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Physicochemical conditions for the stability

of manganese-doped nanolayers of gallium
arsenide and its isoelectronic analogues

In this paper research of stability of nanolayers of manganese doped materi-

als of A"B" and A"B"C", types holding much promise as spintronic semiconduc-
tor compounds is described. The method of non-local density functional has
been applied to calculate bonding energies {sﬁ (N} in atomic pairs for struc-
tures of A"B" and A"B"(", types and for MnAs. According to the calculations of
internal energy, entropy and free energy of Helmholtz (T = 298 K), in the con-
text of used models, addition of manganese to the arsenide’s A"B" and A"B"C",
nanolayers affects its stahility in different ways depending on its morphology
and substitution mode. However, a critical instability in nanofilm leading to the
tendency of growing of a new phase germ may be formed under any manga-
nese concentrations. This leads to deterioration of electrophysical parameters
of magnetic semiconductor compounds that is agreed with experimental data.

© Terenteva Yu. V., Fomina L. V., Beznosyuk S. A., 2015

Introduction

One of the rapidly developing
areas of solid state physics in the last dec-
ade is investigation into the possibility of
transferring the spin-oriented electrons
from a ferromagnet into a nonmagnetic
semiconductor'. This line of research has
been called spintronics, which aims at de-
veloping devices that can simultaneously
control the charge and spin properties of
carriers. To create new functional spin-
tronic devices it is required to increase
allowed ranges of magnetic impurities
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in semiconductor. The main obstacle for
producing saturated with magnetic ions
nanolayers of semiconductors is their
tendency to separate into the magnetic
and semiconducting phase even with a
small (about 3-5%) amount of dopants.
In order to identify the range of exist-
ence of single-phase magnetic semicon-
ductor various experimental techniques
can be used, for example DTA, XRF, and
computer simulation techniques that al-
low us to study objects that are for some
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reasons not available for the study with
instrumental methods. Computer simula-
tion allows us to investigate the stability
of nanolayers of semiconductor systems
doped with, for example, manganese, by

molecular mechanics with the entropy
factor that allows us to detect the onset of
nucleation of a new phase at the level of a
few unit cells.

Computer simulation of nanolayer heterostructures A"B' doped with

manganese

Nowadays, the most studied diluted
magnetic semiconductors (DMS) are ma-
terials Ga, Mn As with x <9.10 wt.% and
corresponding heterostructures?.

Another promising class of spintronic
materials are considered to be semicon-
ductor type compounds A"B'SY, mainly
possessing the struture of copper pyrites®.
For building of exact geometric model
of nanostructured layers ATBY, MnAs in
«Crystals» module of software package
HyperChem 6.0, the parameters of crystal
cells GaAs, AlAs, InAs, MnAs were used.

In the external environment of the
isothermal-isochoric thermostat thermo-
dynamic resistance of nanofilms with a
constant number of atoms of each type is
described by the minimality of Helmholtz
free energy*. Nanolayers internal energy
was determined in the pair of atomic in-
teraction’:

1 M M
EIA;;%%(@% (1)

where M is the total number of atoms in a
cluster, S; is the element of the adjacency
matrix of the graph bonds of the atoms, g;
is interaction potentials of the i-th to the
j-th atoms, r is interatomic distances.

To calculate the parameters {sﬁ (r)} of
pair binding energy of atoms in structures
A"BY MnAs, the method of non-local
functional density was used®.

In the framework of quantum statis-
tical mechanics, entropy of S nanolayer
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was calcualated in the standard way,
namely, by the number of its indistin-
guishable transposition of the manganese
atoms microstates by formula:

S=klnQ, 2)
where & is Boltzmann constant, Q is the
number of microstates that are indistin-
guishable and present a given macroscop-
ic state of a nanosystem (statistical weight
of'the state). For each concentration of the
manganese atoms in nanofilms of great-
ness Q defined as the number of options
permutation unit cells or clusters contain-
ing manganese atoms on the assumption
that the structure of a diamond-like lattice
of manganese atoms is free to migrate.
This allows calculating the number of
microstates of the formula for the state
of an ideal solution. On the contrary, if
we consider the matrix lattice A"™BY with
MnAs inclusions in the lattice, the free
movement of manganese atoms is dif-
ficult, making it necessary to use in the
calculation of the number of microstates
of different models of correlated micro-
states.

Investigation of thermodynamic sta-
bility of nanolayers with different con-
centration of the manganese atoms was
performed at different temperatures rang-
ing from cryogenic (the temperature of
liquid nitrogen). However, the most in-
teresting are the normal conditions under
which the natural experiments took place.
Therefore, this paper presents an analysis
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of the results of numerical experiments
at 7= 298 K. Structure of GaAs, AlAs,
InAs and MnAs were a film with a size
20x20%2 unit cells, which stood at 6400
atoms. As shown by test calculations,
this size is quite representative for these
nanofilms representativeness, as with an
increase in the size, binding energy per
atom in the calculation was varied within
the error of the computer experiment. For
the simulation of small concentrations of
dopant atoms instead of A™, ATBY was
introduced into the matrix from 48 to 400
atoms of manganese in different ways.

1. Change in the structure of atoms A™
A"BY performed while maintaining dia-
mond-like structure in the layers (model 1).

Analysis of the results of computer

Calculations of the internal energy,
entropy, and Helmholtz free energy (7 =
298 K) within the claimed models are
that the administration of manganese
nanoilms AlAs, GaAs and InAs is differ-
ent, affecting their resilience is based on
the morphology and substitution model.
When over-displaced atoms in a dia-
mond-A" con-figuration of ABY atoms
of manganese doped nanolayers energy
weakly depends on the morphology of
the substitution and is the same for the
various cluster sizes. Energy of nanolayer
changes only on the number of manga-
nese atoms, introduced in the system. For
manganese-doped nanolayers AlAs the
decrease in stability of the layer with re-
spect to clear AlAs is observed. Instabil-
ity increases with increase in the number
of manganese atoms in the nanolayer. For
layers containing clusters with the struc-
ture of MnAs size of 2 elementary cells
resistance decreases with increase in the
number of manganese atoms. This phe-
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2. Replacement of fragments of
structures A"BY fragmented structure of
MnAs. And the change is implemented as
a uniform distribution of fragments of the
lattice-division MnAs on re-lattice of the
semiconductor, as well as with the forma-
tion of larger embryos to complete the
collection of all manganese incorporated
into the structure in a single cluster with
the structure of MnAs (model 2).

In a study of the mechanical stability
of nanostructures compounds we used the
method of steepest descent. Relaxation of
nanostructures by molecular mechanics
was carried out with the use of software
“KompNanoTeh” 7.

experiments

nomenon is explained by the fact that
the magnitude of the energy of the in-
teratomic bond involving atoms, atoms of
aluminum and arsenic exceeds the similar
parameter in the case of the manganese
atoms and arsenic. Stability of nanolayers
AlAs, doped with manganese, increases
only in the case of the maximum size of
the clusters with the structure of MnAs.
This can be explained by the formation of
additional bonds within the cluster due to
distortion of the structure MnAs.

For nanolayers GaAs a different de-
pendence in stability of layers is ob-
served, depending on the number of man-
ganese atoms, the cluster size, containing
manganese and structural features of the
clusters. For example, for diamond struc-
tures, similarly to the case of AlAs, sta-
bility depends weakly on the cluster size
and morphology distribution, but depends
only on the number of manganese atoms
imposed on nanolayer. However, doped
systems exhibit relative stability com-
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pared to the undoped layer of GaAs, with
a tendency to stabilize with the increase
in the number of manganese atoms. Un-
stable systems with a cluster size of two
unit cells of the structure MnAs indicate
that the structure with the cluster size is
to be re-presenting a diamond nanolayer.
For a cluster of 4 unit cells stability of
clusters with a diamond-like structure or
the structure of the MnAs depends on the
number of atoms Mn, introduced in the
system topic. For the manganese concen-
tration to 1.9 at.% crystallization of the
cluster will present a diamond-like struc-
ture, but at concentrations of Mn, greater
than 1.9 at.%, the crystal structure of the
cluster will follow the structure of MnAs,
while nanolayer stability of GaAs, doped
with manganese, with the dimension of
clusters 4 unit cells will raise with in-
creasing concentration of Mn. However,
the most stable clusters will be nanolay-
ers with maximum size at the expense of
additional bonds in the cluster with the

structure of MnAs.

Nanolayers InAs are structures for
which the most stable one is a cluster of
MnAs with a diamond lattice. The stabil-
ity of clusters with a diamond-like struc-
ture increases with the concentration of
manganese in the system. Clusters with
the structure of MnAs and size 2 unit cells
tend to decrease with increasing stability
of'the manganese concentration in the sys-
tem. Clusters with the structure of MnAs
and the size of 4 unit cells stabilize the
system with increasing concentration of
manganese, but not enough to form them
into the system, because are the most sta-
ble system with diamond-like clusters.
However, as in the case of nanolayers
AlAs and GaAs, doped with manganese,
the most stable yet is nanolayers with
clusters of maximum size at the expense
of additional bonds in the cluster with the
structure of MnAs. But the realization of
this configuration in the epitaxial layers
of the PRM is highly unlikely.

Computer simulation-monolayers A"B"S', doped with manganese based on

the example ZnSnAs,

Structure ZnSnAs, and ZnSnAs,: Mn
representing a film 20x20x%1 dimensions
of the unit cells, which amounted to 6400
atoms. In the doped systems administered
from 48 to 400 atoms of manganese in
different ways.

1. Replacement of Zn and Sn atoms in
structures ZnSnAs, was carried out while
maintaining the diamond-like structure in
layers (model 1).

2. Replacement of fragments of struc-
tures ZnSnAs, fragmented structure of
MnAs. And the change is implemented as
auniform distribution of fragments MnAs
lattice on semiconductor lattice and to
form larger nuclei, until the complete col-
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lection of all the manganese introduced
into the structure in a single cluster with
the structure of MnAs (model 2).

3. The system model is analogous to 1,
but only atoms Zn are replaced (model 3).

4. The system, similar to the model 2,
but only atoms Zn are replaced (model 4).
Structures corresponding to models 1 and
3 do not show respect to the stability of
non-alloy system. In this case, structures
built on the model of 3 exhibit greater sta-
bility. Moreover, the stability decreases
with increasing of cluster size and con-
centration of manganese.

Structures constructed in accordance
with the 2 and 4 models, behave differ-
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ently in dependence of the size of the
cluster. Structures with time-clusters of
MnAs measures in 1 and 2 elementary
cells exhibit instability concerning non-
alloy structures, and structures with a
diamond crystal lattice. As the concentra-
tion of manganese increases, the stabil-
ity of structures decreases. In this case,
the lower stability have structures cor-
responding to the model structure with
4 clusters in the size of 1-element unit
cell is less stable than the structure with
a cluster size of 2 elementary cells. When
there are 4 unit cells observed, there is
stability to non-alloy system. Structures
relevant to model 4 are more energy effi-

cient compared with structures construct-
ed by models 1-3. When the concentra-
tion of manganese in the 1.2 at.% (0.79
wt.%), the system is able to move from
the structure, co-responsible with the size
of model 4 with 4 elementary cells in the
system corresponding to the model 2 with
integration of cluster MnAs to its maxi-
mum size. However, at all concentrations
of manganese may form a critical non-
stability in nanofilms and the emergence
of thermodynamic trend towards growth
of the embryo of a new phase of MnAs by
model 4, which leads to a deterioration of
electro-physical parameters of magnetic
semi-conductor.
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OuU3NKO-XUMHYECKHUE YC/I0BUA YCTONYMBOCTH
HaHOC/I0eB apCceHupa raaims m ero
M303/1eKTPOHHbIX aHAIOr0B, JIerMPOBAHHbIX
MapraHuem

B pabote npeactaBneHo MCCeO0BaHMe YCTOWYMBOCTY HAHOCTIOEB NOMyMpo-
BOAHNKOBLIX coefmHeHni Tuna A"BY n A'BYCY, nernposanHbix MapraHuem. [na
pacyeTa napameTpoB {al.]. (r)}- aHeprwii cs3eit nap atomoB B cTpykTypax — A'BY
n A'BYCY, 1 MnAs ncnonb3oBanca MeTo HenoKanbHOro yHKLMOHana nioTHo-
CTU. PacyeTbl BHYTPEHHEN 3HEprum, SHTPONUU U CBOOOAHOM SHEprumM [enbMronb-
ua (T =298 K) B pamkax 3asBfieHHbIX MOAENe CBUOETENLCTBYIOT O TOM, YTO
BBE/jeHVe MapraHLa B HaHonnexku apceHnaos A"BY n A'BYCY, no-pasHomy cka-
3bIBAETCA Ha MX YCTOMUMBOCTM B 3aBUCUMOCTM OT MOPCHONOTMM W MOLENN 3aMe-
weHys. 0gHaKo npy MoObIX KOHLEHTPALMAX MapraHLa BO3MOXHO 00pa3oBaHue
KPUTUYECKON HEeYCTOMYMBOCTM B HAHOMSIEHKE W NOSB/IEHWEe TepMOAMHAMUYECKOM
TEHAEHLMM B CTOPOHY pOCTa 3apogbilia HoBOW a3kl MnAs, uto BefeT K yxyLie-
HUIO NEKTPOM3NYECKUX NAPAMETPOB MarHUTHOMO MONYNPOBOAHMKA B COrlacm
C 3KCNEPUMEHTA/IbHBIMU [aHHBIMU.

© Tepentbesa 0. B., ®omuHa J1. B., besvociok C. A., 2015

Beepenue

OpHuM W3 aKTMBHO pa3BuBal-  nynpoBogHuK [l]. [lanHoe Hampasie-

IIAXCS HaNpaBICHUN (U3UKH TBEPAOTO  HUE HCCICAOBAHUI IOMYUIHIO Ha3BaHUE
TeNa B MOCJIEIHUE AECATUIIETUS SIBIIETCS  CIMHTPOHUKH, LIEJIbI0 KOTOPOH SBIISET-
UCCIICIOBAaHHE BO3MOXKHOCTH IIEpeHOca € pa3paldOTKa yCTPOMCTB, CHOCOOHBIX
CHIMH-OPUEHTUPOBAHHOIO JIEKTPOHA M3  OJHOBPEMEHHO YINPABIATH 3apsiIOBBIMU
(beppoMarHeTMka B HEMAarHWTHBIA TI0- W CIIMHOBBIMH CBOHCTBAMH HOCHTEIICH.
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Jlnst co3nanust HOBBIX (DYHKIIMOHAIBHBIX
CIIMHTPOHHBIX ~ YCTPOUCTB  Tpebyercs
pacIIUpeHne JOMyCTHMOIrO JHara3oHa
CozlepKaHMsi MArHUTHBIX [pUMeceil B
MaTtpuile HoaynpoBoaHUKa. OCHOBHBIM
OPETSTCTBUEM JIJIsI [TOJTyYCHUSI HACBIIICH-
HBIX MATHUTHBIMH MOHAMH IOJTYTIPOBO/I-
HHUKOBBIX HAHOCJIOCB SIBJISIETCS HMX TEH-
JICHIMSL K PACCIOCHHUI0 HA MAarHUTHYIO U
MOJTYTIPOBOJIHUKOBYO a3kl yKe TpH He-
OomprioM (mopsimka 3—5 %) KOJHYEeCTBE
aerupyromux g00aBok. Jlisi BbISBICHUS
JIara3oHa CyIIeCTBOBAHUS OTHO(A3HO-
IO MarHUTHOTO MOJYIPOBOJHHKA MOTYT
UCIIOJIb30BAThCSI  PA3IMYHbIC JKCIIEPH-

MeHTanbHbIe MeTofbl, Hampumep JTA,
P®A, a Takxe METOIbI KOMIIBIOTEPHOTO
MOJICJIMPOBAHUSI, KOTOPHIC ITO3BOJISIOT
HCCIIEI0BaTh OOBEKTHI, M0 KaKMM-JIH0O
MPUYUHAM HEJOCTYITHBIC JUIS HCCIIE0-
BaHUS MHCTPYMCHTaJIbHBIMH METOaMH.
KomrmbroTepHOEe MOJETUpOBaHKUE TO3BO-
JIIET UCCIIeNOBaTh YCTOHYMBOCTH Ha-
HOCJIOCB TIOJYIIPOBOJTHHKOBBIX CHCTEM,
JIETUPOBAHHBIX, HANPUMEpP, MapraHIleM,
METOJIOM MOJICKYJISIPHOM MEXaHUKH C
Y4EeTOM SHTPONMHUHHOTO (aKTopa, UTO
MO3BOJISICT OOHAPY)KUTH HAYAIIO 3apOJIbI-
neoOpazoBaHusl HOBOW (hasbl Ha ypOBHE
HECKOJIPKUX DIIEMEHTAPHBIX STYCCK.

KomnbloTepHoe MogenvpoBaHne HaHoCNoeBbIX retepocTpykryp A''BY,

AONUPOBAHHbIX MapraHueM

Ha ceromusamnHuii aeHbp Haubosee
W3yYCHHBIMH  pa30aBICHHBIMH  Mar-
HUTHBIMH TTONTynipoBomHuKamu  (PMIT)
ABsAOTCs  Marepuanbl  Ga, Mn As ¢
x < 9-10 mac.% u rerepocTpyKTyphl CO-
OTBETCTBYIOIIETO cocTana [2].

E1te onHuM nepernekTUBHBIM KJIacCOM
CIMHTPOHHBIX MAaTEpUaJIOB CUUTAIOTCS
MIOJYTIPOBOJHUKOBBIE COEIUHEHUS THUIIA
A"BYCY,, B ocHOBHOM oOnanaromue
cTpykTypol xampkonupura [3]. Jlms mo-
CTPOEHUS TOYHOM T'€OMETPUYECKOH MO-
JETM  HaHOCTPYKTYypHBIX cioeB ABY,
MnAs B monyie Crystals mporpaMmMHOro
naketa HyperChem 6.0 wucronn30BaHbI
napameTpel sueek KpuctamwioB GaAs,
AlAs, InAs, MnAs.

Bo BHemHUX YCJIOBUSAX H30TEpPMUUE-
CKOI'0-M30XOPHUYECKOr0 TepMocTara Tep-
MOJMHAMUYEcKasl yCTOMYMBOCTb HaHO-
IUIEHOK C IIOCTOSIHHBIM YHCJIOM aTOMOB
KaX/I0T0 COpTa OIMUCHIBAETCSI MUHUMAJIb-
HOCTBIO CBOOOIHOM »Hepruu [ enbMroib-
na [4]. Bayrpenusiss sHEprusi HaHOCIIOS

ObUTa ompesielicHa B MPUOIMKESHUH TIap-
HBIX aTOMHBIX B3aUMOACHCTBHH [5]:

—%ZZ ).

i=1 j=1

rae M — o0Iee 4nciio aToMOB KilacTepa,
S, — DIMEMEHT MaTPHIIbI CMEXKHOCTH rpada
CBS3CH aTOMOB, €, — MOTCHIHMAIBI B3aH-
MOJICHCTBHSI i-TO C j-M aTOMOB, 7', — MEXK-
aTOMHBIE PACCTOSHUS.

s pacuera mapaMeTpoB {81-,- Gk
SHEPTUH CBS3H Iap aTOMOB B CTPYKTY-
pax A"BY 1 MnAs HCIIOIB30BajICsS METOJ
HEJIOKaJBHOTO (DYHKIIMOHAJA TIOTHOCTH
[6].

B paMkax KBaHTOBOI CTATUCTHYECKOU
MEXaHUKHU SHTPOIHUS .S HAHOCIIOS OTIpeie-
JSUTACh CTAHAAPTHO, 3 IMEHHO YHCIIOM €€
HEpa3TMINMBIX IO IEPECTaHOBKE aTOMOB
MapraHIiia MUKPOCOCTOSTHHH 110 (hopMyIIe:

S=klnQ, 2)
rae k — mocrosHHas bompivana, Q sBis-
€TCsI YUCIIOM MHUKPOCOCTOSIHIH, KOTOpBIE
HEePa3TMIUMBI U IPECTABIIIOT 3aJaHHOE
MaKpOCKOIIMIECKOE COCTOSHIE HAHOCH-
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CTEMBI (CTATUCTUYECKUI BEC COCTOSTHUS).
Jlns KayKJ10M KOHIIEHTpaluuy aTOMOB Map-
raHIa B HaHOIUICHKE Beln4duHa ) ompe-
JIesuTach KaK KOJMYECTBO BapHUaHTOB
MEPECTAHOBKHU AJIEMEHTAPHBIX SYCCK MITH
KJIACTEPOB, COACPKAIIMX AaTOMBI Map-
TaHIa, UCXOMSl W3 TIPEIIOJIOXKECHHS, UTO
B CTPYKTYpe C aJMa30loJ00HON perier-
KOM aTroMbl MapraHila MOTYT CBOOOIHO
MUTPHUPOBATH. DTO TIO3BOJSIET HCIOIb-
30BaTh JJISl pacuera KOJIMYeCcTBa MHKPO-
COCTOSIHUM  (OPMYJIBI  JUIS  COCTOSTHUS
uaeanbHOTO pacTtBopa. Hamportus, ecim
paccmarpuBarh Marpuiy penretka AMBY
C BKJIIOYCHHUSMH 3apOJBIIIEH PENIeTKH
MnAs, cBOOOZHOE JABMKCHHE aTOMOB
MapraHia 3aTpyIHEHO, YTO TPUBOIUT K
HEOOXOMMOCTH HCIOJIB30BaTh B pacue-
T€ YWCIa MUKPOCOCTOSHUHN pa3jINdHbIe
MOJIETTN KOPPEIMPOBAHHBIX MUKPOCOCTO-
STHUH.

UccnenoBanne TepMOIUHAMHYECKON
YCTOMYMBOCTHA HAHOCJIOEB C Pa3IMYHON
KOHIICHTpAITUEeH aTOMOB MapraHIiia ObLIO
BBITIOJTHEHO IS PA3JINYHBIX TEMIIEPaTyp,
HauWHAasg OT KPHOTEHHBIX (Temrmeparyp
JKUAKOro asora). OpHako HauOOJBIIHI
WHTEPEC MPECTABISIIOT HOpMaJIbHBIE yC-
JIOBHS, TIPU KOTOPBIX OBUIA BBIITOJHEHBI
HaTypHbIe JKcnepuMeHTHl. [losTomMy B
HACTOsIIIEH padoTe MpEeACTaBICH aHAIH3
pPEe3yabTaTOB YUCICHHBIX IKCTIEPUMEHTOB
mpu 7 =298 K.

Crpykrypsl GaAs, AlAs, InAs u
MnAs mpeAcTaBisuid coOOH TUIGHKH C

pasmepamu  20x20%2  3neMEHTapHBIX
sueek, uto coctaBuiao 6400 aromos. Kak
MOKa3aJIi TECTOBBIC PACUEThI, TAKOH pa3-
Mep HaHOIUICHKH SIBJSITCS BIIOJIHE Tpe-
3€HTATUBHBIM ISl  PacCMaTpHUBaeMBbIX
COCMHEHNH, TaK KaK HpPH YBEIHYCHUH
ee pa3Mmepa 3Heprusi CBsi3M B pacyeTe Ha
aroM HM3MEHsUIach B Mpeeiax OLIMOKH
KOMITBFOTEPHOT0  3KcriepuMenTa. [l
MOJICJIUPOBAHUST MaJIbIX KOHI[CHTpAInii
nomanta BMecto aromoB Al B marpuiry
A"BY 6p10 BBeneHno or 48 no 400 aro-
MOB MapraHiia pa3HbIMHU CIIOCOOaMH.

1. Bamena aromoB A" B cTpykTypax
A"BY ocymiecTBisiiach Mpyu COXpaHECHUH
aJIMa30Mo00HO CTPYKTYpbl B CIIOSIX
(momens 1).

2. 3ameHa  (HparMEHTOB  CTPYKTYP
A"BY Ha ¢parMeHTBI CTPYKTYpBl MnAsS.
IMpuuem 3aMeHa OCYILECTBISIACH KaK C
pPaBHOMEpHBIM pacrpejiesieHueM  (par-
MEHTOB perieTkn MnAs 1o pererke mo-
JYIPOBOJIHUKA, TaK U C 00pa3oBaHUEM
OoJiee KPYITHBIX 3apOJIBIIIIEH, 10 TOIHOTO
COOMpaHusl BCErO MapraHila, BBEICHHO-
ro B CTPYKTYpY, B €IMHBIH KIacTep co
CTPYKTYypoit MnAs (Mozens 2).

B uccrnenoBanny MexaHM4ECKON yCTOM-
YUBOCTH HAHOCTPYKTYP COCIMHEHHH HC-
MOJIb30BaH METOJI HAWMCKOPEHIIIEro CIiy-
cka. Pemakcarysi HAHOCTPYKTYP METOJIOM
MOJICKYJISIPHOM MEXaHUKU IPOBOMIACH C
MCIIOJIB30BAHUEM CPEJICTB MPOTPAMMHOTO
rxomrmiekca «KommHaroTex» [7].

Ananus pe3ynbTaToB KOMNbIOTEPHbLIX SKCNEPUMEHTOB

Pacuersl BHYTpeHHEW 3HEpruu, 3H-
TPOIIMU M CBOOOJHOW 3Hepruu [enb-
mroibia (7 =298 K) B pamkax 3asBiieH-
HBIX MOZEJeH CBUIETENbCTBYIOT O TOM,
YTO BBEJEHHWE MapraHiia B HAHOIUIEHKU
AlAs, GaAs u InAs 1o-pa3HOMY CKa3biBa-

eTCsI HA MX YCTOWYMBOCTH B 3aBHCHMOCTH
OT MOP(HOIOTHH U MOJIEITH 3aMEIICHHSL.
ITpu 3amernennu aromoB A B ajimMaszorro-
nobnoi kougpurypanuu AMBY Ha aromsr
Maprafiia SHEpTHs JOTMPOBAHHBIX Ha-
HOCITOEB €100 3aBHCHUT OT MOP(OIOTHH
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3aMEIICHHUS U OKa3bIBAeTCs (PAKTHUCCKU
OJTMHAKOBOW ISl KJIACTEPOB Pa3IMIHOTO
pa3mepa. DHeprus HaHOCJIO0s U3MEHSIETCS
JIMIIG OT KOJIMYECTBA aTOMOB Maprasiia,
BBEJICHHBIX B cucremy. [lJis HaHOCIIOCB
AlAs, JOTMUPOBAaHHBIX MapraHileM, Ha-
OmonmaeTcsl CHMKEGHHE  YCTOWYMBOCTH
ciosi OTHOCHTENBHO uncTtoro AlAs. He-
YCTOHYMBOCTh BO3pAcTaeT C YBEIMUYCHH-
€M YHClla aTOMOB MapraHila B HaHOCJIOE.
s cioes, copepikalmx KiacTepbl CO
CTpyKTypoit MnAs pazmepoM B 2 arieMeH-
TapHbIE TYEHKH, YCTOMUMBOCTh CHUYKAET-
Cs1 C YBEIIMYCHHUEM YHUCIIa aTOMOB MapTaH-
na. JlaHHoe sIBIEHHE OOBICHSIETCS TEM,
YTO BEJMYMHA JHEPTUU MEKATOMHOU
CBSI3M C yYacTHEM aTOMOB aFOMHHHS U
MBIIIbSIKA TPEBBIIIACT AHAIOTUYHBINA I1a-
pameTp B cllydae aTOMOB MapraHIia U MbI-
IbSKA. YCTOHYMBOCTE HaHOCiHoeB AlAs,
JIOTIMPOBAaHHBIX MapraHIileM, BO3pacTaer
TOJILKO B CJIy4ae MaKCHMaJbHOTO pa3Me-
pa KIacTepoB co CTPyKTypoir MnAs. Oto
MOYHO OOBSICHUTh O0pa30BaHUEM JIOTIOJI-
HUTEILHBIX CBSA3CH BHYTPH KilacTepa 3a
CYET NCKaKEHUS CTPYKTYpPhI MnAs.

Jst HanociaoeB GaAs HaOmomaeTcs
WHAas 3aBUCHUMOCTh YCTOWYMBOCTH CIIOCB
B 3aBUCHUMOCTH OT 4YHcClia aTOMOB Map-
raHiia, pasmMepa KjiacTepoB, COACPIKAIITIX
Maprasell ¥ CTPYKTypHBIX 0COOEHHOCTEH
kiactepoB. Tak, Juisg amMa3ormomo0HBIX
CTPYKTYp, aHAJIIOTUYHO ciiydato ¢ AlAs,
YCTOHYMBOCTb CJTa00 3aBUCHUT OT pazMepa
KJIacTepoB U MOPQOJIOTHH UX pacrpene-
JICHHUSI, a 3aBHCHUT TOJIHKO OT KOJIMYECTBA
aToOMOB MapraHua, BBCACHHBIX B HAHO-
cioii. OHaKO JOMHMPOBAHHBIE CHCTEMBI
IIPOSIBJIAIOT  OTHOCUTEJIbHYIO YCTOHUU-
BOCTb T10 CPABHEHHIO C HEJIOMTUPOBAHHBIM
cimoeMm GaAs, ¢ TeHIEeHIIMEN cTabMIn3a-
ouu C yBCJ’[I/I‘-IeHI/IeM quciia arToOMOB Map—
ranna. HectaOuimpHOCTB cHCTEM € pa3Me-

pOM Kiactepa B 2 3JeMEHTapHbIE STYCHKH
CO CTPYKTYypoil MnAsS CBUIETENHCTBYIOT
0 TOM, YTO CTPYKTYPHI C TAKHM Pa3MepoM
Kiactepa OymyT IpeCTaBIsITh co00it a-
Ma301og00HkIe HaHOCIION. J{JIsT KitacTepa
B 4 371eMEHTapHbIE TYEUKHU YCTONUUBOCTh
KJIACTEPOB C alMa30IMOf00HON CTPYKTY-
poil mnu co cTpykrypoil MnAs 3aBucut
OT KOJIMYECTBA aTOMOB Mn, BBE/ICHHBIX B
cucteMy. Jlns KOHIIGHTpanuy MapraHna
1o 1,9 arm.% kpucrammzanus Kiacrepa
OyZeT TpeAcTaBlIeHa alMa3omoJI00HOM
CTPYKTYpOIl, HO TP KOHIIEHTparusix Mn,
npesbimaommx 1,9 arm.%, kpucramiu-
YecKasl CTPyKTypa KiacTepa OyaeT cooT-
BETCTBOBaTb CTPYKType MnAs, npuuem
yCTOWYMBOCTh HaHocyosi GaAs, aomnu-
POBAaHHOTO MapraHieM, C Pa3MEPHOCTHIO
KJjactepa B 4 »JIeMEHTapHbIC sSTUeiKu Oy-
JICT BO3pACTaTh C POCTOM KOHIICHTPAIMH
Mn. Opnako Haubosiee YCTOWYMBBIMHU
OKaXXyTCsSI HAaHOCJION C KJIACTEPAMHU MaK-
CHMAJIBHOTO pa3Mepa 3a CUET JIOMOIHH-
TEJBHBIX CBsI3eH BHYTPU KiacTepa co
CTpYKTypoil MnAs.

Hanocnoun InAs mnpencrasisitor co-
001 CTPYKTYypHI, A1 KOTOPBIX Haubonee
YCTOMUMBOM OKa3bIBaeTCs KiacTep MnAs
C aJMa3omnof00HON pemeTKo. YCTou-
YUBOCTh KJIACTEPOB C AIMa30NoA00HON
CTPYKTYpO#l BO3pacTaer ¢ POCTOM KOH-
LeHTpauuu Maprasna B cucreme. Kia-
CTEpPBl CO CTPYKTypol MnAs u pasme-
poM B 2 3J€MEHTapHbIE AYEHKU MMEIOT
TEH/ICHIIMIO K CHIDKCHUIO YCTOHUMBOCTH
C POCTOM KOHIICHTpAI[MM MapraHia B CH-
creme. Kumactepsl co ctpykrypoit MnAs
U pa3MepoM B 4 3jeMEHTapHbIe STUEHKH
CTaOMIM3UPYIOT CUCTEMY C POCTOM KOH-
LEHTPALMK MapraHiia, HO HEJ0CTaTo4-
HO 7151 00pa30BaHUs UX B CUCTEME, T. K.
Hanbosnee YCTONUMBBIMH OKa3bIBAIOTCS
CHCTEMBI C aJIMa30I10J00HBIMHU KJIACTEPa-
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Mmu. OfiHaKo, Kak U B CIy4ae HaHOCIOCB
AlAs u GaAs, NONMHPOBAaHHBIX MapraH-
1eM, Hamboiee YCTOHUMBBIMH BCE Ke
OKaXYTCSI HAHOCJIOH C KJIacTepaMu MaK-
CHMaJBHOTO pa3Mepa 3a CUeT JIOTIOHH-

TEJIbHBIX CBSI3€M BHYTpPH KiacTtepa co
cTpykrypoit MnAs. Ho peammzanus Ta-
KOH KOH(UTYpaIii B JMUTAKCHAIBHBIX
cnosax atux PIIM BecbMa MaJIOBEpOSITHA.

KomnbloTepHoe MopenupoBanmne HaHocnoes A'BVCY,,
NerupoBaHHbIX MapraHueM, Ha npuMepe ZnSnAs,

Crpyktypel ZnSnAs, u ZnSnAs,:Mn
MIPE/ICTABIISUINA COOOH TUIEHKH pazMepaMu
20x20x1 smeMeHTapHBIX SYEEK, U4TO CO-
craBuiio 6400 aromoB. B nerupoBanHbIe
cucrembl BBeneHO oT 48 mo 400 aromoB
Maprasiia pasHbIMH CITIOCOOAMH.

1. 3amena atomoB Zn U Sn B CTpyK-
Typax ZnSnAs, OCYIECTBIAIACH TIPU CO-
XpaHCHUH aJIMa30M000HON CTPYKTYPHI B
ciosix (monenb 1).

2. 3amMeHa (parMEHTOB  CTPYKTYp
ZnSnAs, Ha (parMeHTBl CTPYKTYpPbI
MnAs. [Ipruem 3amena ocymiecTBisIach
Kak C PaBHOMEPHBIM pacHpeieleHIeM
(parmMeHTOB penieTku MnAs 1o permeTke
MOJTYTIIPOBOJHHKA, TaK W C OOpa3oBaHH-
eM Ooree KPYITHBIX 3apOABIIICH, BIUIOTH
JI0 TIOTHOTO COOMpaHUs BCETO MapraHIia,
BBE/ICHHOTO B CTPYKTYpY B €IWHBIN Kia-
CTep CO CTPYKTYypoit MnAs (Mojens 2).

3. CucreMa, aHAJIOTHYHAS MOJIeNH 1,
HO 3aMEIIAIOTCS TOMBKO aTOMBI Zn (Mo-
JieIb 3).

4. Cucrema, aHaJorUJIHass MOACIH 2,
HO 3aMEIIAIOTCS TOIBKO aTOMBI Zn (Mo-
JIeb 4).

CTpyKTypHI, COOTBETCTBYIOIINE MOJIC-
nsM 1 1 3, He TIPOSIBIISIOT CTa0MIIbHOCTH
OTHOCHTETIFHO HEIIETHPOBAHHON CHCTE-
MbL. [Ipr 3TOM HaMOOJIBIIYHO CTAOWIIb-
HOCTB MIPOSIBIISIIOT CTPYKTYPHI, TOCTPOCH-
HBIe TI0 MozenH 3. [Ipraem cTabnIbHOCTh
MaslaeT ¢ YBEIMUCHUEM pa3Mepa KiIacTe-
pa ¥ KOHILIEHTPaIMU MapraHIa.

CTpyKTypBI, TOCTPOCHHBIE COTJIACHO
MonelsiM 2 W 4, BemyT cebsi Mmo-pasHo-
My B 3aBHCHMOCTH OT pa3Mepa KiacTe-
pa. CTpyKTyphI C pa3MepaMu KIacTepoB
MnAs B | u 2 3neMEHTapHBIX SYEHKH
MPOSIBISIIOT ~ HECTAOMIBHOCTE  OTHOCH-
TENGHO HEJETHPOBAHHOH CTPYKTYpHl H
CTPYKTYp C alIMa30nog00HOH KPHCTaIIH-
yeckoi pererkoil. C pocToM KOHIIGHTpa-
UM MapraHia CTaOWIBHOCTb CTPYKTYD
ymensbiiaercs. [lpu 3ToM HanMeHbiei
CTaOMIIBPHOCTBIO 00JAIAI0T CTPYKTYPHI,
coorBercTBytome wmozpenu 4. Crpyk-
Typa ¢ KjacTepamMH pa3MepoM B 1 are-
MEHTapHYIO STUCHKY OKa3bIBacTCs MEHee
CTaOMIBHOM, YeM CTPYKTypa C pazMepoM
KjlacTepa B 2 DJIEMEHTAPHBIX SYEHKH.
IIpu pasmepe kiactepa B 4 21eMeHTap-
HBIC STYCHKH yXKe HAOIroaeTcs CTa0uIib-
HOCTh OTHOCHTCIIBHO HeHeFHpOBaHHOﬁ
cucreMbl. CTpPYKTypbl, COOTBETCTBYIO-
mpe 4 MoJeNu, SHEpreTHYeckd Oolee
BBITOIHBI 110 CPAaBHEHUIO CO CTPYKTypa-
MH, I[OCTPOEHHBIMM II0 MozeysaM 1-3.
[Ipu KOHLIEHTpaLUU MapraHia B cCUCTEME
1,2 atM.% (0,79 mac.%) cuctema criocoo-
Ha [EPEUTHU OT CTPYKTYpbl, COOTBETCTBY-
omel Mozienu 4 ¢ pasMepoMm Kiactepa
B 4 DIEMEHTapHBIX AYEHKH, B CUCTEMY,
OTBEYAIOLIYI0 MOJENIU 2 ¢ YKpyIHEHU-
eM kiactepa MnAs 10 MakCHUMalbHOTO
pasmepa. OgHAKO MpH JFOOBIX KOHIICH-
TpauusX MapraHma BO3MOXHO o00paso-
BAaHUE KPUTHUYECKOH HEYyCTOMUMBOCTU B
HaAHOIUICHKE U TIOABJICHHUA TEPMOIUHA-
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MHUYECKOH TEHIEHIMH B CTOPOHY pocTa  TPOPU3UUECKUX ITapaMeTPOB MAarHHTHO-
3apojipllia HOBOM (a3el MnAsS 1o THIy — TO MOJYIPOBOTHHKA.
MoJieNu 4, 4yTO BeJleT K yXYALIEHHUIO HJIeK-
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