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CHEMISTRY AND PHYSICS OF
COMPOUNDS WITH LOOSE CRYSTAL
STRUCTURE

VLADIMIR M. KOSHKIN and YURI N, DMITRIEY

ABNTRALCT

Eaperimental data and theoretieal mod

Is deseribing the wunusual
proparties of erystalline compounds with loose structure ar presented

yulematically for the first time. These include! 1, Semior

i i

trick  with practically unlimited radiation stability
Stochiometnie vacancies in erystalling compounds. General structural

criler ol radiation |

Bility of cryst

5. 2. Features of chemical

i covalent semiconductors with loose structure. 3. Semi
conductor compounds, impurities in which are electrically amd chemi
cilly innctive. Th

wory of selubility of impurities localized in latce

neies in the atomic state, 4. Quantum dimensional effect and

formation of miniband wnergy spectmum of electrons in imtercalation
Inyer i

wion compounds. Interenlution thermodynamics, 5, Mew
type of equilibnum lattice point defects unst

WCANCY — b0
pairs ot mlerstices. Theory of instability zomes of interacting defects

in crystuls. Upstable pairs have a short lifctime and o

quenched. These very defects determine in particular the thermo-
dynamics and teansgfer phenomena in superionic crystals, 6

of varicus types of crystalline compounds with loose
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INTRODUCT

Crystitls exist that have been the subject of study by physicists for
many decades, Such traditional materials in physics are few compared

number of compounds known nowadays 1o chemists and
aphers, To try and Eeep up with the food of these new
compounds is a hopeless cly inspiring task,
Mevertheless, the infroduction of new chemical compounds into
the sphere of interest of physics is essential, primarily on sccount of
the extremely important materials technology task of producing a

crysiallog

d indecd s

range of materials with widely differing combinations of physico-

chemical parameters 50 as to satisly the ever-increasing demands of

technol

However, no less mspiring in i
dimonal matenials is the high pro
new propertics and phenomena,

Which of the et
[or phiysical investigation in the hope of detecting unusual propertics?

It ks scarely possible to

e investipation of new, moenir

ability of detecting qualitatively

uge number of new compounds s worth se

ice this

ve gencral miles for such a o

= more @ malter af sk

and luck than logic and science, thoug
notwithstanding this, it is possible to formulaie ot least one of the
rules.

Cl ¥o in the search for unusual phenomena i crystals attention
should be directed above all 1w those that exhibit an wunusoal,
und mdeed parsicilar, crystal structure

This r w dheseribes the p
is entirely determined by their common structural Teature, namely

perties of materials whose wniguen

5

an uniesielly high concentration of =

pctiaral & HCAnCIes

The existence and concentration of these structural vacancies is
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determined exclosively by the fullilment of valency conditions and
ky defects, on the

Such structural

does not depend, in contrast to Frenkel or Scha
temperature or thermal prehistory of the samj
vacancics have accordingly been termed slolkchiomelne vacancies
{5V}, Stodchiometnic vacancics are the structural comips of 2
very brosd class of materials, including semic clors with prim
: ey, 5053

cipally covalent bonding (for example, In:Tey, CdGus
and diglectric jonic erystals (for example, Y504, Ing05)

In InyTey type crystabs, for example, the 5Y proportion is 16.6%
of the tatal number of lattice sites, and all the 5V are located in the
caton sublatiee, In CdGa.Se, and other semiconductors of this
ype 5V, distributed aleo only in the cation sublattice, comprise
ol 5V are

12.5% of the total number of sites, In Y0y 16.6%
tributed in the anion sublattice

The crysialline muterials mentioned above and their numerous
to variows erystallographic classes, tho

structural analogues b

the presence of 8V and the structural looseness associated with o

h;!;h conceniration of the latler &l cdelermined, as imvestipaliws
k1l 0 Tt

have shown, a number of common and extremely unusual pro

in such matcrials,

Among such boose structures, In,Te, type semiconductors have
been investigated m more detail than others

Hahn and Klingler [1] were the first to investigate mate
type, and determined the structure of this group of substances.

Cioryunova and coworkers [2] were the first to cstablish that InsTe,

of this

type crystals are semiconducions

The first comprehensive investigation of the particular features of
the physicochemical properties of the semiconductor InaTe. associ-
ated with the presence of 3V in the laftice was carned ouf in 1938
1960 under the direction of Zhuee |3=6]. The wide-ranging work of
Radiut=an and coworkers played a significant role in estableshing the
physics of semiconductons of this type |7, 8], Signiticant contnbutions
i s divection were msde by Woolley, Mushinski, Newman,
Pampling, Tagicy aml otler investignton working in laboratones in
VAITROSLS COREn e )

Distrresd b ecrvsials witle 5% Dan comtinues] nnalsiled, and 15 con
mected st 1y il adiscoyery ol aviomdse ol sl plivsical properies of

tials. Uxpserimen phead el i 56 Peig b by Zhuse,

Soiweovi Bavwea] Dt biv oosinbiasl b ol known
il i e b e sendsomdudlor In:Te,
T tHcall vt oo B e pcieboal ppeition. Investigations

COMPOUNDS WITH LODSE CRYSTAL STRUCTL

ted out in Kharkov by Koshkin e al. [8—12] demonstrated that
compounds with 3V, including both semiconductors and diclectrics.
have an anomalously b

1 radintion stability compared with any
clallic erystals. In the same work [8—12] it was also
shown that unstable Frenkel padrs are the muin type of equilibrium
point defects in such structures and that, because of this, it is
impossible for |_-..|rII|l|r o quiench point defects, in conirast 1o other
\'::\.'\.Llh
In In.Te

dhstribaied o
in wh

other nonm

F Mo type ervstals stoichiometric vacancies are
the volume of the crystal. Loose erystatline structures

SV are grouped in layers are extremely common, Crystals
of the Tiss, Phls, Bily and TS type are examples of such erystals,
In compounds of this type, the classical snalopue of which is graphit
packets with strong jonic—covalent bonding are -rp-|r.-t\".-l by S
layers since only & weak van der Waals interaction exists between

the packets. Such layered structures nlso have very special physico-
chemical properties, the most notable of which is the ab

n into so-called intercalated compounds when foreign aloms,

Y oL

transi

tons or molecules penetrate the interlayer spaces, thereby creating
new orderod structures

The work of several groups (CGamble, Geball, Di Salvo Vol pin.
Movikov, Wittingham, Schidhorn, Ioffe, Wilson, =) & devoted
investigations of lwyvered interealition compounds,

On the one hand, all these atypical phenomens have resulied in
theoretical and experimental investi wis with the aim of establish-
ing their physical nature, while, on the other hand, the alwve-

deseribed unigue properties of loose crystal structures hove stimulated

the development of o number of technical devices based on the
Latter, that wtilize these properties.

Aceordingly, o valuminous iteraiure exists including thousands of
journal publications devoted 1o one or other wspect of the study of
crystals with loose structure contaiming 3V, However up Lo now, no
monographs exist that deseribe the principal mechanisms and repu

larities in the physics of loose erystal structures, which has bed us 1o
wrile this review,

We do not intend to provide a review af all in estigations on
the physics of such crystals, and this paper is not meant (o serve
ax @ maml in which information can be found on all currently
known physical and physicochemical parameters of semiconductors
and diclectrics with Inose ervstal structure

Insteadd, our review nims o provide o syslematic description of
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only the main current experimental data, theoretical models and
|.|._-::|-. associmed with the chemistry and physics of crysials, umited
by 4 common structural feature, namely looseness of the crystal

lantice

1. CRYSTAL CHEMISTRY AND PHYSICAL PROPERTIES OF
COMPOUNDS WITH LOOSE LATTICE

o rvElanls

1.4 Cherical Bonding and Strocture of In

nnic semiconductors and dielecine com-

Chemical bonding in ino
pounds is ionic—covalent (sce. for example ||.:.!I. which may be
deseribed with the aid of varous quantum-mechanical approximation
methods, The wove function of a system of two nonidentical aloms

may be represented, for example in the Heitler— London m
1|||.'.-||p'|'|1-.|hll'.-.'-|| of covalent and jonic components. Since the total
encrpy of the system unider the U rPOSITRON of the two sliles is

feduced due 1o the exisience of jonic—covilenl resonandce cNCTEY,

all heteroatomic compounds hive some degree of jonic bending
The donic bonding component produces an asymmelric eleciron
density distribution in cach bond, resulting in the form

effective electrical charges on atoms in molecubes and cryst
e of ionicity, Pauling [14] introduced

In arder o evaluate the deg
the concept of electronegativity 1. a quantity defining the capability

of a given atom to sccepi an clectron in o compound. The difference
in the electron
bond in the compound AB, Ay = 5, — vy, determines the contn
buticn af the fonic component of the bond. There are scveral

methods for determining & from various experimentally measured

iivities Ax of elements participating in a che mical

= been compiled, and several
culating the

constants, electronegativity tnbles hiy

| Towr el

semiempirical expressions have been propee

deeree of onicity & Trom the difference i el

alivities
1 i malecules
alely, though

The contribation & of the iome coanj

ulatedl, amd e Bt |

f 3 I R
win-chiembeal compatations, and accord

iad erystols mimy e o

while i il Iy e simiphe methosd of the

ingly il i uscelul

ilbiTervmee iy @beot potke @il

| il CAxLe (1.1}

COMPOUNDS WITH LOOSE CRYSTAL STRUCTURE

where € B a constant, which differs for compaunds with varjous
types of bonding orbitals determining & covalent bond, Despite
the known imprecision of such o determination of the egree of
ionicity vanious macroscopic phenomend of ionicity may be described
adequately with the aid of this equation: dipole moments, therme
chemical parameters, mtio of high-frequency and static dieleciric
constants, magnitude of the eflfective o

g measured from [R
absarption data of the laitice and from X-ray spectroscopy data,
magnitude of the isomeric chemical shilt in NMR SPCCtroscopy
contribution of Van Vieck polarization paramagnetism, eic,
[14—16]

The bond encrey is determined only by the jonic companent in
crystals, £, = Ag* I, where g* is the effective charae of the stom
(on}, o 1 the interntomie distance, and A is the Madelung constant
of the cormresponding crystal strueture though the eontribution of
the ionic component in various semiempirical caleulations is, follow
ing Pauling,

airly often determined only as an overall valie, withoul
nting . and the resonance term
The enery

of a covalent bond s, a5 is known, determined by the
overlapping of electron shells of ne ghixcuring

ms, which in tum
witve functions
of the atoms. The radial
ctrons hasically de penids
on the principal quantum number of the valeney electrons in the
Alowm

The angular distribution of the wave functions is determined by
the orbital quantum numbe
{=p

distribution of il
of electrons participating in the bomdi

is determined by the relative spatis

[rart o the wave function of the valeney

these are either “pure’ y-functions

symmetrical s-function  distributions, or p-functions
three mutually orthopom nal hybrid
orhituls Kp, apt or spr. The sp orbitals represent a “sirelched”
dumir-bell, the 55 orbitals o triple-petal fint ‘Hower’, and the as
sp- distribution a hvbrid function with its msxima orien

oriented alon wes), or poly

lar

ed tovwards
the vertices of & teteahedron, in the centre of which is located the st
in quesiion. Elements in which the d- and §

bitals have an enerpy
slightly differing from the incompletely filled - and g-states mav form
hybrid orbitals with the participation of d- and fstates [17)

In secondance with this, p-bonds are for example norm

formed
im crystal structures with o particular proportion of covalent banding
with a coordination number 6 (in PbTe, SnSe. and the like, which
have a sodium chloride Eattice). sp° bonds exist in erystal structures

with a coordination number of 4 (dinmond, germanium, silicon
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GiaAs, InSb and oiber crystals of the type A"BY, ¥nS, CdTe and

other AYBY! compaotnds).

The ervsial chemistry reg

Larities of ||I-_' wloamic SIrucIire ol s |I|‘|1'l

emitble o general description of the principal features of the structure

of materials with different types of chemical bonding to be given

based on o mode]

The crvstal chemisiry approach i
thar describes the packing of structural elemens, (o sach of which =
aseribed a crystal chemistry size that remains wnchanged in diflerent
siruciu This size s the so-called erystal chemistry radii of the
chemici
adjucent chemical elements in o erystil of the compound AB gives

enis. The sum of the erystal chemstry radii 5y ol o

ele

the mteratomic disfanee o

1
i Fa * Fi: {1.2)

Several avstems of crystal chemistry radii exisl in nccordance with
the differcnt types of chemical bowding in crystils, namely. lonic,
metallic. stomic and covalent bonding |15] The commesponding
system of taddii is employed to analyse and prodict the strscture of

substances with jonic or covalent types of bonds, The use of such

of the m

wes an indication wal |-|||I'-_||'-’|, corelination mumber

rad |
in the piven compound, provides an evaluation of the Litice para-

hles the

1%, anel

sy

meter of individual substances and s
¢ substitutions

hand 1o be churmcterized and the energy of the el
to be caleulated when impurnitics are introduced | 20|

Warion
contribution, for example, of the ionie component of the bowd in

¢ cofrections are introduced that take into account

whent ype of interaction. Thus,

l_-.||1|.|>.|||||l§- with o |1||,||.|||||||..'.||I|-.
when caleulating interatomic distances in compounds AR from the
covalent radil the ionicity correction s taken into account by the
Schomaker—Stevenson cquation [21] by means of the difference n

electroncgativitics
I =ry + rg = LAV AR [1.3)

This eguation s peneralized [22] For the case ol mulbicomponent

cowilent .-...1,|-;.|"|._|-, with o tetrmihedel cosaialiniation of aloams

| 2 em (TR Ayl (1.4
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where d 15 the aver

ge interatomic distance, r; are the real covalent
radlii of the structural elements, v, is the proportion of these structural
clements in the stoichiometric formula of the compound, Axy is the
delierence in electronepntivities of aloms of types § and k&, and ¥y s
the fraction of bonds between atoms of types § and k in the
number of bonds. Caloulations of inleratomic distances from ervstal

chemistry radii do not claim 1o be very accu the error normally
breing of the order of 0.02-0.04 A. Culeulations of inleritomic dis-
tamees for jomic—covalent crystals very often give results that are

fairly close to one another and the experimental results when using
i system of ionic radil as well as o svetem of covalent radii

IThe mse of crystal chemistry radii gives particularly graphic resulis
in the known model of the closest packing of fon parirs [18, 23], We
shill discuss this model in more detail since it represents a o
basis for o structural definition of the concept of o stoich
VAo

WEnien!

melric

Closest pocking of idemi I spheres may be accomplished in only
layer pucking, which corresponds
fo i face-centred cubic lattice (FOC packing), This is the structure
11, The other method
of closest packing is double-layer packing, cormesponding to a hea-

Pwr wiays, Dne way isso-called three

of, for example, copper, silver and gold {Fig

I well {HCP). This is the structure of,
Jdhum and cadminm
Llmowe

roexample, e

picd spaces, 1e. cavibies, remain with such a closest |1.||,-L-i:||.|:
of identical spheres (i.e. of identical atoms or lons o
Hruciul

Eslatulang the
il elements of the crystal), In both cubic snd hexaponal

Figwre | Symem of siraciural postibom in
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close packing only two types of voids exist, namely tetrahedral (TV)
and actabedral (OV), Each TV is surrounded by four atoms of the
basic cell (tetrnhedral coordination), Each OV is surrounded by six
atoms of the basie cell (oclahedral coordination), Two TV and one

OV ure associated with each sphere of the basic cell, Both octahedral

and tetrahedral cavities in the FOC of a basic cell themselves form
face-contred cubes from empty positions. The FOC from octahedral
ative to the FUC of the hisic cell by hall the
cube and has, of course, the same lattice period as
wphbcally
sdes with the period

cavities is isploced re

edge of the

basic cell, Tetrahedml cavities form two Cr

alent cubes, the period of which also cod

of the basic cell, FOC constructed from T

¢ displisced relative 1o
the busic cell by one-quarter of the space dingonal of the culse of the
vl laftices one of OV and two af TV

basic cell. Hex:
obtgined in the HCP of the basic cell may be regarded in a sin

Way

From ihe crystal chemisiry point of view, the crystal structure of
practicilly
no lpands of the type SOp or PO5

he basis of the closest cubic or hexagonal packing of

anic material (assuming of course thit there are

e :r||-.'T|'rL'I-.'-| s

. ele.) miay
constrected on

octaliedral ||.-.-\.i||.||-.-.I in thi= arrangement

res owith the fGilling of a certain pumber of tetrahedral and

v arrangement. Thesd

We shall examine several examples of such
arranpements are normally mode for structures with a fairly high
deeree of jonicity, A cell consisting of jons with the largest ionic
rudius s chosen as the basic ecll for examining binary (and more
complex) compounds, although such o chodce s arbitrary and the
heres 5 considered us the

same result is abtained if a cell of small s
basic cell, For example, o structure of the sodinm chlonde type may
e constructed hased on o cell of large chlorine anions, each OV of
which secommaodates o sodium jon. The resuliant structure is ¢om-

phetely symmetrical o5 reggords replacement of sodium ons by chlonne

jons. and constitules two structurally equivalent cation and anion

sublattices (Figure 2a)

The hexagonal analogue of the cubic siracture of s
is a lattice of the nickel arsenide (NiAs) type, const
basis of a hexagonal cell of arsenie jons, the OV being fully occupied
by nicke] ions (Figure Zh).

A lattice of the aAnchlende. type sphalerite, Zns may be
regariled as the result of the filling by zme ions of one of the two T

fumilies in the cubic basic cell of sulphur was (Figure ). The

COMPOUNDS WITH LDOSE CRYSTAL STRUCTLIRE L

WS

£y

) ' r '.
O —e——C

A5t
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.. 1
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packing

O o
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wurtzite type ZnS lattice is w presented in o dmilar way: onie of the
two TV systems in the he
with ¥n ions (Fi

el basic cell of sulphur jons is filled

[he fuorite {CaFs) type structure (Figure 22 may be representied

if calcium fons in which both TV families are occupied

by fluorine ions, A rarcly encountered structure type, BiFs, exists

in which all the OV amd TV in the basic cell of bismuath atoms are
)

Cither types ol cells may be consider

s @ cubic ¢ell

oceupied by Nuonne ions (I°

o imon similar

Of eourse, in BiF,. for example, which is characterized by occu

pancy of all emply positions, new lattice “voids’ are “formed under
such om occupancy, though naturally their peometrical dimensions

are much smaller than th

ose of the voids of the basic cell

Finally, the wheristic sizes of the cavities in the basie ¢

cha n il {a)

(rulius of the sphere inscribed in the OV ry = (yd 1R, and of N
the sphere inscribed in the TV £y =(y6/2 = 1)R, where R is the

radius of the spheres of the basic cell} ar

jetically alwiays |

d in them, and the

than the sizes of those atoms that are arrar

Jatter “‘expand’ the basic cell, since the distunces between the atoams

of fons in the talter Increase. Accordingly, when talking of cither

OV or TV occupancy we do not chi

welerize the filling of lhe spice
i the _-,\_-l'. im lerms ol piomc yolumies, |I|'Il\.:

Il specify only the
occupancy of the possible structural sintes in the cell, There e
thre
one octabedil. Rock salt, sphalerite, and Auorile are examplcs

chidees of such structural stales, namely twa teteabedral and

of such structural types, in which cach given state af the possible
structural sintes i cither completely occupicd or completely fred

rctires exist however in which the positions ol g given structural
stale are not fully oceupicd.

I'he following are examples ol such struclures

(2] Sce%, i a sodiom chlomde lattice, alihe the OV of the
busic cell of sulphur ions @5 only (wo-thirds occupied vy
cations (S¢'' ) (Fipure Xa)

(b} InaTe; is a sphalerite lattice, where in one TV family of the
basie Inttice of tellurium two-thirds of the cation sublattice
siles nre occupied, and the remaining one-thind are vacant

e b

b, i i Muorite lattice, where three-quarters of both TV

fumilics of the basic cell (Mn" ") are occupied and the remixin

Figure 3 Scane (yvpes ol sireotane with sboichs
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ing cuarter of the sites of the anion sublattice are vacanl
{Figure 3¢)

{d) Cdln-Se, is a thiogallate Isttice similar fo the sphalente
luttice with very slight tetrahonal distortion
one of the TV systems in the basic selenium cell is only
threc-quarers i upied by cadmium and indium cations
and the remaining quarter of the i

vicanl {Figure 3d)

amdd a% in InaTe;

ion subliatiioe siles are

ver hexaponal Iattices of the Cdly or TiS: type may also be
parded as constructed on the basis of an anion cell with hall the
aipled. At the same time the vecant OV and OV occupied by
cations are armnged in lavers (Figure 3¢). In Snly onc-quarter of

e TV system in the main jodine cell is occupied
When speaking of OV an

undberstood, & it were, that the cubic or hesagonal symmetry of the

I'V occupancy in the basic cell it is

basic cell, and consequently of the whole structure, is preservesd In
actunl fact, even if the symmetry of the basic cell is distonted, which
oceurs fairly frequently and mainly in orysials with a substantial
covalent bond contribution, the choice of possible structural stales
pemains the same. Crystallographically such stractures with a distoried
basic cell wive new, more low-symmetry lattices, though the crystal
chemistry occupingy rules remain in force. The crystallopraphic
structural motifs are changed, though the erystal chemistry maotils
remaiin unchanged

The degree of oceupancy of ‘cavities” in the basic cell is ultimately
1I|'!-.'||:|:|||...',I mod by the peometrical circumstances, which mencly

e ol oK

or other coondimation

indicate the possibility of the exisier

or one or other simsctural ‘st The oocupancy of % amd OV is

determined exclusively by the valency relationships and preservition

of the electroneutrality of the lattice as a whole, as can easily be

seen, in particular, in the examy compounds given herein
after (81537, Ind Ted~, Mz " 077, Cd™ Ine " Seg—, G711
Thus, the existence of partially occupied positions is determined by

] [

whether or not valency conditions wre satisfied, 1.¢. by the stoichio
metry of the erysial
e cell, which in

Vacant positions in the system of volds of the b
accordance with the fulfilment of the valency conditions are only
Iv filled by atoms, are termed stoichiometric vacancies. Foo
the concentration of stoichiometnc vacancies (3V) in 3¢:5;

i
XA
and In:Tey type cells s one-third of the positions in the cation

COMPOLUNDGSE WITH LODOSE CRYSTAL STRUCTURE 15

stiblathice, and in Mns0y type cells is ong-quarter of of the positions
i the amion sublattice; in ternary compounds of the type CdlnSey
the stovichiom

eiric vacancics comprise one-gquarter of the positions
i Lthe cation sublaitice
Ihe existence and concentration of SV is determined only by the

daichiometric valency relationships, and does not depend, in contrast

. either on the
lCimperalure O on the previows thermal history of the AU

Stoichiometric vacancies are in this sense a stroctural and stoichio
metne component of the cryvstal in the same way oz stoms of chemical
COmPanenis

The formulse of crystalline compounds with  stoichiometric
viances are written wsing the Riz—Crmont symbols [24], thus:
|8 00]S, [Gas0)Se,, [£n Ina]Tey, Y[ 040], [CulnsDs]Tey, [Pho]ls,
cle. In the last of these examples, as in mumerows other compounds
ol this type, the SV form flat lsvers

Maturally the stoichiometric ‘component’ of o compound, i.c. n
lenchiometric vacancy, exists only in the ervstalline stale. A necessan
codiditiom for the ex

iste

e of stoichiometne vacancices in @ crystalline
compound 5 ponequivalence of the valencies of the anion and
cition, i.c. of the structural elements comprising the basie cell and
dloms occupying the emply positions.

In erystals where covalemt bonding is substantinl and interatomic
inleracton 6 nol sodropic. the electron density distribution in the
vicinity of the atoms, e, the struclural components, cannol be
el

il even :||“."'.‘lnlnl.::'-.'|-. as \]Ihflll\.':i“‘- symmaetneal. 1t is clear
therefore that in structures with o considerable propoiion of covalent

boniding, on account of the onentation of the bonds the lectron

density distribution makes the stoichiomet

vibcancies and voids

in other systems of structurally permitied positions physic

cquivalent. We sholl illustrate this below by specific examples

1.2 Kemueon

FCTorr L

paeernids widh Stoichiometric Viacanetes

OF the la

conducior compounds with tetrahedral coordination of the mtoms in
the

number of crystals with stoichiometric vicancies, semi-

tice have without dould been investigated most
We shall examing the structure of this group of crystals in mor
detail. These crvstals belong 10 a huge class of semiconductors

discovered independently by Goryunova and Regel in St Petersburg
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in Mussin and Welker in Germany, and termed diamond-like by
Groryunova [25], since all orysials of this class, both | v and
termary erystals, have o lattice in which all the atoms are arranged
tetrahedeally as in dizmond. This class includes in particular com
pounds without Y, i.e. so-called ‘normal” diamond-fike phases:
:'Iu, mentary (diamond, silicon, germanium, grey tin), binary com
pounds AMBY (GaAs, InSb, GaP, AISh, etc), AYBY' (CdTe,
ZnSe, CdS, HeTe, ele.), some ARV compounds {Agl, CuBir), as
well as numerous termary semiconductors AVB™CY (for example
CdGePs, ZnSnAs:), AB™MCY (for example CulnTe;, AgGas,
CuAlSe., e1e.), and ABYCY (for example CuaGeSes, CusSns,
el )

Chemical bonding in diamond-like crystals is covis
diamond, silicon, perm

Il."r|| [in elemen
i, a=len) OF

tary semicondoctons, .8
jotic—covalent in semiconductor compounds. Covalent bonding in

these crystals ocours as o resull of overlapping of the electron shells
of stoms existing in the sp -hybrid state [13, 26]. The degree ol
o | 14— 18] paturally vanies for differcnt

ety |"'|..|!I.|;I.|.|.'|.[ '1||l\.§|

compounds, thowgh in the majority of cases it is less than M

except for some sulphides amd halides. in which the degree o
jomicity s somewhat higher
It can casily be seen that for all ‘normal’ phases with a tetrahedral

coordination of the atoms, the averape number of valency electrons
beloneing 10 one atom is four [25, 27, 28], This corresponds 1o the

wil

formation of Tour two-electron bomds al each of the atoms nve
in the ‘normal’ teirahedral phase, As the degree of ionicity incrcases,
the ebectr

electinon

o clowls are 1o some extent drawn fowards the more

stive of the components, which is termed the anion i

fairly arbitrary deseription in the cse ol compiounds with predomi

nantly covalent bonding.

LI
rule [30]) has also made 8 very interestling obscrvation, poniing oul
that
bk

fschmidt [29] (see also the generalimation of Goldschmidi's

lattice paramcters @ of all ‘normal’ tetrabedml phases

1 1 so-called Boclectronic senies of compounds are prac-
h ol the
components belong to the sume period of the Mendeleey Periodic
Tabbe, Small differences in the latiice parameters arfe associaled
with a different degree of ionicity and are adequately described by

tically dentical, These are serics of compounds in whic

expression (1.3}, This = o consequence of the Tact that covalent
bonding, which predominates in these crystals ond s determined by

i "
the overlapping of the wave function of vatlency electrons, depends

COMPOLUNDS WITH LOOSE CRYSTAL STRUCTURI 17

v an dentical hybridization character only on the radinl distri-
ool the wave functions, which in turn is specified by the
prinipa] guantum number. The latter in soelectron senes of Gom-
posumnids s sdentical by de

iR

A series of erystilline compounds with 5Y belong to this structural
chivss of dinmond-like compounds: AYOBY (In;Tes, GugTey, GasSes,
Gaasy), AVBYMoCY! (for example Hgln.Te,, CdGasSe,, etc.),
ABOCY (for example CuolngTed), A'BUM0LCYY (for example
CulngTeg), AB"OCYY (for example AgaHgl)

Only those diamond-like phases are known in which 8V occur

."\-'III'\-I'H'I'\. m Calian ||l\.|'-!'r||'\l||\. || ||.;|'\- lll_'l,'[l Hrl'«l“'“ ket cabions ,||'|l_j
SY muy become ordered in the cation sublattice. ‘The order—disorder
Iramsition in swch crystals 5 a Arst-order phase transition [3, 4]

Ihe identity of the crystal structure of ‘normal” phases and |
wilh 5Y predeiermines the existence of bropd regions of selid sol
L i . . g gy Mgyl i MgV

utjons in systems of the ype A™BY—AVE] AMRY - AT
AMBMCY I -RBYCY, The concemeation of SV in these systems changes
from zero in ‘normal’ phases to 33.3% of all sites of the eation

vl o i

sublattice in AYEYY, The work of Radowtsan [7] and Woolley
|31 —=33) and their coworkers has made an important contnibation 1o

S5

the study of 1hese systems

Wi shall examine bonding in a crystal of & typical compound with
5V, nomely the example of IngTe, [34]

In the ordered phase of this compound the “anionke’ 1ellurium

atoams may have two different environments: either indium atoms
(eition) on three sides of the anion and a stoichiometric vacaney on
one side. or two SV and two cations in the anion environment [35]

In those tetrmhedrnl directions (sce Figure da) along which a

tellurium atom is adjacent to an indivm atom, o normal sp° bood is
veously o Te and
I o al he fvoe ANRYI gy i

n, a4 in erystals of the type A7 or AE In the direction of
the 5% v the tellurium atom there remains o s -orhital with wo
glectrons (lone pair). Four sp-hybrid double-g¢lectron clouds from

formed since o pair of electrons belongs simul

cach of the tellurium atoms surrounding the SV oare sccordingly
direct

towards the 5V, The distnbation of valeney electrons in the
InzTes cell is illustrated dingramatically in Figure 4{b}

The preservation of the balance of electrons can easily be followed
[rom the "‘molecular” scheme (Figure 4b) corresponding 1o this model
From the scheme it can be seen in particular that sp-cells filled with
two electrons remain ot the tellurium atoms. These cells cormespond

s examincd above, directed towards the 8Y.

to the electron
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Figure 4 Sioichi
wrnapcineni wof B

CoE oo pais o T

owing Suchet [28], we consider o 3V oas o full and equal
it can casily be seen that the

I, i
strciural element of a covalen
averape number of valency electrons per dme structural elemsent

(ol not per one setual atom) is equal W four 7 we regard a 5V e
am abom with zero valency
It & clear thit the two-glectron sp-hybrd clouds directed [rom

the Te mtoms bowards the sioichiometric vacaney are campletely

filled, analopous to inert gas orbitals, and ane not bonding orbitals
Covalent bonding via 5V does not occur. [n this semse an anion in
crystals with SV is analogows to the terminal atom in *molecular”
wsses, In the model of semiconductor glasses

csenee of o lone pair s also

chiins of chbc |
proposed by Street and Mot [36] the
pectibed 1o such o terminal atom, Consequently @ 5V, being a

nt of the crystal, does not form a bond with its

struciural comp
neighbours, which should be reflected in the ensrgy paramefers of
crystals with 5V

.H|||L'.: the bonds in dismond-like crystals are substantially covalent
they are shori-range and the inferatomic inleraction cnergy 15 prac-
tically entirely determined by bonds only with nearest neighbours

COMPOLINDS WITH LOOSE CEYSTAL STRUCTURI 1hy

It has been shown [37] that, ws o result of the short-range nature
of the forces in dismond-like crystals, the values of the physical

parameters, which are determined by the lattice energy, are always
lower in crystals with 5% than in compounds without SV, the encray
ol each idwidual bond in which coincides with the epergy of the

bdividual bond in the phase with 8V

Ihe concept of Boclectron and equivalent bonds was introduced
b puper [37]. Bonds such as the two ap-bonds A, ~ 7, and A, — #
(e symbol — denotes o sp® bond, A, A; are cations, and 7, r
are amons). in which the atoms A, As and 2, &, belong in pairs o
the same row of the Periodic System, are termed isoclectron bonds
heeording to this definition, soelectron bonds are, for example, the
s bonds In—Te I Cd~Te; Cu—~5Se, Ga and Zn - Se;
Con 5 and £n —%; A~ £ denotes 4 bond that is isoclectronic
wilh the bond A~ Z.

In one and the same type of orbits

)
for example s5p°, participating
im o covalenl bond the covalent intermction ene

gies in isoeleciron
I, which generally speaking follows directly
from a consideration according to the molecular orbital method, Tt
sl e nate

Pl shasulid be equa

| thait the above concept of soclectron compounds is
naturally involved in the definition of soelectron bonds.

As we have seen, the total bond CTIETHY |||_-|\-|'|.;1x also on the
contribution of the s component of the bond, Twao -.Iu' boands fre
termed cquavalent il they are isoclectromie and the degree of omicity
of both s identical. Since an isoelectron stale ensures equality of
gree of wnicity ol such
tergies of the latter, Thus, the 1otal
energies of equivalent bonds are identical

IT the de

or other scale of electronepativitics, it con be seen that elements of

vovallent bond energies, equaliny of the

bonds implies equality of the

e of ioncity of the bonds s evaluated aceording 1o one

subgroups LB and 1B of the Penodic System have identical or

extremely close electronegativity values. Accordingly, the g -livbrid
wdds Zn—~Z and Cl~Z, Ga~Z and In—7 iire couivalent
(wccarate, of course. (o the msessment of the degree of jonicity from
scaled of electroncgativities), A — £ denoles o b equivalent o
the bond A~ '

e miroduction of the concept of soelectron and equivalent

bonds has enabled the internal energy of crvstals with SV 1o be
annlysed. Since the number of bonds in o AY'BY? cell is one-third
fewer than in & cell of the comresponc ‘normal’ phases, it is clear
that if the bonds in AYBY', AYBY' are equivalent, the ratio of the
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internal energies of the corresponding crystals (provided the lattice
periods are cqual) should be cdose to two-thirds, Since few exper-
imental data are avidlable on Litice energies of crystals of the type
ANRYL mios of the absolute melting puings Ty, (the melting points
are adopted as a measure of the intermal energy of the crystal) of
compounsds with 8V 1o T, of vacancy-free crystals A"B"Y', in which

AN~ F¥ = g M were found in paper [37]. I tarmed out that
this ratio is in fact close 10 the value two-thirds, which = direct

vi

confirmation that n 5V does not contribute to the bond energy. Al
the same time this result shows thin in erystals with predominantiy

covalent bonding, by virnue of the short-range re of the latter

each bond contributes additively to the internal energy of the crystal

This has led 1o the formulation of an additivity mile
the melting points Cand evidently also other parameters proportional
to the internal encroy of a crvstal) of crystals with 5V of different
compositions to be calculated from the melling pomt data of il
dinmond-like compounmds

Consider a diamond-like compound of the general formil

AAE e 2 i which a4+ 2 k. where my, n, & ore

stoichiometric coefficients, Il simple replascements by equwvalent

bomds are made. as inthe simplest example given above, the expres-
st for determining the melting poant of the above compound is

T A ALIAR L M (AT~ Z), (15

where mJ/k is the proporticn of A = Z bonds in the fodnl wumbses
of bonds in the cryvsinl. As we have seen, in the case of bonds of
atoms of Group 11 with chaleogens, replacement by the equivalent
bond s easily performed; this s the soelecinon AM — chalcopen
baand
In the case wheére wement by an isoelectr
simuliancously a replacement by an eyuivalent bosd, a term that
takes into sccount the correction for the change in the paramelers i
the isoclectron senes under poncoincidence of the bond jonicity s
introduced imo expression (1.5). In this cos
T (AL AL
m

¥, o= T A £
oy k

COMPOLUNDS WITH LOOSE CRYSTAL STRUCTLIRI

where &) = the electroncgativity of the element chosen as isoeleci ronic
1 A

clement A™, having an electronegativity x,; (3 T,./3x ), is the derivative
lor the corresponding th element of the isoclectronic series of com-
prounds. The godod cement between theory and experiment shows
fluat a0 SV, being i structural component. docs not contribute (o the
internal energy of the crystals, and the melting point of the Inte
prraprartional o the number of real covalent bonds in the laitice, In
|37] it b shown that expressions (1.5) and (1.6) may be used 1o
caloulate the melting points of any phases with o diamond-like
littice in which a 8V participates, This has been demonstrated for
numerous ternary compounds of the ype (AYBMo)yC)!

In this review we do not intend 1o provide reference information
il detiils of loose structures that have been investigated in vanious
publications up to the present. However, a large number of very
comnmon models of the physics and chemistry of loose siruciures
huve been experimentally verified, larpely by the example of the
compounds InsTey, GaaTey omd GaosSe, with stoichiometric vacincies,
aml we therefore considered it necessury 1o pive 4 brief summary
ol their physicochemical parameters. These data are collected in
Iable 1

The data are obtsined from original works by Abrikosoy,
Cioryunova, Hahn, Koshkin, Mushinskii, Newman, Rodautsan
Woaley, Zmshuvskii, Zhuee and their coworkers

Toewristry Radivs of Stoichiomeiric Vacamney and
ferd of Crystals w

n the isoclectronic series of
dhamond-like compour rocterized by identical lattice par
ameters, the values of the lattce parameters of compounds with SV
ubey the Tollow rule: the values of crystals with SV are subsian
tnally less {(ser Table 2). As alroady mentioned above, chemical
bonding in nonmetalli compounds is o superposition of covalent
and fonic components, and aceordingly it is productive to examine
the erystal-chemistry pattems of such compounds by means of pro-
cedures using effective covalent radii according to (1.3) as well as by
means of caleulations involving the stacking of jon spheres. The
deseription of structures without 5V, e, with compleie filling of
these or other systems of cavities, gives [mirhy satisfactory ;||_'n_'{|'i=.|_-:||.r
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Tabbe 2 1 o Siructaral snd The
s |5, 3%, 400
T T i iA WY
]
1 lectrammi i ] A sty 2%
iEm 1 ST K
o
i L5
lsass et v, INK)
1Al i hdf
il

tween cale

Lated and cxperimental dota on interatomic distances
using o svstem ol onic radii |'.H| However, a similar exami
i for crystals with 8V gives an extremely
sreement with experimental valu
In [38] it is shown that if 5 are component of g

ery=stal with “fonic’ radii rp and g, commesponding to the sizes of

[l Iigsis of 1omic 1

rded as a

prheres inscril

Iin TV and OV, the agreement between il

= il

nd experimental data is extremely satisfnctory. The ove
m TV and OV when some of the
correspondding positions are occupied by atoms and some remain

Wit of the structural el il

il wis introduced in the caleulntions [38)]
Fir reCr + (1 ( (1.7)
Faoo= i + (1 [ (1.8)

where rr. rg. Cp and O are the wonic radi and concentrations of th
components i 1TV and I'?I‘L'iu:n|||.||'.- This corresponids o the s
tecen )

Vegard's rule is satisfied for the statistical distribution of
structural clements, including 5
Cin introducing bodss only mto TV, the “aver

" lathice parameter
of a cubic erysial s

L
i T (R + Fyl (1.9}
If ions are introduced only into OV, we have
] 2 (R + Tal (1100

re K is the radius of ions of the basic cell,
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course of this cal ition that in the case

It was shown during
of simultaneous oocupan
lmitice |
e value of the 1
determined by that |
more, in other words the size of the 5V is less than the size of tht
! 1 with which the 5V occurs m identicil structural
positions, OV or TV

Coloulations of the sizes of SV according to (1.3) rom latlice

v of octahedral and tetrahedral positions

i determined by that on which resuls in @
[+ |'||I|'|:|rl'|\|l.'r. .&. the luttice ["':lr:ll'l'll."-‘-'l 15
v owhich “expands” the basic cell

ame

riicular i«

structuril me

parameter duta of a zeries of binary omd termary crvslals with terri-

hedral coordination of the atoms and 5% with @ o sublattice

of the 5V is less than

also show that the effective “‘covalent” rwl
the covalent radius of the cations [41], and that this decrease in the
SV radius compared 1o the radil of the eations muy range from 5%
to 25%, A qualitative model explaining the nature of the 8V ‘com-

wession” s piven i |42
|

Of course, numencal values of 5V sizes obtained from the «
of the ionic and covalent rwdii of the erystal elements should nol, in
principle, agree. However, the fact that the crystal-chemistiry raddius
of a stoichiometic vacancy is less than the size of that structural
fice of which the 5Y s present is andoubtedly
relimbly il imilicates i

element in the sul

atoms adiacent o SV are displaced

towards the laiter
Ralautsan, while per

In:0Te; erystals and

FETINRELE b Fime \ ray slructure |I||.I|"|"|" ol

wingt determined the con
in thiz .-.-.¢||||.\.|||1.| shovwed] that the tellurium aloms surmoe

SV are displeced towards the 8 from the comect positions of thi
basic cubie cell |7)

e nature of the displacement of the sloms of the basic

el Trom

their ‘correct” positions s the same as in the case ol any sarlad

woluithoas, wh there is g sel of diffcrent interatomic distances and

the decisive lattice parmmeter ohits I from the Xeriy data isoan

mverngze vidlee
The aforementioned displacement indicites that the geometry of
I-like crysinds with 5% i distorted, though

the sp' bonds m dimme I
in the internal energy as & resull of the

r that the cha
distortion is fairly small compared to the energy of the chemic

il s <

bond (of, Section 1.2, The energy introduced by these displacements

* It should be noted that (he

Ot il pomic Cor

COMPOLUNDS WITH LOOSE CRYSTAL STRUCTURE L

i, by il large, sufficiently well described as the elastic &
gy, This is examined i more detail in Section 2

LA Preuliarittes of Transport Phenomena in Semticor

wiilr 51

When dimmond-like crystals are armanged in an isoelectronic se

(Tabli 21, n striking anomaly appears that is characteristic of crysials
with 5V: their thermal conductivity is subsis

wally lower than in
dher crvstals of the same isoclectronic series (this was pointed oui
lir Al firsy time in |

13, and the value of the coelficient of thermal
spansion inerystals with 5V is anomalouosly large

\i interpretation of this fact was proposed in [41], based on the
sanmpiion that the anomatous thermal properties of diamond-like
crystals with SV pre «

larmonicity of the vibrations of atoms adjac

1erm

d by the anomalowsly larpe an-
oSV
In et the dependence of the potential energy of an atom adjacent

o 3V on the magnitude of its deviation from the equilibrium
(wmition is substantially asymmetrical: if the deviation s in the
ilireetion of an adjcent atom, work i primanily expended against
the mpedly increasin
the direction the SV, work is primarily expended
ulstantially more long

g repulsive forces, whereas o7 the deviation i in
inst the

Aive forces, Such a dependence

AT

ol the potential encrgy K on the displacement w is described by a
tumction substantially dilferent from a quadratic function, for exomple
i i first approximation by

I 4 g (1.11)

wlheie ¥ 8 a -.|'.|:|~.|:_'||\I|.' force

cocflicient and ¥ Boa cocthesent
determining the degree of asymmetry of the potential curve and
imultaneously, the anharmonicity of vibrations of atoms adjacent
1o 5V, O eourse, the symmetrical vibrations of atoms whose neangs)
neighbours are not vacancies are deseribed by means of the an-
larima

4

i LETIm (%) m the ."\l:l|-\.'l-'\-|l\.l|| Lar ”|1' ene

! WId Bl (1.12)

s is known [43], the coclficient of Tinear expansion of o crvstal is

{1.13)
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where ry i% the interstomic spacing, & i the Boltzmann constant, g 15
the effective cubic anharmonicity of vibrgions of atoms in the
erysial; the thermal conductivity of solids is determined by the

expression [44)

{1.14)

re M is the ave mass al the atoms in the crystal

Thus, the coefficient

linear expansion o increases und ihe

thermal conductivity b decreases with a growth in the anharmaonicity
our of the par-

of vibratioms in the ervsial, Exactly such a beh

ameters s observed in compounds with SV when they are compared
es without SV (Table 2). This result [41]

| in @ description ol

with isoclectronic an
was confirmed by the authors of article |
thermal expansion in solid solutionz with Varving concenirations ol
5%

It is imprortant o point out that anomilously low thermal conduction

oceurs both under a statistical distnbution of cations and 8V &
under ordering of the latter in the cationic sublilhice, since unde
of phonons does nol occ
in the harmonie approximation. 1t s clear that ancmidowsly fow
therimal conduction of crystals with 5% 15 determined by the anom
dloosly laree anharmonicity of vibrations of atoms adjacent o Sy
It may be concluded from this that in fact the anharmonicity ol

vibrations of atoms in an asvmmetrie potential well is substantially

4ar

ered arrangement of 5V, scatiering

ereater than in o symmetric well. This foct determines the anomialoas
behaviour of the thermal parameters ol crystals with stchiometric
wICInGies

In articles |46, 47] it is shown that in solid solutions (fommed by
wls with 5% with isostructural materols without 3Y),
I | a% desired by the
1 I||._' alloy, the thermal

Tusing coam,

where the concentration of 5% may b

ying the compasl
arowth in the
shown [46] that this fact cannol e cxplained by so-called “alloy’
El wkar [45], associated with
varations in density in disondered solid The magnitude of

mvestigator by

resistance increases with mcenirion of 5%, 11 was

scattering accordi mens— Ambe

lutior

the thermal resistance at comparatively small concentrations of SV

(—3—4% of the tota] number of lattice sites) is suitably described by

the generalized Kontorova equation [44]

k [gix — @il = x1] % (1.15)

COMPOUNDS WITTH LOOSE CRYSTAL STRUCTURE

where 1 s the concentrr

ion of 5V Bye By ATE I."-|l-.'rI|.'-|,'[:L' L

|||l|.||||1-.-r|u'|'._l. of vibrations of atons mdjacent 1w 5Y and remote

from 5V, obtained [46] assuming independent scattering of phonons
it symmetrical and nonsymmetrical anharmonic lattice vibrations,

Ihe results of Aliev er af. [47] on the investigation of the thermal
conductivity of solid solutions with 5V are also in good agreement
widh (1.15)

Ihe scattenng of charpge ¢

miers bs also significan tly determined
by the presence of 3V, which suppress mobility, The authors [4%]
liave: sng

estod that 5Y scatter the carriers like neutral centres., in

which connection the scattering cross-section coincides with o

L1

1 ! ki
ehse 1o the erystalchemistry cross-zection of the 5V in which per-

mitted states condoctivity electrons are absenl, Assuming that
the velocities of the clectrons are thermal velocities, the suthors

dile ] the Pl REET . E
Barmed the following expression for the mability
i 1

i : = = (116
(ke y! e :

where r, 18 the erystal-chemistry radios of the 5V m, ¢ are respectively
the elfective mass and charge of an electron; N, is the number of §%

per wmt volume: r, may be cale

atedd acoord

tos [22]. This simple
dependence enabled the mobilities to be ealeulnted in (Ins0¥Te,,
(L0 Tes, (Gaxt)Ses, (Cdln.0)Te, sutisfctony ay
ment with the experimental data, In article [50] the mobility of

carrders in {Heyln:0)Te, was cal

th a ver

(&4

lated fairly accurately by means
of Equation (1.16), while in article [51] the change
the carners with a ¢
iluteons of In;Te,—Hg CATTIET ey
balitkes in semiconductors with SV are rather small [Tor example,
clectron mobility in In-Te; is close 1o the value S0em/v.5)

i the mobility of
nge i the concentration of 5% in solid
T'e wis caloulsted. The charg

4 IMPURITIES AND DEVIATIONS FROM STOICHIOMETRY
IN LOOSE CRYSTAL STRUCTURES

| ’

Iis short review of the behaviour of impuritics in semiconducions is
Hecessary for further description of the features of their behaviour
I semiconductors with SV, A systematic discussion of ihe problems
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of doping conventional semiconductors may be found in the book
[52]

There are two possible ways of armnging mpunly  sloms in
crysinl lmtice siles (substitution |1|.|.||.||i||r\| and in interstices (inter
stitial impurities). I the crystal-chemistry parameters of the impurnty
atoms (rmdivs, electron tivity) do not differ greatly from those ol
the corre S sling ervsial c impaneni the substituion mechanism is
normally effeetive, I the radius of the impurity atom is sufficiently
smill {according to evaluations in [32] less than 0.6 of the rads of 2
mistrix atom}, the impurities are preferentially localized in the inter
slbces, A comparison of difTusicon PROCESSES 10 RErMEIILI, silicom
and A™BY compounds shows that the coclficients of diffusion of
imterstitial impuritics at the saome femperalure are always sev-
eral onders of magnitude greater than the corresponding values lor
replacement impurities, For example, lithium, iron and mckel. which
are interstitial impurities in germanim, have coefficients of diffusion
of the order of 10 "=10"""m%s at 1100 K, whereas the substitution
impurities #n, Ga, In, P, As and Sb have coefficients of diffusion of
the order of 107 "=10""m%s a1 the same temperature. Copper
also diffuses extremely rapidly into Ge amd Si, and EPR data
indicate thot, in the equilibrium state. a substantial proportion of
copper atoms are localized in interstitial positions

In germanium and silicon, substitution imparitics whose valency
differs by unity from the valency of the atoms of the matrix crystal
organize sp-hybrid bonds with the latter, If the impurities are
elements of Ciroup Vo (donors in Ge and Si1) the excess valency
electron is localized on the hvdrogen-like orbital centred on the
impurity stom, whereas if the impurity s an clement of Group 11
{acceptors in Ge and 5i), the deficiem electn W) is mls localioed
on a similar orbital, According 1w Mon the energy of the ground
laite of suich a sy=tem s

m* Iy

Mha

and the radius of the electron orhit in ihe crysial s
e

where By, ag are the energy and radius of the first Bohr orbit of th
hydrogen atom, ¢ is the dielectric constant of the erystal malnx, oy
s the mass of a free electron, and m* i the effective mass of the
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vorespeanding charge corrier in the erystal. These valuations according
' (2.1) and (2.2) give values of the order of 10 2eV for £, and
15-41 A for ry

e expenmental data for substitution impurities with o valency

Ihe hydrogen-like model adequately deseribes

Hilfering by unity from the valency of the atoms of the matrix
muterial. This applies not only to permanium and silicon. bt to
einmpounds of the tvpe AMBY and AYBYY Such impurities create
permitied energy levels of electrons (donors) or holes {acceptors) in
e forbididen energy pap. The evaluation of £, given above shows
I these fine levels are .||||,'.|IJ:- iomized at very low temperilures
I that electrons movie to the conduction band {or vabeney band)
il determine the concentration of Iree camers dnd the so-cal
Impiriy [im contrast o intrinsic) eléctron or hole conductivity
linpurities whose valency differs by more than unity from the
villency of the atoms they replace form somewhat deeper levels in
the forhidden energy gap of the semiconductor, the number of which
woincules with the difference in valencies [52]. For such imparitics
foy 18 substantially less than Tor singly-charged impurities, and the
irroximation that regards the matnx a2 o continuous mediam witl
i muwcroscopic vilue is inapplicable. We shall oot dwell on the
sisting decp centre models cited in the reviews [53, 54], bul would
morely note that deep impurity levels moy reach the
permitted energy values (for example in the valency band)
Isovilent impurities (e.g. germanium, earbon, and tin in stlicon)
ine all their electrons (o form bonds and do not contnbute
s charge carriers, though the local lattice distortions that they

imtrodduce naturally result in the appearance of permitted states i

the forbidden energy pap of the levels of the electrons {holes),

whivch in the equilibrium state at = 0K are not filled by ¢ lectrons
iles) since there are no excess carriers

Inseried in interstices impurity stoms do not participate in the
lisrmation of chemical bonds in the crystal, though they may ioniee
thereby donating or accep an electron of the erystal mateix, A
[ cxample of such an impurity is lithium in permanivm and
ilicien, which ionizes, thereby introwducing a fime donor level into the

loridden encrgy gap. Imparitics exist {lor example, copper) that

e Jocolized at attice sites {in which case they produce a deep
weeor centre), as well as ol interstitinl sites (fine donor centre)

With an increase in the concentration of mipurites the wave
Tungt of the clectrons at the impurity levels begin 1o overlap,
rehbing an impurity band, which then merges with the conduction
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band or valency bamd. At relatively low doping levels the concen

tration of charge cartiers increases linearly with an increase in the
concentration of impuritics. Such a type of dependence is presenved
after the formation of the impurity band and after it has merged
with any of the forbidden energy gaps. However, at very high doping
levels the tise in the concentration of enrriers on increasing the
concentration of impuritics stops, This is the result of interaction of
impurity atoms. formation of complexes with one another, and

very larpe concentrations with the oceurrence of advanced precipi
tation, of o deift of impurities o sinks (dislocations and packing
have formed a complex

defects). Not infrequently impurities
are electrically passive and do not contribute 1o the concentration of
chia carriers, although all the other propertics of the crystals
{optical, mechanical, ete.) are essentially changed

A compensation effect occurs when donor and i
are simultaneously introduced into o semiconductor, =0 that the

liffer-

[T impunies

 CIITIEDS Becomes prop srtiomal i t

concentration of cha

ence it the concentrations of introduced donors and acceplors If

the concentrations of these impuritics are equal to one another
there is no impurity conductivity and the semiconductar exhibars
only intrinsic conductivity, However, of course, the compensated
impurities determine the appearance of permitied stales in the for
attachment centres and trps,

bidden cnergy gap, which beconr
el centres

plors, being chiw

and the compensated donors aml
e corriers, therchy supprissing Uheir

very stronply scatter the ¢l
ks ity

The charpe state of the impurities, their |
| Gctor determine the level of solubiliny
e, The temperature dependence of
initially b rapidiy

alization position n

the latiice and the dimension

ol ||1||‘|||||E|l,"\-\. im '\-:'Il1fil\.|rlll'u'-|.'|

L&

the solubility has o marked retrograde ch
inerenses with o rise in lemperaiure, and then showly folls
<. though

The solubility of impurities in semiconducions is sol
for different inparitics it may vary within wide limits. In germanium,
for example, the w . while the
solubility of arsenic r _
The solubility of isovalent impurities, for example tin in Ge and 5i
um penerally forms a

el
tmum solubility of iron s HE m

ches 0P m " (ie. in the range 107 "=13

& sionificantly greater. Sillion with perm
continuous sercs of solid substitution solutions. This is connected
with the total Bomarphism of the lattices of these substances The
combined solubility of mutually compensating impurilacs i [ar greater
compared 10 the solubility of cach of them separately. The mechanism

COBMMOUNDS WITH LOOSE CRYSTAL STRUCTLIRS

sl o combuned dissolution s similar w0 the mechanism of the
lonima

i ol somorphows selid solutions, for example Ga and As in
|:|!

ik, impurity
al bonds with matnx atoms or jonize, exhibiting sceeptor or
propertics depending on the localization site and chemical
ure ol the impurity. As a consequence, the equilibrium concen-

toms in semiconducior crystals normally Torm
Iaiiin

I ol charge carriers in doped semiconduwetors differs from the
tbinsie concentration. It should be emphasized in particular that
Ihe Eoieentration of charge carriers and, consequently, the electrical
vistiduetivaly of semiconductors s sensitive to the imtroduction of

0 extremely small concentrations of impurities, which preaily
erease the conductivity of the semiconductor compared 1o the intrin-
i conductivity. For example. the conductivity of silicon doped with
Ywi, % ) increases by almost three orders of magnitude
aimpared o undoped silicon al room temperature,

I binary and more complex semiconductors, as is known, there is
1 iloviatiom Trom stochiometry. With an excess of one of the com
Pombents vacancies are formed in the sublattice of another component,

Dok (0 = 1)

wihieh naturally of course are not stoichiometrie vacancies, but instead
e the consequence of non-preservation of the valency relationships
W wlidle ower the erystal, These vacancies carry n charge and play
the sime role in the energy specirum of the electrons as do impurities,
Les beml b the formation of donor and acceplor ¢lectron states
Soother mechanism of deviations from stoichiometry s the inser
Haan il excess atoms of one of the componenis in inferstitial sites.

[T Tt of these excess atoms is the same as for any impurity stoms

W bl rsteee |'\|.|'\1|I'|'\-||'1_ \I. i

ern review of the influence of deviations

o sioschiometry is given in |56]

Effect of Suppression of Electnical Activity af Impurities in
Seericondeuctors with Sb

I contrast o the typd

al properties of doped semiconducton de-
Fin the previows section, the clectrical parameters of doped
eintconductars with SV are, in principle, different

I 190dh o article was published by Zhuee, Sergeeva and Shelykh
[ 4] i which the influence of chemically different impurities (belong-
gy oy alifferent groups in the Periodic Table) on the electron proper-
(s of InyTey was investigated. The impurity elements Mg, Zn, Cd,
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He, Cu. Sb, S0, 5i and Ge were doped at 160.% into Ing Tea, An
imvestipation of the conductivity o and Hall constant K of =l

crystals showed that both these parameters remained unchanged
.|'.i|'r introduction of the impurntics

An investipation of the temperature dependence ol these par-
ameters showed that they are strictly identical since they oc
ed Ing T

doped In;Te

r

undo The temperature dependence of o in the impunty
was that of the corresponding ntrinss conductivity, in
which connection the value of the width of the for badden energy gap
obtiined from the dependence of 1/ T coincides with thal determined
from the |
into account the temperature dependence of the forbidden encrgy

INAMISS0N specia and §~|'||'|I|\.'|‘-||-.|||-.".|-.|1:| spectra 1aking

gap. Similur results were also obtained from an investigation of the
Hall constant and concentration of charge camierns

|57, 58] demonstrated that impurniies i the semi-

.\_--ﬂ'.||l|1 |||_' LI ||-I|.||\.I|‘| o] |.|..\|||l.'.|| ||.I‘\|'\!|'-I|'L

It wis

comductor Cr

I these two references it wos shown that the electrical conductivity
and concentration of carriers in InsTe; as well as in GigTe; does nol

depend on the chom

1 imdividuality of the mpuriies or on thesr

concentration within the limits of the solubility ranges of the corme-

speonching impuries thise erystals (Tiguare 33, and remams mirinse

R _
R T R T * P
Qo 4 £ |

Figure 5 Independence of clecirical oo o of ¢ Ing1

v oof amprifeies

COMPOUNDS WITH LOOSE CRYSTAL STRUCTURE

(Figure ). It was revealed [539—=62] that there s a deviation from
tinchiomeiry in InsTey and GasTes, in fvour of excess of metal. It
win cslabbshed that the concentration o

carrwers and the
dluctivily of these crystals practically docs not depend on the

cancentration of the excess component, 11 should be siressed that in

miconductors withoul 5V, devimtions from stolchiometry bemd 1o
il e consequences a5 the introduction of impurities, L.e. (o an
Wcresse in the concentration of ca

ters and electrical conductivily
il
Detiils of a very informative experiment are given in article |63]
where the impurity a

timony was introdeced in InaTey not along the

ton of the ternary syulem In-Tes—5h, bul along the sechon
Iing Tz y=ShsTey m this case antimony
teprlaces inddium while preserving the IngTe; lattice and in complete
ol with the foct that the valency of 5b does not coincide with

The authors showed thi

Uanh il the replaced indium, and the concentration of chirge carriers
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increases, e, anlimony lorms a bond with tellurium and appears
like a normal substitution imparity in the semiconductor
We do not know of any spi cific inveshigations of the doping of the

semiconducton h||||||.-.u||_|_| Cra-5e . which has the same strocture is
the obove crystals, with the §Y present in one-thind of all the

shown [64] that even when

cationic positions,  However, 1l wos
synthesized from re
thait the al
than 10 Yai s the GiiaSes ._|||'||'-|._'-\ exhibited an intrnsic conduction
alremdy ot 450K, It should be noded in this connection that ot
sulficiently low tempermtores Ga=Sey always exhibals an impurnty
conductivity, which, as we shall see below, muy be substantial

Linds o {8 Nl VEry |II_|'I'\I degree of purnty, so

oncentration of impuritics in the sample was not less

W showed that the mechanical porameters of InsTes and CagTe
5 -'1!1| In par-

erystals change substantially under ping =62
tewlar. the microhardness values Ho (indentation of o dinmond
pyramid) inerease with @ rise in the concentration of impuritics, We
shall deal later with the interpretation of this dependence, bul
|1¢h-|hll|4'. ol

would note here that its investigation provides a oo
determining the solubility of impuorities in IngTe; and GasTey. in
which electrical methods of determination, whch ire so o
wenlinnal semiconductons
s iloe o the “msensitivity” of the

vermet

andl pre widely used ininvest
are in principle unswituble m this
electrical conductivity of crysials with SV 1o the concentration of

IIII||1:IrI|!|"\|.

The investigation of the narrow-gap  ernory  semiconducton
HednsOTe, hoving o lattice similar @0 thal of sphalecite amnd with
v

onc-sixth of the cationic positions occupied by 5V provides
interesting resulis, Data [50] show that conductivity in these erysials
b intrinsic conductivity, amd ithe imparites 5o, Mo, Fe and Cu
I

specinlly introdeced into o crystal a1 at kel the electmcal pr
ties of the above semiconductors virtually unchanged [67)

A number of authors have  investigated solid solutions ol
¥y (BT ANy (RUCYN, . (AR,
Ylx (see for example [31, 64, 68=T0], in which tetrahedral
coordination of woms and a lattice close 1o the sphalerite lattice
is preserved, and the concentration of 3V changes from zero 1o
onc-third of the number of cutionic positions. In all alloys watl

out exception. containing a substantial amount of uncontrollable
impurities, it is found that the concentration of charge carmiers
rapilly decreases with a rise in the 5V concentration, and approaches
the intrinsic congentration irrespective of whether or not the width
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the Torbadden CRErgy gap increascs or decreases with an merense
iy v, This indicates that the prescoce of 5V in fact leads 10 a sup-
eassi of the :ir|||1||I'|I1 conduction

wime possible interpretations of the phenomenon, unique  for

ystalline semiconductors, of the absence of impurity conductivity
dependence on introducing impurities huve been propased

(o) It was suggested in [33] that an tmpurity condiction com-

15 because of the change in the

pensation mechinism \.'I\.
number of 5

i Another variant of the compensation mechanism was pro
posed in [71, 72).
of mdium and

invalving a possible change in thie vilency

illium from 3 1o 2 dur the dissalution of
impuritics exhibiting their normal valencies

(€} The possibility of insertion of impurity stoms in 5V in an
umirized otomic staie was sugpested in [61, 73, 74]

Aoy of the above three mechanisms regjuites a knowledpe of the
Wwalization site of the impurity and the determination of its valency
lite, Wae shall carry out a preliminary crystal-chemisiry analysis of
the pssibilities of dissolution of impurities in InaTe, without the
lormation of execss electrons, ic. excess elecirons for s bonds in

this erystal, and without the formation of holes, i.e. 1 deliciency of
ms in the sp” bonds [60], I we assume ib

the spholerit
lstnice s preserved during the dissolution of impurities, then the
fumtsT ol cationic sates i such o lntice, including SV, should
foamin egqual to the number of anionke positions, This is the *strocturl

whition. The sccomd conditi

of valency

("electronic” condition [25, 28]} is
trons belonging 1o one strwctural
et of the crystal (including 5V should by eiqual 1o four, Let us
Pumine from this aspect, for example, the first of the prripssed
mechonsms of the phepomenon. The strectural-chemical formula of
i alloy in the case where m SV atoms af

it the numbse

e "repliced’ by X atoms
Wit valency M with a simultaneous change in the number of SV of +
I piednX o Tes, The structural’ condition gives v+
e “electrme” condition 2 = 34 6 x

mr=fl, an
I+emx Ml +v+me24+3=4,

Hhili prves o M o= div +m), e, Mxm =0, which corresponads

Wk either zero solubility or zero valency during such a replacement,

Pagsing dhis it follows thin the mechanism for compensating the b
i the mumber of 5V is hardly implemented. The assumption con-
g ineeried mpurity stoms in the unionized atomic state =
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natumlly mot subject o nny resinclions from the point of view ol

Hsiry analvsis

sipch o crystal-ch
Il we assume the
transfer of some of 1he indivm atoms, Do varianis of §

|-...|_xxglli||:- of componssion ||u.n|'-||'|:_‘ chaire
¢ localzation

of impurities would be likely: in the firs) vanani the impuniics are
localized in the SV or inlerstices, ionize, and some of the indium
pe their valency. In the

atoms remddning ot the lattice sites chi
ce In, anad the expelled mdinm

second vanant the impunties r
dized either in the SV or the interstices

atoms ore ko
Thus, wrrespective of which plivsic

mechanism s involved i
sritics i Ins ey, it should

suppressing the clectrica] activity of imj
b associated with the insertion of atoms or wons in SY or interstices

¥ Valeney Elecirouis in Tnterstitial feipuritics

In the investigation of the thermodynamics of dissolution, mpuriy

i 11 y . ¥ " v &L
s introdluced into the crvstal Inttioe examined [ty Suc

e

Alady
fully in the continuous clustic maodel [20]. In this connection it s

assumed that the crystal matnix constitotes an clisstic micdium willy 4

sphicrical vty of radius Ry cormesponding either 1o the crystal

chemistry mdies of the replaced matnx alvm, or 0 the sl

|
of muatrix atomis in the cise where inlerstil

vobd” in the packing

impuritics are invedved, The introduction mbo a covily of madius K

. . s the
of an impurity ot be, @ sphere of radios /£ fy leadds 1o the

pearinoe of clastic stresses in the malnx dmd (o an INCreEse im s

1 the sume time the elinstic medium "compresses

neray §
shiosrm, resulling moan ancrTease i ols WCral energy

Inlcirm

the impamity

Such a simple deseription of the “mult elustic oompression of U

Iy satisfactory from the poin

matris and impanty im is eomple

of view of the thermodviamics of solid solutions of metils Whin

examined wecording to a similar procedure, the

sempiconducions are

abave approximation may be used tio evaluate the elastic energy ol
the matrix. The deseription of the encrgy of the impurly atom in
crmine the clectron

e enaible us o g

spch oo mode] does not ol o

state of the impunty. which Is in princif

'.III|"'\I||-I'-II

Ihe simplest model describing the clectron state of an nseried
mpranty alim that dises not lorm & chemical bond with the molnix
en-lke alom with

i y 1 s ] .
spherical cavity of radius Ry is considered. It is assumed that th

atoms: s given in article [73], where a hydrog

spherical potential well has infinitely high walls, and a charge Z

COMPOUNDS WITH LOOSE CRYSTAL STRUCTURE -

placedd o its centre i the Shiter effective ch:

Wking into scoount screening by all the electrons of the inter

rige of the nucleis

higlls i the atsm, which are assumed 1o be un

cformed duning
oinpression” of the atom by the matrix. Using atomic encrgy units
" o e amd atommic lor

h umits f

£ e, where m, ¢ ane respect

Wwely the mass and charge of the electron and & &8 Planck’s constam

wir shall write the Hamiltonian in Schridinger’s equation in the

1 1 d
I - - Virl (2.3)
2 dr Foilr
wheie the potential
| —1fr r Ka
Virl : {2.4)
| for r R

e S-siate of electrons with an orbital gquantum number equal o

10 b investigated. The energy eigenvalues are similar 1o those for

where 1 is the principal guantum

er. The wave function should satisfy the boundary condition
12

W Iree hydrogen atom £ 1/2n

ETIREL

II.IHII1|1ii.I'.I|I-\.I'|I- oo

won | (el de= 1, ond should

A numenical caleulation of o oand
nin Figure 7. As was

iliie o m corresponding to the lower energy state of the electron in

Bve i limle vl

rILRY ives

it result show ¢ oxpoected, for Ry— 5 the

e awlosim |l\.'l'll\.|‘- 1 umly, 1.

eneroy ol an electron of K-—=
ipprrosimates to the energy value for the free atom. With a decrease
i Ky the value n o«

pidly increases. The other asymplote of the
wive n(il s the straght line K{as) = LE3. At Ry— K
e il g inereases without limit, which means thi for 8], 1.83
il i form of the potential (2.4) states with a neg

il ol on the impurdty atom

b the

wlive cnergy o

| h waical meann ol this result s that compression of the
LR LR Il of the atom and an increase in the electron density
| Pigure 73 very mpidly raise its energy, and if the walls of the

tal well were not pssumed 1o be mfiniely high or i the
pssilnlity of other electron states were laken into account in the

Pkl { for cxample the occurtence of chemical bonding or ion

an], the electron would move to o lower one of the possibl
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o=

il
|

nt of the it

Iy arviche [76] o mode] is examined that tnkes mro

wall at the boundary the cavity aml the
LIFSLELEL
weiromn 1o the comduction band of the crysaal matnx, where

the

vilue of the cn

possibality of i of an impurily atom and the cscape of ts

fency

wieed imipurity field moy I teseribed in the Mon

r s the dickectric constant of the matrix, It s

(4 &

evident th the potential (= 17} should continuously (rans-
fosrmi 14 the |u-l.-.-!lll.|.| (= Uert. The condition of such i ‘join’ pves
the following form of the potental Vird in the Hamiliontm (2.3)
: Fr + |7 Ve Ry For N (2.5)
Vill=1 —1ter for r = Ky -
The condition of continuity of the woave funciion and its denvativ

for r= Ry leads 1o the equation defining the spectrum of permitied

CENIPOFLISES WITH LEMISE CRYSTAL STRINTTUHE '<]

ea i an cleciron, The resull of a4 numerical comp i of
oy of the lowesl siat n electron as a function of the six
il the cuvity Ny is given in Figure 8. Naturally, for R;—= the

nerey of an electron corresponds o its energy in o free atom of the
tipwinty, amd Tor Ky=0 it corresponds o ithe

nergy of an electro
W Mot orbdt, localized in the matrix materal in

the ionized
ranty hicid, A cialenlation shows that thene s 8 |

I walue of
I siee of the cavity Ry = Ry(er) such that, for R Rdler), the
ponnid

i of an electron i$ close to the Mol state (bonreation of
e ppunty occurs), while for Ry

Riler) the dependence of the
ey ol the electron on R, chanpes sharply and, with & further

in Ky, rupidly decresses, approsimating 1o the value of the

v ol an clectron on the mmpurity in the atomic siate, There is
wlent natural connect

n between the vialues Rglas) (Figure T)
el Hder) (Figure 8): if the energy barrier (or the escape of an

leetron to the conduction band of the matrix is not infinitcly high
then whien the energy of an d

Wi BEComes

wl Lo ||"l\.' LLLTRI FAT TR

E-:r,-‘?i umi
k
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potential of the impurnity the laticr adlvant Iy bomizes. Al the
same time, the electron occurs in the Mott orbit
We shall investigate the 1

insertion of an impurity atom, When an atom of ridius B 5 wccom-

| change in encrey thit occurs dué 1o

maoduted in g cavity of radius By, the atom expands the cavity by AR
of the
I|_ where

aned at the same time is itself compressed under the act

elastic forces of the matrix. In the classic work by Pines
Is was formulated for the frst

the theory of solil solutions of md
time, the total energy of the bt
due to one atom, in oo alley with & concentration of thissolved

the theory of

¢ and compressed impurily atom

& calculoted within the framdw

material x
clasticity

! B (AR PR )l + IS} (2.6

where § g s = 304G+ i ¥i: Ga G are the

shear moduli: 3, 0 ore the compressibility Tactors of, resp clively

malrix .||'||,1 II1'||. irly maiters
the continues

A discussed above caeription of the clu

interndl encrey of the motrx adopled m W sluly «

eh the chinge i the internal encrpy ol an

sclory, thae

s totally satis

jparily alom requires examination of the chamges in s elecinm
¢ us oo function of the real sie of the cavity o which i i

L

localived
e L

L enerey of an pmpurily atoam and matns is |76

iRy AR ) il AR R E(R; + AR). (2.7)
where the first term describes the enerey of an clasticilly sires
muitrix in the vicimity of an ipterstitinl impurity atom of ridius

A& and the second wem deseribes the change in cnergy o

tron in @ compresscd intersiimhal ompurty atoam I i clen

ncd by ihe type o

ihe laiter showld essentinlly be determ

relutionship between the sizes of the covity Ry and the value of the

critieal radius

51 il fimmg the transition from e alomie sEe o

the electron to the ionized siate existing in the Mott orbit
The dependence L(ARY ab dilferent
e in Firure 9. In the case of larpe values of By or a soft

os of Ky ond R, B

TR

matrix (small value of Gu) the inserted atom is weakly ‘compressed’

its electron states are close o the atomic states, and

eneriy minimum of the SyRIcm CormespHe T i guuniiatve

COMPE

NS WITH LOOSE CEYSTAL STHUCTLRE il

LN
0! "
S
Plgire ®  Toanl encegy of system comprivngg clastic matro snd imcreed i
ICRET] AR of stomic odios of impurity aod radios of cavity (o

patively bape AR (and relatively small elistie stresses in the matnix),

the plection on the interstitial impurity being preserved in o sta

B dhee silommnie state |-'ll*---"lrl.*-;‘1'll|'- tor @ newtrnl, wnonized

i m localized in a cavity (Figure 9, curve 1), In another

R gy case, namely where the size of the cavity K s small oo

qiredd

e i crystal-chemistry size of the insen

mlom Oor the matrx is

), the sim

muinunum of the wial encrey of

X svslem corresponds o an wonzed atom with an
ton i the Mott orbit (Figure %, curve 4), In the intermediate
e sysiem his two enerpy mindma, LY smd L one m
yiespds 1o o mewtral @i with an

il e oilier o an jonized Impuriny

LLem

ally deformed lattice
eh with lesser elastic
e of Ky and G, bath

Bressin i ihe mairix. Depending on the

i wil minima may be deeper (Figure 9, curves 2, 3)
I mofedl that, in the case where the inseried aiom s
il the contnbution of the polanzition of the lattice, which

Dy el © CTHET i » g - - .
uees e encrpy of the system in the cise of an ionized
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il wiais then T mched in air or m oeed wiiter, The obbuned

jiles were then annealed Tor Gl0= 1230 hours ot temp
K and 2V K in order to convert the alloys into the equilibriam

ratures of

temperatures. The

cquilibrium of the alloys
the kinetics of the cha
||'.I.!_" [ e
thermoee.m. 0L} combined with X-ray phase analysis

Uhet solubility af the impurities Bi, 8b, Cd, Zn, Cu, Sn, Fe and
Wi Cans Doy @l vriows iemps

cd by sfudly 1

VIrMas

(bt rs during prchiess, electncal conduction.,

(e G

ures wis anvestiEated by the sime

e hasds |55, o6, T8, 80). Examples of the phase diagram are shown
rams are qualitatively similar 1o
ther and o the section of the diagram [n. In, Froan this

i Pigure 120 All these phiose «

fallivws that the behaviour of mpurity atoms in InsTey and of

islochiomicinie In are thermodyvnamically similar, The F peaini

il :h.|'|1|'-.||._'|1II-. close to ik

singulanty point

gical rules, this point should be o
e phise dingroms os shown in the insel d

Bearing

1] '.1':\1I||

caented

rams in Figure 12

Whisbighi the sccurmey of the experimental determinations does nol
bl s division o be fixed

weular
Ll Ty o reparcds their devia
LY I'l\.' nofed

e compounds InyTe imil
m stodchiomaetry aod dissalution

1
I cimposiiens are Dinary with strict stoichiomelry, i.c
the stnictly stoichiometric compounds InaTey and Ga,Te; do
Figure 11 Phuse diapram 1em 0 © im vy o oo (AL R Rkl dissolution of supers hicmeine In (or Ci
il dissolution of metallic impurities of any chemical niture
Lileilee the InsTey and Ga- Inttece. ‘The concentralion
fimits of the homogencity mnge are high-resistance alboys and have € resalting: i stabilizatbon B ol bensst less than 0,4 @1
1 comductivity and charpe-carmier concentration corresponding L I dm all thee phase disgroms o composition | exists, differ
intrinsie comduction. The deviation (rom stoichiometry in GiagT Tevwn the stodchiometric composition bul presenting within the

has abso een moentioned o [549], where it was also pointed out thi s of 1the homogeneity rnge based on the InsTey and
the strictly sloichiometnc composition has o bow resistino Ciins Doy latteee, oy which the solalus mismmum cormesponds
The systems In:Tey—Sh §i, —Mg, =Cd, —&n, =Cu, —Fe, —5r I on comparing the salubilities of impuorties in the scmi-
were investigaled by tho same ihoels anad the sections of thei wditons IngTey and GasTey with simi valucs in other
s dlizgrams in the compeosition ranges adpent 10 the compaun: ivilent  semiconductors germaniwm, silicon. gallium
In-Te, were also plotted |66, 7T8=581]. The behaviour of the impearit) i iibile, ele, |52, B3] — we arrive al the conclusion that for

lures was also et
slid mnopr

M in InsTey al various temper
neril procedure for producing the alloys cons |
mparitics. The mell was hedd o

with the cormesponding

[ ¥ 5 i x| U i
-mperature exceeding the melting point by 200-300K for 24-M m
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npuritics, without exception, n crystals with 5 the
of the
ol o

limiting solubility ., are larpe bul are in

asame order of magnitude as the muximum
allunlsiliny of the most solubile impauritics in Gic mid 51

wisilid emphosize once again that, in contrast 1o oll other
wcomiuctors, dissolution of impurities in BY'CS

5l resall

e e pppecarance of impurity condoection, The W

il simlanty

(hEE Vi 1T
[ n il I -.-.||>\'|-I|'-|-.'I||-.|r||-.'lr|-. £ |||.:_|-‘|_- dingram
g "
TITH | YO ERAR) ity |-.||_|.._- diaoram and the fact ol thi
Iotin 1y of the impuritics ond superstoichiometric aloms

teaihs b the comeclusion that the dissolution mechanisms of impuritics

% Trom stoichiomeiry ane identical

ort ol Lhis is also pro

bed] by ex
liilaliny ail mpurties in InsTey of stoact

rimenis on difllerences

Nelrie coanposiiin
L Tis Ny ecomtaaning 0.5 a1.% supersinichiometric In [84), The
Wl e sl

hility of antimony and cadmivm was investigated
W k. Whereas |

Wb lbonelnic InsTiey is Loal% and 3a0.% respective

= splulvility 8, of antimony and cidmivm in

the =al-
{5h) amd
AR D, T hes, i was Fesumcd that the solubility of the impurities

T il there are already superstiomchiometne atoms i In=Tey

kY of these wnpurities in Ingleslnges s 1.2

PR ihicades ihot impantics and superstoichiometric stoms compete
for o e i the lthiee, which confirms the identity of the mechanisms
Bk loclizntion in the lnttice during dissolution

irrrlees o Severcandaciors wirln X1

Ul dalysis of the possible mechansms of disolution of mmpuantics
yalils with BV given in Section 2.3 showed thist one of (h

e Jocalizition mechanisms of impurity atoms i insertion
Wl atms in 5% in the unionkecd, alomibe stale

Lhe Dlalmbielie Tree encrey £ of o svstem with N, stoichiomelric

4 . 1 ETH P impurity atoms per umil vodume { 4 W, is
(tl ! m )
Az (i B Besnconiratien of impunily atoms localized in 5V) was investiganed
{c d
ek | 1] assuming that this localization mechanism tikes plice
II||_-un 12 Fx tn ool st Biop Ty =Ml Mes da) msdian i Fo+ AF = E + Al AL 21

0 F s the free energy of the ervstal without impurnities, and the
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alization of N, impurity atoms in &

change m entropy doe wo

melne Vacineids 1%

AN kIn

rey of the crvstal under

Al denotes the change in inlernal @
dissolution of the Impurines
A demonstented above, if the impunties are neutral they produc

which 15 determine:

tic stresses in the kottiee, the energy o

only &
in which

e in the erystal-chemistry radii of the cay

by the differe
the impurity atoms are localized and the acty
i distortien energy of th

crystal-chemstry

sizes of the latter. Accordingly, the

fattice due o insertion of one impurily atom in o 5% s

Ra AR 7
Cig | | R |

R

where Ry s the elfective crystul-chemistry sire ol th SV, K is the
radius of an impurity stom, AR = f — K and Gy is the shear modulu

of the material of the matrix (o,

1. 1 iy olwious, of course, that

sioichiometric vacancy by an ampunty
ber of SV ‘disappears’. Each 5V should

e crysial Ly,

due to ‘replacement” o

alom Lhas o TEsOn
make ity
Il the 5%

Uy mny also cllectively ba o

vin contribution 1o the intemal enerey of
el im the cation sublattce, the

| caluons ore s

e s the elastic siress enerty

Set 1.3, namely thi

bearing 1 mind the [act menticned n Sc
s ore shifted towands the SV sinee its erystal-chemistry
wion, Cenerally speaking, the
encrey of elastic imteractions of fmpuanty aloms and SV must b
the theory [85] desenbing this type
e 73] than the cnergy o

orders of magnitude less

sipe i less than the size of the

aken into pooount. Employin

ol interaction, it can easily be demonstn

such nterpctions is one-and-a-hall 1o
than the energy Ly, or L. Im Hact, it is exactly this
ihait is responsible for the formaton of clusters of impuniics lust !||-.
ardering of 5V and th wigh its contributio
to the wial free ern
of the elastic stresses infrodduced by the
With the object of establishing the solubility chor

exprossion for ihe free end

HerEnCEacsn

ering of impuritics
n the contrbwilion

msirnbly less |

YIS TEIT

|||-I|IL'. Lk ||Il\. il

riatics im the

i, we shall 1o a firs

¢ Inberach

v ol the

ore the contribution of ¢

.I||':1ill'\.ll'|||ll.ll"'|'l 1
d 5V, Substituting (2.12) imo (2.11) after expans

mpurines o

v Stirling’s formula, we have!

CRYSTAL STRUCTURE ]

VIO + kTN CInd +

here L, and Usy are respectively the clastio stress energles of
thie latibee produced by one imparity stom and one 5. The minimum

Wt Tree enerey of the hiase with thasalved impurty 15 obtmned ot

wiration .. which & the root of the cguation AFT L]

Cen = {1 + expl{ Ump = UseWET] (2.15)

1 hiis impurity concentration C.,, the free encrgy of the

pastal b o Ve 2, 5L CTY | with 5% 1 £ dlissaoluthon of such

LTINS :'||||:|I||'-|1-'-‘1||||1l.|||||._-Iqh'.|tr.-'-_';i||| the 5% s I.'||'|'4I‘A.|:\.r|.||||' iy
pesie slable than o orystal without such impurithes

Ina r to determing the solubility of the impunities it s necessary

o slve the problem of the minimum of the free energy of a system

wsisting of two phases, namely the |1h:|\.' 10 gu sticn with 5% with

LS

neeniration of impunty C, at the given temperat
il 0 second phase that appears in the system when limitis
O ntration O, is reached.

=

I free energy of such @ two-pliase system is [ 200

P o= pF{CL) + (1 = p)ElZ). (2.16)

Pl are the concemtrations of 1 specified two

oy with o piven concentration a: F .| s the froee

ey of the secomd phase, where the concentration &, corresponds

thie limit of the region of existence of the second phnse with frec

nergy 1 oon the Fophose side. From the equilibrium conditions

(TAT P Wi =0 and 2@ g =M= "0, and using the lever

ulg iy determine p throwpeh o and the hm concentralions O,

phid 2 i These phases existimg |I:_|,||uI|I||r:.|||| we aldain Lhe lollovwing
[ TRAES

Flol C) Flpol &) (2.17)

FLE ) ) { | A P (2. 14}

inwl solution of the determination of . as can be seen from
Pipuations (2.18) and (2.17), requires the formulation of o model of
not only of the phase with 5V bul of the secomd

W the phase F s reac

I which is complicated by the foct that,

fan e viroaes phase systems, F; s generally of o completely differant
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i

the concentralion {

|_'-|I|L|

It i simpler o determ

the start of instability of the solation of impurities in the phase

|l'.

silubility

ol the boundary alloy still present in

The free energ

v be written in the form (2,115 A certain
ws on the other

g of the imparity n

ount of o second phose with free energy F; apy
ndary, The phase F becomes uns

siche of the solubility | ibe when
the value of the free encrpy Fof Z.) becomes less than the fre
ecnerey F= FOOLT AL the stability boundary of the phase F the fred

eneriies of the interscting phases should be equal

o + AFJICL) Fal

e

Generally speaking, the valuees Oy and O do not co

ndition umder which these

s casy o determime the
| i, b i (2,17 2. 1K) have
similar, In aciual fact, by substitubmg (2000 m § Wi Dav

FLe,) o (£ el o (2.1

(2.20) coincides with (2U19) il (£,

It is clear that Fopuate
[Cad < Pl
derivative Fod Oyl
dynamic potential under o
L

cilnliny

which cormesponds 1o o small value of the
Iv wetiik chang
niration of impuritics

in the eoanc

thi .||'['-|I

riunately, il s nol possible 1o evaluwte i

ez b wequality in the systems upder consideration

though, ws we shill see liter, Equation (2.20) satisfact

|y aleseribes

the experimental data,
Substituting AF from (2.14) in (2.19) and denoting Fal £,0 = F

we allain the equation [or the concentrleen

il Cilnd | Lin) + &

% Tull investieation of the solutions of this eguation o S
ratios of the constants appeiring in the litter is given in anicle |73]

Here we shall discuss in more detail one of the possible

ants of
the solution, corresponding, as we shall see, 1o the real situation in
phases with §Y. For ! I
lity of the phase £, compared o the phase F, where

1, which corresponds 1o o large thermo

dynamic =
impuritics are absenl, and for Uiy = Usgy =01 twor solulions ol

Equation (2.21) exist, which ar illustrated in Figure 13, The first
b % unstalle

solution correspands 1o the fact that the phase I, whi

in the absence of impurities. is stabilized by impuritics

tration C;, corresponding 1o the appearance of the stabl

EOMMTUHINDS WITH LOOSE CRYSTAL STRLUCTURE 51

[ i
1 I 1
|
| I | |
| '
T |
Wk
Vigian i 121}
Lh cinl seelution corresponds (o the imiting concentrition §
i hich ihe seeond phase Fx appears. From Figure 1

il gl w constont value of gy, 1.
e sidiilaliny falls with an increase in L,

i, the theory of the dissolutim of imparilics in oryst

with
peainning vt the impurities are localized in the SV in g unionised

psicuns |73, T4, 810, Bl Bo

tle bewls 1o the followinge o

L atrkeily stoichiometne composition of compounds with 5V
be unstable, and is stabilized only by deviations Trom
tiMehiometry or by dissolution of impuritics

W owithin the limits of the solubility range the (ree encrgy ol

e il with Y reaches a mimimum a1 o cenbration

i [ alest the i stoblity
TR

| clulsiliny of impunties 5, should increase with a rise in

solubility ©, of the impunties is determ

the enorgies of the elastic strésses on the impurnty atom [

il dhie elistic stresses (U on the vacancy., For a given

pvstal gy = vonst., amd the value of O should incrense

bl i decredse in the size of the impurity atom
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Ta start with we shall compare qualitatively these theorenicn
condusions with the experimental data, All the In Tepimpurity

phase diagrams shovw { ser Section 2.4) that the strictly st el e

composition In-Te; is o two-phse composition, and only the iniro
duction of a cenain congentration af Impuntcs stubilizes the lattice
g the corresponding alloys bocome single-phase. Superstoichio
mietric In acts like any other impuniy in InsTes. Tha '““I'-'.' undl
Cin-Te, exhibits o similur behaviour his confirms the first conclusion

of the theory
I the solidus temperature is tiken 45 a measure of thermedynami

T vl s FrR @ ¢
stability, then the presence of o solidus maximum shou il e roganded

as confirmation of point (b)) of the theory

i - ' ng h + e il o ki
In secordonee with conclhision (€] ol the iheory the value o -

for all impurities m I, wpd Gia-Tes increases with o rise m

|._||||'|._r:-|||||r )

Depemlences of the hmiting solubility C, of various impurilies m
hTes ond Ga<ley on the crysial-chomistry sises of the |.'I':|'-.|rll'\-
atnms are shown in Figure 14 (the vilues of the atomic radi 18] ure
shiown relative 1o a coordination number of four) It is evident that

(L& W L bing
armnty wilh conclusion (dy of th e
LN ni

- T W dlecrenses Wil
solubility of impuritics in InsTe el CimaTey rapidly decreases with
The dependences of

an inerease in the radii of the impanty atodm

COMMOIUNDS WITIH LOOKE CRYSTAL STRUCTURE

sl Wi ptispine volumes ol mpunty aloams, taken Irom 1\ ] re
eirtead e Figore 150 The decrcase in O, with an increase in
volime is also evident. Finally, it is known that, scoording
el ki Bachinskii = Frenkel = Andrade formuls, the value
iprocal Kinematic viscosity 1y is proportional (o the volume
fakns dn the melt, Using (S rmental et |:‘{.'1'| o 1he
ol melts of vanous metals, it can be shown that the limit
Mallity €, of impuritics decreases w i increase in the
il wiscosity of melis of metals corresponding 1o the imparnty
ik ihependences conclusively conbirm conclusion (d) the
Iy, mamely that the solubility of impurities is principally deter
il Ivy Lho enerpy of the elastic stresses introduced by the latter
the Bathce with impurity stom localization in the SV, which
s i o decreise o solubility with an increase in the size of the
B L]
Ul ihere i commplete qualitative agreement between the exper-
Wl ikt mnal e theoretical conclusions
Pl sy examine the guantitative agreement between exper
R e deory [R0, B, 85]




k1
£ 1 [ 1 TR i O 1 T |

L! 1

for different impurithes should depens Limzarly st
6kt j
{ | 1}

These dependences are illustrated m g 185 fan purities
in In=Tey nned Gaale It ks clear thot th vee i fmol Dipear, 1m
total aerecment with theory Ebeven impariiics dhllering m crvslal
chemisiry sizes and chemical propertics were mvesh wledd, The sol

ey ileseribed by
Tey il GinaTos

uhilities of ten of these are campletely 1
the theary, Only the soly
Joes pot savsfy Equation (2.21) This ix gk

I Te,—%n and Gipsl sn oo

(e spproXimation (2.20), W

weanciziled with

inpracticability for the sy

om the Tairly mgid and
difficulily verifiable conditic um free cncnies I and Fi
Hovwever, i thermodynamie analysis dissolution mechanksm s

wCleErslics

sosaibibe and with the aid of Equation (2147, wheere the cl
| 1
ation

of the second phase dre absent, the expressaon for
¢, corresponds 1o the minimm of the Tree encrgy and 1o the
experimentally determined solidus maximum i the mis of the

phase & From (2.04) it

ETInC, Ui

B
. n
anal x.nn---.-qlu':ll.h. the dependence of Tl on | i 1] should

e linear, This dependance wis plotted [5%. &1 using phase dingram

the dingram [or In:Tey=>n, arf d s

I, imcluddin

ihaitn base

found o be in full aereement with the theory (Figure 17}
socordingly, it may be regarded as proven thil the dissalution
mechanism for tin, as well as for Fe, Cu, M. #n. Cd, Mg, 5b and
Wi and superstoichiometric In and Ga in GaoTes, consists in the

lization of these impurities {n the SV 1 shoubd be noted that

the Tinear dependences (Figures 16 anid {7} are preserved within o
vitke ranpe of changes of the parsmeler Ry (an beast in the limas

6 1.1 AY o the choioe af this paramcier proctically has no elfecl

o (e noture of the dependences. However, using the experimental

COMPOILISDS WITH LO
CHBE CRYSTAL STRUCTT
J FRLIS RI

Figire 17 Core
tical Eogu
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b M i 1 & IEe
shvear modulus 5 for Ing ey @Y 10k mey o

value of the rvninbchicmistry sk of the Sy

" LIV
accurate estimate of the effectn Istminesd
with respect to the inscrtion of impunity atam 0607 A
wil i T, 4] ey b L)

R 0,8 A, The most probable size of Hhe Sy L :

: 4 calculatedd brosng bl ancke-
e _for various imparii i
The value of L, 3 141 amdd (2.20) and using indepen-

pendent theoretical Exquutions |

migons of o pnil €

min pivie practically
dent experimental delermina

yreites tle consdsteney of Lhe meimdel

identical values, which demir
the solubility of 1k 1N
o Hlizisre U] copuailens
|

ity i alifferent

By companng dila o

ossible with e i il

ervsials with 8%, i

+ plmsl ol % (M '|.'|
o estimale the effective elasiic siress

il 5

fen i Sengiconilin fors il

* 6 Electron Sanes af Tmy

dissoliutin ol impuritics n

Y on the thermodynomics ol
Ihe data on the seetion enable very

—— the previoe
o ol Giae Ty discussed n the | .
In:Tey and 11 fectron stale ol imprarity

precise information 1o be abtaimed on e
RS,

The apphication of the erystnl-chemisiry .
el siinils consisls i SO
syslems ol

lyts e thand o deter-

mine the type of bonding n cryst iline

- soympoundds with vi
i the parameters of these compou il ;
2 . covalent, e OF AtOnie

il . i1 of the elements, 1.¢
sipl-chemistey il
i Fopis ween any of the pammeters and

If correlations are Tound bet

i ; :
et onclusions may be driwn concerning

ane or other system ol rdn s,
1% | AVER © 1 inviesd

the type of bonding that exists in the given compsitim. kg

; : I irpaar velals in insle

writion of the thermodynamic paramelers of impurity mc i

. 5 ¢ (&) B
( ad €) and GasTes (Cq) revealed the following [® 1
| TRLLL mi A i i i

LT |

soever between these values

. <l wihs
. There were no correlations I  thes ¥
etrahedral radii [18, 22] of th

hsence of covalent bonding belween

and the values of the cowval
imparitics. This indicates the

’

| maitnx & ms.

impurily atams ane . —
It wiss shown that there is no correlation between the valuc

(M| sl the values of the jonic rudii of the impurnbcs,
£y AT ani Ve

. e th I
whalever .|-\I.||11§‘-I'!I1II'~ werne made concermng e « e
Ihis indicates that the impuntly atoms are

ree and noture

ol the waaton
ionized. e

1 A regular uniform decrease in O, amd € : o
: womie radii and atomic volumes of impunty

is observed in Tact

only with an inerease i a . o
rons (Fieures 14 and 13). Furthermore, the caleulations given
wtinm { g ar

COMPOUNDS WITH LOOSE CRYSTAL STRUCTURL -

Section 2.5 showed that all the thermodynamic charscteristics of
solutions of impurities in InaTe; and Gasle; are satisfactorily (uiin
uiatively described wsing just the stomic radii of the imparities. All
these facts indicate thit impurity atoms in crystals of In-Tes and
Cia;Tey do not ionize, do not participate in chemical bonding with
mutnx aloms, and are in the atomic state. The thermaodynimics of
solutions of impurities in In=Te. and GasTe, can, as

wi above
count only of the
encrey of the clastic stresses in the lnttice prosduced by the insertion

be completely quantitatively deseribed taking

of impurity atoms in SV, which also confirms the fact that impuritics
m |.||'|."||.' i'l_'a\l:ll"' ire nag ||l|1|_f|.'l.i

. Both the clecirical conduction and thermuodynamic  par
amelers of doped crvstals ore entirely independent of the chemicsl
imdivicduality of the impuritics. Impurity metals of Giroup T of the
Periodic System (Cu), Group 11 (Mg, Zn, Cd), Group 1 {In, Ga).
Group IV (Sn), Group ¥ (Sb and Bi), Group V1 {Mn), and Ciroaup
VII (Fe) do not exhibit any features of chemical differences in A
By', amd only their atomic sizes determine the thermodyramic
parameters of the doped crysials,

Essential information on the sial ol th
Irom measurements of
by i dia

impurities may he obtpined
e microhardness M, (impression produced
d tip). It wos shown [92] that the microhardness of
ervstals with predominantly covilent bonding & determined Iw the

mitude of
doping Insley and Go;Tes, as already
Hues of M, increase with o rise in the concen
tration of impurities. These dependences were investigated in article

maobility of the dislocations, 10 be more precise by the ma
the Peierls boarrer. Wl
mentiongd above, ihe

[65], It was found that o o concentration eqgual to the Hmiting
solubility C,,, the value of f, reaches & magnitude that is practically
icbentical for all imparitics in each of the specilied materials (limiting
hardening). In this connection, it is alwious that the specilic increase
in microhirdness per unit concentration (AN, ) differs for difierent
mmipuritics and is determined by their atomic size. The magnitwde of
i, s determingd by the plastic deform

won of the material during
impression, i.e. by the generation and mobility of dislocnatmms, and
accordingly in [65] the increase in M, due 1o doping is reparded as
the result of pinning of disk

ions on the impuritics. As is known,
the hardness of @ material is a guantity proponional to the eritical

mechanical stress necessary 1o move the dislocations: Hji i deseribed
by the expression

I dexp EMkT), (2.23)
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r o ¢ dislociton

where A is m constant and E is the encrgy barmier that the ¢ |_I et :
i h ¥ 1 |

has 1o overcame in arder to execute free movermnenlt. The |Hmnimg o
& o L - TS

fislocations with doping and, consequently. the specbic amcrc :
ot i of the deformaiion on e

- : «d by the en .
should be determined by the ¢ it

impurities, these values being calculoted from the therm
duta given above. In [63] it is shown that

A, = BCoxp|od iy Ll )ET], 12.24)
The dependences of log Allp/c] on

-(licients
where & and B are coellicien R o
| . T doped with different impuniie

1 Wimp Lswl Tor IngTey and Ga Tey i

X | wure 18, The
it warkows equalibrium emperalunes shown in Figur

=tions al clastic deflod
™ » the srng ol dislocations @
AESUIMIPLION CONCETNIng the stopping

i : : writics s
mations of the lattice produced in fact by peatral mmp
conlirmed . ] S

an analysis of the thermodynamic data thus confirms the I

d G : ocilized in
tion that impurity stoms in In:Tes and Gasle, are jocalize

L1 N oan ionised, atomic stale
toichiometric vacaneies, and remam im arn unomEed, aloamil
sioch i C Vagl

ud o not participate (n chemical bonding w ith matrix atoms. A
amd ¢ J

i re “replaced” by o neatral
neuiral stolkchiometnic vacancy 15 as il Were e b

impurity atom
I : [T
I additbon 1o thermodynam gt
; 2 weid InsTey
of the intrinsic naiure of the conduction in strongly doped
. ¢ of other evidence has

o oand dota on e preservition

0
il i Tiey semiconductons, o whole rang

Ry
||I ‘Ir

COMITOUNDS WITH LOOSE CRYSTAL STRUCTURE

been obtained which shows that impurities in these crystals arc in
AR atomee state, An investigation of the mi bility of electrons in doped
In;Tes showed that, in both palyervstalline and monocrystallineg
samples, this quontity s practically identical snd has a value of
(45 25) = W 'm* V.5 The concentration of impurities reschies
values exceeding 10°m ™, and if it is sssumed that the impuritics
are womized, then an evaluation of the mobility according 1o the
known Conwell—Weisskopf model [9 } gives a value of the mobiliny
of the order of 107 m* Vs, Le. a1 least one order of magnitude less
than is wetually observed. This points to the absence of the electrical
compensation effect of imparities’ by charge transfer of In atloms
sugpested in article [71]. The absence of the compensation effect is
also demonsteated by experiments on the joint solubility of In andl
b and In and Cd in 1n2Te, [84], which are described in Se an 2.5
v series of mvestigitions has been devoted (o i study of
gamma resonance (NGR) spectra in the impuritics ""™Sn and
InyTes anid GasTey [T2, 75, 94—06]. The expeniments showed 1hat
impurity 'S gives identical values of the chemical shift with respect
to the source Ba'"Sn0y in both In.Te; and Ga.Te: (& (3.58 4
DOF) = W™ " mfs at T=30K and & =(3.75 = Oy " m T
VKD, the intengity of the absamption peaks increasing wi e in
the concemtratiom of implanted tin. This indicates that 0 sinele
miechanism is involved in the dissolution of tin in InsTes and GasTes.
In the NGR speetra of alloys of In anid GayTey with iron-57 at
room lemperature, an intense twin doublet i observed, the cenires
of gravity of these doublets comcide, amd the identicl value ol the
isomeric shift with respect o “'CoPd lor In-Tes and GusTey (&
(040 = 0.04) = 10 " m/s) also indieates that the mechanisms of dis-
solution of impuritics in these semiconductons are identical. The
lurge valve of the quidrupole splitting characteristic of the jron

states Fe " (34", Fe'{3d ) and Fe'(3d%sY) in o erystal fiekd of

symmetry less than cubic symmetry [07, Y8 indicates the local
destruction of tetrmbedral symmetry in crystals with SV, Ihe prescnce
of two doublets with one centre of gravity shows that the WrOn afoans
are focalized in two crystallographically nonidentical positions,
although the electron states of the impurity in bath positions are
identical, judging from the coincidence of the magnitude of the
someric shift, A similar situation exists for example in the cise of
neutral ion atoms Fe'' frocen in a matrix of solid C4 ¥ [97]. On
lovwering the temperature the “intermal’ iron doublet in InsTes and
Ganley coalesces with the external doublet [%), which indicales
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al enerpics cormesponding these wo

that the values of the inter
sttes of the impunty atom are extremely chose, and ti
barcier from ong stale o the other is small. Acco ding 1o evaluations
[96] this barrier s —10 ‘e¥. An |n-..-~||:-_-||..-.m ol
splitting of NGR spectri of iran in IngTeq and 1.|
the intensity of the “internal’ doublet with less spli

hie Lemmsition

e guaddrupole
e, showed that

o i the CGioaTes

disordered phase decreases, whercas in the fe-phuose of tngTes this
v therelore be assamed that

doublet is completely absent [, Dt
the non-cquivilenee of the positions of the
manifested only under ordering of the &Y

|'l|.|'\1||!|'\l|1"' il III\F"'IIII"- ALEFTS ol
i tletected in the

oy impurily aloms s

The presence of TWo QOBEYLEIN ilent
both iron ond manganese in In:Tey and Ga Tes ¥
EPR spectra [58]. In the EPR spectria of mongincs that hiave been
 sodropic signalks ar olwerved with

nvestiented more fully, two bro
Llh-r\.ll:;-:u‘-:-.lnj 0 ond widih 1 kOe (7.5 10 Adm) oo g = 4.3 and
widkth (L4 kOe (318 » 1ot Adm)y, and the relative integral intensity |
1 two orders of magnitude greater Lthan
4.3, The imensity of both incredscs
with an increase in the mnganese concentration. The line \|II-I-\."E1I.'I.
Practicatly such monganese EFR

3

the signal with g 1% 0

the intensity of the signal with g

ol the spectra 5 not resolved :
i all parsmeters were discove red in vinous

spectra with respect : irs
ign, 1001, which is asaociated with the presenoc

smicodiductor ghisscs
?:1II|II:I:_- plass net of l'-'L-Il nonequivalent positions, in one of which the
|||1|1n||.rx i in o weak crystal feld of . . ;
equal to 200 amd in a SUONE ficld of maal symm iry L o
The NGR spectroscopy dota may provide information on the
as is knawn, the magnitude of
density of s-electrons at the

tetrihedrul symmetry {g-facton
4,3).

electron stite of the impunies since
ihe chemical shift & chamclerizes the
nucleus of the atom

However, a direet determination of the 1 ;
Tes From the NGR specira proved Tarly L‘nnﬂlln.-\_ The -.._|l|.|.
&= (3.58 % 0.03) =

ctron siale ol impuniies

in In;
of the isomeric shift for tin in In;Te, and Ga T,
be close 1o the value ol & for tin in the

10" mis) was found 1o il Rk

compound SnTe, which led the authors |71, 7.
bond with tellurium atoms o the

shemical
impurity tin forms o chen . in
InsTe, matrix, Meanwhile, the somenc ahiifi scale for tetrahedrally
I | |:‘-'|] where Lhe 1|\':"L'II~1I.'I'|I.'&' af the

coordinated tin constructed s .
real value of the electron density on

magnitude of the shift on the
the nucleus is obtained {taking into sccount the charge transfer I|||
the chemical bond according to [16] and also tking into decount I.:t‘
wereening action of the valency electrons according 1o o) with
are substantial for heavy aloms), gives

relitivistic carrections, which

COMPOUNDS WITH LOOSE CRYSTAL STRUCTLTRE il

LI

jpreement between the experimental value of the Fomeric
shifi

wl the calculated value for a newtral tin stom, This value is
atso close o the evaluation [102] of the shift for a neutral atom in
Firly migid crvstal matrices, The difference belween the value of & in
InzTes and CiayTey and that for tin in solidified inert gases [103, 104]
is assocuited in [75] with the effect of ‘compression’ of the eleciron
shell of wmpl

ted meutral atoms in malnces of high rigidinty when
lensaty of electrons on the nucleus increases (see Section 2.3 and
re Y}, However, the resulis

ven in | 10S] may well be the most
informative, where in one experiment the value of & was detenmined

for 5n in In=Te; and tin in SnTe, where a significant difference in
th: values was Tound (& (LB 2005 = 10 :!rl'n. for SnTe and
o= (L9 = 0.05) = 107" m/s for tin in In:Tes)

When investigating the NGR spectra of iron in 1n:Te; and GasTe,
it was discovered [95)] that the value of & is close 1w that for Fe'*
ions. The authors of article [72] s

grestesd that iron in these crystals
i5 present in oa state of chemical bonding with atoms in InsTey
andd Gy Ty, Meamwhile iron introduced in g CdTe crystal, which s
ol similar structure, and situated in the btter in o cadmium substi-
tution position wnder a practically identical degree ol

narge ransler
differs from the value of the Fo isomeric shift in InaTey (b = 0,33 »
10" and 0,42 % 10" mis respectively st 7= 300K}, This is hardly
in agreement with the assumption mude in [T2]. The latter also does
nat agree with the thermodynamics data (see above). In article [95]

starting Troam the assumption that iron atoms implanted in a InsTey

and CrazTey matrix are nentral, a scale of somernic shifts & was
constructed as a funétion of the electron density on the Fe nucleus.
calculited according to [ 106] for different electron configurations of
iron atoms by the Hartree = Fock method, though tmking into aceount

relilivistic corrections | 7], In constructing the scale the values of &
were used for neutral Fe® atoms locolized in the cavities of o loose
lattice of zeolites [I08], and neatral iron atoms implanted in o
matrix of solidified inen gases [104], In the first of these materials
the iron state is characterized as 3d®, and in the second as 30%45°
The af

wnd Ciars

ementioned caleulations show that the iron state in InsTe,
ey may be very convincingly interpreted as a 344y stote.
O course, a5 in zeolites, the change in the clecron stute of &
newtral iren atom compared to its siate in a free Fe atom should be
associated with o “compression” of the electron shell of the aom by
the mutnx in which it is introduced

Thus, Muissbaver spectroscopy of both tin and iron gives resulis
that are in full agreement with the assumed neutrality of impurity
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atoms in eryvstals of InsTes and GagTes. However, on aecounl of the

= isomeric shill correspond-
]
wilrcdd S0 and

closeness of the experimental values of |
ing Lo the ionized species 5n°" and Fe
! a clear choice between these Iwo virinis,
rovide
bBelwaeen

. and u
Fe", there is no longer
Data on the temperature dependence of quadnipabe splitting
ence of the absence of chemicil bom

more specific evid
the imparitics and the matnx

Irt the aforementioned articles [95, 96| the temperature evolution
of the specified two NGR wron doublets is investigated, 1 was founal
that the “intemnal” doublet substantinlly decreoses in intensily an
process being completely Teve rsible.

lowweering the temperature, e
X W, amd was

The activallon cnerey of this process s mesured in |

: ¢ : i Pl i
found to be extremely small (1% 10 eV The authors of |96]
by mieration of iron atoms belween nonequivalent

explain this elfect
pclivation encrgy il

positions, sssuming that such a Jow migration
{ anly in the absence of o chemical bond

an |||||1;III|:\- aAlcAam may ©x
between the impurity atom ond malnx
camples during prolonged anneal
in the intensity of the NGR

The surprising case with

which iron volatilizes from doped s
inge, which is reflected in a decrease
spectra, 15 also noted in |96], This 15 also evidenee of an extremely
weak bonding of iron atoms in InsTey and GagTes lnitees,
(Hher spectroscopic investigations ol the doping of IngTe;
which also uncguivocally

and

Ga-Tey ervstaly hiave been carmied oul

3 [ e atoms
paint to the absenee of chemical bonding between impurily atom

andd matrix aloms

¥.ray cmission spectra of InsTe, and GagTe
compared with a numbser of Hn compoumnids I‘._'mﬂ-. SnTe,
(06, 1t wirs found that the chemical shifts L, and I, of the
sre coinciding and exceed the values

doped with tin are
mj in

arthcle |
i fines in In=Te, and Gagle;
of the chemical shifts Tor Sn0s and SaTe. In 5oy, which may to a
desd 55 an jonic compound, Sa hoas a
2, though

1 ¥,

pood approsimation be reg
of +4. Tin in SoTe formally has o charge of

clur

since the depree of fonicity in this compound is less thar

elfective Sn charge & =1. The chemical shift for tin dissolved n
T-Tes and GasTey is substantially greater than for tin m Sale.
which indicates that the degree of charge transfer from tin is sub-

sinntialiy less than unity, On the basis of these data it may be

usserted that the <tate of tin in InyTe; and Go; I

the state of a neutral atom that has not lost its vilency clectrons
In [110] o swdy is made of the IR absorption of InaTes doped

Mg, Mn, Co, superstoichiometnc

[Nl liast close 1o

with various impurities {Cu, Fe,

COMPOLNDS WITH LOOSE CRYSTAL STRUCTURE

In) in different concentrations in the limits of the homoeeneity
ns of the corresponding allovs, The authors |11 showed thi

with iniroduction of the impurities, the

lattice absorption mixima
are weakly though wniformly displaced, s monstrating thait the bonds
i the InaTey matrix are distorted during insertion of impuritics,
due Incl_|-.||r-el.-\-[\l.lcl.'rllculu However, alwd wption hands correspomnd
ing to Te-impurity atom bonds or indium of & different valency do
not appear. The bond distortion that is ohserved in IR absorplion
expenments 15 obviously the result of local chang
bonid en

red in the In—Te
gics in the InsTey matrix, as a consequence of distortions
of the lnthice in the vicinily ol
above)

the interstitial Impuriy alimms (sec

wan found that the photoelectron spectrum of indium during de pang
of InaTey with iron and tin s disploced by 0,15 2 0,066V, which

¥ I - = i
Phaioelectron spectra of InsTe, are investipnted In article [72]. 1t

) A
corresponds Lo decrease of this magnitwde in the bindin

B oenergy of
am electron, This experimental resull is thus in qualitative agreement
with the IR spectroscopy data [110] amd that obiained by thermo-
dynamic caleulstions {Section 2,41, 1t is important that new hands
compired o In;Tey, which might indicate the presence of some new
electron stutes of indium,

are ol dhiscovered in the pliotoelectron
spectna alter doping
An investigation of TR spectra of allovs from a svatem of sol
1 . ] h ;
solutions of CulnTe;—IngTes, in which copper is knowingly present
in substitution positions and s chemically bonded 1o tellurium atoms
| \ 1| nd 1
[, was also curried out im [110]. It was found that the 1R specita
of alloys with bonded copper differ completely

[rom the spectra for
slloys where copper is inseried in the InaTe, as an indlependent

impurity. Using these data as o basis, the authors [110] maingain
that impurities introduced into InsTe, as individual impuritics {over
the crosssection of the termary svstem [no

nmpanty ) div

and are presenl an i

e in chemical bonding with telluriue
nomonized, slomic stnte. 1t wie noted that the

I ot propertics
in the IR absorption of In.Te, with impurity magnesium are prosbalily
connccted with the nonequilibrium state of the investipated alloy
I sm investigation of piositron annihilation oo .m.';l:.-ul.:m Dk htyvar
and Rustamow [111], it was shown that only o small ]1:|.'-|h|:|!i-.1|1 of
mpunty copper in InsTes i5 apparemly charged. This Traction & ol
the arder of 0.1% of the total number of impurity stoms introduced
in the crysial, the remaining impurity atoms being

harged.
As mentioned above, the data used to demonstraie the dependence
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i racdil ©
of thermodynam dissolution .I.'..|:|||:|-.1._-|-. .I-|| III.“II_“I_IIIIIH.1|I:iL|I::, 'n:
fmpurity aloms in In-Tes and Cia I\-.1.|x u..l.u.: | .I1 I...‘ Im:“”m
various types of spectroscopy, merely dem |1-..|.||;I ,|,“.:..| |'||';|
aloms do not chemibcnlly react with .|||.||!'I1. ..-.I.-.||I|'.. |-.I\.n1hl-. ;mr‘“”h
exchudle the possibility of chemicnl interaction betwed ;| i
atoms themselves, There are a number of expermment ested
ating

- (H [l This wiis &
ndiciite such an inlerachion .|1\|l.|||.-ll-||.x takes place. 1

2 0 sl
for the frst time by the authors of wrticle |112] when inve
i o i,
EFR spectra in InaTey with cxcess indll
B
ot 3 L
1 1§ 107" m ) and antimony as impurty (=3 0 m i showed
I. . . y PLEE FES[RINSE

= wyiic susceptibliny
on the lemperatire e !"-c|1n.||'||l.l.- af the maEnehic SuUsce] s
wTes [113] containing excess superstoichiometric gailiuim

Five i [rlEim
ihat only o small fraction of these atoms give & paem
(=107 m ), and the overwhelming proparion

sihors [113] nssociate this

introdluced

impurity atoms do po wmiribute, Th il
epperimental result with o charge transfer of gallum in the W -
g : * 1 | . iy
and with @ compensition effect However, ns already menii

beove, data on the thermodynamics of dissolution a8 '\.\:rll ~|“||':I::::L
seattering of charge carriers indicate the nbaenice of hhy w.ll'l.:*\ i 1-_u i
effects Meanwhile, this very intercesting result [113] m-n_.n. i

intersetion of superstoichiometric galiium

weted as a resull of the .
!~:l:1.L|||I|||m|.\ alonmes with organized clusters of |1-.||1'|||I||x- I.||I15~|1.:I \:\:1-.
Ga—in or Sbh=5b bonds, accompanied by thi -'-.-l.||'u||1.1_. I‘.. _“|”.“ ;
pensated spins of peelectrons. I |I.l. .{"\Ih.'l Il.i.h.'l“'-:”!I 'I"-'::'-;:::1I"'I-1';:hr"1l;l
magnetic particles are molpted Gia” and 5h° aloms v:‘ = 1.“ i
binding enerpy between impunty aloms localized n two ad)

W es is vEry sma il 1 cominbution the total imternal
acance E

nErgy [ the crystal may bBe fgEnor Al the same Tome, TR
Enerey o g ih i I b1

arpchy determined by t
petic propertics of doped samples are largely determine
el ;

I -l ! ractwn
rmation of such two-clectron bonds. Evidence of inferac :
i 1 q i 2 LT T
between |||:|||'|rilu-\. and] e formation o clusters may als l|-: i :
‘ : o i, T2, B . hown that
from the result discussed in |58, 7= K], where it 1s \:1:; iy
rakire | 1 -
ferromaonetism s detected up (o @ lemperaiur i Bl in the
Crromg 1] : e O ealbr
phase of InsTesFe, doped with iron (x=0.107) The formation
b i VENOINAETan Im o walenl sem
similne clusters is a fnfrly common phenom | .
A " | B iEraton
anductors [ 114]. Although no specific investigations an e e
i \ Ty have been carricd oul, the
e existence of such clusters.

of impurity clusters in In-Te; and G
available results evidently point (o1 :
e combination of experimental and theoretical dats

f ity
 asis for muintoining that the sverwhelming propertion of impy

-alize chinmelne
soans ] superstoichiomelric aloms arc loealized in stolc

thus proy e

COMPOUNDS WITIT LOOSE CRYSTAL STRUCTURE

vacancies of Insley and GingTe, erystals in an unionized, alomic
stote. in which conncction the formation of clusiers of Imprity
itoms i possible. The fact that the principal dissolution mechanism
in InyTey and GasTe: is determined by 1

enlization of impurnity
atoms in 5% in an atomic state obviously does nol exelude
in |77] {see Section 2.

. a5 shown

2}, manifestations of other equilibrium mech-
dmsms involved solubdlity. It should be moted ot the saime lime

that even neutral impurity or superstoichiomeric

atoms,  wiblsoat
introducing additional electrons (or hole

ol course produce dis-
tortions o the aitice, and by destroving s periodicity lead 1o the
appearance of permitied local states in the encrpy
of traps of this type is investignted in [115],

rap. The formation

In [95] it was shown that a fuirly weak thoush st
corresponding (o the iron state Fe'*

ble signal
& detected in the NGR spectra
of In;Tey and GaaTey doped with iron, The question

areses of the
mechansm of formation of Fe'

during In;Te;~Fe and Ga-Tey— Fe
cross-section doping of the corresponding tem

the pessible variants from the crystal-chemistry

V syslems, Cne of
ASPCCL mw Insertion

of wns in interstitial positions or in SV, Such 5 varant would

hewever confiict with the fact that Impmar

v conduction does ol
occur in this con

cetion. It is most hikely ihat o small proportion of
the iron impurity replaces irivalent

connection indium |

fium {or gallium), in which
illivm) atams displaced from their sites are
locilized in SV as if they were supersioichiometric,

The compounds GasSes and Ga-5
ervstal chemisiry 1o

which dire smmilar as reeards
v aml GasTey and have, like the latter.
one-third 5V in the cation sublsttice, have been studied in much |

detail than indivm and galliom tellurides

With regard o GasSe; it hus been shown [6] thar, irmespective of
the purity of the reacta

[ig. 5,8

nls from which this compound is synthesized,
its electrical resistivity is very high, However, ihe femperiture depen
dence of the latter shows that intris condwction starts absove
SO0k, 1t was demonstmned qualitatively in|6d] th

[BOHES

at whatever assump
c made concerning the depth of the impurily eneroy levels in

the energy gap and with any reasonable AssUmMpPlons conceming
the concentration of uncontrolled impurities, such a low electrical
conduction and its closeness 1o the intrinsic conduction cannot by

-
casured if all the impurity atoms form chemical bonds with the

matrix and can supply electrons (or hales) Thus, the clectrical
activity of the impuritics is substantially suppresaed in GusSey, On
the other hand. it is clear that so

¢ of the impurity atoms in GosSe,
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are undoubiedly fonized. Inarticle [116] the authors provide v idence
from EFR dats of the presence of jonized impurity iren in CinaHey

give any estimnte of the proportion of these

though they do nol
states relative 1o the wotal amount of introduced impurities

Ihe doping of Ga,5, erystals has hardly been studied at all, The
authors of article |1 | interpret the iron NOR spectra obtained by
ihem in GiisSy a5 Fe' ' . A specific analysis of the possible stale Fe®
was not given. The number of centres producing a spectral signal

wits alse not estimated, EPR spectra of mangancse in (insS, abtained
in [117] were also interpreted as Mn * Such an interprotation is
prvhakbly reasonable, though it should be borne in mingd that the
spin slales ol wMe® and Mn®® are identical. and o s thercione
difficult to draw an unambiguous conclusion. 1L is striking that the
superfinge structure of the EPR spectrum of munganese in GigS, 15
already detected mt 7= E. This possibly points 10 a decreise in
the spin-phonon coupling, which might occur when d-electrons are
sereened by y-electrons of the outer Mn shell, if Mn" keeps s
s-clectrons,

The clectrical and optieal properties of doped (ins5,y crystuls
which could help to provide an estimate of the conceniralion of
od centres, have nol yel been investignted

Thus. it should be regarded as established that in crystal of GasSe..
Gin=5y and even InaTey amld L 33+ Few, al least a certain |'|-.l["'-'|1iilll il

the impurities is fonized. This is o direcl consequence of the resull

[77] (ef. Section 2.3} aceording 1o which if vorious dissolution
imechanisms are possible. then all necessanily exist, and the relative
amount of impurities localized in the lattice according o one or
ather mechanism depends very critically on the internal energy of
the corresponding type of defect

Comparing tellurides, selenides and sulphides with 5%, thre

impartunt facts should be noted. Firstly, the erystal-chemisiry stes
tellurides. Secondly, the values of the

of the SY are greatesd
diclectric-constant £ sre also greater in IngTey and GasTe, compared
10 G35, and GasSey. Finolly, the shear modulas G of tellumdes 15

less thar
|76 {Section 249§t follows that, with an incredse in Ry, a decmei
nstant, (he energy corme

in sulphides and selenides. From a theorctical examinatin

s in the dielecine o

in 7 aned an incre
sponding to localization of a ncutral atom in i VG decreases,

TEARCS.

and the energy of the lonized (Molt) cenlre i
In In-Tes and GasTey the difference in the energy of inserted
unionized atoms and the energy of the Moll centres 1s therefore

COMPMIINDS WITH LOOSE CRYSTAL STRUCTURE 7
Inrg e B - 17
ke : since in accordance with [T7] (see expression (2.100), the
cuumlibrivm concentration of the later is vanishingly small. In sallium
s lenide | e BE u i " b :
elenide (GiasSey), ond panticularly in gallium sulphice (GasS,), the

eneroy of e inserie 1
A the inserted stom increises, while the cm

NEECA atom decreas o !
i 5. In nocordance with (2. 10) L [
F- this leads o i

nss i i
2 in ihe fraction of jonized impurities in GasSe, and Ga.5
compared to InTey and Ga-Te, o

T'o conel 5 S |
Ia. II-.|L. this section, we would point oul that impurity stoms
nol i o) ‘hemic I n
I:'l ulved in chemical bonding with atoms of the crvstal matrix
are detected also in other crvstal bodies

e anomalo “ak
dependence of the Hously weak

sl

b electrical conduction on the concentration ol
';-.-I'\'“I“d- was noted in article [L18], in which the semiconductor
Sca8y. which has o sodium chloride erysial lattice with SV in th
cathom sublatthce : ot

Wik : "
15 doped. 1t was shown that in the eqguilibrium

e a i i
state, the impurity iron atoms do not form chemical bonds with the
mainx sioms and are \

e . .!'l. 'ﬂ.'rl.l i an wrionized state in zeolites [119),
B o covities exisl in the orystal lattice. Tt was silsa
shivwn that .In-:lrn!_--:n atoms, which have an extremely small erysial
chemistry size, are localized in inmlerstitial posilions in germ, u||;-m
and silicon, and remain in an atomic state [120]. In all x;||1-.'|.-.|~l--
known 1o s mmpunty dloms i crystals dre either fonized or 2
chemical bonds with matrix atoms. o

form

It is known il (] minns K Lt MCRCTVE i
k v 1l th | -
[E Irinsic conduchon s presemved inosemi

conductor glasses dope i
of glasses doped with impurities. We do not intemd o provid
un analvsis of i y

W . b
i : mous models of this phenomenon, but would
enlion tha - | - i i
1at one of the probable mechanisms is the localization of
Impunitic 1 ,
mpumnics moan umoneed atomic state in covities presend in the

matrix of semiconductor glasses [76, 121]

3 COMPOUNDS Wi

1 LAYER STRUCTURE

LA Laver Stevcturex amd Phvsical ©h

wsiry af Tedercalation

Layer-type ¢

. =type crvetals, o clissic example - .

] ' ey ample ol whigl rrapliite
reviews [ 122 I b s graphite

; a0
SR, 1.-1|.r. are included among loose ervstal structures, The
ucture of many crystslline compounds with a layer-type lattice

may a0 be interpreted in lerms of stofchiometric structural vac In -‘rl
((CAO), (PBONL, (NBO)Ses, (Tam)Ss, Tl(50), Ags(F '|I|:Iitilmt;lu
3 ' v b}, sk} 1 2y,
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ete.). Compared to erystals of (IngO)Tes. {Se-0)5,, Y00, and
struetures similar to the laiter, where SV are distributed — ordered
or disordered — but necessarily three-dimen jonally among the sles
of the cation or anion sublatiice SV in erysials of the type Phis,
Mb&, o Ty comprise vacant Livers unfilled by atoms, Each such
SV layer is split up inlo three-layer packets {(I-Ph-1 or N=5-
13, or fve-loyer packets (for exnmple Te—Bi—Te-Bi- Te), sinee
strong jon-covalent bonding, and very ofien akso metallic bomding,
cxists within the packets. wheress anly weak van der Waalls forces
acl between the packets, through the layer of stoichiometns
vacancies. In addition to the aforementioned types of layer siniclures,
compounds with four-isyer piackets also cxst (for example L,
where bonding between metal itoms Gocurs in the packet S—0a
Cii—5). The simplest ond most comprehensively studicd layer stric-
ture is graphite, which hos single-atom packets and comprises i
network of covalently bonded carbon atoms sepe ted by van der
Wauls spaces. The quasi-two dimensional structure of the packets
resulis in g number of particular fealures in the electron and lattice
vibeation spectres (see [122]) In the present review We shall mainly
discuss the phenomena resulting from the structural loosencss ol
Inyer-type compounds, which is most cle exprossed n the mter-
culatson efiect

A investigation of the interaction of suc h lver-type crystals
with milecules forgimic and inorgancl, atoms and ions of different
chemieal natures showed that Toreign molecules and atoms mn cgul
librium are locabized in inter-lyver gaps ol the fover-type cryvstals
[124=127]. The penetribion of forcign molecubes in interlayer spaces
weeompanied by the formation of an ordered structurc with & corre
spondling incredse 10 the lottice pi |1-_ri1c'||||n.||'::|| [T
laviers of the initial crystal is known as intercalaion, anil the resuliant
compounds are known s intercalution compounds o1 interstitial
compounds, As in olher sTruclures with 5%, loreign v -cules wnd
atoms are accordingly locilized in lattice cavilies The similanty of
the behnviour of foreign molecules in layened structures compared
10 erystals, where the 5Y are distributed over the volume of the
erystal, is apparently confirmed by this. generally speaking, important
analogy. In actual fact, the distritution ol isolmbed impurily sloms or
molecules in inlerlayer spaces is enerpetically unfavourable compared
toy thetr localization in e form of an ordered phase, This is illustr i
by the dingram in Figure 19, Figure 15Ha) correspomn 1% 10 the case ol

mislecules individually localuzed inan imerlayer space, whilé Figure

COMPOUNDS WITH LODSE CRYSTAL STHRUCTURL

19(b} corresponds 1o the case where they are localized in the form
of o compact ordered phase. Figure 19b) also illustrates the process
of intercalation by penetration of molecules into |||rL'|||l.‘:||'\..l'ﬂj-:‘-
.|!|\_'.|-.|;; in the form of a ‘finished’ phase, which ._|1||n.||_|:}l:::-- |I.|I1IIL|;-I-
plisne incorpornted in the erystal, and the transition region 1|.~|.'|| ::1'.|_-

undistorie I e
idistorted initial erysial 1o the also undistorted region of the inter-

calation compo engith )
pound (beogth L) s anulogous o o dislocation hine with

Burger’s vector of the or | 1 Al ried
| e r af th ber o |
¢ onder of th e ol the inserted molecule

We shall evaluate the elastic energy of the system in cases | 1
(B}, ipnonng anisotropy of the she ar modulus G, Accor .Ilnn-- |..: I| 1II‘”':|
:I,J_:_; i:‘:'-;f—'.‘ ‘!‘I\'lmlllf-ll |l.' I I|'- of the limear dislocation |.-.'||I|:I' = W
e »where v s Porsson™s coeflicient { ~0.3) and B is Burger’s
vector, which in the present case is identical to the linear size -.|:-Ih -I
Ill'\-i'lj‘l.lll-lh.'t! malecule. With a length & of the “lorced’ $|'i;||';-l :l
mercalntion molecules i the stal (Figure 19b) '|1|-‘|:i| ;l 1-
sssumed] that the regular distance between the inicr .||.|.I1|I'-||L|1;|‘-|-' ul jk
in the ordered phase s fa (where o is the interatomic spacing i I|‘T
imiteal layer erystal and [ s an integer), the total number . i il

; s milecilos in
an interlayer gap in o crystal 1om wide is A/}

If the molecules

are b distibuted individually in the imerlayver space, producing

astic . a1 this
elastic stresses, then their total energy in the loyer is, using (2.13)
exprosacd a5 W= Batih 3l e . aies i

The ratio of the two energies s

W.IW,

Figure 19 Incorpor

i
it mberbayver spac
Troni
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O eourse, the expression Tor W s applicable only for macroscopac
values L2 ag, The evaluation made above indicates unequivocally
that imdividu
spaces s disadvaningeous, and only insertion in the Torm of an
ordered intercalation phose may occur. The above evaluation i
preserved in the case where the intercalation species form chemical

YET

| r\\'|'|\_'|!'i||r|l'\lll ol il'll.l.'ll'.l.lll.|1|"'ll II'II'\II'.'IM'I.III.'\ ike ENTErE

bonds with the matrix. In fact, as investipations have shown [129]
the increases in mass and changes in volume of single crystaks of the
layer-type material Phls that occur duning implantation of inter-
calation molecules do not obey diffusion equations, The conclusion
that the pencirntion of forcign molccules nto o layer-type matnx
oceurs ol by diffusion of individea! molecules, but by the advance
of the ordered intercalation phase front over interlayer spaces, is also
confirmed in a8 number of |||n.-.'-li!'_.|I||'-||s- by X-ruy analysis amd
spectroscopy methods, as well as wath the aid of microstrciung
investigations and direct observation of the propagation front of the
phase [129=132]. This process is very similar 1o the effects of surfice
Mow and the formation of phases by surfpetant subsiances | 133)
Both polyerystalling and monocrystalline samples of layer-type
materinls disperse in oa smilar way to thit which occurs in the
interaction of surfactant substances on solid-state materials dunng
mtercalation [26, 127, 129]. In [129] it wis found that 4 very. small
pressure of the order of X0-400KkPa on layer-type single erys
suppresses the penetration of intercalation molecules in the interlivyer
gaps, which can be interpreted in terms of the known Griffith’s

moddel with the formonon of cracks duning the advance of ih

imlercmbn o r||1.l + Lrowl

Intercalation oocurs during sccommodation of the matnx bemg
placed imo o gaseous or lHguid mediom contsining molecules ol
uits, When the intercalation phase front reaches the bound-
ey of the crystal, illing the whobe available interlayer space, siresses
are absent inthe layer-type packets. From what has been said above
it is clear that, from the paint of view of minimizing the internal
encrpy in the equilibium intercation structure, the formation of an

ordered lyver is advantapgeows compared 1o the insertion of isolated

maolecules

* Il the spplicd wniavial pressns i ¢ e peneITEHy
erlayer go J 1ol an 64 feala
mcnts of the matris crial. This phem

T umusnl JER T v Lhe imdier i
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Ance equilibrium exists between the medium amd
compound being lormed
by equality of the ¢

the intercalation
the condition of equilibrium is determined

ucal potentiols of the intercalant in the
medium i, and in this compound pg. Assuming that the cocificient
of activity in the medium is cqual to unily, we have

i =y = iy + BT InVy, (3.1}

where pg, & the standard chemieal potential and Ny is the

fractiom of the intere

mirle
ol i the medium when cquilibrium exists
hetween the medium and the intercalation compound. Fros
15 obwvions that, when the eonceniralic

R ERT
m ol intercalnnt molecules in
the medium is below the threshold value

N = exp [ TRATE | (3.2}

Ll &

intercalation ot take Mace, amd stiurts only after the af
meniioned threshold o
1

oncentmbon value s resched. Such an inter
an concentration threshold

cal

e el hirs in fact been detected by means
of IR and UV spectroscopy, in the example of Phly intercilated
from solutions of various amines in benzene [134]). The temperature

|I-='|1-.'.|',||-.'|'|u' of Ny has been invest thus enabling the inter
calation enthalpy and entropy of ber of compounds o be
~1|.'1-.'||'.H:|-.'-.J. since under isobaric—isothermal conditions Wy — 't

(M= Hg) — T(85 — 505, where . Hiy. 8i0 81k are the malir l.':llll.;||11.

.1II-.| entropy of the intercalant in the solid interealation phase amd in
the Tiguid amine respectively. Some examples: for aniline in Pbl.
AH Mt 2 klimole, AN Sl =6l mole-K; for the -.-.-rupnu.‘hi
Pblypyridine., AN =—9+2kiimole snid AS 12 = 7 Jiminle-K
for the intercalation compound Phl. with Mpenchne, A M N
||.|'.I||-‘-|-.' il AN 73 % 33 Nmaole-K. Mutching values are also
obtained from data on the deintercalation th shold, as well as from
thermogravimetric datn

I'he existence of o threshold concentration

nlsoy shows that the

mtercalation phase is formed immediately

'\.I'-ll'll'l:_' LAl 4] |'||'l|'I BN

Thus, the nature of the incorporation of foreian mioms i maal

ecules in loose layer-type siructure lnttices is in principle different
from that of lattices with & virlumetne distribution of cavifies: the
intercalation of laver-type structures is associated w ith the for |11..4s|.1||
of intercalation compounds, Intercalation by electron-donor ntoms
{metals) ond molecules (amines, amine acids. dimethyl sulphoxide
ete.) has been studied most [126, 127, 135, 136] -

Electron-donor mao

ules form intercalation campounds with laver
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mtrices of the type MeX: (NbS;, TaS,, TiS;, NbSes, V5., HfS5;,
Py, Bily, ete.). Equilibrium intercalation (without involvement of
external factorz) of such matrices by electron-acceptor molecules
evidently does nol ke place. In [137, 13%] it is shown that AgsF
and TS matrices with three-layer packets reversed compared to
MeXs, where the atoms confining the packet are metal atoms, in
fact form equilibrum intercalation eompounds with electron-acceplor
molecules {benzonitrle, nitrobenzene, tetmeyanogquinodimethane,
tetracyanocthylens)

Ciraphite is seemingly a unigque matrix, in which both electron
donors and electron acceptors can be successfully imercalated [139]
Layer-type matrices may be als (WbS., TaSs, Ag
semicomluctors (Zr5., HiS:. ThLS, eic.), though the capacity ol
matrices for acceplor or denor intercalation is determined only by
the siructure of the packet, i.e. MeaX or MeX:. A classification of
layer-type intercalated matrices s given 1 the review | 140]

During imtercalation the packets (matrix—host layers) preserve
thitly

=, ela. ) or by

their structure or, al least, the structure changes only shig
Molecules or atoms implanted in the interlayer spaces increase th
Inttice parameter perpendicular o the lavers, according to ther

erystal-chemistry sizes,

For example, in the imtercalation of TiS; by steramide molecules
7). The increase in the
lattice parameter in the dircction perpendicular to the layers is the
mlion. Inter-

the lattice parameter increases by 30 A |

miost characteristic strvctural manifestation of inte
calation sharply increases the conduction anisotropy [141]

Single crystals of intercalation compounds can be successfully
grown [138, 142]. The formaton of intercalation compounds 15 con-
trofled by the formation of chemical bonds between the guest mal-
ceules and Jayers of the host matrix. In this connection, in the case
of intercalation by electron-donor molecules charge ransfer from

the latter to the matrix occurs. This s momifested inan increase in
the concentration of free charge carniers in the conduetion band
| 143, [44], changes in th
donor wmino groups (TR spectroscopy of interealation semiconductors
| 145]1, inelastic scattering of neutrons in the intercalation layer-typ
metals TaS: and KbS: [L46], and in the lumincscence specira of
ntercalation semiconductors [147], 1t was shown that, duning incor

he vibration frequencics of the active electron

sctron-donor intercalants into graphite, the intercalants

poration o ¢
domate electrons, while the electron-acceplor molecules remove
electrons from the matrix [124], Crystal-chemistry evidence of charge

COMPOLUNDE WITH LOOSE CRYSTAL STRUCTLRE

transfer from the donor intercalant 1o ihe matrix also exists. For
example, in article [148] it is shown that the increase in the interlaver
v in the intercalation compounds Meg (NbSs (where Me = Ti, V.
Cr, Mn, Fe, Co,

the implinted int

il Ni) accurately correspands to the fonic radil of
ks in the vales
crystal-chemistry analysis i complic

{ L

cy state (24), Such a simple

ated in the case of intercalation
of arganic molecules since the latter tend 1o contact the host matrix
layer ”II-II-L|I an active donor group {(for example a pair of clectrons
on the nitrogen atom in the amine group), and accordingly in a
number of cases intercalated aliphatic molecules are arrnged ot an
o the matrix layer

Molecules in the interlaver space can interact not only with th
matrix, but with one another

o
AL small intercalant ||1Igr-|'|.g._||1"\
this interaction leads 1o the occurrence of covialent bonding betwee

the IIIL*"f"'iI- ed molecules (ree [ 126] ), and the formation ol .|l..||.-|-.-||

bonds in the intercalation of Py has been detected [149), At large

intercalant interspacings in o given interlayer space, as well 1 in the
cise ol inferaction of intercalants vin the matrix laver, there is no
overlapping of the wave functions of the itercalited

mudecules and
the comparatively weak long=range forces play a major role

Superfattices’ and Efevtron Properties of In

L B
In principle. it is important o caleulate the interachion of intercilanis,
since in fact this lends to ordering of the litter und essentially
determines the stoichiometric con
poanads. Incach given matrix—interc

sitions of the intercalation com

il system several intercalation
compounds with different stoichiometric concentrations of inter-
calants in the matrix may exist, These intercalants, being arraneed
in an ordered manner, may form o two-dimensional superlattice in
the pline of ihe layers, with o period ma, where @ is the lattice

paramicter and & is an integer [136, 150 I51). In anodher ordering

tant the imercalants are not arr wged in every interlayer g

. bul
mstead i altermaie ERICCS, CVery two spaces, cte. (so-called inter-

calation “steps’)

Several examples of ordering in intercalation compounds are shown
in Figure X, Various observable distributions of unfilled inic rlayer
spaces and spaces filled by molecules are shown in Figure 20{a) with

the cxample of graphite, in which periodic alternation

one-
dimension

| ordering — exists (see [124]). Figure 200b) illustrates
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Figure 20 Examplos o

the two-dimensional ordering of intercalation |1'||I‘-|-..'\.".I|:" with the
example of the layer-type compound Pbly (see I -.4||I|. ——
Saphran, in anicle [152], investignted theoretically fon tn.|
time the matrixs=intercalont phase dingram for the case of a Ill.-lml
with metallic conduction, similar w0 graphite or NbSe;. involving
the occupation of various interlayer spaces, In his investigation

] LI Lt &t Ll L8 i e
I ! Ll 1 the model Hamilionian 10 con
I"‘-.,"lll II|| el 3 M L k

mentioned phase diagrim

where 1 is the chemical potential; the second term describes the
{ imterealution atoems or moelecules arrnged n the

weak atiract rar :
; ! 4 (3.3} describes
ith laver with occupancy number o7 the third term in (3.3} descr

the weak repulsion between intercalants prescnl dhfie n. |:' IL\-.|-
i and J. The polential ¥, — £ {where £, & the l..tl‘-l e between
the lavers. + = 2 or 4) should deseribe elastic repulsic 5
cal caleulation made in [152] showed the existence of phases with
: periods 2oy, Mg, deg and Sag. In this medel it was found

The numen-

superlalia T / -
that ithe phase concentr: iton regions are Very marmow |'|II"' 15 o :
nected with the fact that the principal contribution to the mterna
wooof the svstem, namely the Tormation of an intercalant — matris

ENETE
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chemical bond, s not tken nto account in the H: il tonian (3,35, I
intercalation of o semiconductor or dielectrie laver- “type malrix is
invodved, then the extremely srong Coulomb inleruction between
the chorges transferred from the intercalant to the matrix over ithe
whole volume of the erystal also have (o be token ino aceount
since in non-maetallic matnces there is 4 no screening by Iree carriers.
Yy demonstr

ted in article [153], during adsorption us o COnMSECUEnce
of repulsion of parallel dipoles |

rmed ms o resull of charge

insfer,
the transferred charge itsell decreases,

This obwiously leads 1o g

decroase in the bonding enetgy of ench given adsorbed molecule
with the surface, burt is compensated by an increase in the number
of molecules on the surfice

My above effects have been taken into account in the relevant

theory [154, 135). The Hamiltonian of the syslem is wrillen in the
-
Wrm

H = Y|Esflq) - phy + 112 5 Viaqagoum, (3.4)

whero ;88 the magnitude of the transferred charge of the intercalunt in
the fth layer; E.(q) is the energy of the ionic—covalent chemical

bond of the interealam with the faver, which noturally depends o
the degree of char

1
ge transfer; 1V is the encrgy of the clectrostatic
mteraciion of charges § and

e 1 | [
ey LR Ry 4+ Ao

(3.5)

where & is the distance between intercalation molecules i and 7 in
unils of

* is the charge of an electron. e is the dielectric constani
of the material, and A is the distinee between the clectron density
maximin of e |'||“1|||‘||. ancl ne
f

ative char alter charge transfer

ant to the matrix (Figure 20a)).
The Haomiltonian (3.4) s formulated within the framework of thi

ane-dimensional Ising model, though since all the principal con

mm the clectron-donor inter

tributions 1o the ene of the system ore taken inlo aocount in this
maddel, this treatment qualitatively maintains its significance for the
two-dimensional case of ordering in the plane of the lavers

Ihe solution of the self-consistent field equations according |
Khachaturiyvan |156], obtained using a commputer and assuming that

1 are periodic functions of period ma, w ith eyclic boundary conditions
--.|I|| =11, has enabled a schematic phase diagram of the matrix-
intercalant system to be constructed (Figure 21)

0
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les,
LURTIES

CIFFEAgH;

i 5 ¥k s iEL s
The main conclusion of this model is thal Fairly be oad |'IL‘-II1x1L-.!L-.. |
: : e T o o
regnons exist, based on ordercd phases with a ‘-n,'\-tll.lll--.]. '|'|I.Il;l
: ar I wed 1
Tt dig, g, b, ele. A computer simolation o showed

. o s + the
phase transitions between commensurate phises (lor example

e or i=2—n=1) constitute second-onder
transitions p=4—s =l o =2

transiticns, wher s Iransitions betwedn nomn-Commensuran it
ansit y L]

it Ninieon
¥ mil 1 first-or ¢ ira s oS, k ul fITRs
I II.'U:II||" [l fi—=pn =4, being first-onder ransitions, 18 LI
i i L 7 i 1

vin o completely disordered state, namely “melir
As i adsorplion phenomeni. a decrense

¢' of the system of

mabecubes within one Ly ; . A
e . ¥ cule o

y ihe fraction of the tramslerred charge from the donor mole
s chimetn

the matrix is observed during intercalation, when the s o
) | . g BT S i

concentriation of the intercalant in the given system increases. L

o il molecules

is shown by IR spectroscopy expeniments o iniet i
in Phl |1 -':‘|| and from X-ray spectroscopy data in “.IWILI:-.:I.h T- .|I.- .
[157]. The clearest demonstration of the dependence |r|. hi -. xl1_ .....
transfer on the concentrition of intercalant in the kayer
article [150] where, taking the

o charg
may well be the resulis given in N i
example of the layer-type eompound TaS; intercalated by van

4 y # + g % of
metals, it is shown that at comparatively small concentration
e jonized, and at large

imtercalants i the layer the intercalams

concentrations the transferred charge is app

rently equal to zero. In

CUMPOLNDS WITH LDOSE CRYSTAL STRUCTURE b

this connection, o covalent or metallic bond ix probably formed
between the intercalupis. The absence of a chemicul bond between
implanted atoms and the matrix should be compared with the effect
ol the insertion of unonized impurity atoms in a lntice of the ype
In:Tey [74]). described in the previous sections (see Sec
strnilir

4

effect wiss also observed by Bogomolov [119] in connection
with the incorparation of tin, gallium and mercury under pressure in
the free channcls of loose zeolite lattices

The theoretical constructions in ariicles | 154,

155] are also in
agreement with the experimental fact of the existence of several
ered phases in the given intercalant-mairix system [129, 140,
141], in which connection in fact the regions of homaogeneily of the
phases are fairly substantial [132]. In the Pbls—quinoline system at o
3 K the intercalation eryvstal, which has g supcrlattice

temperature of 22
period of 4, at room (emperature, undersoes 3 second-order phase

transhon, with on increase in the superlattice period to S, [158
1549]

The transition between commensurate phises in accornd
with the theory is in fact a second-order transithon.

One aof the mosi lerestmg consedquences of the formation of
twidimensional superlattices in interealation crystals is the formation
ol a long-period potential reliel that modulaie the intrinsic penodic
potential of the matrix. The resultant gquasi-iwo-dimensional potential
wells with lincar dimensions equal to the period of the corresponding
superlattice should resull in a dimensionsl quantum effect of the
lectron in & two-dimensional well, This has been demonstrated by
Koshkin and Katrunov in article [160], where it was shown that the

displacement of the cdge of the fundamental optical absorption
:

e

band (cormesponding to o valence-condition zome transition) that
occurs due to intercalation of Phls is in fact determined by the
quantum size effect. The short-wave length displacement AE of the
edge of the optical absorption band due to intercalation of piperidine,
andline, cpuincine, ng

L

dimethyleetvlamine and decylamine,
has been investigated. The Mane superlattice parameter « for all
these intercatation compeunds was previously determined in anticle
[136]. It was found that the dependence of AE on the quantity ¢ -
is linear and is described by the empirical equation

AE = 1000~% + 0,13 (3.6)

where AE is expressed in ¢V, and the superlattice parameter a in A,
This dependence has & outural interpretation if it is assumed that the
protential walls formed by the superiattice are Tairly high. The per-
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es of an clectron in & square well un an
nsional dispersion low arc
J - -
i 1 Y .
l 1
[ - (my + 3
m* w
is the

where f,, f, Are
effective mass of the charge camers e
¢l is of course manifested in the guanium vilen

The size elf
band s well as in the conduction hand,

The lowest permitted state for an electron
botiom of the conduction band by the amount

is rafscd above the

L . (3.8}

4 g @

i o ywered relative 1o the
[he upper permiticd state for holes is lowered
bund by the amount

ceiling of the valer
o1 1 (3.0
4 iz w

o 1 dectrons and holes
m. are the effective masses of elecirons a

deiere ey and W]
whisre my mubrix, Consic

N = | ars Of 1 Fhal
respectively in the plane of the layers of the

| puitions (3.8) and (3.9}, it con easily be seen that the light
TR TR A.0) 0 \

y J ¥ the uppcr
Juanlum Cnergy required 1o transler an clectron from M
o 3 . ¥ o
= valency band o the bowest permitted statc i

permitied stite m W
the comduction band 15
" my +oma |

4  mgyht w

s edee of the fundamental absorp-

where E and E| comrespor

tiom band in the non-mien ; o
It is clear that the short-wave length shift of the edge

ated gl intercalited semiconducton

Fesprechive by
of the absorplion band =

! } {3, 10
L 4 L R

AF = E\i + E

3 i F T
The value of the reduced mass of the clectron in Pbly, viz. my

0 8. can casily be obtained from measurements in inde
: elir @ and guaniity

{rrig 4 Figal
|1\.-|'-|I-='n|. cxpenments on the '\.1|.|>\.'||-.|Il'.u.' praram

A
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Y short-wave length shift of the ;'-j:_'_r of the fundamenital .-:|~-|||:||
fion band was discovered for the first thme by Rybalks and Milosbavskii
[161] in connection with the intere: m of Phiy films by pyridine.
Although the structural parmeters were not delermined in [161],
the detected effect can possibly be explained by the same reasons,
Simular phenomena are also observed in the inter
semiconductor Bily [162)

mied lnyer-type

The independent from superiaitice ParEmEter erm in expression

miy be interpreted s the manifestation of a dimensional

Quantization in the direction perpendicu
In this

Lo the planeg af the layers
s the width of the well & the ‘thickness” of the three
layered packet [—Pb=1, and the magnitude of the shift of the edpe
of the lundamenin ;||'|-.l.r||||.||] band due o interealation should be
writlen taking into ac

wnt the three-dimensional quantization

.r|'_||II T | iy i1 | )
o i ! T | (311}

" mym 1)

where m. and m, are the effective mases of electrons and holes In
thi direction pe rpendicular to the lavers, Since the thickness o of
the packel nsturally does nol change during intercalation, it ks

IPpropruite o e

= e second term in (3.11) to the ke peglent
term in expression (3.60. This is confimmed by the fact that, in
patrticalir, by the intercalation of piperidine, when a two

mcinsional
15 (3.0)
ind (3.11) is equal to zero, the experimental value of the shift of the

lattice is not formed (o= =), and the first term in Eojus

band edpe (0.13eV) accurately corresponids 1o the free term in
Equation (3.6}, The fact of the appearance of a shift AE Jduring
intercalation, when a fat superlattice i not formed, indicates that
before intercalation there is 0 non-rero overlapping of the wave
functions vim van der Waals spices in Phl.. The magnitude of this
overlapping 15 such that the co

esponding electron delocalization
the clectron energy compared o the isolaed liver by nog
less than .13V, Undoubtedly, this is characteristic also of other
layer-type crysials, The INCOFpRITatic

reduce

of molecules in the nterinver
spaces removes thes o

rlapping. resulting in o shift in the edee of
the fundamental band, independent of the peniod of the lar super
lattice. Sin
superlantice of the intercalation compound, discrete encrgy quantum
levels in this periodic structure are formed in the band. Such an
approich is generally ‘-["\.‘..IL..'II!'__ mOTe approprate for a crystal. The

ce sire quantization occurs in each of the cells of the
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origin of such bands may also be considered in the weak I_uul.]
approximation (see, for example, | 163]) |.|:|: appearinee of a :l: I.I
period modulating potential of a superlatice with period nuy, leads
to an f-fold reduction of the corresponding Brillouin zones, and a

¥ d o'k « pomduction huand
minor-gone encrgy spectrum of clectrons n the conduc
« preated. This aspect of the

ani of holes in the valency band is
interpretation of changes in the electron ‘\-Pl'x'lrliil1.'.1lll1li| nicrcalation
wits examined for the first time in article [163] and then in mone
detail in [159], where the change in the minor-zone spectrum |I_||r-rl%
o phase transition with o change in the period of the ‘-l.||'u.'1|--l.!ll-.:n' |.|.
the interealation ervstal Pbl;—quinoline was also studicd The re-

duction in the Brillouin #oncs was also detected during phase tran
sition in the metallic crvstal MbSes intercalated by iron, The structural

hase transition in this material is also associated with the formatic
LIS ‘)

and transformation of two-dimensional superlattices [16

ALLINE

IN CRY
RUCTURE

4, EQUILIBRIUM POINT DEFEC
COMPOUNDS WITH LODOSE &

wrinerrt Dhefects i Selios

(.1 FEq

wlics conlain paoinl

AL i temperature other than 0K, all erysialline |
defects. Two vpes of such defects have been studied nomely Schotky
vicuncies ant Frenkel defects, which constitute a pair of defects
viancy and atom presenting in an interstitial position { s
|43, 87)) . B

In order to Jdetermine the concentration of thermal defects in
|,'||u|||'lr|||||| at o given lemperlune, slis necessary o determine hrsi
of all the free encrpy of the crystal as a function of the defect
concentyanon

[he free energy per unit volume of o crystal with Ny Schotky

defects or Ny Frenkel defects is respectively
A EulNy — TASy (4.1
AF; = EgNe — TAS, (4.2)

where Ey, Ep are respectively the encrgics of formation of Schottky
kel pairs, and ASg and A%y are the entropes of

vacancies and Fr
their distributions

COMPOUNDS WITH LOOSE CRYSTAL STRUCTURE &1

The entropy Ny of defects distribuied over N Littice siles =
ASy kln (NU NN N1l (4.3

The entropy ¥g of vacancies and _"LP of intersiitinl atoms. if I|I'&':|
are distribubed independently of one ansther, is

A Sy = Ein{{ NI/ Nl N Vel (HUNRH A Nl [4.4)

where M s the number of g

lent imterstitial positions in the
crystal. and & = Boltmmuann's constant

The equilibrium concentriations Ve and N, corresponding to the
free energy minimum are, in a linear approximation

Ny = N exp(=Eg/kT) (4.5}
Np = (NM)'2 exp(—E2kT) (4.5
Es imd Ep are the equilibrium encrgies of formation of Jdefects,

which are substantially less than the characleristic encrgy required
i rupture chemical bonds during the formation of

i vacancy, sin
ifter boml rupture the erystal lattice around the vacancy that has
formed relaxes and the defect energy decreases, The quantity E;
includes two pants, namely the energy of formation of the vacancy
and the excess cnergy of the interstitinl atom (ion), which distorts
the Inttice abowt itself. This latter ferm is normally very large, We

shall examine its contribution 1o the eneray of formation Eg, assuming
that the lattice distortion enetgy in the vicinity of an incorporated
imterstifial atom AE; may be described in terms of the theory of
elasticity, as is the case with inseried impurity atoms (Section 2,3)

AE, l6mdF Rl r R i3 (4.7}

where Ry is the effective radius of the cavity in the laitice in which

an don of mdius e s inserted, 1T we gard zeolite erystals and
crystals of similar structure, where the sizes of the cavitics muy

reach ens of dngsteoms, then in the overwhelming majority of

other crystals, whose structure may in one way or another be described
in terms of the packing of ion spheres, the sizes of the cavities &, is
less than the radius of the intrinsic jons, i.e. normally J, < r (see
soection 1.3). Accordingly the value AEp decreases with an increase
in &y (naturally becoming zero at B, = r). From this it folkbows that
Frenkel pairs may be the predominant ype of equilibrium lattice
defects only in loose structur

where the elfective sizes of the

cavities arce fairly large, In fact, Frenkel equilibrium defects have
been reliably recorded at the present time only for crystals with
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lesisee struchires, in particular in superionic conduclons, for eximy
of the Agl type

Amn important characteristic of point defecisis the agiivalion ¢n

required to displice them from a given position in the lattice 1o a
neighbouring, crystallographically equivalent position This par-
ameter. termed the migration energy Ly, his @ v alue greater thin,

ar of the order of, 1 eV [ 166—168] for vacancies, whereas lor intrinsic

interstitial atoms the value of U, i substantially md is 005 —
0.2eV |167-169]

In the examination of Frenkel defects it is assumed that an atom
displaced from its site beyond the limits of the first coordinmiien
Wrine with a

sphere renches a potential well and mivy then rec
vacancy only after having overcome the potential barrier D, 1

shown below thit interaction beiween & VCaey amnil an inferstitial

atom, just like interaction of any other defects i o crystal lnttice,
leads o the Tormation in the vicinity of each defect of an nstability
sone (17} for another delect, the size of which pone miy in cerizun

circumstunces substuntially exceed the interat

nic spEICing. and an
interstitial atom that for example finds itsell within the confines o

such 3 zone will in fact recombine with “ils’ vacancy in an aclivabion

css manner with a probability equal 1o umnity and af any bow lem
periture, The existence of 17 wos detected for the first time

computer simulation models of mdintion damags

4.2 Defect nstability Zone

e phvsical nature of I has been ins estigated in various publications
[171—174]

Let us eopsider a one-dimensional moddel of a crystal. We shall

ey v ond an interstitial

assume that the crystal contins a v

oy of which is L,0r), where ris the

wiom 17, the infcract
distance between v and i The enengy
periodic ficld of a crystal lattice may be represented i the form

an interstitial atam in the

where a is the interatomic distance and A is that pan of the encrgy |
in the erystal matrix that is independent of
The total potentinl energy of the interstitial atom is (Figure 22)

POMIMILNDS WITH LOOSE CRYSTAL STRUCTURE

i, amil

L 2
Lifr) = U {r) + = i | rl + A4 {4.9)
¥. i

In the region

I g ;
[ values of r where Ufr) increases maeonically

:m_lnl-nlltl.ul mom remote from a lattice site recombine
.;1:u.||mu|;-u manner with its vacancy, Accordingly th mfr-l :-|“|‘;flrilxl
:.:-'I;l”: II..ILI‘I b ILIII.“."-II“I. of rat which the oscillation function
s g maximum. The size of the 12 s thus determined
smllest positive ool of the equation JL{F)/dr B
For the case of an i I

Y Lhe

1l

it F .. Poo s Y .i oulomb interaction (L7, 27 o iir
oy e are respectively the charpe of a vacaney and of v

interstitial atom, e is the charge of an electron, i

15 th B i
comstant), we have e diclectri

il n U A
- fa \
sin | i | il (4.1

EFi a2 d

The IZ radius s, o

an accuracy of ane inleratomic spacing

22 II .
i
el

Fi [
= (4.11)

e coefficie ;

: rUIi.lrIquII o 1% associated with the specific form of 1he potential

(1] 5 [ . ", 1 :
the case of the simplest sinusoidal potential (4.8) the value o
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! i 3 d ! - values of o are
22 For any other choice of the potential L, the valu 0
alsa close i unity Rt o
Under an clastic imeraction botween | and v {{ GAVA I-.
: : r s o i | e Chiange
where 7 is the shear modulus, A V.. AV, are IL:iF‘i.\.-\.l'\I-‘:\ the ch |III_TI
in the volume of the crysial due 10 the introduction m the latter of §

e vaeancy of @ single interstitial atom |

i {4.12)

ro = (3GaA VAV /L

{Here the elastic potential ¢ is emploved. and not ¢ :.u I1:rl1 ::
characteristic of dilatation centres, since a real point -I-:IILLII.11\~.1W
creates distortion of a lattice with local anisoiropy.) t-..n.n}..u I; s l
a *Coulomb’ 17 according to (4.11) for LY, =005 eV, u . and

" Y Ml i i
4 o of jonke crystals, gives ry = 200A; I the

g = 2, which is charactern i
value £ = &, characteristic of semiconductors, r, = 104, These evalu

alions are in pood agreement with -."1.|1r||.r||:_'|'\-l.._|'| -I.ll:!. !lrl'\.!l :;IH:I;..;I|
of metals [167, 176] for the ionic crystals KCI, KBr [177]. MgC 17
wr silicon [179].

IMIIII -lll:::.lrlldl1n_-“:|.n:rl1l |I|.!| 17 are formed not enly in the '-u'::u!r n:
point defects, A detailed examination of these effects is :..:h.-l ||.
i'-‘ill| For example, in diclectrics and semiconductors in the ChE
-.u-hl-n- distocations in the latter wre charped ljluu-.qr.Llu.m-_i.;l-.inwl]fl‘.-
a}, any charged point defect imeracts wath & |||:~|.|r\.'.:.1l~ll ith the
formation around the Inter of o cylindrical IZ of radius

B 2
o 2o odlelly, (4.13)
i thefect
aslic inlerac a dislocation and poant defec
Under an clastic interaction of a di I

v AV sin 0| i
r v | Lr Gl ! : | » (4.14)
H* . i i )

3l = s

y b %
where (7 is the shear modulus, brois Burger's vector, v s Pinissa
o i & o M 3
wnd AV s the change in the volume of the crystal -I..h Li
. InET-

coelho
i 1 th
the existence of a single point defect. IT AVsinB<{) ant

i AHTESM LB Ta il M 1 5 1 & ANacs
1 1 in thi g
CIGn € ¥ wnils 1 Iracipomn, 1N '

for example are aitracted and interstitinl atoms are |:;‘|‘J-= ||UI!I o
vice versa for AVsinh =0, The 1Z .1._._-.:r-|||t;':|.- a.u1r-.-~|ul||r. 5 -;: e | }
the absolule activationless caplure l.'|1v\-. sgection of a llia'lu.l .'I .n:l I'\-.
{ocation, of w the cross-seetion of its absolute ||1'u',r|.|l.l.rI!-. ni, but I:;
any case i repion depleted in point defocts appears in thee vacimity «

. distocation in the eylinder of mdius rpe (1£) - -
Two parallel interacting distocations also form an 12, r||'.;:.. r:T, .1-|;
with a farce [128] F= & vr, where v = 1 for edge dislocntion

ETAMINIUINDES WITH LAHISE CRYSTAL STR1K FLIRE 5]

and =1 =+ for serew dislocations. The radius of the IZ caleulated

i i similar woy secording to (4.14) is. in this cnse

Flan %~ Cedpjfrserf (4.1%)
where U is the Peierls barrier
For pa I charged dishocations (he 12 radios js
oo = 2oce ooaalell, (4.16)

Of course, instability of the dislocations is manifested only in

crystils with o small barrier { e Lt im o metals and jonic crystals. In
covalent materials, in particular in semiconductors, the value Fop ™,
and L2 hardly play any role in plastic effects. However. in ductil
metals and alkali halide crystals 17 should plav o substantial r
in plastic deformation and hardening processes. In the vicinity of
MERCTOSCOPIE § sions in crvstals 17 are formed for point defects as
well as for dislociations.

Thus, when the amplitude of the |

=

b

cadic migration potential of
Whittever defects there may be in 1he crystal i small and these
telects interact with other defects (in particular with one another), g
region (LZ) is always formed around one of the defects, where
mobile defects are unitable and in

the »-I.ﬁi('-rl:lr:. state are absent
from this region,
The effects of instabilily zones are manifested in g nurmbsey

i ol
cases that are decisive in the physics of equilibrivm and radistion
point defects,

4.3 Equilibriiem Unstable Vacaney—Atone Pairs i [iterstices

€ presence of 4 vacaney —atom IZ in an interstitial position e
ermines the possibility of formation of a |

librium point defect in orvs

rlicular type of equi-

1 %, namely ney (v —interstitial
atem (1) unstable pairs (LIP), examined for the first time by Koshkin
et al, in articles [10, 181]. In ongin UP are similar (o Frenkel pairs,
though as will be shown below Frenkel pairs and LUIP differ in a

number of principal characteristics, which means that UP have 1o be
1 ded as an independent type of defect

If a5 o result of thermal fluciuations an atom leaves jis lattice site
bt jts distance from “its” resulian vacancy is less than the 17 mudins,
then this atom should in fact recombine with this vainey. If however

the interstitial atom has moved bevond the confines of the [¥. o
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conventional stable Frenkel pair is formed. Of course, conventional

Frenkel pairs whose components are mobile may also recom
tho acteristic lifetme of Fronkel del
depends on the temperature and ot o sulficiently low lemperature
may
they must overcome the migrtion barrier [,
comiext i a5 mppr

As regands UP, their lifctime practically does nol depend on

eh the

1% C85CH

vatue, since in order for defects o propagate
and indeed in this

e to lerm Frenkel defe

stable pairs,

lemperature

W shull evaluate the charactenistic lifetime of UP [151]. Assume
that an atom i that has lelt s site stops at o distance & from the
resultanl vacaney and then, being within the confines of a [Z, moves
back under the action only of the i—v Coulomb interaction, which is

the strongest of the possible inleractions, A nme 1 | driuir)

where ui{r} is the velocaty at the point with coordinate r, 15 Fequir u
for the return of i o v, up 1o o distance p [mom the centre of the
latter. Let the cifective charges of i and v be g, and the mass of i
be M. Then. having caleulated nfr) from the total Kinete encrgy

Mus{r) 2= g* i {r— gV R. we have

1 M | 1 1 ; I |
1 - Rp R arcian - 1417
gy 2 Vo R NP |
When p tends to zero, we obtain v (2 M2y 2 R

For M= 1072 kg and # - 10 o1 we obtain 1 107 =5 Fromm
This ey
lifetime of o UP exceeds by only one order of o

Iuation it is clear that for relatively large vilues of R, the

.|!:|||I||-:I|' the
il reloxation time of the lattice. Il a partial relaxation of

in the vicinity of the resultant defect amd the creation of
e sereenine effect are taken into nocount, the hifetime of
ke
s Qs

inereases. In fact, the above evaluntion akso docs o

account of the fact that an interstitial atom moving Bowid
with its neighbours. The detailed

vacancy exchanges s one

diffusion model for the retum of i to v within the limits of an Iz

developed in [182], gove bBowever an evoaluation of this order of

Drespite the fact that UP constitute extremely short-lived exci
tations. their equilibrium concentration should be absolutely finite

and mav be calculated.
The contribution 1o the free eneroy of o crystal with the simul

CERMPCRLINDGS WITH LOOSE CRYSTAL STRUCTURE

taneous presence in the lbte

b of convenional Frenkel pairs (N per
init volume) and UP (Nye per unil volume) s

AF = NoEp + Nus Eup — TAS (4.18)
Whitre g is the energy of the formution of Frenkel i

the energy af the formation of UP, and

%.oand Eyp s

AN Elnw L [ TTON T

where w is the o ] msible 51
otal number of possible states of the system, and »

andl * respectivel v
i wy are respectively the number of possible vacaney states and
imterstitial atom states

|. = _\.
(v Ny Nup)NplVe)
_I M fa¥ypel!
falNup — NeltNp!

{4, 19)

4,210}

n (4.200)
I 5

enir

uirast o conventional calculations of

he conliguration

w. thie e x wlat "
¥ the number of possible states of interstitial atoms in an [7

has been introduced
Substituting (4.19) and (4.20) in (£.15) and emploving Stirling’s
formula, from the equilibrium conditions 3A 5 N, i ; ~|_r No= 1
by 2N e = 34 § =
we fin the following cquations for the equilibrium concentrutions
of UP and Frenkel pairs

N, (N Ny — N |.'l|.|:i Ua + LN il E.\
(M = TN I e

{4.21)

Vur = Ll N N — Nypd exp | Eur) (4.22

LY | o

fo:
Introducing the concentration of defects

in the form ne = NN and
I

v = My, toking M =N (where B is of the

arder of several

umiis), and assuming fne << 1, to o first approximation we oblain
al L
m PY expl=E2kT) {(4.23)
Ryp = fuexp{ =E p/kT). {4.24)
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Eram (4,24} it is clear that the equilibrium concentration of unstable

pairs grows with an increase in the sise of the I7.. In this approximation
approximation

niy. does not depend on the mudius . In the {following
it is found that sy deceases with an increase in fi; [181)

In contrast to Frenkel pairs, the annihilation of which is determined
by thermoactivation difflusion processes and random encounters of
interstitial atoms and vacancics, the intersiitial atoms and vacancies
helonging 1o UP recombine in fact with the same partner wilh which
thev were associated in their birth, and the act of recombination 1

activationless. The characteristic lifetime of Frenkel pairs essentially
depends on the temperature, and at sufficiently low temperatures
may be extremely long, In contrast, as demonstrated above, the
lifetime of 8 UP is short and practically does not depend on tempera-
flare up' and are “extinguished the pounl
where they arc tedd. In this sense, it is approprinte to call such
defects “lickering” pairs. The above analysis shows that the seis of

ture. LUP s o were

possthle positions of v and i in crystals in the case of Frenkel pairs

and unstable pairs are substantinlly different: for F renkel pairs thest
¢ i and

states are independent, whereas in the case of UP the possil
v states are closely correlated his factor determines the substantial
difference in the statistical sum in (4.19) and (4.24)

The ahove features of UP reveal that they arg an independeni,
third type of point defect m erystals in wdelitbon o Frenkel defects
and Sehottky defects. They constitute o type of defect in crystals
en harmonie vibrations of the lattice amd point defects, also
r lathice

beiw
involving vibrations of atoms about their position i & reg

though with o very large amplitude, which may be ol the order of
the inferatomic spacings, and sccordingly it is not possible in princple
1o deseribe such vibrations as harmonie, even with sl nonlinesr
corrections, [twas precisely for this reason thal it proved appropriat
io introduce UP as an independent type of lattice defect.

valcal meaning of the energy of the formation £y requines
over the

The |
comment. Egp hos the meaning of an average Energy
¢ in the case of Coulomb interaction

enzemble, since (or exam
between v and i, which in UF is substantial, for each UF the encrg)
of excitation is of course different, depending on the distance ry, by
which the interstitial atom moves from its vacaney. In the case of
Frenkel pairs, where the average distance between the components
interaction between the latter may be ignored. 1F for the
that the relaxation of
1, it is not difficult @

s large.
purposes of the evaluation it i dssum
the lattice in Frenkel pairs and in UP is identic

COMPOLINDSE WITH LEOOSE CRYSTAL STRUCTURE "

wbiain the s BOF D ! i 5C o e 1 om
¥ l veen f Foand £ypin Ll hi ATgCy Il

Eyp E} —.,l"lr . {4.25%

'.'\-].J-..-J..- Fiw B the average i—v distance.
The ratio of the cocEntrations is
Myup 47 frgh?

_ [
o W v R

Epll (4.26)

From r_'r Z6) it is clear that for Ep= X
predominant type of defect in the nnn'.-||F

In evaluations sccording to {4.26) i ;h.u-nl 1 e
the valee of the diclectric constant for sm; '.El:l iy
less than s macrosco ol

the, UP should be the

remembered that
15, generally speaking
pic value if we are tlking ; o
. o are tlking about the I '
Ir\-ll ngability of the crystal mustrix [ 183]. whereas if the —
3 I R L] 1 AN T Wkl
nbution 1o ¢ is provided by the electron polarizability s
i crysials with substantially !

i : a5 is the caxe
covalent bonds, the q

vzl . is, e

frequency value of ¢ may be used in the LAl

evaliations.

44 Unntable Paire and Chemical B

trgy i Oty

From what has been said in Section 4
and equilibrivm conce niration of LP

A0 is clear that the existence

JAIE E55ET

v dete i
the size of the T . lly determined by
= of the IZ. The [Z radius is in turn determined | !

Ve st ol w the Ly
v Tbsaiionil Bt G e Iype of

nlly take place "

. i ace, and s clear
4.12) thet the larmea ol Iroam (4,117,
cqual conditions, (o a ¢ oriliembs |
shall investignte the charpe state of

IZ corresponds, under olherwise
vonleraction. In this section we
1 and v during the escape af

interstitial atom from i si :
In atticle |184] it was shown that the deeree

[ i + y
an incresse in the inter Loy nues with

e ; ¢ distance in 0 molecule with an WO

caviile poml. This is connected with the

inferaction energy decreases mpidly
bt §

foct that the covalem
and exponentially wi -
whereas the won—ion inter wchion enery i ¥ it Hatsioey
distance i

We 5

v decresses only slowly with

| examine 1he -
Wt drcd une the process of rupture of a band in an jonic-
.I. ent molecule, whose state we shall write in the | citler
MI[“ el with the wave function in Pauling’s representati
; by L LS C ANLNER,
, -I.I Ly and (2) be the coordinates of wa electnons
electron slationary wave function of the

London

in the two
molecuble. Two purecly
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i s closeribed by . W
covilent states and two purely ionic states are described by the v

lunctions

5
e = sl lhald) <
e, = Wall)wa(2) — wa@hps(l) (4.27)
P, = Yl
gy, = Yallpal2)

The totnl wave Tunction of the system is

; #ijn 2%

L4l e+ e, Of 4 aY . (4 |

where @, b, ¢ ond o are varianon parameiers -

In the case of a I"""""r"'lh covalent bond the lowest state ol L
system s deseribed by an almost pure wave function §,, cormespond-
||.I|.I 10 @ bonding orbital, and the first excited state is described by an

almost pure wave function v, comresponding to an antibonding
al I pure W ok AN A

orbital. Both ionic stales with localization of both electrons on the
Lropositive alom A l."'lllrl\.""|1|"'|1\!

more electronegative alom B or :
to higher excitations. With an increase in the degree of ionicity and
of the lowest state the energy of the stale
this konkc siate in fact

n decrease in the ex

with s decreases, sinoe at some valuc

becomes the first excited stute of the systiem. According Lo the
Landau—Zener eriterion [ 185], during dissociation of i molecule the
ol oms is preserved as in the

probability that the chiarge state of the .
crease in the scallering velocity
t bond this would correspond

unexcited molecule increases with an i

ol the two ntoms. In the case ol o coval

1o the Mipht of neutral atoms, However, this probabality becomes

substantial only ot very high encrgies of the atoms (of the order of
. HLation
1= 10" V), Such ener xick

and the |;~|.|I'-.|I'|'||ll. of preservation of o ¢

ies are excluded under ther
rpe state coinciding w ith

the wigte in the molecule & very small ot small energies of the first
excited state, In such slow processes, ol the moment ol scatlenng
the pristine molecule transfers with a high degree of probability to
the first excited state. Accordingly, @t an jonicity value b= by
dissociation of & molecule in the form of ions is most probable. A
caleulation |180] performed on the basis of this model for cn.v..llt
showed that the escape of an interstitiol atom from i1s site in the
v more probable even with very low
' d be noted

form of an ion s overwhelmin

degrees of tomcty in ionic—covalent crystaks. 11 sh
t1'.:.1t the scartering probability in the cl1.||:_..".nl_ stile eorresponding o
the first excited state mapidly decreases with an increase in the
5 between the oround state and first excited state of the

TRy
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erystal, since if the cnergy gap is large, which is typical of fonic
crystals, the cac

coinciding with the

of interstitial atoms from sites in a charge state
ground state becomes fuirly likely,
Accordingly, in the overwhelmir

proportion af nonmetallic crys-

titls even with o small itkegree of jonicity of the bonds an interstitial

atom is charged at the moment of fis formation, and o oulomb 17
= tormed in the vicinity of the vacancy

.5 Equilibrivm Unstable Pairs i Sensicondiictors with

Statchivmetric Vacancies

If & erystal in which Frenkel defects or Schottky vacancies are the
main type ol defect is rapid

cnched from a high temperature,
these defects may be froven in the matrix in concenirations close
what were the equilibrium concentrations ar the hig
Ihis is governed by the fact that the lifetime of o

o
h temperature,
ich of these defecis
mereases exponentially with a decrease in lemperature

v since the
processes of their annihilation or escape 1o sinks (surfs

:, idislocations
grain boundiries) are associnted with migration over the crystal and
with the surmounting of the migration eneroy barrers
rapid quenching preserves that concentration of Erenk
defects that

."'LLL'I1I'¢|=r||_:'I:.
el and Schotiky
wis the high-temperature equilibrium coneentration.
but which is not the low lemperature equilibrium concentration,

Rapid quenching of defects is in fact one af the main muthods of

mvestigaling defects =Ing -.¢|I~\.\'|4;.-|,-r|| wochronous o Eothermual
annealing, which enables many of their chamcteristics 1o be
mineil (see, for example, [187])
substanti

deler-
The behaviour of UP should be
Iy different. Since they recombine in an activationless
manner, their lifstime practically does not depend on the femperature
and remaing extremely short (see Section 4.3)
should be unquenchable

As demonstrated above (cf Section 4.3), il

Accordingly, TP

5wt hikely that TP
are in fact the predominant type of cquilibrium defect in loose
crystal structurcs. Quenching cxpenments on InaTes aml GasTe,
crystils were o

ordingly carried out in [11]. Germunium, cadmium
telluride (CdTe) and #ine telluride (ZnTe), which have a diamomnd-
type crystal structure similar to [n.Te; and GinaTey but not w0 loose
{without 5V}, were subjected 1o paraliel quenching experiments. In

order to ensure an identical quenching rate of materials with differcnt
therma

conductivities, the sizes of the samples were chosen on the
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basis of the Fourier thermal eriterion. Close relative temperatures
{in relation to the melting point of the cormespond materials)
were chosen ns the starting temperatures for the quenching, the mie
of which, &s shown by caleulations, was not less than 100 K.s ' The

concentration of frozen defects in the case where activ ulivn]ess
recombination was absent, eviluated in pccordance with Lomer's
equation [185], would be of the order of 107 m~ (1077%)
Experiments showed that the resistivity, concentration of charg
carriers and their mobility, as well as the value of the coelMicient of
thermoee.m.f. of InjTey and GuyTe, crystals messured o room
temperature remained practically unchanged ofier quenching Ihe
el wery markedly, in

same parameters for Ge, ZnTe, CdTe chan
full accordance with the liternture data |166], which mnclicates that
point defects in these crystals were {rozen An investigation of the
temperature dependence of the electrical conduction of InsTe, and
GinaTes quenched in liguid nitrogen and in water shows that, at beast
at a temperature higher than 260K, the conduction i% iInlrnsig oon-
duction, just as before quenching. An investigation of the thermo
stimuilited conduction of samples quenched in nitrogen showed that
defects are formed in InsTe; during quenching, which remain sable
T 360 K. though their concentration is estimated to be 107

which is at least A—8 orders of magnitude less than the
nonlooss

concentration of quenched defects n comventional.

CLUITS.
A possible tedason for the stabilization of a small number of

defects in lattices where the principal type of equilibrivm defect is
UP may be connected with the faet that minority types of defects
in very small concentrations present in the equilibrium (fee Section

1.3 amd in foct become frogen, Other possible reasons will be
Section 5. However, experiments show

anilysed in more detail
that without any doubt the overwh

elming proporion of defects o
unguenched, which is evidence

In: Tey and Gy Tey loose structures
that the principal type of defect in such lattices 15 unstable pairs.
In crystals where the predominant type of equilibrium defect 15
UP, a completely different diffusion mechanism should be invalved.
'wo diffision mechanisms are known, namely an interstitial mech-

anism in which the diffusion activation encrgy coincides with the

migration cnergy, and 8 vacincy mechanisim, where the diffusing
atom moves Lo the adjacent vacancy. In the latter casc the diffusion
activation encrgy i5 the sum ol the encray of formation of the
vacaney ond the migration activation energy of the atim kocated 41

LOMMHEINDS WITH LOOSE CRYSTAL STRLUTURFE a3

the |.I[|I\.'.|' stte. In the conventional vacancy mechanism the coelficie

of -:|:I:|'I.I'~Iuil is dhetermined by the ]'lhl.l.:l'-|.]||x thit rj:"-_- VI |::K 5
|."'..I\'_:.I1I:I;"I|Irl.".r|\ adpacent o the atom thit has 1o mave I|I-I:|-"':|.1| *'k Ir: -‘I
The total number of luttice sites frequented by sl the | r:'l'-rkljllﬂ'"!‘-‘
in the erystal per unit time is 7= N . hl';.-_-h_- Ny is I.:Ig-.-‘rrw-hl
woording to (4.21) and 1 =1, exp( U ETT. In the In.'._|u,-._lt I:I|1'IIrI:.:.

Ill.l'll cr ol saies frequented by vacancies classified as shori-lived
(Mickenng) pairs is #yp LT

{4.22), amd the lifetime e IH.. “h.rh- Nur is determined from

" tme Tye of the UP s determined ncc
{417} and exceeds by only 1-2 orders of magnitude the
time of the lattice (1075), Accordingly. desnite Sami
UIP s 15 compo i

ding 1o

rilion
e the foct that the
erls do nol manage o migrabe over ithe lattce
the number of Inttice sites in the crystal that he i

v wisil is very larpe
The calculation X . 1101
dculation of the coefficient of diff i
L ) L i usion made in ariecle | |89
when the diffusir e,
LI, pgives

atoms are

served” by vacancies Delonging 1o the

} L] n i
: ¥ oa T|-|.l\|~‘-'r"""'|l|' 4

it is assumed that the magnitude of the element

Vo W ar
alom is g jump of an

: to the interntomic spacimg ¢. 11 it is also assumed that
i |.|. villue of the clementary jump of the diffusine atom GOl
with the size of the instability zone, then '

citles

o It |
LRl 1T expl=Lun/kT) {4,30)

In (4,29} and {4,300 it shoubd,

St sn it tbi |,‘_.|“|.h,ih:l:.mll:l I-.i\.:lklﬂ,u. be borne in mind
i \ ' g 4o i UP competes with a diffusing
atom for the ‘right” 1o occupy the vacancy, and to the extent that the
mean distance between the vacancy and its interstitial atom (7 1l
the mean distance between the vacancy and the -!|I1u1-.i iy

! - lom are
elated, a cocfficient of less than unity should be introduced in

(4.2 (4.3
(4.29) and | I_ ), An overlapping of instability zones is essentially
Invalved, which will be examined fn more detail in Section 5

[IILj mosl importmt feature of UP diffason s that in this & 1se the

14 e '
diffusion activation energy coincides with the ene
the LIP

FJ'\|:L-||1||L'||I~ [190, 191] on self-diffusion of indium and telbrium
m InzTey, s well us of cadmium and zine in these erystitls, usin

T} + W B2

of formation of

Fachotsodope invesiie ¥ . - .
I estigation methods gave the t'-‘”“‘-‘-llly’ results i a
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wide tempersture range: for indium and teflurinm lotal coincidence
belween the coelficients of diffusion [y L3 = 107 expl = e VY
kT mifs, for codmium Peg = 2.6 % 107 exp(=1L0eVET) m/s and

for zine g, = 3.5 = 10 Iu:\pl ~1L.0eVikT) m*/s. To o high degree af

accuracy, diffusion activation energies in InTey do not depend on the
respective individual charaeteristics of the diffusing atoms. This is in

acoord with the conclusions of the model, and is yet further conlir-
% are the predominant equilibrium-type

mation that unstable p
defect in boose crystal structures with stodchiometric vacancies

e Puriex in Seiprertoveie Crvstinls

4.6 Eguilibrigme Unsio

A very broad group of compounds with an extremely high jonic
conductivity normally manifested as o jump following o phase tran-
sition associated with disordering of one of the sublattices (cationic
. This class ol

or amomel has been discovered in onic crvsts
substance s tenmed soperionic crystals (31C). These substances
include for example silver and copper halides, triple phosphate salis
(Na3Seal POyYs), silver sulphide, PhFs, AgsHely, AggRbls, AgiAsS,,
Apsl, and mixed crystals, where i addition (o inorganic jons,
organic ions (lor exomple pyridinium} are mvolved as cations in
= of these crystals, These substances, which hove completely
different ervstal lattices, exhibit a common property: all supenonig
structunes arg loose, which predetermines the formation of Frenkel
¢ conduction in he

pairs in them and funhermore ensures a high o
tattice and its percolation coherence

Severnl excellent reviews on the chemistry and physics of superiwie
conductors exist [192, 193], where detailed information may be
obtained on experimental duta and ewrrently existing theoretical
muoslels of SIC. Here we shall concentrate on a recently formulated
model that provides a descrption of all the prncipal propertics of
SIC, including the thermodynamics of phase transitions in the super-
ionic state, as well us trnsfer phenomenn in 51¢

It was found that all the properties of 51C basically depend not
only on the existence of Frenkel pairs in the crysials, as was previously
wssumed, but on the concentration of unstable pairs [10, 180, [81],

and inferaction between the hller is, in |1r||1ri|1I|'. imporiant. A
theory of superionic phase ransitions that ikes this interaction nto

pccount has been formulated in [194, 195]
etion 4.3, even with a small degrée of

As demonsirated in
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5
IomcIE ' d ¥ sl L ™ r
LY the LiF COM PRane i .|r|.-n|1.||:.'nl \.-.J:| e with an T F

) : = : dLR Grm [
Coording|y e |I|.-|h|-.ru||mr|h._-:' rmation of a L il = m

X i mean

dipole moment o of the UP is o
dipales interict with ane ana
If & Auctusiing configurt

= g
qris. Such unstable short-lived
her over the whole volume afl the crystal

of dipoles i forme X
] i med such thut the
cuncentralion ¥, of Interstiting fois e :

any dircction is pre
preater than their coneentran
F than their concentration x» in the opposite

direction, then a directed sell-consistent i

d from their lattice sites in

[ unstable dipoles wil
£ : A ; i aile dipoles will
. u!lmlxl. with which esch of the dipoles will internet, Usi
mes cld appr I R
ean lield approximation 1o describe the collective mterace
1 . 160 F b
he energy AW hssockiled with one defect may be
fallows: | )

g the
UP,

expressed as

AW = [y + I EL, - Plx; — xa)°, (4.31})

where ¢ is the okl o

clrosiatic feld of ofl the o

> 36 1 i e dipodes i these
dipales were situnted in cach of the N lattice sites: (¢ IL o
ok i B
the total concentriation of UP, The
the encrgy (a

| represcenls
second term in (4,31 represe

i S : epresenls
it < diptdes, Le. thmt fraction of all the
i :. it produce the directed field The field intensity may b
calculated in the same was as for : I "

the eollective internction of ]
5 10 Terroclecirics £ = i ;

L¥ = x: )N, whene
i s the Lorentz factor | 11a). A
with this field, the inter

system ol static dip

Sinee eich unstable dipode interacts
Cln energy of all |y /

L L I 1A i 1= by dipe
value (—pg*Fxy = o)ANR), and 3 value of { Aoy

&% has
B lagg=Fa r11NTR)
per lattice site Accordingly, in (4.31) = g FENR I

The entropy of a system o mststing only of unstable

A KIS |
accordince with expression (4200 | o the b

wi wking into acco he fac
R i F accunt the fact
¢ direchions of the dipoles ane opposite (A = Ny, My = N,

AS KIn[(fN, 0 i

NN = N, - NaIWINGY] a3

Here, in o 4.2
Cre. in contrast o (4.24), we have taken 2

o tnke into e

actount individually states of interstitial <
In wo opposite directions, 1T he
LIP with oppositel
u tely aligned dipoles corre
Helmboliy | gned dipoles correspond 1o the MU of
CIMIcHEz Iree energy AF= AW = TAS und ar
. . o iy o
.”“ system of equations 3AF/3r; = A F/3x. = ) It is convenient |
‘ g 3 i e i
introdisce other variables in place of ry and s u=yx, 4 hi fl
T s . il e £y A i
l.r_ﬂ.Hr <mis the todal concentration af UP ind 2= (& — w2 b(x, + 1)
which represe s o ls PRt i :
o Ix represents the reltive Proporion of those interstitial Sy
o Saits e ! al sy
produced dipoles along a gven irection. If is clear thai iy

7 im order
Pecies ejected
eduilibrivm  concentrations of

cileulated from
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cler £ has the physical meaning of an onentational order

parameter of the unstable dipoles in the sysiem
The equations for minimizing AF lead fo the following transcen

dental equations connecting # and r.
w o= (2yfe)" " In(l &= zf{l — z}) {4.33)

rexp i‘i"".? ) + 2feexpl

In{1 + zf(1 41} Il

where fi= EupfkT, = Eyp. Equations (4.33) and (4.34) have
different solutions for different values of i an
these solutions, given in article [194], shows that three different
dependences of the total concentration of UP (&) amd order par-

Aol ysas ol

ameter () on the temperature are possible inoa system of interach
unstable pairs. At comparatively small values of the parameter
which corresponds 1o relatively small value of the fmternction
energy of UP compared 1o their formation energy, there is no
ordering at all of the short-lived *Mickering’ dipoles {order parameter

== {0}, and the tota] concentration  increascs monasdonically with
temperature and does not exhibit o jump-like be haviour (Figure
Tia). At large values of ¥, exceeding some eritical value, two-phise
transitions take place in the system, the high-temperature one of
which
and 2{[V) in the case where both phase transiticns are second-order

s necessnrily a second-order transition. The dependence a([i)

transitions is illustrated in Fipure 23(b), and the case where the
low-temperature transition is o first-order transition is illustrated in
Fipure 23c) (the phase-t
in Fieure 233, In both cases the order parameter z, which differs

msition points arc denoted by C; and C

from Fero, Lpypears i a cerinm le l|_||'k_'|.||||||.' Fangs, which corre '1['-.||:|||~\.
1o ardering of the short-lived dipoles, and the appearance of theedr
sell-consistent field leads in sccordance with (4.31) to a reduction in
the effective encrgy of formation AW of the unstable pairs and o an
increase in th ration. This corresponds to o break at the
lowe-tempernture phase-transition point in Figure 253(b) and o
sharp jump in the total concentration o of the first-order phise
transition point {Figure 23¢). Just such o sequence of phase rransition:
actually oecurs in many superionic crystals [192], and the theory
provides an explanation of this fact

Ihe theory [194] enibles the temperature of the phase transition
to be evaluated for characteristic valoes of the parameters. For
example, for = 1e¥, U, =0.05eY, a=34, T und po= 4ni3
we obinin ve=1.1.7 fy=200, the temperature of the first phase

[ Conce

COMPOUNDS WITH LOOSE CRYSTAI STRUNCTLRE

{m)
5
I_.
(141
i
Eug/x
ic) f

ddene of tolal conecmiration ¢

B avorngs

transition =3 K,
should be mo

amd of the second-phase tr bon =2500 K. It
i .'x! that « 1.]x ane ;1h.|w::. transition is obsorved in
! Ak _Lr:-xl.nl‘« unde transformation 10 the superionic
state. It is likely that the second, high-temperature transition doe
ol occur since the crystal has already melied e

i

" Apart from the correspondence between the overall thermo-
dynamic preture and the experimentally observed phase |r.1.-u.|||<--" in
superionic crystals, there is also very clear micriscopic evidence |.i it
unstable pairs play o prineipal role in the thermodynamic pro \_-||I.--
supenionics. In articles [197 19, ! ik e
Iractometry striectural investig

ol

which describe neutron dif-

uons of a typical superionic crystal
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namely silver iodide, it is shown that the ions very rarely move large
distances from their lattice sites, though they exccule strongly an-
harmonic vibrations of large amplitude in the vicinity of the sites,
This s direct observition of unstable pairs which are ‘infermediate’
defects between vibrations in the vicinity of the lattice sile and o
Frenkel defect, cormesponding to the vibrational amplitude when the
atovm already vacates its site and goes beyond the confines of the
instability zone |200]

It has be shown in several articles that domains exdst in the
superionic state |201]. In the investigation of neutron scatlering in
AgaS, it was discovered that these domains are nonstationary, ansd
their lfetime is 5= 10" s, which is close to the lifetime of o UP.
Moreover, although ihe formation of domains in the avernge feld
approximation adopted in the formulation of the theory | 194] cannaot

b obtained strsctly, such o close |,'-:l:|||_"\|:1|l|'||l:'|1r|' bemween the CXPCT

imentally determined lifetime of the domain ond the thearetical
estimate of the UP lifetime (fee Section 4.3) may also serve as
confirmation of the predominant role of UP in the [ormation of the
when the eollective interaction energy of
the UP exceeds the mean enerpy of formation of the UP, static
displacements of fons from their sites with the formation of dipales
to the internal
sl imstead ol |I:. namic unsiabb |I|;1|:Ir-\. siafic |I'i-\.i1|:|.'.-.':|r||'||1*-

1

superionic state. For y

becomes energetically favourable only with respec
energ
are produced, which correspond to a conventional ferroelectric order
ing of stationary displecements for F=0, =1, and u=1. M
course, in this case the physical meaning of & 5 oo longer the

Mmenis

concentration of defects but the ol number of displac
which coincides with the overall number N of sites of, for example
the cationic subluttice. Thus, in this Bmiting ¢ase the model [1'] no

longer describes the supenionic state but mstead the lerroelectric
stafe. The meaning of the copcentration of defects in such & Termo
clectric phose acquires the value {1 = u), Consequently, the theory
[194] bused on the concept of interacting UP enables the inter.
relationship between superionic and ferroelectric states in erystals 1o
b imvestigated

The parameter v = 26/ & p. which determines the ordering of the
dipoles, depemds on temperature, Using (4.25) for the aver
energy of formation of UP and the expression for the self-consistent

value of the energy of & piven dipole in the electrostatic Hield of all

Mickering” dipoles (sée above), we oblain

COMPOLURDS WITH LOOSE CRYS] AL STRUCTUIE Lo

- iy Ne P \
p=tale( 7 ) (4.35)

Epef — g=

* AVETIEE VI s oyl g 1 o T
erige value of the i—v distanc Increases with temperature

). then assuming that E- and e for o given erystal do N
depend 1o a first APProXimeaion on fhe ||_-g|||1|-|_-.1|_-||._-_ we hind thsr 34
3T=0. Accordi ;
iomic conduwetion

¥, crystalline materials may exist in which SUper-
== 2) exists at o comp

: tively low lemperature,
while at elevated temperatures, when the value of - excecds (he
critical value {y = 2), the erystal transforms to the |._-|r.:~-|\-l-|“'\ state
Such erystals have in fact been discovered 202204 o
r'_""l"'”l11l."::[.|| investigations of absorption of electromagnetic
r.||I1.:-Jm|| by o number of superionic crystals i the microwave mnoee
|_‘_I=*r have revealed discontinuities mt frequencies of 2 "4|..-|I|-1.
with anomalousdy large damping. In arficles (205, 206] the physical
ining of these oscillators is qualitatively interpreted as the mani.
station of “ions jumping forwards and then immediatels backwards’
within the limits of an elementary cell ar just these frequencies, The
meaning of this qualitative explanation quite obviowsly coincides
with a strict understanding of unstable pairs. The the

.
Lie

ry of absorption
“tic | n based on the UP modet has provided o
antitative description of these expenmential phenomen

ol electromapnetic rmd

complete qu
[207]

The theory of interacting unstable pairs thus enalics a witle rnpge
of phenomena in superionic crystals to be described. However, |-h.r
presence only of UP cannot explain the hich static conduction of
superionic cryvstals, which is their principal distinguishing featune
In actunl fact, since an intersiitial jon belonging 1w UP perually
recombines with the vi ancy that it escaped !h:-m ..|1 the mament 1.;|
fermition, charge transfer by o i

; 5 ol ions belonging to UP is, in
;1r|n.-.||-h- impaossible, Charge transfer to $1C in low-frequency and
static fields may occur only by means of transfer of interstitial ions
that have lefi

* IZ of their vacancies, i.c. those that belong to
conventional Frenkel pairs, Thus., on the ome hand, as |,||.'||||s|1'\.l|:||1'|.|
above, the transition 1o the superionic state s determined by UP
and on the other hand, the high static conduction produced by |I|.;I
jump a2 the instant of this phase transition is determined by Frer el
pairs, the concentration of which therefore also increases in 4 jump-
like manner under the superionic phose transition. This indicates
that the energy of formation of Frenkel pairs decreases under .-.n
phirse fransition, The gua

ative interpretation of this fact = ohvious,
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According to (4.25), Ep= Eyp+ g'fer, and Eyp, 08 shown above,
sharply decreases in the self-consistent figld of ordered unstable
dipoles, Accordingly, as o resull of the superionic phise transitiomn
determined by the intersction of UP, the energy of formation of
Frenkel poirs sharply decreases. resulting in the formation of a large
concentration of mobile charge earriers. A more detailed examination
of the effect of the decrease in Ey in the presence of ‘flickering” LIP
dipodes in o crystal is given in article [194]. It s assumed that the

short-lived dipoles “solvate’ the free foms and charged vacancy. This
effect = similor 10 the solvation of electrolytes in liguids having o
fairly marked short-range order, [or |.'\.1rll|‘|.l.' in water. Solvati
in such structured liquids, which is examined in [208], leads o

two competing effects. On the one hand the energy of the sysiem
decreases when the dipoles become ordered in accordance with the
il of the ion. while on the other hand this ordering
destroys the degree of arranpement of the molecules in the solvent
(or U dipales in the self-consistent fickd). Culculations performed
in [194] for supenionic erysials showed that the energy of the sysiem
ion may, generally speaking, decrense
ge UP

Coulomb |

due (o such & dynamic salvi

o well as increase. However, in superconductors with a b

conceniration the decrease in energy predominates; honee the energy

of formation of Frenkel pairs decreases, which agrees with the resuli

ol the simple evaluation given above
The influence of UP on the static conduction of superionic crystals

is however determined not only by the reduction in Ep and, scoord

inply, by the increase in the concentrofion of free was, 1., current

carriers, Their role in charge-transfer processes is also substantial
[195], *Juwmp” models of ion transfer in superionic crystals ane inapph
cable. Simee the mean free path time of an o i close (o (and may
even exceed) its lifetime in the settled state, il is more appropriate
to employ the Dirude madel of free carriers in order (o describe the
mean free path & of ions

¢ luetion a, using the concept of 1

having o thermal velocity v = {3k T/m)"", where m s the mass of the

fomns
a = g reNh (3 T (4.36)

Linstable pairs will imfluence the mean free path of an jon singe the
latter, in turn, is determined by the annibilation of mobibe interstitial
1o both UP and Frenkel pairs. Such
an examination has been performed in article [193].

ions with vacancies belongin

Superionic ervsials may be subdivided into (wo groups according

FEMPOUNDS WITH LOOSE CRYSTAL STRUCTURE i

to the o

mitude of their conduction. The first group is chirneterized
by compuritively small v ) :

conductic

! dlues of o and fairly large values of the
netivation energy £

in the superionic phase. Crystals of
: roup have a very low resistivity, To start with
a'!.nl'»jmf the conduction of the first of the af 2
ich :|'|-..' UP concentrtion N <= ril® i the LE do nol overlap
II..: free ion reaches the 17 of any vicines then, be i
ation with the latter,
Aecordis

the seeand

we shall
: mlorementioned BrOUPS, in

ciuse of annthil-
IE a5 naturally naot invelved in jon transfer
¥, the annthilution cross-section of ;

. 1 interstitial SPECICS
al vacancics _Ik-l-1.~|_r|rn: te Frenkel pairs is nef. ond the paih length
relating to this process i1 i (rENEE Y When ers

i free jon enc s
o vis ey !"'l'J' mging W a UP, this jon compeies Lr-.-:“ rl;:lu.- I.:'llil1l-I|I:.I‘I{.r-..g
recombination” with the interstitial jon belonging 1o ihe |' |:
Question. Consequently, it i annibilated only in the ]
al a distance less than F from the vien
fon in this process is accordingly b, = (272N, .1~ I I
path Temmsh W fuavic X Aot 2 i) L - ror the tolal

Using (4,36} we olain .

1]
case where it is
ney, The mean free path of an

e if Ay F ™~ |
i ~ o+ = | -|
ari (3mkT)! . {4.37)

v we have

T = CXp | k 1
ard (dmk T2 I KT ), 14.38)

where the electricsl conduction activabion energy E, =g fef — §
4 v ¥ i
gy the value E.=0, in

As we 5 1 = {
| c saw above, provided that »
which connec
ch connection this may be a Fairly substantia) quantity, s js
observed in comparatively high-resisiar

Evaluwations of values of 7 using

e supenonics [ 192, 193]

. expenimental data on o and J
carmed out in [300] give values of F thit ar .
with the

i

ety ] Lrly godwd agrecment
Inleratomic distances in superionic crvstals
e . o R s i i,
perature dependence of the conduction involve

In high-conducting superi

where the lem-
s large values of F,
o : cerystals the iemperature i pendence
. very weiak, In these erystals the concentration of LR i <o
large thot the instability zones overlap. If in this conncetion

happens that not only (a¥)~" <p, but (V) P o Yoas
belonging to UP do not differ fr .
pussibility of cscaping

then lons
om [ree Frenkel ions as regards the
from their own vacancy, which ST
spond 1o the Drude 5], exo he ac 1 smobai

ude model, except for the foct that (he

scutienng
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M 5 i T i the con
cross-sections become equal W a7 for any vacancies. and the ¢
centration of free bons B g+ tgpe. In this case

i

= {4.39)

A (k)12
For F=2A, m= 107" kg, T=S00K, and the valué o — 10" ohm

m . Expression (4.39) however gives o very small, though neganve
! tion that fakes into

vitlue of da/dT. Under a more strict examin .
account the fact that the activation energy Eyp remains |1|-|1;"|.rn~
abso in superionic erystals with a very high electrical condu I|u.m.l_.| e
difference i the ion fluxes in the direction of the external electric
field and in the opposite direction is caleulnted, which is |Ik"_l'| |||||I~l. il
by the existence of wsymmetry in the elecine field nr. _I;.n_: .|I|_.I|r
vation energy of those unstable pairs in which r, = (g pN) e
expression for the electrical conduction in this computation is

4 3 g (Nayp)

{4,400
i
(kT
T
& > 0] I Fij, & and
where A is a constant that includes the quantities { A s iy

the value of the effective diclectric constant corresponding to small
vircancy—ion distances in the 1||||,-:'n.|||_,.|! position, and pecordingly is
difficult to determine numenically [152] o
For reasonable values of the parameters, the values of o are the
same as n the mitial evaluation, namely of the order of several
kohm, This value is very close 1o the limiting values of

i i . als with & high
ductivity observed experimentally in superionic crystals with o high

e Con-

conduction, = iy
Unstable pairs are thus the determining type of couilibrium defie

in loose erystal stroctures with a superionme phase transition

5. RADIATION PROPERTIES OF ( I-'.'lh['.\l.l._l. E
COMPOUNDS WITH LOOSE STRUCTURE

5.1 Radiation Defects in Cryasals

& *Fy cvitably led o 6 com-
The development of nuclear encrgy has inevitably led

iation on
|'Il.'i|:|.1--\.ll.1.' detailed -"lm.!}' of the action of ionizing  radiation o
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ervstalling moterinls, When solils are i

iated by high-cneray
chanisms of formation and
characieristics of the influence of which on the physical rameters
oF crystals have been comprelensively

particles, defects ane produced, the o

estigated. These resuliy
may be found in the relevant m mographs (see, for ex imple, [167,
210, 211]), and we shall Tesinct ourselves here to o brief outline of
the main ancepts and principles of radition physics of solids,
The pri

ry acl of interaction of 4 partichke {of energy £ ) with an
Btom in 4 [attice consists in the transfer of energy and MOmEnium o
the latter. I the mass of the incident particle is m nml the s of
an atom n the crysal is M, then the magnitwde of 1he
cnergy m frontal collision is

nnsferred

e
m 4+ MY

An electron with an enerey of the order of 1 MeV transfers EnCrgy
of several 1ens of eV o an atom having a mass of (he order of 50
Slomic units. During irradiation by T-Quanta, the mechanism of
radiation damage also reduces I interaction between atoms of ihe
material and clectrons of the same encrgy formed os a result of the
nuclear phitoeffecy, Compton eflcet, pencration of electron —positron
s, and the sction of reco] nucle formed at fairly high y-qunnin
ENEres (see, for example ||r'-'|“

Buring irradiation witl [ust newtrons of | MeV COCIRY. @A Emcrpy
of the order of 10keV is transmitted o the initially knocked off
atom according to (5.1). Electrons of high
of their large relativistic mass, also bronsd
enc

FEICS TaY, on acoont
©r a sigmificang amani of
¢ during eollisions with stoms of the Littice

In addition o the mpact mechanism of formation of delects,
tonszation is also s significant mechanism during irradiation with
reed particles. A deailed amalysis of mechanisms of raddiathon
leet generation is included in the reviews [167, 210],

In ull cnses the simplest radiation defect jn 4 crystal eonsists of an

alom that hias been ejected [rom its site and the vircancy formed as g

result, namely a Frenkel pair. The voncept of the Seitz thireshold
encrgy E, is introduced, which corresponds 1o the mugnitmde of o
transferred enerpy required (o produce o single Fre kel pair. Fvaly
atoms of Ey give values of the wder of W=MeV, which pen rally

speaking Gir excecds |

ERErgy recuired to riptone sl fhe oo il
the given lattice atom mnd the encrpy re

el 1 el (i
which has been Ireed From its Bonds, Doy thae Wi of il
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coordination sphere. The use of the 12 model described in Chapier
| has enubled the Seitz threshold to be redefined as the value £y
necessary (o remove an atom beyond the U2 Bmits [181, 212, 213]
The effective value of Ey provides an estimate of the total number
of point defects produced under an impict mechanism of their
formution, after impact of one ionizing particle (see [167])

v ~ EJE, (5.2)

Sometimes the quantity v 5 termed the cascade Tunction, meaning
that wnder the impact of a hi
tramsferred to the initially ejected stom may very greatly exceed the
Seitz threshold Fy, and in this case the initially ejected atom on

energy and heavy particle the en

colliding with another atom in the lattice will eject it from is
crystallographic pesition, this latter atom will eject the next one,
and so on. A damage cascirde 15 thus initiated, which is localized in
the vicinity of that lattice site which was subjected 1o the initial
impact of the fast particle. The cascade region s saturated with
vacancies and interstitial atoms, the distribution of the Inter being
displaced towards the periphery of the cascade, whereas the centre
al the cascade

preferentially contains vicancies, The displicement
of the distributions in the case of son-metals means that each of the
interstital ions removed 1o the penphery of the cascade exists in the
Coulomb charge field of all the vacancies that have sceumulated at

the centre, An examination similar to that carried oul in Section 4,2
showed [214] that, in this case, an instabality macrozone s fonmed,
the size of which s determined by the difference between the tolal

charge of all the vacancies and oll the interstitial lons in o sphere of

ridives equal to the distance from the centre of the cascade (o the
given imterstitial jon, The region where proctically all the energy of
the fast particle 15 released is quite small
atomie volumes, since i1 is possible o regard it as o strongly beated-up
section whose temperature is very high, although it rapedly equilib-
rates, in propontion to the thermal conduction, with the temperature
of the whole crystal. Local melting of the material (so-called ‘thermal
spikes” [ 167
‘Brinkman displacement spikes’, charncieraed by the appearance ol
dislocation loops, are formed ot the end of the cascade when the
atoms are of the order of intermtomic
distances, We shall not describe in detail the features of the mech-

andd covers only 107— 1°

| or ‘B-flashes” [215]) is possible in this region, So-called

mean free paths of the cje

e (S0
for example, the reviews [167, 2100), amd for an overall evaluition
of the radiation stability of materials we shall wse the simple Kinchin—

anisms of formation of the various types of radiation dam:

COMPOUNDS WITH LOOSE CRYSTAL STRUCTURI (014

Pease model (5.2) to investigate clementary mdiation damage sus-
tined by interstitial atom—vacancy pairs

An important parameter is the charactenstic distance between an
stom i gjected from its site and after it has stopped, and the formed
ancy v, Il the periodic structure of the crystal is ignored, then in
the solid spheres approximation [ 167] the averape v—i distunce after
total dissipation of the energy is given by the expression

B == dmagl,(mae P ziea) " No, (5.3
where ag = 0.529 A is the Bohre radius, A is the number of atoms per
unil volume, and 24,72 are the stomic numbers of the constituent
elements of the [attice of the dintomic crystal. Since atoms are
scattered by farge angles under mutual collisions, the value of ¥ is
small. For example, for £, = 10keV the mean distance between
vacaneies and imterstitial atoms in aluminium is 20 A, and in copper
is only 3 A

However, processes leadding 1o the separation of an interstitial
atom and the resultant vacant site by substantially preater distances,
namely channelling and focusing phenomenn, may occur in periodic
structures. The first of these phenomena occurs anly in the case of
atoms with very high energy (not less than several hundred ¢¥), in
which connection, il the ejected atom escapes b a very small angle
in the channel between the atomic rows (planes) that does not exceed
soume critical value charactenstic of the given structure, then its

mean free path may amount 1o hundreds and even thousands of
hngstroms, 1t may be shown that the fraction of such channelled
atoms s very small under any tvpe of external interaction

The phenomenon of focusing (Silsbee |216]) of atomic collisions
in penodic structures is consklerably more likely during radiation
influences, and may be deseril it ollowws

Consider a long row ol atoms, 1o the first of which is imparted
momentum directed along the chain or ot a small angle o its axis, 11
the ¢nergy ol the first atom is sufficient (o displace the peighbouring
aom alomg the chain during 4 collision, then the fmst atom will
oceupy the position of the second atom, the sécond will occupy the
position of the third, and o0 on. A vacancy remains at the site of the
first atom, and the interstitial atom will be situated at the distance
resched by the sequence of displacements. Such a chain or sequence
of displacements is termed a dynamic crowdion, Energy dissipation
dunng movement of a crowdion is relatively small, and accordingly
s m

i free |1-.|Ih may amount 1o lens or even hundreds of dngsirdms,
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amd thus the v=i distance s a result of the focusing of atomic
collisions may be considerable.

The aforementioned phenomenon of focusing along a row of atoms
occurs only along closely-packed crystallographic directions and
depends 1o a very great extent on the angle of attack of the imitially
ejectedd mlom relative 10 the direction of the choin, The limiting
angle and maximum possible focusing encrgy increase sharply if the
atomike row in which [ocusing occurs has in s frst coordimation

sphere (‘coordination cvlinder’) an environment with o high axaal
symmetry at each point along the length of the atomic row, In this
connection the surmounding sloms restore te the (ooesing direction
those atoms whose angle of attack excecds the lomiting angle for
the aforementioned simple focusing. This phenomenon is similar o
the action of lenses in optics, and the comesponding symmetrical

(triangular and square) atomic environments are termed atomic
lenses, They pr viees o so=cilled addittonnl focusing  (Nelson,
Thompson) of atomic eollisions, this later focusing being more
elfective than simple focusing [217].

ndd vacancies thus remain
v gfected alom appearns,

A Lirge proportion of interstitial atom

in a region close to the site where the init
though the distribution of imterstitial atoms located at o lirge distance
from this poinit is in fact determined by comparatively rare atomic
collision focusing evenis

As demonsirated in Section 4.2, in proctically all solids instability
zones are formed in the vicinity of vacancies, in which an interstitiol
atom cannol exist in o stationary stode and s anoihilated inoan
activitionless manner with a vacancy. Accordingly. if an mlerstitinl
atom i in an 12, self-healing of the radiation defect occurs. The

aceumulation al such defects with an increise in the radintion dose
is s substantially determined by the size of the 1£, The presence
of the latter determines the kinetics of the growth of contentration
simitially the mumbser of
delects grows with an increase in the dose, though when such a

of defects with an increase in the radiation dos

concentration is resched that the 1Z of oll the formed vacancies
cover the whole volume of the crystal, any new interstitial soms
will, with a probability equal to unity, enter the IZ of any of the
already existing vacancics | 167].

Let the number of stationary defects introduced by the ionizing
radistion be M per unit-volume. [T we assume that all statio
defects are distributed strctly uniformly and ignore any probability
of escape of new i and v to sinks, then under in increese in the

LIy
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overall concentrution of static ey defects of wdip, where o is the
absorbed radiation dose and 4 i= the number of point defeets intro-
duced per unit absorbed dose. the increase AV, s proportional 1o
the fraction of the volume free from 17

AN = [1 = Wy, Jxdd, {5.4)

where wy, = dary/'3 is the volume of an [Z, and N, is the number of

atoms per unit volume of the cryétal. Inegrating (5.4) we obtain

1

Na=—]1 cxpl —wdl] {5.5)

Wi :

From (5.5) it is clear that the concentration N tends townrds satu-
rmjon with an increase in the radintion doge, and the limiting
concentration corresponds 1o coverage of the 1Z of all stable A
(Nywq =1}, Evaluations for various materials give

s of wy of
thee order of 107 =10F atomic volumes, which eor responds to a numbser
of defects per wnil volume of the order of 107 =107 m ™" (see [ 176,
. Incidentally, the assumption that interstitinl stoms and vacincies
are upiformly disinbuted at the moment of formation does not
reflect the setual siuation. In fact, ss discussed above, clected
atoms do aot travel substantial distances from the formed vag Ny

[167]. and the overwhelming proportion of interstitial aloms remain
within the 1Z limits of their vacancies, and recombine with the
Intter, Since 12 exist in practically all erystalline bodics and since
normully the average distince between defects T<ry, the majority
of crystals shoulld, as it were, be mdiation-stable as a |_'\||.||'L|,'|,|_||‘l|'"_'1.-
of the self-healing of radiation defects. Experiments however have
demonstrated the reverse: the majority of erystals do not exhibi
radintion-siable properties. The reason for this is the alorementionedd
locusing phenomenon, as a result of which an interstitinl atom may
be at o distance from its vacaney that exceeds the 12 radius 'H'.'“.-
healing” of such point radi

ion defects cannot toke place without
special annealing. There are also other reasons for the stubilization
of radiation defects, which are analysed in the review is mentioned
above as well as in Sectlon 5.5,

The main task of radiation physics is 10 discover materials with a
high radiation swabilitv. The following parngraphs will discizs the
possible existence of crvstalline materials in which all defects formed
duning irmadiation are unstable and self-healing
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5.2 Crysted Chemisiry of Rad) rn Stahil

From the comments in Section 5.1 it follows that the existence of 1Z
is simply & neécessary bul not sufficient condition Tor the sell-healing
of radiation defects at the moment and ar the site of their formation
A sufficient condition would be the absence of focusing of atomic
collisions in the crystal, or al lenst o mean free path of the dynamic
crowdion ' that was less than the 15 radius /i, where &, anad {
are the Miller indices. These conditions have been formulated by
Koshkin e al. in articles |12, 173, 218]

The focusing foctor ¢ = a/2R(E) [167] (where a is the interatomic
distance along a chain of atoms and K i the elfective atomic radios)
obwined in the approximation of =olid spheres, assuming that the
pertentinl energy of repulsion in the Born=Mayer form s equal 1o
the kinetic energy E;, iransferred to the atom, determines the possi-

Bility of focusing. I & < 1, focusing s possible, whereas if =1 it is
prohibited. Accordimgly, it & clear thm focusing may exist only
nlong closely-packed directions (with low crystallographic indices),
in which the valucs o are relatively small. Dmitriev has
i article [ 219] using the Nelson—Thompson method [217

irraced out,

nid Borm
Mayer potentinls caleulated aceording 1o the Urusoy method [220],
an analvtical computation of simple and additional focusing par

melers II-\.l.hin;' energy and |r.|II| lengrth of the dyvnamic crowdion)

Tor variass structures witl cubac amd hexagonal Litioes in the crystallio-

graphic directions <h&lz=, where b, &, I =0 or L. Crystal-chemistry
types of dimmond (Ge), sphalerite (CdTe), Aworite (CaFs), rock salt
(MalT), copper (Cu), ReOy, Cdly, rutile (TiC):), cuprite (Cuz0)) amd
the unigquely closely-packed structure BiFy have b

0 investipated

|||'-IIIIII|1 wins, 1n
which all octahedral and etrmbedral voids are ocoupied by small
Muonne ions, For germanium. sphalente, rock salt and copper the
alytical results ree with the o

BiF; represents the closest cubse packing of |

TPLLLEeT simulation resulis of

radiation damage |22 |- Focusing in other strectural types by

ol methods was nol studied, [0 was Tound thit all the mentioned

structures hivve symmetncal focusing atomic lenses along at least
ong of the orystallographic directions with small indices. Foousing
therefore occurs in these structures, Several types of erystallographic

structure. in which the focusing lenses and focusing dircetions are

indicated, are illustrated in Figures 24000 and 25(b), Caleulations of

the crowdkon ['-.'|I|| I:'|1:.:1|1'. 2 show that ._|':|~|1:_' these directions

i 2%, snee the madiation stability of similar crystals cannot

COMPOUNDS WITH LOOSE CRYSTAL STRUCTLIRF {EE

Fligure g il mEoemic
ibe type ImeTey: (b)Y in compou

in principle be large. This is in full sgreement with numerous
experimental dala, :

In loose crystal siructures with stoichiometric vac ancies inoone of
the sublattices, the conditions for simple focusing [12] as well as for
ndditional focusing [218] are destroved, In neiual fact, along the
erystallographic directions on which the 5V are arranged, the dis-
tances belween two nearest atoms in the row incresses (at least by
the value of the 8Y ‘diameter’), which reduces the focusing Factor
Mo less important is the fact that the appearance of Y al atomic
sites destrovs the symmetry of the atomic lenses, and converds il
latter from focusing lenses into defocusing

lenses { Fipgi AL
+ - :- -

and 25{a)), This should lead 1o a disruption of chains ol fim el

collisions

In such structures, where collizions ane oo lomger glagiciing oollis

ond the angles of attack deviote widely Trom (e Tt sl ol
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i il o

Figure 15
iype Mmdd

TCTTREn L approximnhon used 1o caleulare the focusing parvmeters
is mvalil, A computer simulstion involving the commaon solution of
the set of equations of madtion of all the paricipating atoms for the
foour structures Gie and In-Tes, and CaF- and Mn-0,, wis sccordingly
sdopted in article [218] 1o investigate the possibility of focusing in
erystals with SV, The choice of these particular structures to elucidate
the role of SV in the focusing of atomic callisions is explained by the
fact that, xs demonstrated in Section 1.1, In-Te, has the same type
of Battice as germanium, and MnsOy the same type of |.|Il:||.'4.'. a%
fluarite, CaFy, The sole difference is the presence of SV in InsTe;
and MnsOy in (In=0¥VTey one=third of the caltion r\:\ilml:\ are 5V
while in Mny(O40) a quarter of the anionic positions are SV, A

COMPOILINDGS WITH LOOSE CRYSTAL STRUCTURE 1

paired comparison of the resulls enables the inflecnce of 5V on the
Iocusing to be established, This paired comparison approsch is also
adopted in the problem of the lattice energy of erystals with S8V { see
Section 1.2) and [37]), the problem of the anharmonicity of vibrations
of proms adjacent (o 5V (Section 1.4 and [41]), and problems of the
expenmental investigation of equilibrivem defects [11] and radiation
defects [10, 12] in crystals with 5V, It was found that in ECTmEAnium
nnd sphalerite crystals chains of focused collisions are formed in L

<111> direation (which i in agreemenl with numerous other cal-
culatbons; see, for example, [221]). Under the same Born—Mayer
potential parameters chains of focused collisions in InsTe, and Mu-03,
alreaddy break afier two collisions, and the atoms scatier by large
anghes, This is connected with the fact that an
triangular lens (Figures 24(u) and 25(a)) estroved by the presence
of 5V in this lens, is sharply deflected from the focusing axis, and a
crowdion breaks off at this site. It is extremely important that this
result is stable and is preserved under very wide viriar wins im the

i, on Iraversing a

paramcters of the Born—Mayer repulsion potentinls and when the
existence of the Coulomb charge at the lattice atoms is taken into
ACCOunl

Thus, although the values of the enerpy and eritical angles of
focusing, if such occurs, depend largely on the parameters of the
mteraction potential, the very fiact of the existence or absence of
focusing depends only slightly on the potential and is totally deter-
mined only by the lattice structure. Normally computer simulation

of redintion defects gives a result that depends exchasi ely and strongly
on the potential parameters. In the problem examined in article
[218], numerical simulation coabled a strict result 10 be formulated
that s pracrically independent of the potential parmeters: in sphal
erite and fluorite type Intfices focusing of atomic collisions OCCUTs,
whereas in similar lattices of the (Ins0)Tes and Mna 0400 Iype
focusing is suppressed in all erystallographic directions on account of
the presence of SV, A dynamic crowdion s not formed in these
loose structures and the chrscteristic interstitial atom vacancy dis
Limee may in these cases be evalusted acvording 1o (5.3), 05 in a
noncrystalline body (‘chaotic’ model of the condensed state), The
derivation of this strict result now enables crystals with destroved

fescusing to be identified in a number of cases, and withoui compuler
simulation but simply from an analysis of the lattice peometry,

In looxe erystal structures with destraved focusing an ejecied
mterstitinl atem thus proctically always remains within the limit
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the instability sone of its vacancy, and accordingly point defects of
radintion origin should basically be annihilated. This determines the
ancmalously high radiation stability of locse crystal structures. Thus,
for the activationless, athermal annihilation of a vacancy and “is’
interstitial atom, i.c. for an ideal impurity-free crystal (o have a
particularly high radiation stability, a necessary and sulficient con-
dition = the existence of an instability zone and the suppression of
focusing of atomic collsions. A very broad criterion may thus be
formulated: the ineguality r3* =" i a necessary and sufficient
condition for a high radistion stability. This condition @ satiy
in loose crysial structures, where focusing lenses in the immedinte
vicinity for any closely packed direction are destroyed

5.3 Phenomenon of Anomalowsly High Radiation Stabiliny of

th 5

SEFRIG ||'|-C!|'I'| T Wi

This phenomenon was revealed expenmentally much earlier |- 10,
12, 224] than the formulation of the general criterion of radiation
stability [215]

I 1969 Koshbon ef al. discovered a clivs of semiconductor matenals
with stoschiometnic vacancies having an outstandi lintion staby
ility [B]. These and subsequent detatled investigations on crystals of
In;Tey, GasTes and GosSey carried oot by the same group of inves
tigators [B=10, 12, 224231 revealed the following

The monocrystalline and polyerystalline materials InaTey, GasTey
amd  GiasSey were irmndiated with o flux of p-guanta of 1.2 Me
encrgy up o g dose of 3= 1m0, a flux of fast electrons of
energy up to IO0MeV 1o 8 dose of 105 m =, and with o Doy ol

A Tedicions

mixed -newtron radiation in stationary and pulsed nucke:
up 1o dose of 107 fisl newtrons et m®, Al the same time as the

In:Teptype samples, semiconductor erystals of CdTe, ZnTe, ZnS,
Ge and 51, which have a similar crystal Inttice but without stoi-
chiometne vacancies, were irradiated under the same conditions
Irradiation was carricd out at a temperature close to 330K, Some
of the rrpdiation experiments were performed at 200K, and the
samples were Kept at quid nitrogen temperaiure before messuning
the rodiation effects. Vanous physical and physicochemical par-
mmeters of the samples were investigated boih before and afiter
the irradiation, including their specific conduction, its lemperature
dependence, concentration and mobility of charge carriers, thermo-
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e.m. 1. coelficients, coeflicient of optical absorption in the vicinity of
the edge of the fundamental band—band transition, transmission in
the imfrured wavelength region from 1 to 20pum, the kinetics and
spectrnl dependences of photoconduction, and the microhardness
value. In the aforementioned investigations it wis shown that all
the investigated parameters of semiconductors with stoichiometric
vacancies are preserved alter the action of such larpe doses of
womizing radiation. [t was also demonstrated that the parsmeters
of conventional semiconductors withour stoichiomelric vacancies
irradinted under the same conditions ch
similar racdintion doses, in Tull

= very significantly after
cemenl with numerous investigations

carnied out by other authors

Only two manifestations of rdiation changes were discovered:
the thermo-e.m. [ of the ordered a-phase of InyTey changes slightly
as regards absolute value, which indicates disorder in the cationic
sublaftice, and investigations on (thermo-stimulated conduction in
Cinz5ey alter irmdintion with Gist neutrons in a dose of 2 % 107" m
reveal the formation of a very small concentration of shallow traps
(102 =10"m Y, which anncaled at 280K, An cvaluation of the
relative proportion of these stabilized defects gave o figure of
10" of the total m
the erystal under the specified rmdiation doses,

Experiments were also performed in which the electrical conduction
of the same crystols wos measured during their iradiation in a
nuclear reactor channel [12, 229], During imadistion free charee
carricrs are naturally formed, and the nonequilibrium conduction
due to the internal photoeffect was mersured in these experiments.
These experiments showed that, with an unchanged reactor ol
Teq
do not change, wherens the parameters of Ge and CdTe dearade
(Figure 26)

ther of defects that could be generated in

and set of exposure doses, these charactenistics of InsTes and G

The radiation stability effect of semiconductor erystals with stol
chiometric vacancies discovered by the Kharkov group in the afore-
mentioned investigations wis confirmed in the experiments of the
present authors [112], who discovered however the accumulation
of a cenain amount of radiation defects under low temperature
irradiation of InaTes with 1 MeV encrgy clectrons. This is apparently
associnted with the technological features of the preparation of the
samples wsed in the investigations [112], in which the authors syn-
thesized stricily stoichiometric In;Tey, which is a two-phase system

(Section 2). Evidently the small proportion of the second phase,
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which is not radiation-stable, leads to the appearansce of some stuble
defects. This phenomenon has been apulysed in | 231]. The radiation

amelers of Insy

stability of the electrical and photoelectrical p
237

has also been confirmed in |

Subsequently it was discoversd  that  three-component  semi-
conductors with stoichiometric vacancies abso have o high cadiation
stability, In articke |233] it was shown that the electrical conduction
of the semiconductor {Hedn;0)Tey,, where one-sixth of the cationic
sublittice siles constitules stod

hicanetric vacancies, docs not change
after the acton of a dose of yquants of 2 = 1Fm™* und a reactor
neutron flux of 107" @™ In article [233] it was shown that ma
erystals of (Znln.0)8,, which incidentally have & very |||_1:|1 I
irnmeters practically
unchanged after the sction of a 10 keV electron flux and a 1 MeV
y-radiation flux up to a dose of the order of 2 % 107w

sensitivity, preserve their electrical and optic

Smee all the members of the structural family of semiconducionrs
with stoichiometnic vacancies, .o |f||1|:._' | TR lh|. iTe (a0 ey,
(Cins0)Sey, (Hgaln0)Te,, are radintion-stable, it is clear that the
property of radintion stability is determined by the overall features

of their structure, namely the existence of 5V and destroved fo using
in full agreement with the mechanism described in Section 5.2
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5.4 Radiation-Stable Diglectrics with Loose Structire

In order to provide: further experimental verification of the formulated
generul criterion of radintion stability, the authors of article |
subjected powders of the materials specified in Table 3 1o the action
of vanous doses of reactor neutrons. Irradintion was caried out
with fast neutrons in an atomic reactor channel a4t o le mperature in
the region of 30K

T'he diffuse reflection spectra in the rangs 350— 9000 nm were investi
gated. The coefficient of diffuse reflection 8, is spectrally analogos
Liy .I|1'1-.:l|||I|-:|:| i monocrystalline mulerals |"'~.|t The '11-'1"'|'i1f' o
ion der nest exhibit pronounced
new absorption bands in the visible region, though the R, value of
the majority of the maierinls did {]:.in!-\- (] i|]_|, significantly after
irrwdiation. The relative changes in R, of a number of substances in

investigated materials after frradi

length & = TN nm are given
in Table 3, The sume ratios of the guantities AR R, [or these
substances are naturally obtained for other wavelength values in the
transmittance range (AR, = K, — Ry ), where R, R, are respectively
the nl of diffuse reflection before and afier
nentron irmadi

From Table 3 it is clear that the minimum volue of ARR,
cormesponds (o the compounds In-Ch and Y 20y (Mn=0 lattice with
SV}, while the value of AR AR, for CdFs and PBF; crvsials with
the same Auorite lattice but wathout SV is considerably greater.
Such radiation damage is observed in LiF and MeO with the NaC]

the transmitlance range ot o fived was

values of the coefficic

RERCM

Champes im the Coclficiond of [iffisss Reflooson

bt Reaschonr frrod
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AR R
oo R %) mr P 2 niur}
linaC3y ) 0,075
Wl i 4 1. L
CallF 5.0
[REl 1.4
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fattice, where there are two focusing directions, namely < WX and
L1012, and in the MoOy structure, where in addition to the above
focusing directions focusing also takes place in the <1105 direction.
Ti0, in which there is only weak focusing in the <] > direction,
eceupics an intermediate position as regards radiation siability
Adter irradiation in a nuclear reactor numerous strong absorption
bands appedred in the infrared region of the spectrum in crystals
without SV, whereas infrared absarption of [ny0y and Y20, crystals
with 8V remained unchanged [235, 236). The fact that cryvstals of
both In,0y and ¥,04 belong 1o one structural fype demonstrates
that their radistion stabidity is determined by 0 commaon structural

feature, namely the existence of stoichiometnic vacancies, just like
the radiation stability of crvstals of the In.Tey structural type.

In crystals with stoichiometric vacancics the atomic lenses are
totally destroyed, and this fact determines their practically sbsolute
racliation stability, However, even a comparatively small distortion
of the symmetry of the stomic lenses, which normally occurs in
crystals with a low-symmetry lattice, should also lead to destruction
ol the locusing and, consequently. to o decrease in the path length
of the crowdions, OF course, this cannol lead to complete suppression
of focusing. though it miuy be expecied that crystals with distoried
atomic lenses should have a higher radiation stability under other
wise identical conditions, This assumption was stated and exper

imentally proved in amicle |2

2.5 Possble Mechanisms of Accwemdation of Radieion Defects in
Crystals with Supprressed Focusing

Maturally, when predicting the radution stability of materals the
features of anmbulation in cascades, probability of capture of radiation
defects at impurities and dislocations, change in valency, nonlinear
effects a1 large intensitics, ete., should of course be aken into
account

However, the instability zone and focusing, which determine the
fate of each pair consisting of & vacancy amd “its’ interstitial som,
play o fundamental role in the atomic mechanisms on which the
rindiatiom stability depends

Meanwhile, there are at least three possible mechanisms thit
may lead 10 the stabilizaton of radistion-induced unstable pairs.
These mechanisms have been investigated in article [238]. The first
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mechanism mvolves the possibility of formation
interstitinl atom or Impurily mlom vicancy L'I"l!lpll:"\ul."\. In this case,
when one of the partners of the unst aplured and cannot
recombine, conditions are created for the accumulation of radiation
defects. 1t should be noted that the formation cross-sections of such
complexes in IngTepiype semiconductors, where impurities are prefer-
entially in the atomic state (see Section 2.2
stantially less than in orystals where the impurities are jonized.
Accordingly, the presence of impuritics in lnsTe; his o weak influence
on the radiation stability. The second mechanism for stabilization of
unstable pairs muy be associated with the capture, by one of the
companents of the pair (within the limits of the lifetime of the pair),
of an electron from the conduction band or a hale lrom the valency
band. It is very likely that the very small concentration of small
traps formed during low-temperature irradiation which anneal below
280K s in fact determined by this mechanism [11]. The third
possibility of the formation of stable Frenkel defects from unstable
pairs arises af a very high concentration of the laiter, when the
instability soncs of the defects are covered, even il partinlly, Then
the probabality appears that any interstitiol stom that has left its site
i that

of II:I:||!I|II!'\ wliom

o pair is

), are LI|1~1I-I|11I:'L!|:L' uh-

ins in the ||s'~t.|1~ahl:. zong of ‘i’ vacaney siimultaneonsly
cnlers the instability zone of another viscancy and in fact recombines
with the latter. [T in this connection an interstitiol atom belonging by
onigin o this secomd vacaney does nol enter the instability zone of
the first vacancy. then one Frenkel pair will be formed from two
unstiable pairs, A similar situation may arise under very high radiation
intensities, os well as in collision caseades produced by fust neutrons,
ien beams or very high energy ¢l s (for example energy greater
than 10 MeV ). The spatinl separation of the distributions of interstitial
dtoms and vacancies in cascades may stimulate these phenome

The mechanisms of defect stabilization described in [238] may

lower the radintion stability of a material, even if the latter satisfics
z erystal-chemistry structural eritérion of stability.
Very unusuil radiation effects oceur in crystals where polymorpli

medifications are possible, Such modifications may inclsde cquilibs
riwm madifications at higher temperatures comparcd to the irradianiion
lemperature, o well a8 modifications that do nol e ol
equilibrium conditions, but appear as a resall of e peiion o
ion. A similar problem. is phase sepr

g sialiinmy umilenr § MR

fon e inkew o w
v |2, 2400, 10 il

influences, in which mues Muxes

the theoretical description of the phen
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not even a local change in composition, then radiaton-stimulated
phase transformations can be suecessfully deseribed phenomenao-
logically by means of systems of differential equations that take
account of the probability of radiation-stimulated transitions between
phirses without the involvement of diffusion terms. Each of the phases

may be considered as some structural state of the sysiem, and their
radintion transformations is stronyg excitations (ef, |241]) resulting in
transitions from one discrete state 10 onother, This program was
developed in [242] (see also the review | 150]). where it was shown in
particular that the dose dependence of the volumetric fraction of
one or other phase (under the exstence of not less than three
possible phase states) may be nonmonotonic, This is actually observed
experimentully, for example in the irradiaton of quarte [243] In
addition 1o a description of the evolution of the phose state with the
aid of o system of differential equations. o description of the evolution
of the |1'h;n..- state is also given in [180, 242] in terms of Muorkov
chains, followed by the action of a defect-formation operator and a
radintion annealing operator. We shall not compare the results of
these two approaches here, but would mer point out that in the
Markov deseription the state vector of the mdintion-resistant phase

i an elgenvector of the defect-formation operator,

6. TECHNICAL USES OF MATERIALS WITH LOOSE
CRYSTAL LATTICE

In this section we shall give o briel review of those applications
described of materials that are already industrinlly available, as well
as those that may Torm the basis of technical .|'|1[.~I'i;.|lnl'.|- in the near

Tuture

[ | |rl.li"|'lrl||l.'.l"| af Laver e SiFneinre 1o .r-'.'.".'rl.-'rr.'-'u.; FTIi T
Feclmolory

The extremely small critical stress needed to cleave Liyer-type com
pounds along the basal plane has long been uscd ||'I.H.'l.'h|'ll"'|1l:..'!| I'he
so-called *dry g compact surfaces is prepared from
graphite and a number of other luyer-type compounds (MoS; type)

case” Tor frcti

CLIMINHINDE WITH LIBE CRYSTAL STRUCTURE ne

Leolites have been mentioned only in passing in this paper, singe
they ure already described in detafl in numerows monographs, Mean-
while, one of the principal applications of zeolites is connected with
the utilization of their extre

mely high sdsorption capability, due o
the penctration of molecules into structural cavities in the lattice,
which is similar 1w the phenomenon of intercalation

One of the most conspicuous applications of the particulir
phenomenon of interealation is the work of Wittingham [244] on the
clectrochemical intercalstion of laver and chain comipounds with
mctallic-type conduction. In [244=246] it was shown that, by using a
layer metal of the TaS: type as cathode in an clectrochemical oell
with fithium ions as charge carriers in a liquid electrolyie, electrical
batteries with an extremely high specific capacitance can be obiained
The latter is determined by the (it that the bvered structure of the
material ensures an extremely large effective surface available ta the

electrochemical reaction. Lithium jons, on intercalatin

a lavered
metal, accumulate electrical epergy with a very ligh density, amd
such batteries are widely emploved. The chicf disadvantage of these
batteries is the low charging and discharging currents, which is
associpted with the low mobility of fithium jons in the layered
matrix, Banerics of this type are accordingly extremely pood for
supplying low-current electrical circuits, though they can hardly be
used in their present form for high-power clectrical systems, Never
theless, the possibilities of improving the characteristics of such
batieries are far from being exhausted

An interesting  development of Wittingham's ides has been
suggested by Tributsch |247), In article | it is shown, by the
example of rie:, that light-conrolled electrochemical batterics can
he fabricated on the basis of semiconductor layer-ty
exposing the sample 1o light and thereby ch

miirices, Hy
ging the Fermi quasi-
level in the latter, it is possible to alter the electron-acceptor capacity
of the matrix. Thus, during illumination esthode photointercalition
occurs, corresponding 1o charging of the batteries, Tributsch showed
that a similur photointercilation system may serve s a solar batiery,
which is very convenient since the processes of charging the battery
nnd s > of energy are combined in one working element, in
which connection up te 10% of the solar radiation may be utilized

In article [248] it was discovered that the material of the lavered
mistnx changes colour during photointercalation, which SUpgesis a
possible wse of this material for optical storag

Exposure of the layer-ty

» of information
¢ semiconductor Pbly 1o light in the
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presence of various amines (anifine, quinoline, ete.), which under
equilibrium conditions without illumination are intercalated in this
on o this compound 1o photolysis
[249]. 1t was shown that photolysis and intercalation processes com-
pete, and that in fact intercafation inhibits photolysis, This effect
may be used in siverless photography. On the other hand, the
discovered phenomenon cnables Phly and similar loyered semi-
conductors 1o be used as the working body for sensors, enabling the
presepce of amines in varous media 1o be detected [257),

maternial, results in the sensitiz

[||'\.' discovery of o MINOr=Zoae encrgy electron spaecLruam I.'.|.||iﬂ:.:
intercalation of layered semiconductors [160, 164] (see Section 3.2)
creales inleresting possibilities for using these materials in elecimnic
devices similar to those that operate on the basis of ficinl super-
lattices developed initizlly by Exaki [250]. The fact that these super-
littices, being equilibrium structures, are incomparably simpler from
the technologicnl point of view and are certainly more stable and
do mnt undergo

of long-period superlattices in intercalatbon semiconduciors. The

peing effects, s clearly an important sdvantage

choice of vanoes intercalants for a given layered semiconductor,
choive af ‘erystal—host" molecule —guest” stoichiometnic rtios and,
fimally, the choice of operating temperature rmnge enable the period
of the superlittice and consequently the structure of the minor-
rone specimum o be vaned. Knowledge of the formation of long-
period superlattices was wsed in article [251], in which the possibility
of [ormmg monochromators for nowtron diffractomeinry based on

variows degrees of intercalation of graplite wath the formation of
the “graphite=35bCl" intercalation compound was demonstrate

Completely new potential applications were discovered by Vol pin,
Movikow o al., who studied the catalvtic properties of intercalated
graphite | 124, 252, 253]. These investigators established the principles
ol the purposciul, torgeted selection and synthesis of catalysis for
varous types of reactions, [t wis shown above all that the eatalyiic
petivity of intercalation compounds of graphite w delermined not by
mdividual active centres, bul by the whole electron system of this
enedus citialyst. It was established in particular that resctions

heler

proceeding socording to an anionie mechanism, for example the
polymenzation of siloxanes, as well as the synthesis of ammonia from
nccclerated in the presence of compounds
of graphite intercalited with metals, which increase the concentration
of electrons in the graphite layers. Reactions occurring according to
i eationic mechnnism (for example the oxidation of ethy] bencenc)

mitrogen amnd hydrogen, ar

CORIPCHINEES WITH LODOSE CRYSTAL STRUCTURE Rl |

ire catalysed by graphite interealated with molecules of dichlorides of
i aumber of metals (Culls, FeCl,). The latter are electron noceplors
with respect 1o graphite and produce an excess concentration of
hobes which predetermines the enhancement of the BOCEPLOT capacily
of graphite layers. The same suthors discovered the possibility of
converting graphite |254] into dinmond at very low pressures and
temperntures in the presence of iron-intercalated grophite as catalysi

Fairly recently, great hopes were placed on the application of
the phenomenon of intercalation of layer-type metals by organic
molecules (o raise the superconductivity transition temperature [127]
However, the discovery of high-temperature oxide supercanductors
by Bednorz and Miller in 1986 has possibly made rescarch on
inlercalation less attractive. Nevertheless, it appears to us that layer
ype structural motifs and loose superconducting oxide battices pre
suppose the discovery of phenomena similar 1o those described in
this paper

6.2 Technical Potentiadities of Semiconductors with Stoichiomerric
Vacarcies

The independence of the electrical conduction of the semiconductor
ey, Cdlng Tey, HealnsTey, on the concentration
of impurities creates @ oumber of unique technical polentinlities,
The production of these crystals requires practically no further
purification to remove uncontrollable impurities, and sccordingly
the fabrication of materinls of this type is technologically much
simpler compared (o conventional semiconductors, However, the
propey of inertness of imparitics in this type of semiconductor
creates not only advantages bul also disadvantages, since it is not

tellurides InaTey, €

possible (o form junctions in such semiconduclors and fabricate
active electronie components. Accordin
application is the production of o wide r
vanous external interactions

¥ the principal potential
ol resistors sensitive Lo

L. Since the semiconductors In-Tey and GasTe; always have the
same resistivity ol a given temperature and by virtoe of this are
intrinsic semiconductors and have a sufficiently broad encrgy gap, the
temperature coclficient of resistance of these materials is extremely
farge (up to 12% K at room tempernture). The above materials Ly
therefore be effectively emploved as sensitive thermoresisions |255].
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2, The mtrinsic nature of the conduction and, consequently, the
small concentration of charge carfers predetermines the extremely
high thermo-e.m.f. coefficient, which may reach values of more than
LmV/K in IngTey [60]. This means that these materials can be used
as thermoelectric temperature transducers.

3. The absence of loculized charge carriers in the energy gap
predetermines the high strain sensitivity of matenals of this type. In
s i resistance under the apphication of pressure is
determined by the barometric coefficient of the width of the encrgy
gap al a high electron stale density in the valency band, in contrst

actual fact, the eh

Lo the low density of states when the conduction of the semiconducion
i= determined by impInes This wias demonstristed by Fleotin in
[256] by the example of the fexural deformation of InsTe,, in which
the relanive coefficient of strain sensitivity reaches 300, which exceeds
the strain sensitivity values of conventional semiconductons,

4 The authors of articles |226, 232] refer to the possibility of
producing phaotoresistors bised on InsTey and GasSey for the near

infrared and visible regions of the specirum

Al the enumerated technical potentinlitics of these muterials ane
particularly mtitractive on account of the fact that ofl the afore-
mentioned parameters are unallected by the action of extremely high
doses of ionizing radiation (see Section 5.3). The madiation stabsiliy
the physic, nmeters of the semiconductors InsTey, GasTey,
GinsSeq, Hasln, exceeds by many orders of magnitude the elfe
tive radiation life of all known semiconductons. This creates possi-

bilities of wsing technical devices based on the latter in conditions
subject 10 the action of larpe and intense mdiation fields

Mhe invariability of the physical parameters sfter irmdiation does
M of course exclode the oceurtence of obser

ihle electron exc-

Lateons |||Il'r|'|_1: the action of the radiation, The conductivity of TnsTes

under the action of a pulsed intense beam of fast electrons of energy
up to 30 MeV was investigated in anicle |2 The dependence of
the conduction oy, of a crysial under irradistion s illustrated in

Figure X7, The calculated intensity distribution of the beam over
time i= shown by the dashed line. It is clear from the disgram that very

EC flux intensities of Gast electrons can be menzared with o oomd
time resolution using a working clement fabricated from In;Tea, all
irameters of the latter being preserved even onder substantial
Mux doses,

The conductivity of GazSey at room temperature as a function of
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Figure 27 Dopendence of radianom
of pabwid (a1 clocton fNux

g 00 Tig Ty @ frme unier action

the

Investig

schiation dose from two different sources ("'Co and "Cs) was

ited in article [229]. The linesr response with an inerease in
imtensity in o very wide range of variations in the latter con be seen
In Figure 25 Although the sensitivity threshold of the eryvstals can
be improved by reducing the temperature, it is nevertheless absolutely
clear that the sensitivity of GasSe; to eradiation is many ordeérs of
magnitude less than in, for example, conventional scintillators.
Meanwhile, in scientific and technological problems where lorpe
it

ion-slable semiconductors of
the GasSe; type are clearly in a class of their own

The possibility of measuring tho local energy re
reactor by meins of semiconductor transducers based on InaTe,,
GagTey nnd GagSey, wos also investignted in article |22 and is
illustrated in Figure 2% with the example of the compound GasTe,
In the region of fairdy low emperatures and large reactor output,
when the conductivity excited by absorption of radiation exceeds the
dark conductivity, the resistance of the transducer is determined

nsities have to be measured, radi

L5C o an alommic

by the radiation level in the reactor channel, which in turn is deter-
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-ase of energy. At high temperature and low

I..i.l:c'-"!ﬂ I 'E i I'- muncd by the local el i
¥y z L radiation power the dork conductivity of the transdocer is determined
by the temperature ol that point i the reactor where the transducer
located, le. is also determined by the magnitude of the local
al energy release, the

v under different regimes enables the mage-

case. Thus. depending on the

LET | ansducer ope

mitescde of thes boc
[he above examples cover the prncipal techmical areas of use of
muterials with & loose crystal structure,

enerey relesase o be determmed
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