrons emit-
ted from out of this area will pass the entrance
diaphragm. Thus, the relative intensity of the
recorded electron flow can be evaluated as
L, /1, =4S, / nd’.

Thin vertical lines in Fig. 5 show the calcu-
lated ranges of focusing corresponding to three
accepted restrictions: 2Aa < 4°; the beam at the
exit is not split; 7, / 1, > 0.375. Calculations

14

12

10

20 40 60 80

100 120 140 160 180 200 220 240 260 K.

Fig. 5. The plots of the common variable potential U of the first and the second focusing electrodes

(ULl: UL2: U

var®

var

in terms of U) versus the retarding coefficient K, . The calculated (thin lines) and

experimental (thick ones) ranges of focusing are presented. 2Aa < 4°; A = 0.7 mm

100



Pusnyeckas aneKTpoHMKa

were done under the following conditions:

the potential of the third focusing electrode
was made equal to the lens body potential
(UL3 - ULB);

the first and the second focusing electrodes
had common potential U which was varied
with the idea to get the appropriate focusing
of the lens. The abscissa is the retarding co-
efficient of the whole lens while the ordinate
represents U, in the units of U |.

Under the described conditions, the bottom
end of each interval of line corresponds to the
beginning of the beam splitting (see Fig. 4, b).
Above the top ends, I < 0.0375 IM. On aver-
age, for the whole range of K, , / is more in
the lower part of each interval, and the maxi-
mum of 7  is as well shifted towards the lower
valuesof U = U,,= U,,.

The focusing mode (see Fig. 5) provides
a relatively high exit intensity / . The ‘satu-
ration’ of the SEM at signal levels exceeding
10° el/s makes it necessary (and this fact has
been proved experimentally) to deliberately
form relatively weak electron flows at the lens
exit. One of the possible regimes of this sort
has also been calculated. In this version, the
first focusing electrode is electrically connected
with the lens body (U,, = U,,) while the com-
mon variable potential is applied to the second
and the third electrodes (U = U,,= U,,). In
comparison with the previous regime, the out-
put beam intensity is approximately 10 times
less.

Even less exit intensity is achieved in the
case of U, = U,,= U, U,= U _. There exists,
on the other hand, one more working mode
possessing a bit wider intensity range. In this
mode, the common ruling potential is applied
to all the three focusing electrodes at once:
U = ULl: ULZZ UL3'

var

Experimental test of the calculations

The tests of the calculations were carried
out directly in the spectrometer vacuum cham-
ber which had been made from 12X18HI10T
stainless steel, the residual gases pressure be-
ing held at the level from 7-10° to 4-107
Pa. To minimize the harmful influence from
any strain magnetic fields including that of the
Earth on the experiment, the spectrometer was
placed inside Helmholtz coils. The measure-

ments, which were carried out while the proper
Helmholtz coil currents were being chosen,
proved that the residual magnetic induction B
did not exceed 40 uT in the spectrometer vol-
ume, while B did not exceed 20 uT in the area
of the top part of the electron trajectory inside
the analyzer. The last fact is particularly im-
portant because the electron Kkinetic energy is
minimal just in the mentioned area. Thus, the
Earth’s magnetic field, which is around 50 pT
in Saint Petersburg, was reduced by a factor of
125 — 250.

A flat indirectly heated thermoemitter of re-
duced work function was used as a test unit. In
case it was necessary to increase the emission
level, an activation procedure was provided by
means of heating the sample at approximately
800 °C and simultaneously taking the emis-
sion current. Out of the activation process, the
working emitter temperature was held at the
level of 600 <7, <800 °C.

The experiment was carried out at the fol-
lowing geometric parameters (see Fig. 1, b):
h=~06—08mm;d=04 mm; G=1.0 mm.
It was difficult to determine accurately the val-
ue /4 for two reasons:

(i) it was undesirable to touch emitting sur-
face with a feeler;

(i) the cathode could have been deformed
a little during its heating.

The input analyzer diaphragm was round
of the diameter d, = 0.6 mm, so Ax, in for-
mulae (1) can be taken as 0.6 mm. The width
of the rectangular slit in the analyzer output
Ax, = 0.2 mm.

Thus, the resolving power R_of the whole
spectrometer can easily be calculated. If Esp is
the electron energy at the lens entrance dia-
phragm

(Esp = |(ULB - Up) e)),

then, in the case that the aberrational blurring
¢ of the analyzer is negligible,

_E, _[Un-U)d

p

7 AE AE
(5)
K, -E X
:u:[(dec.p.—.
AE Ax, + Ax,

If, for example, K, = 120, then, in accor-
dance with Eq. (5), R, =9 10* which means
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Fig. 6. A typical thermoemission spectrum which
was taken from the initially cleaned emitter

that the calculated base resolving power ex-
ceeds the minimal required value by the factor
of 4.5. Actually, if the geometric factors Ax,
and Ax, are fixed, then AE only depends on
E, and the K, value only specifies the voltage
that should be applied to the lens entrance to
elicit electrons from the emitter. For instance,
at Ep= 10 eV, the absolute resolution AFE of the
spectrometer should be equal to 13.3 meV, no
matter the value of U, .

Fig. 6 demonstrates a typical thermoemis-
sion spectrum measured from the sample un-
der study (it had initially been well-cleaned by
heating). Here, the abscissa V is the energy of
the recorded electrons divided by the electron
charge. The peak was recorded at Ep =9eVand
K, = 120. It is asymmetric, the shape being
determined by the Maxwell — Boltzmann dis-
tribution at the particular emitter temperature
(approximately 700 K). Its FWHM is 335 meV,
its left edge corresponds to the lowest emitted
electrons while the right-hand part arises from
the ‘tail’ of the distribution. The width of the
left front is AE, ~130 —150meV, which cor-
responds to the spatial distribution of the elec-
trons at the surface at 7= 700 K. The maximal
peak intensity at the top is 22,000 el/s.

Recording peaks similar to the one de-
scribed above gave rise to the general picture
of typical operating parameters of the spec-
trometer that were acceptable for studying the
emission spectra. As a comparison with the cal-
culated parameters, thick lines in Fig. 5 show
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the experimentally obtained focusing ranges. At
any particular K, , the main criteria of whether
a value U = U, = U, was acceptable for
spectra recording was the intensity of the peak,
its shape staying unvaried. At the boundaries
of each range, the intensity is half of its maxi-
mum. Because of the relatively high FWHM,
peak splitting was not always observed but if it
was, the corresponding part of the range was
cut off. It can be seen in Fig. 5 that experimen-
tal data only partly overlap the theoretical one.
One of the reasons for this is the difference
in the corresponding criteria. Besides, stray
fields, including the magnetic one produced by
the heater, and stray electrostatic fields arising
from the inhomogeneity of the analyzer and
lens surfaces, could add their contributions as
well. Nevertheless, the conclusion can be made
up that it is possible to record the spectra of
field-induced emission under the conditions
which satisfy both experimentally and theoreti-
cally deduced criteria. Under these conditions,
a narrow peak of field emission (it is expect-
ed to be narrow in comparison with the ther-
moemission peak) should not appear double,
and at the same time it is supposed to be rather
intensive. For instance, in the mode of Fig. 5,
if K, = 120, then the common potential of the
first and second lens electrodes can be varied
from approximately -2.5|U | to some +0.5\U p|.
If K, = 220, then the experimental and theo-
retical results overlap in the region

2v,|<0U,, =U, =U,<45|U,.

If, before spectra recording, the emitter
had not been properly heated and as a
result it had not been carefully cleaned from
adsorbed impurities, the emission spectra
were observed whose shapes were either a
peak with a ‘shoulder’ or a double and even
a triple peak. The fact that the peak splitting
did not come from electron-optical conditions
could easily be verified by just changing these
conditions. Fig. 7 demonstrates how the shape
of a spectrum changed with U, increasing.
Increasing U, , means, first of all, the growth of
the field strength F on the emitter surface. At
a relatively small F value, a single ‘shouldered’
peak was recorded, the shoulder being placed
at the high-energy side, with the whole FWHM
of approximately 1 eV (Fig. 7, curve I where
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Fig. 7. Emission spectra changing with an increase in the field strength F, V/mm: ~ 1170 (1),
~ 1740 (2), =~ 2300 (3), = 2600 (4); the field strength was estimated near the emitter surface

F~ 1170 V/mm). There can only be noticed a
miniscule shoulder at the low-energy side. As
the field strength grew (curve 2 where F~ 1740
V/mm and 3 with F'~ 2300 V/mm in Fig. 7),
the weak shoulder transformed to a noticeable
peak, the FWHM of the rest of the spectrum
staying practically unchanged. Finally, this low-
energy peak became almost equal in intensity
to the main shouldered peak (curve 4 where F~
2600 V/mm in Fig. 7). The whole energy range
of the spectrum became equal to 2 eV with the
distance between the two tops of approximately
700 meV.

The aim of this work was not to study
thoroughly thermo- or field-emission of a
multicomponent sample. That is why careful
analysis of the reasons for spectra changing
with F was not done. It should be noticed
that the shape of the spectra changed rather
significantly not only with Fbut when the sample
temperature was varied, too. The spectrometric
results shown here are only to demonstrate
that the spectra recorded with the use of the
novel spectrometer can reflect the dynamical
processes taking place on the surface of a plane
emitter.

Summary

A novel electron spectrometer has been
made to study the low-voltage field emission

from the surfaces of nanostructured objects
such as nanoporous carbon, carbon nanotubes,
nanocarbon films and other carbon structures.
Calculations showed that the resolving power
of the apparatus could easily achieve the val-
ues of the order of 103, the absolute energy
resolution being of the order of 10 meV. This
data was obtained through using a non-tra-
ditional high-dispersion energy analyzer with
the enhanced dispersion D ~12-13, and a
retarding lens system with the retarding coef-
ficient variable in the wide range, up to 250
and more.

The working modes of the spectrometer
were tested experimentally with the use of a
thermoemitter as a sample. All the abilities of
the new spectrometer cannot, of course, be
proved while recording thermoemission spec-
tra, because the last do not possess sharp sin-
gularities of about 10 meV in width. Neverthe-
less, emission peaks were recorded just in the
calculated modes, and the physical phenomena
taking place on the emitter surface were dem-
onstrated to be reflected in the form of the re-
corded spectra.

Three working modes of the spectrometer
have been revealed which are meant for strong-
ly different levels of recorded signals. The min-
imal emission current at which spectra record-
ing is possible is evaluated to be about 0.1 nA.
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boHdaperko B.b., [laBvido6 C.H., Fa6dyanun I1.I., THyye6 H.M., MacneBuoGB A.B.,
ApxunoB A.A. SNNEKTPOHHbIV CNEKTPOMETP A/19 WCCNEAOBAHUS NMOJIEBON
SIMNCCUN HAHOCTPYKTYP.

Co3naH HOBBIN 2JIEKTPOHHBIN CIIEKTPOMETP UISI UCCAEAOBAaHUS HU3KOMOJEBO 3MUCCUU HAHOCTPYK-
TYPUPOBAaHHBIX OOBEKTOB, B YAaCTHOCTM HAHOIIOPMCTOTO YIJIepojaa, HAHOTPYOOK W JAPYTUX YIJIEPOTHBIX
CTPYKTYp. Bbicokasi pacueTHasi paspelaroiiiasi ClIoCOOHOCTb MpUOOpa IOJyYeHa, B OCHOBHOM, 3a CUeT
TMPUMEHEHUST OPUTUHAILHOTO SHEProaHanm3aTopa ¢ BEICOKOI AUCIIepCHe U 3aMelICHNSI aHaTM3UPyeMOTO
MOTOKA 3JICKTPOHOB B IIECSITKU U COTHU pa3 Mo 3Hepruu. PexxuMbl paboThl CIEKTpOMETpa OMPOOOBaHbI HA
AKCITEpUMEHTE C MCIIOJb30BaHUEM TepPMOAIMUTTEpa B KauecTBe TECTOBOTO obOpasiia. B pabore mpomemMoH-
CTPMPOBAHO TakKXke, YTO (pr3MUeCcKUe SIBJICHUS, MPOUCXOISIINE HA TTOBEPXHOCTU SMUTTEpPa, OTpaxKaloTcs
Ha BUJIE PETMCTPUPYEMOTO CITeKTpa. BBIABIEHO TpU pexuma paboThl TIpMOOpa, pacCUYMTAHHBIX Ha YPOBHU
SMUCCUH, OTJIUYAIOIIMECS APYT OT Apyra MPUOJIU3UTEIbHO Ha TTOPSIAOK. MUHUMAIbHBIA TOK SMUCCUU, TIPU

KOTOPOM BO3MOXKHAaA pe€rucrpanud CIICKTpa, COCTaBJIACT ITPUMEPHO 0,1 HA.
HHW3KOBOJIbTHAA ITOJIEBAA SMUCCHUA, ABTOOMUCCHUA, TTOJIEBAA S5MUCCUA HAHOCTPYKTYP, BLICOKAA

PASPEIIAIOIIAA CITOCOBHOCTD.
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A.A. U6aHkoGB, A.B. Kymy306, J1.A. KpuBopyko

CaHkT-lleTepbyprckmMm noamMTeXHMUECKn yHuBepcutert Metpa Bennkoro

PASMEPHOCTU ATTPAKTOPOB AETEPMUHUPOBAHHbIX CJ/IATAEMbIX
AQOUTUBHOU MOJEJ/IU CUTHAJIOB, PETUCTPUPYEMbIX
B TPAHCKPAHUAJIbHOW YJIbTPA3BYKOBOM AOMNJ/IEPOrPA®UU

PazpaboraHbl aqropuTM M MareMaTuyeckoe oOecIiedeHMe ISl MCCIIeAOBaHUS
aTTPaKTOPOB TapMOHMUK, (POPMMPYIOIIMX TMYJIbCOBYIO BOJHY B CHTHaJlaX, KOTOpPBIE
PETUCTPUPYIOTCS B XOZE IOIJIeporpaduyeckoro o0CiIe0BaHUSI BHYTPUMO3TOBOTO
KpPOBOOOpAIIICHUSI B OpraHU3Me 4esoBeKa. [IprBeaeHBl OLIEHKU KOPPEISIIMOHHOMN
Pa3MEpPHOCTU 3TUX aTTpakTopoB. OLIEHKU IMOJyYeHBl B pPe3yJbTaTe aHaIu3a peasib-
HBIX KIMHUYECKUX JaHHBIX IS ABYX Pa3JIMUYHBIX COCTOSIHUI 0OCIeIyeMbIX: MOJHOTO
IMOKOST M B TIPOLIECCE TECTUPOBAHUS Ha TMITOKAITHMIO.

MOZEJIb AMHAMMWYECKOI'O XAOCA, KOPPEIIAUMOHHAA PASMEPHOCTb ATTPAKTO-
PA, HEPEBPAJIbHAAl TEMOJIMHAMMWKA, AJITOPUTM.

BBenenue

TpaHcKpaHUalbHAs YAbTPAa3ByKOBas J10-
mieporpacdusi — 3TO HEMHBA3MBHASL METOIM-
Ka, C MMOMOIIBIO KOTOPOI M3y4alOT COCTOSTHHE
CHUCTEM PEryJsalUuu BHYTPUMO3TOBOIO KpO-
BooOpaleHusT B opraHusme 4yejoBeka. CyTb
€€ COCTOUT B TOM, UTO C ITOMOIIBIO MMITYJIbC-
HBIX YJBTPa3BYKOBBIX CHUTHAJIOB MCCJIEIOBA-
TeJIb MMEET BO3MOXHOCTb PErucTpUpOBATH
JIMHEeNHYo cKkopocTh kpoBoToka (JICK) B ma-
TUCTpalbHBIX apTepusix mo3sra. Kak mpasuiio,
JICK peructpupyioT OJHOBPEMEHHO C JUHA-
MUKOM CHUCTEMHOTO apTepHaJbHOTO IaBICHUS
(AIl). 3ateM 3TU JaHHBIE WCIOJbL3YIOT IJIs
TOT0, YTOObI OLIEHUTb COCTOSSHUE CUCTEMBI pe-
TYJISIIAM BHYTPUMO3TOBOTO KPOBOOOpPAIIIEHMS.

[TepBbIM 11arOM TIPU PETUCTPALIIU KAKOTO-
JIM00 (PU3UOJIOrMYECKOro MoKa3aTesl SIBIsSIeT-
Csl TIOINBITKA HaWTM Habop MHGOPMATHUBHBIX
MPU3HAKOB — BEKTOP, 3JEMEHThI KOTOPOTO
OIIPEACIISIIOT MOJIOXKEHNE CUCTEMbI B e¢ (paso-
BOM IIpOCTpaHCTBe. Takoe omucanme ¢pu3no-
JIOTUYECKOTO COCTOSIHMSI OpraHm3Ma I103BO-
JISeT BIOCJIEICTBUU CHEJIATh CICAYIOIIUIA 1ar

Ha MYTHU OT KaTeropHMaJbHBIX OLIEHOK K KOJIM-
YEeCTBEHHBIM — IIOCTPOUTH MaTeMaTHUYCCKUE
Moneu, 0oJiee CJIOXHbBIE 10 CBOEH CTPYKTYpE.
OnHako oHU OoJjiee comepKaTeJIbHbI U JIETKO
MHTEPIPETUPYEMBl  CHELMATUCTAMHU  TIpe-
MeTHoW obOsactu. Hampumep, ¢usumosorn u
KapauoJIoTy, M3ydas MeXaHW3M WHHEpBalluHU
CEepIACYHOI MBIIIIBI, TEpPellIM, HAaKOHEI, OT
METOMIOB ITIOCJea0BaTeIbHOM OMHApPHOM KJjac-
cudukanum snekTpokapauorpammel (OKI') Ha
OCHOBE psifia XapaKTePHBIX NaTTEPHOB (HAIIPU -
Mep, 3youoB P, Q) unu ux coueranuii (PQS)
K aHanmuzy OKI' MmerogamMu TeopuM IUHAMU-
YEeCKUX CUCTEM M CTOXaCTUUCCKMMU METOZaAMM
TEOPUU CIAydalHbIX yHKUMH [1].

[Tono6HBIM 00pa3zoM Aea0 OOCTOUT U C
M3YyYEHUEM CHUCTEMbl KPOBOOOpAILEHUSI Me-
TogaMu moruieporpaduu. B Tex ciaydas, korma
00CIeayI0TCSl TTallUeHThl C CePbe3HBIMM MaTO-
JIOTUSIMH, OITBITHBIE CITCIIMAIIMCTHI CITOCOOHBI
VK€ MpU PEerucTpalydy CUTHAJIOB ITOCTaBUTh
M0 UX BUAY NpeaBapUTENbHBIN AuarHo3. bo-
Jiee TIATeJbHOE oOciemToBaHue TpedyeT U
0oJiee TOHKMX MOJXOAOB, a 3HAYUT, U OoJjee
CJIOXKHBIX MaTeMaTUYECKUX MOJEIeH UCCIemy-
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€MbIX CHCTeM. B COBpeMeHHOI KapauoJoruu
pa3MEepPHOCTH aTTPaKTOPOB, OLIEHKU KOTOPBIX
noayvyaroT B xoae aHanauza DKI', yxe maBHO
MBITAIOTCSI UHTEPIIPETUPOBATh KaK CKAISIPHYIO
XapaKTEPUCTUKY COCTOSIHUS CHUCTEMBI MHHEP-
BauuMU MuokKapma. Psanm ¢GyHKIMOHAIBbHBIX M
OpraHMYEeCKMX MaTOJOTUI MO3ra yAajaoCh Iua-
THOCTUPOBATh TOJIbKO HAa OCHOBE OLICHOK KOp-
PEJISIIIMOHHBIX WHTErPAJIOB M KOPPEJSIMOH-
HOI pa3MEPHOCTHU aTTPAKTOPOB, MOCTPOSHHBIX
B XOJI¢ aHaJIM3a 3JIEKTPOIHIIE(aTorpamMmM.

B cBsI3u ¢ M310KEHHBIM BBIIIIE, HAM XOTE-
JIOCh OBI TOAYEPKHYTh, YTO B HACTOSIIEN pado-
T€ MBI He IIpeajiaracM KOHKPETHOM METOIUKMU,
KOTOPYIO MOXHO OBbUIO ObI HEMOCPEACTBEHHO
MNPEMIOKUTh TPAKTUKYIOIIUM KIMHUIIMCTAM.
B nmanHOM ciyyae MBI KacaeMcsl CKOpee BO-
IIPOCOB METOIOJIOTUU.

Jleno B TOM, YTO B XOJ€ MCCJEAOBaHUM
KBa3UIMEPUOANIECKUX CUTHAJIOB BOMPOCHI BbI-
0opa agekBaTHOTO METOJa MX aHajiu3a TeCHO
CBSI3aHBI C BBIOOPOM alipUOPHON MOIENIH IS
camoro curHana (1uoo npouecca). Eciau orpa-
HUYUTHCS HauboJjiee IMOMyJSIpHBIMU M (KakK
noJjiaraloT MpUMEHSIONINE UX UCCIEA0BATEIN)
YHUBEPCAIbHBIMU PEIIEHUSIMUA, TO, Ipexae
BCEro, 3TO METOIbl CIIEKTPaJbHOIO aHalM-
3a. OLEeHKM CIEeKTpa MOJYy4YarT, aHAIU3UPYs
KakK CTallMOHapHbIe, TaK U HeCTallMOHApHBbIE
cllydaiiHbIe IIPOLIECCHI; K HHUM MIpUOerarT
W B XOJl¢ M3YyYeHHUS! JUHAMMUYECKUX CUCTEM.
OpHako Takue OLEHKW He TO3BOJSIIOT HAWTU
OTBET HA OJMH M3 CaMbIX CYIIIECTBEHHBIX BO-
MPOCOB: UMEIOT JIM 3TU KBa3UMEPUOINYECKIE
CUTHAaJIbI CJIyYaUHBIN XapakTep WU 3[1eCh Ha-
OiromaeTcd XaoTuyeckas TMHAMMWKA CUCTEMBbI
CO CPaBHUTEJIbHO HEOOJIBIIUM YMCIOM CTEIIe-
Hell CBOOOIBI.

B cBoeM wmccienoBaHUM Mbl TOTBITATUCH
OTBICKATh OTBETHl MMEHHO Ha TaKue BOIIPOCHI
U PYKOBOJCTBOBAJINUCH COOOPaXKEHUSIMU, YTO
MMEHHO CepAeYHbI€ COKpAILEHUS OIpeness-
10T, B KOHEYHOM CYETE, OCHOBHBIC M3MEHEHMUSI
KBazumnepuoauueckux coctapasgomux JICK
B COCylax, a 3HAYUT W B apTepusIX, KOTOPbIC
CHaOXalT Mo3r KpoBblo. CreaoBaresibHO,
U3yyeHue Tex TEePUOAMYECKUX COCTABIISIO-
IIMX, TApDMOHMK B CIIEKTPE PETrUCTPUPYEeMOI
JICK, 4acTtoThl KOTOPBIX V,; COU3MEPUMBI C
YacTOTOM CepAeYHbIX COKpAILCHUI WU KpaT-
HbI €i, MPeACTaBIsSIET UHTepeC sl IIMPOKOTO
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Kpyra crnenuanucToB. Eie pa3 3ameTum, 4To
5TU TAPMOHUKU BHOCST HAMOOJIBbIINI BKJIaI B
MOIIIHOCTb PETUCTPUPYEMBIX CUTHAJIOB M Hau-
OoJiee CyIIECTBEHHbIC U3MEHEHUS B PETUCTPU-
pyemyio JICK.

Crenyrolliee IpeaIoaoXeHne, Ha KOTOPOM
noctpoeH Hauw aaroputMm aHanuza JICK, co-
CTOUT B TOM, UTO BBHILIECYIIOMSIHYThIE TIEPUOIM -
YeCKHEe COCTABJISIIONINE C YaCTOTaMU V,; — 3TO
NPOEKIIMU TPACKTOPUN JITUHAMUYECKOU CH-
CTEMBbI U YKa3aHHbIE TPA€KTOPUU JEMOHCTPU-
PYIOT CBOIICTBa IEeTepPMUHUPOBAHHO