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Abstract. Diffraction studies of nonstoichiometric compounds
have revealed various diffusion scattering effects caused by
formation of a short-range order related to substitutions of
atoms and vacancies (or different-sort atoms) or to atomic
displacements. For nonstoichiometric compounds, we consider
experimental results on short-range order that are obtained
from diffuse neutron and X-ray scattering and electron diffrac-
tion. The occurrence of diffuse intensity maxima in diffraction
patterns is shown to result from a redistribution of nonmetallic
atoms and structural vacancies in disordered nonstoichiometric
carbides, nitrides, and oxides or of mutually substitutable atoms
in solid solutions of nonstoichiometric compounds at the stage
preceding the formation of a long-range order. Applications of
the transition-state cluster model for the description of the
topology of the diffuse scattering intensity in nonstoichio-
metric compounds with the substitutional short-range order
are discussed. Flat extended diffusive scattering regions ob-
tained in diffraction patterns for ordered phases, not passing
through structural sites of the reciprocal lattice, are shown to
occur due to atomic displacement waves.

1. Introduction

Intense studies of oxides, sulfides, and selenides of transition
metals performed in the 1940s—1950s revealed the existence
of nonstoichiometric phases with wide homogeneity regions.
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For example, according to various data, the cubic titanium
monoxide TiO has the homogeneity region from TiOg 65080
to TiOy.25_1.33. Later, it was shown that the widest homo-
geneity regions are characteristic of cubic carbides and
nitrides MC, and MN,, (or MC,0;_, and MN,0;_,, where
O is the structural vacancy and 0.5 < y < 1.0) of transition
metals of Groups IV and V. Wide homogeneity regions are
also characteristic of ternary compounds related to carbides
and nitrides, such as carbosilicides MsSi3C,, siliconitrides
M;SisN,., and silicoborides MsSi;B, with structures of the
Cr,AlC and A413 (B-Mn) types, and of complex oxides
Li—x—-0,M41O; (where L is an alkali metal and M is a
transition metal) such as lithium nickelate, in which the atoms
of alkali and transition metals substitute one another and the
metallic sublattice contains a large number of structural
vacancies.

The above-mentioned and some other compounds form a
group of strongly nonstoichiometric compounds [1, 2]. Their
main feature is the high concentration of structural vacancies,
which at the lower boundary of the homogeneity region can
reach several dozen (atomic) percent. The principal features
of the structure and properties of strongly nonstoichiometric
compounds have been described in [1-5].

A specific feature of structural vacancies O as structure
defects is that their concentration is directly related to
chemical composition. In nonstoichiometric compounds, the
structural vacancies are analogs of atoms, i.e., they behave as
quasiparticles; in their sublattice, they play the same role as
the atoms of this sublattice. In the majority of nonstoichio-
metric compounds, structural vacancies exist only in one of
the sublattices. However, nonstoichiometric compounds are
known that contain structural vacancies in two sublattices;
depending on the compound composition, the concentration
of vacancies in the sublattices can be equal or different. The
simultaneous presence of structural vacancies in both metallic
and nonmetallic sublattices is characteristic of titanium and
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vanadium cubic monoxides, niobium nitride, and some other
nitrides.

The very high concentration of vacancies in strongly
nonstoichiometric compounds led to the question of how
the vacancies are distributed in the crystal lattice.

From the formal standpoint, the vacant sites of the
crystal lattice of nonstoichiometric compounds behave as
atoms that occupy sites of the same lattice. For this reason,
the structural vacancies O are considered a certain analog of
atoms rather than merely ‘holes’ in the crystal lattice. The
deviation from stoichiometry and the related homogeneity
region can be regarded as a substitutional solid solution
whose components are atoms and vacancies. Thus, in the
structure of a nonstoichiometric compound, e.g., MX,
(MX,0;_,), the atoms X and vacancies O form a substitu-
tional solution, which can be either disordered or ordered.
The concept of a vacant site as a structural element of
crystals analogous to an occupied site emerged in the
1960s—1970s, when problems of nonstoichiometry and
ordering in oxides, sulfides, and chalcogenides were actively
discussed in the literature.

In substitutional solid solutions, the symmetry of a crystal
lattice is retained even in the presence of disorder. Indeed, a
substitutional solid solution is disordered at a sufficiently
high temperature, and it is therefore impossible to indicate
which sort of atom occupies a given site r. But the probability
of occupation of this site by an atom of a given sort is known;
this probability coincides with the concentration of these
atoms. In nonstoichiometric compounds, the substitutional
solution is formed by atoms and structural vacancies O that
are in the same sublattice. For example, in the nonstoichio-
metric compound MX,0;_,, the probability of occupation of
a site of the nonmetallic sublattice with an atom X is equal to y
and the probability that this site is not occupied with an atom,
i.e.,is vacant, is 1 — y. In other words, there is a certain lattice
of probabilities that has all the properties of a crystal
symmetry. As the temperature decreases, a redistribution of
atoms and vacancies over the lattice sites can occur; as a
result, some lattice sites become predominantly occupied with
atoms X, whereas other sites are vacant. Thus, two opposite
tendencies can be distinguished in the structure of nonstoi-
chiometric compounds: the tendencies to ordering and to
disordering. An ordered vacancy distribution is most prob-
able at low temperatures; a disordered distribution exists at
high temperatures, when the entropy contribution to the free
energy of a nonstoichiometric compound is sufficiently large.
The completely ordered and completely disordered distribu-
tions are the limit states of a nonstoichiometric compound.
As a result of ordering, one or several ordered phases arise
in the homogeneity region of the nonstoichiometric com-
pound, which can also have their homogeneity regions. The
maximum degree of long-range order, equal to unity, is
reached for ordered phases that have a stoichiometric
composition. Intermediate states, including a short-range
order, exist between a chaotic (disordered, random) distribu-
tion of structural vacancies and the long-range order in their
distribution.

Thus, the existence of nonstoichiometry is a prerequisite
for either a disorder or order in the distribution of atoms and
vacancies in the structure of nonstoichiometric compounds.

Deviations from a statistical (disordered) distribution of
atoms and vacancies is primarily reflected in the crystal
structure of nonstoichiometric compounds in the appear-
ance of a short-range order or long-range order.

A short-range order is a state in which atoms of a given
sort are preferentially surrounded with atoms of the same or a
different sort in a disordered solid solution, i.e., a deviation
from a statistical distribution of atoms over the crystal lattice
sites occurs. In diffraction patterns, the presence of a short-
range order manifests itself in the appearance of three-
dimensional regions of diffuse scattering in reciprocal space.
Along with a ‘substitutional short-range order,” a ‘displace-
ment short-range order’ can exist, related to static and
dynamic displacements of atoms from positions correspond-
ing to a certain ‘mean’ lattice. Static displacements, which
arise in crystals with a substitutional disorder because of the
differences in the sizes of atoms of different sorts, additionally
modulate diffuse scattering. Thermal vibrations, i.e., dynamic
displacements, lead to the appearance of a component of
diffuse scattering such as the thermal Debye scattering.

Short-range order characterizes only the radial distribu-
tion of atoms, i.e., fluctuations of atomic concentrations in
various coordination shells. Long-range order also includes
an angular distribution and therefore allows determining
which kind of atom resides in this or that lattice site. Taking
the short-range order into account is especially important in
those cases where no long-range order exists but correlations
in the mutual position of atoms are present. The presence of
correlations is a consequence of the difference in the energies
of interaction of atoms of the same and of different sorts.

Long-range order and related effects of ordering on the
structure and properties of nonstoichiometric compounds
have been studied in sufficient detail (see, e.g., [1 —5]). Short-
range order has been studied much less, because the related
effects are pronounced much more weakly.

The main experimental methods for studying short-range
order in strongly nonstoichiometric compounds are nuclear
magnetic resonance (NMR), diffuse scattering of neutrons or
electrons (in studying the distribution of interstitial atoms),
X-ray diffuse scattering (in studying the distribution of
metallic atoms), and measurements of magnetic susceptibil-
ity. The specific features and results of the application of
NMR and measurements of magnetic susceptibility for the
investigation of short-range order in nonstoichiometric
compounds have been discussed in much detail in several
reviews [6—9]. As regards the investigations of short-range
order in nonstoichiometric compounds by the methods of
diffuse scattering, these results and their interpretation have
been presented to date only in original works and have not
been considered in a generalized form. In this work, we
attempt to fill this gap and to attract the attention of
experimentalists to interesting structural subjects such as
nonstoichiometric compounds.

2. Short-range order parameters

In the absence of long-range order, the structural state of a
solid solution, i.e., the character of the relative position of
atoms of different sorts over crystal lattice sites, can be
described using specific short-range order parameters.

There exist several variants for defining the short-range
order parameter o and the correlation parameter ¢ (R;) [10—
18]. We consider a nonstoichiometric compound MX,0;_,
with a binary substitutional solution formed in its nonme-
tallic sublattice by the interstitial atoms X and vacancies O. In
this solution, the atomic concentration of the component X is
y and the total number of atoms and vacancies (or the number
of sites of the nonmetallic sublattice) is NV. If the coordination
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number for the jth coordination sphere is equal to z;, then the
number of atoms X (or the number of occupied sites) is Ny,
and the total number of sites on the jth coordination sphere
centered at any atom X is sz y. We let the respective numbers
of atoms X and Vacan01es Oin the con51dered Jjth coordination
sphere be denoted byN /) X)X andN . The relative numbers
of atoms X and vacan01es on the jth coordmat1on sphere are
then given by

(7) (7)
o _ Nxx (o) _Nxo
nxyx = and (X))o =

Nz;y Nz;y

In the case of the statistical distribution, the number of
vacancies located on the jth coordination sphere centered at
an atom X is Nz; y(1 — ). In the presence of a short-range
order, i.e., of correlations in the relative position of atoms, we
have N, <X5D # Nz;y(1 — y); the following quantity is there-
fore 1ntroduced as a short-range order parameter that
characterizes the relative deviation of the atomic distribution
on the jth coordination sphere from the statistical distribu-
tion:
Nzp(1=9) = N n3)e
=1- . (1)
Nzjy(l1—y) -y
This is a short-range order parameter according to Cowley
[14] and Warren [15]. If we choose the vacancy position O as
the center of the coordination sphere, we obtain a similar
expression

o =

—ox (2)

Formulas (1) and (2) give the same value for the short-range
order parameter. In the case of the statistical distribution, the
quantities n 56 - and n,’/\ obtained by averaging over all jth
coordination spheres centered at atoms X and vacancies O
coincide with the respective concentrations 1 — y and «; = 0;
therefore, we have o; < 0. If, in the presence of correlations,
the jth coordination sphere of an atom X predominantly
contains vacancies, i.e., if n Xiu >1—yand n'/ )X > y, then
the short-range order parameter is negative (oc, < 0). If the
fraction of vacancies on the jth coordination sphere of an
atom X is less than in the case of the statistical distribution,

, if n X)D <1—y and ”(u))x <y, then the short-range
order parameter is positive (; > 0). Thus, the sign of the
short-range order parameter indicates the predominant
character of the surroundings of an atom X on the jth
coordination sphere with vacancies («; < 0) or with atoms of
the same sort (o; > 0).

In some cases, it is more suitable to use a short-range order
parameter defined differently. Let the total number of atoms
and vacancies (or the number of sites of the nonmetallic
sublattice) be N. We consider a jth coordination sphere with a
coordination number z;. In the case of a statistical distribu-
tion, the numbers of pairs XX, X0, 0X, and 0O of the same
and of different sorts is determined by the binomial distribu-
tion and is equal to N/) = Nz;/2. In the absence of short-
range order, the number of pairs X0 and OX of different sorts
on the jth coordination sphere is the same and is equal to

me(j) me(j)

1
ox =5 Nzy(l=y).

In the presence of short-range order, we have NXEl # N)'?S( ),

therefore, the short-range order parameter is chosen as the

qttantlty that characterizes the relative deviation of NX from
Nyo ' ie.,

Wl
U

3)

O€j=1*

Equation (3) is usually written in terms of the probabilities

bin (/) (/)
. N i N
bin _ YXo (/) _ ¥Xo
o ==y and Pxg =41
as
(J)
P.
o =1-— ’f).D . 4)
‘ P5

In describing a nonstoichiometric compound or a substitu-
tional solid solution with a given composition and structural
state, Eqns (1), (2), and (4) yield the same values of the short-
range order parameter.

Relatively rarely, the short-range order parameter accord-
ing to Bethe [13] is used:

aj o Pord(() Pbm ’ ( )
XO 1 Xo
where P;;rmd( is the probability of formation, in a nonstoi-

chiometric compound MX,0;_,y with the greatest possible
long-range order, of pairs X0 with the spacing between the
atom X and the vacant site equal to the radius of the jth
coordination sphere. With this definition, the short-range
order parameter o ranges from zero in the disordered
nonstoichiometric compound (P%J)—PQ‘S) to unity in the
ordered compound (Py/; () — = = Py. (&) ).

Along with short-range order parameters, frequently
used in describing the structural state of a partially ordered
nonstoichiometric compound are correlations ¢ defined [10]
as the difference between the probability PP((IDW) of the
formation of pairs X0 such that the atom X and the Vacancy
O are located in different nonequivalent sublattices (e.g.,
th(e) ls(g)and 2nd sublattices) and the product of the type
A ASK

2) P)((1>Pé2) 7 (6)

where R; is the radius of the jth coordination sphere. The
probab111t1es P)(< and PD 2 are uniquely defined through long-
range order parameters, and correlation (6) makes it possible
to more precisely describe the structural state of a partially
ordered nonstoichiometric compound. In the general case,
the correlations can be either positive or negative. In a
completely ordered crystal, all correlations are zero, because
the atomic distribution is exactly described by the long-range
order parameters in this state.

In the absence of long-range order, short-range order is
usually described by correlations defined as the difference of
the probabilities for the detection of a pair XO on the jth
coordination sphere of a nonstoichiometric compound with a
given structural state and of a disordered nonstoichiometric
compound:

. (/) bin __ p(J) _ _

SXD(R) PXD Pyxp = PXD (1 ) (7)
Because the pairs XO and OX are equivalent, the pair
correlations are equal to one another: exq(R;) = éox(R;). In
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the absence of long-range order, correlation function (7)
tends to zero with increasing the radius R of the coordination
sphere.

It follows from Eqns (4) and (7) that in the absence of
long-range order, the short-range order parameter o; and the
pair correlations ¢ are related as

exo(Ry) = —y(1 =)oy,
exx(Ry) = eon(Ry) = y(1 —¥)oy. (8)

It is obvious that all the above relations between the
short-range order parameters and correlations are also
completely applicable for substitutional solid solutions
A,Bi_,; in this case, we should only substitute A for X
and B for O in these relations.

3. Effect of short-range order
on the intensity of diffuse scattering

The disturbances of the ideal structure of a crystal that arise
in the thermodynamic equilibrium can be regarded as
fluctuations of some internal parameters. This allows
describing the scattering of X-rays or neutrons from
crystal-structure inhomogeneities as the scattering by
fluctuation waves of composition or order parameters and
related waves of static displacements of atoms. In particu-
lar, the method of fluctuation waves [16] permits one to
account for the effects of correlations and short-range order
in the relative position of atoms on the intensity of diffuse
scattering.

In general, the intensity of scattering by a crystal can be
presented as the sum

1(q) = Io(q) exp(—2M)

+ Ipap(q) [1 — exp(i2nqu,)] + In(q) , 9)

where Io(q) is the theoretical intensity of fundamental
diffraction reflections in the absence of atomic displace-
ments, q is the diffraction vector (|q|=(2sin0)/2),
exp(—2M) is the factor that takes the weakening of the
intensity of fundamental reflections due to static and
dynamic (thermal) atomic displacements into account,
Ipap(q) is the intensity of the diffuse background that arises
due to displacements u; of atoms from the regular crystal
lattice sites, and Ip(q) is the intensity of diffuse scattering
caused by the difference in the atomic factors of scattering
and by correlations (short-range order) in the relative
position of atoms.

We consider the third term in Eqn (9) in more detail. This
quantity Ip(q) takes the effect of short-range order on the
intensity of diffuse scattering into account.

Let the distribution of atoms in the crystal of a substitu-
tional solid solution A,B;_, be characterized by occupation
numbers ¢(r) that take values 1 if the site r is occupied by an
atom of sort A; if the site r is occupied by an atom of another
sort, then ¢(r) = 0. The atomic scattering factor correspond-
ing to a certain site r can be represented as a superposition of
atomic factors fa and fg at this site,

f() =fac(r) + /a1 = c(r)]. (10)

The scattering factor (10) for scattering by the site r includes
a constant part and a variable part. Its constant part is the

average atomic scattering factor equal to (f) =", fi¢; (in
the case under consideration, (f) = faca +facp or, with
ca=yandcg =1—y, (f) =y(fa —f8) + /). The variable
part of the scattering power of the site r, i.e., the fluctuation,
is

Af (1) = (fa —fo)[e(r) =] . (11)
According to [16], the intensity of diffuse scattering caused by
the fluctuation in the scattering power of N sites can be
written as

In(@) =Y AS (1) Af (rayj) exp [2nq (v — 1))

(12)

We select an arbitrary site r,, as the initial site with respect to
which we consider correlations in the position of atoms, and
assume that r, = 0. The vector r,,; — r, that determines the
position of any site of the crystal lattice relative to the initial
site r, is denoted by R; (at r, = 0, we have R; =r,,;). We
introduce the average quantity

N

(M) AF(502) = 5 A7) AF ().

n=0

(13)

With the adopted notation and with the substitution of
Eqn (11) for fluctuations Af(r), Eqn (12) becomes

In(q)

= (/A=) N'Y_ ([e(0) = 3] [e(R) ~ y]) expi2naR)).

Jj=0

(14)

Expression (14) can be decomposed into two components.
The first is the term with j = 0 and the second is the sum taken
over j from 1 to N (we note that R; = 0 at j = 0):

In(a) = (fa — fa)*N{[e(0) — »]*)
+ (fa=fo)’N Y ([e(0) = y][e(R) —3])
j=1

x exp(i2nqR;) . (15)
Taking the equality {c(r)) = y and the identity ¢?(r) = ¢(r)
into account, we have

([e(0) = »]) =(c*(0)) — 2y (c(0)) + »?
=y-22+y =y (1—y);

therefore, the first component in (15) can be written as a Laue
formula in the form

InL(q) = Ny(1=p)(fa —/fb)" (16)
This component describes the Laue background, i.e., the
contribution to the intensity of diffuse scattering that is
independent of the degree of short-range order and is due to
the difference in atomic scattering factors.

We now consider the second component of Eqn (15) in
more detail. The factors [¢ (0) — y] and [c (R;) — y] describe
excessive probabilities of occupation of the sites r = 0 and
r = R; by atoms of sort A; therefore, the average value of their
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product is the correlation parameter eaa (R;):

(e (0) = yle (Ry) = »])
=(c(0)c(R))) (17)
With (17), the second component in Eqn (15), i.e., the

intensity of diffuse scattering caused by the substitutional
short-range order, is equal to

— 1 =ean(R)).

(fa —/8) NZFAA ) exp(i2ngR,)) .

(18)

Ipsro(q) =

According to Eqn (8), eaa (Rj) = » (1 — ») ;. By substituting
the short-range order parameter eaa (R;) for the correlation o,
in (18), we obtain

N
=) (/a—/8)’N>_ojexp(i2ngR,). (19)

Jj=1

Ipsro(q) = y (1

The difference in the sizes of the substitutable atoms of a
nonideal solid solution leads to displacements of atoms from
their exact positions at the regular crystal lattice sites, i.e., to
lattice distortions. In the presence of distortions, long-range
elastic forces play a noticeable role. In nonideal solid
solutions, the difference in the atomic radii of atoms of
different sorts therefore affects the intensity of diffuse
scattering both directly and indirectly. The direct effect is
related to scattering by distortions; the indirect effects are due
to the appearance of elastic energy that affects the probability
of the appearance of fluctuations and thereby the diffuse
scattering. As a result, the difference in atomic sizes leads to
the occurrence in Eqn (19) of an additional exponential factor
exp(— [f ,—) that reduces the intensity of diffuse scattering /psro
caused by short-range order. Taking the distortions into
account is especially important if the lattice parameters
strongly depend on concentration and if the atomic scatter-
ing factors fa and fg are close in magnitude. The problem of
the effect of distortions on the intensity of diffuse scattering
was considered in detail in [16].

Thus, the intensity of diffuse scattering from a single
crystal caused by short-range order without taking static
displacements of atoms into account is given by Eqn (19).

In those cases where the effect of static displacements
can be neglected, an analysis of the intensity of diffuse
scattering Ip = IpL + Ipsro allows establishing the qualita-
tive character of the substitutional short-range order. The
diffuse scattering caused by a short-range order modulates
the Laue background (Fig. 1). If the fraction of atoms of the
same sort in the nearest neighborhood of an atom is greater
in a solid solution than in the statistical distribution, then
the short-range order parameter is positive (o; > 0). There-
fore, at § =0, the maximum positive contribution to Ip
comes from local phase-separation effects due to short-
range order, because the exponential factor exp(i2nqR;) =
cos[4nR;(sinf)/A] = 1 at § = 0. With increasing 6 and R;, the
exponential factor decreases rapidly to negative values and
then again increases; however, with increasing R;, the short-
range order parameter o; tends to zero, and therefore the
contribution to the intensity of diffuse scattering decreases in
absolute value (Fig. 1, curve 2). If the nearest neighbors of
atoms of a given sort are predominantly atoms of another sort
(2; < 0), the contribution of the short-range order to the
diffuse intensity Ip has the opposite sign relative to the
contribution arising at o; > 0. The character of the variation

W
=
=]
=]
°
5 2
< 3
S 1 - T T~ - — —
a -
2 -7
= =
—_
| |
0 1 2

= (2sinf)/4

Figure 1. Effect of the structural state of a solid solution on the intensity
In =f(2ng) of the diffuse scattering of X-ray radiation or thermal
neutrons (¢ = (2sin0)// is the diffraction vector): (/) diffuse scattering
from a completely disordered («; = 0) solid solution is due to only the Laue
background; (2) the intensity of diffuse scattering in the case of local
(short-range) phase separation («; > 0); and (3) diffuse scattering in the
case of short-range order («; < 0).

of Ip upon short-range ordering («; < 0) is shown in Fig. 1
(curve 3).

For polycrystals, the intensity of diffuse scattering caused
by a substitutional short-range order is described by an
expression similar to (19), namely,

sin 2ngR;

N (fa —1o) NZ“ rngk, (20

Ipsro(q) = y(1 —

The intensity of the Laue background Iy, for a polycrystal-
line binary solid solution is described by formula (16).

The curves of diffuse scattering of X-rays or neutrons
allow finding the short-range order parameters «;. To simplify
calculations, the following function is usually considered:

(q) = Ipsro + IpL
y(1=3)(fa —fa)’'N

Z s1n2an
N %% anR '

The simplest way to determine the parameters o; from the
measurements of Q(q) is the use of the least-square method,
i.e., solving a set of equations that relate the unknowns
Xj =0z to given values of R; and Q(q;), where q; = |q;|
are the values of the diffraction vector at all points of the Q(g)
curve used for measurements.

Another method of calculating o; amounts to the Fourier
transformation of the Q(¢) function. We introduce a radial
distribution function U(R) that describes the deviation in the
concentration of atoms of sort B in some coordination sphere
of an atom A from the concentration of atoms of sort B in the
same coordination sphere for the statistical distribution. This
deviation is written as

21

R+6
Anj = J U(R)dR. (22)
R;—0
On the other hand, An; = o, z;. Therefore,
Ri+6
%z = J U(R)dR. (23)
R;—d
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It was shown in [2, 16] that the radial distribution function
U(R) can be written in terms of some arbitrary function f(R)

as U(R) = (2R/m) f(R). Equation (23) then becomes
2R; R;+o
OC‘,'Z,':TJ‘[R‘ 5f(R) dR. (24)

The calculation of short-range order parameters using this
method amounts to the following procedure: based on
measured values of Q(g), one constructs the U(R) curve;
according to (24), the area under this curve near the values of

R; gives the values of a;z;. It is obvious that the U(R) curve
should have maxima only near R;. A disadvantage of this
method is that it does not allow resolvmg maxima with close
values of the radii R; and R;;; of neighboring coordination
spheres and calculating the corresponding short-range order
parameters o; and o .

Asnoted above, diffuse scattering can be a consequence of
not only a substitutional short-range order but also dynamic
(thermal) and static atomic displacements. Small static
displacements can be due to the presence of point defects in
the crystal. In crystals with a substitutional disorder, static
atomic displacements arise because of the difference in the
sizes of intersubstitutable atoms. These displacements lead to
a modulation of diffuse scattering.

The authors of [19, 20] suggested a technique for
analyzing experimental data on diffuse scattering that allows
determining not only the short-range order parameters but
also the static atomic displacements in different coordination
spheres. According to Eqns (9), (15), (16), and (18), the
intensity of diffuse scattering involves the Laue background
IppL and the respective contributions Ipsro and Ipap caused
by the substitutional short-range order and atomic displace-
ments. The contributions due to the short-range order and
static displacements can be separated using the Sparks— Borie
method [21]. The authors of [19, 20] modified this method and
applied it to cubic nonstoichiometric compounds MX,.
According to [19, 20, 22], the intensity Ipsro in an MX
compound can be written as

Ipsro = Z oy COSTH h cos tHyk cos mH;!/
ikl

(25)

where oy, is the short-range order parameter for the Akl
coordination sphere with the radius Ry = ha/2 + kb/2 +
le/2 (a, b, and ¢ are the basis vectors of the fcc unit cell) and
H,, H,, and Hj are the coordinates of the reciprocal-lattice
points (we note that for a nonmetallic fcc sublattice, the sum
h+k+1=2nis an even number, whereas for the metallic
sublattice, "+ k+/=2n+1 is an odd number). The
intensity Ipap in [19, 20] is expressed as a sum of two terms
Iap1 and Iap;. The first describes the modulation of the
intensity of diffuse scattering caused by static size-effect-
related atomic displacements and is equal to

Iap1 = H1Q(H1, Hy, H3) + H,Q(H,, H3, H})

+ H3Q(H3,H\, H,), (26)

where

O.(Hy, Hy, H3) = Zy,,k, sintHh sin tH>k sin tH3/ ,

hkl

y i
Vit = —T [m + thkl:| <”>@/ 'x

if h+k + 1 is even, and y,; =—[21/(1 — »)](fm/fx) (W)
if i+ k + 1 is odd; (u"' is the relative displacement of two
sites whose spacing is Ryy;.

The second term accounts for the scattering from thermal
vibrations of atoms and from displacements caused by point
defects; it is written as

Iap> = Zéhk/Hf cosmtH h costHyk cos mH;5!
hkl
+...+ Zehlele sintHh sintHyk sintHs + ...,
hkl
(27)

where 04, and ey, are coefficients related to atomic displace-
ments. The second term Iaop» is much smaller than the first
term Iapi.

In a nonstoichiometric compound MX,0;_,, the short-
range order parameter oy can be determined through the
probabilities of the formation of pairs ‘vacancy O+ inter-
stitial atom X* (P#¥ _ or P!*, ) by Eqns (1) or (2), which can
be written as

Phkl Phk/
OC/,k/ZI—DT_XEl—]Xf_;. (28)

Hence, P! = y (1 — ). Because PIK_ + P =1, we
have P”k’ :l P or, taking (28) into account,
Phkl _1 (1— )(1—0(/1k1):y +(1 —y) ons- The displace-
ments (u/*) and (uf¥'y) are related to the probabilities
PIM and PQ"’X as

P)/élilx<u)/éklx> + P/zklx<uhkl —0. (29)

For a nonmetallic sublattice of an MX, compound, the sum
h+ k + 1 is an even number and we have

)y k
Ykt = —T <17 + O‘hk/) (ug)
-y
and therefore

l—y
hkl _
o) = [y + (1 =) o

] Vhkt -

Substituting the values of P/~ P —and (u!y) in

Eqn (29), we can find the root-mean-square static displace-
ments in the nonmetallic sublattice as

ke 1
Ty = ) Vhki - (30)

o-X/ = 271:(1 — Olpkl

The probabilities of the formation of the ‘metal M —
vacancy O’ and ‘metal M +interstitial atom X’ pairs in a
nonstoichiometric compound MX, are P{{/ =1-—y and
Pl = y. The probabilities P/K! _ and Phk’ “are related to
root-mean-square static dlsplacements in the metallic sub-
lattice (u/*\;) and (u*',) as

Wl /. hkl Bl /) Bkl

Pax () + Prl oty ) = 0. (31)
For the metallic sublattice of the compound MX,, the sum
h+ k + /is an odd number and

2n fM hkl
9 h = — — (U
Vhkl [ <
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and therefore

11—y fx
k
”)12_/M> =T o E Yhki -

Using this formula and the values of the probabilities P! |
and P, we can transform Eqn (31) into an expression for
determining the root-mean-square static displacements in the
metallic sublattice of the MX, compound as

il VIx
u, = n .
o-M 21w Yhki

(32)

In what follows, we consider experimental results on the
short-range order and diffuse scattering of electrons and
neutrons in nonstoichiometric compounds.

4. Diffuse scattering of neutrons
and electrons in nonstoichiometric compounds

In the last few decades, numerous works concerning the
investigation of short-range order in nonstoichiometric
compounds by the methods of electron and neutron scatter-
ing have been published. The authors of [23, 24] used
experimental results on the intensity of diffuse scattering of
electrons from vanadium carbide VCy 75 to calculate the
short-range order parameters oy, for eight nearest coordina-
tion spheres (hk/) of its nonmetallic sublattice. As the center
of coordination spheres, they selected a vacancy. For the
nonstoichiometric carbide MC,, the number of carbon atoms
nc and the number of vacancies ng in the jth coordination
sphere with a coordination number z; are given by

ne=z(l—w)y, no=z[1-(-a)y. (33)
The results of the determination of the parameters « and of
the number of carbon atoms nc and vacancies ny for each
coordination sphere are given in Table 1. For comparison, the
same parameters were calculated for the ordered phase V¢Cs
with a monoclinic (space group C2/m or C2/m) or trigonal
(space group P3;) superstructures.

It can be seen from Table 1 that the distribution of carbon
atoms and vacancies in the nonmetallic sublattice of the
carbide VCy 75 differs noticeably from the statistical distribu-
tion. For example, in the first two coordination spheres, the
number of vacancies is far less than in the case of the statistical

distribution. With increasing the coordination sphere radius,
the value of o oscillates, gradually decreasing in absolute
value. The authors of [23, 24] interpreted the results on the
distribution of carbon atoms and vacancies as a consequence
of mutual repulsion of vacancies and noted that an analogous
short-range order should be observed in niobium and
tantalum carbides. The conclusion on the similarity of short-
range order in nonstoichiometric monocarbides of transition
metals of Group V was also made in [26]. According to the
authors of [26], it is impossible to obtain absolutely
disordered (without short-range order) samples of vanadium
carbide VC, with y > 0.78.

A study of short-range order using diffuse scattering of
neutrons from single crystals of TiCy 76 and NbCy 73 carbides
was performed in [19]. The distribution of the intensity of
diffuse scattering of neutrons was measured at the tempera-
ture 300 K in the (110) plane of the reciprocal lattice in the
range of the diffraction vector variation 2 < 2mg < 40 nm™!.
Before taking measurements, the TiCy 76 and NbCy 73 single
crystals were annealed in a vacuum for several days. The
obtained patterns of the diffuse scattering intensity are far
from being periodic, which indicates the occurrence of
displacements of atoms from the positions of the ideal
nondistorted lattice. Using the Fourier transformation, the
authors of [19] determined the short-range order parameters o
for eight coordination spheres of the nonmetallic sublattice of
the carbides TiCy 76 and NbCy 73 (see Table 1). As is seen from
Table 1, the short-range order in titanium carbide is much
weaker than in niobium carbide, but the distribution of
vacancies is caused by their mutual repulsion, as in the case
of vanadium carbide VC,. According to [19], the correlations
in niobium carbide extend to over more than nine coordina-
tion spheres. The results in [19] on the short-range order in
niobium carbide agree qualitatively with analogous data in
[27] obtained in studying powder samples of niobium carbide
of compositions NbCp 73— NbCopgs by the neutron diffuse
scattering method.

The study of polycrystalline samples of ZrCpgo and
ThCy 75 by elastic neutron diffuse scattering permitted the
authors of [26] to determine correlations in the distribution of
vacancies in three coordination spheres (centered at a
vacancy). According to [26], the cross sections of elastic
diffuse scattering of neutrons for zirconium carbide ZrCy g
and thorium carbide ThCy7s are similar. In the ThCg 75
carbide, there is a small number of vacancies (smaller than
in the case of a statistical distribution) in the first coordina-

Table 1. Short-range order parameters ¢ and the numbers of carbon atoms n¢ and vacancies ng in coordination spheres (4kl) of vanadium carbide VCy 7s,
ideal ordered phase V¢Cs, and niobium and titanium carbides NbCy 73 and TiCy_76.

CS* CS** VCo.75 [23] V6Cs [23] NbCo 73 [19] TiCo.76 [19]
(kD) Zhkl

o nc ng o ne ng o ne ng o ne ng
110 12 —0.178 10.6 1.4 —-0.2 12 0 —0.095 9.6 2.4 —0.005 9.2 2.8
200 6 —0.260 5.7 0.3 —-0.2 6 0 —0.275 5.6 0.4 —0.080 4.9 1.1
211 24 0.176 14.8 9.2 0.2 16 8 0.051 16.6 7.4 0.013 18.0 6.0
220 12 0.008 8.9 3.1 0 10 2 0.072 8.1 3.9 0.006 9.1 2.9
310 24 0.041 17.3 6.7 0 20 4 0.044 16.7 7.3 —0.003 18.3 5.7
222 8 —0.171 7.0 1.0 -0.2 8 0 —0.030 6.0 2.0 0.025 5.9 2.1
321 48 -0.070 38.5 9.5 —-0.1 44 4 —0.020 35.7 12.3 —0.007 36.7 11.3
400 6 0.143 3.8 2.2 0.2 4 2 0.030 4.2 1.8 0.003 4.5 1.5

* CS is the coordination spheres (hk/) with the radius R; = (agi/ (W + K41 2)]/ 2, where ag is the lattice parameter of the disordered carbide MC,
with a structure of the Bl type; the coordination sphere is centered at a vacancy.

** CN is the coordination number for the coordination sphere (/1k/).
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tion sphere; in the second coordination sphere, the vacancies
are completely absent; and in the third coordination sphere,
the number of vacancies is greater than for the statistical
distribution (e¢; = —0.05, o, = —0.20, a3 = 0.075). In the
spectrum of zirconium carbide ZrCggo, there was also
observed a wide diffuse maximum in the {1/2 1/2 1/2}
reflection range, which is the first superlattice line in the
spectrum of annealed zirconium carbide ZrCo ¢4 (annealing
was performed for 100 h at the temperature 1070 K).

A detailed study of short-range order in single crystals of
TiCo.64, TiCop.76, TiNp.g2, NbCp.73, and NbCyp g3 by elastic
neutron diffuse scattering was performed by the authors of
[20, 22, 28—32]. These investigations were undertaken as a
continuation and development of works carried outin [19, 26,
33]. All the single crystals were obtained by the method of
zone melting, which is described in detail in [34]. The single
crystals of titanium and niobium carbides were obtained by
zone melting of preliminarily sintered samples; the melting
was performed in an atmosphere of pure helium under the
pressure 2 MPa (20 atm). The single crystal of titanium nitride
was obtained by zone melting of a titanium rod at the
temperature 2870 K in the atmosphere of high-purity
nitrogen; the nitrogen pressure was 2 MPa (20 atm). To
perform neutron-diffraction studies, single-crystal samples
in the form of cylinders about 10 mm in diameter and length
were cut from the zone-melted rods. At the temperature
300 K, the respective lattice parameters ap; of cubic single
crystals of TiCpe4, TiCp 76, TiNg g2, NbCo 73, and NbC g3
were 0.4322, 0.4330, 0.4228, 0.4442, and 0.4453 nm.

The restoration of data on the short-range order para-
meters and atomic displacements from the intensities of
diffuse scattering is a sufficiently complicated computational
problem whose solution can involve significant errors. The
magnitudes of the errors depend on the number of coordina-
tion spheres taken into account during the minimization, on
the size of the zone selected near the diffraction reflection used
(which affects the intensity of diffuse scattering), and on the
calibration errors. To avoid these errors, the authors of [20,
22, 28-32] performed special investigations [22, 30] to
estimate statistical computational errors. In particular, the
direct minimization of experimental results for a vacancy
placed in the center (000) of the coordination spheres yields a
value for oo that differs from the theoretical value by unity.
This systematic error arises as a result of an uncertainty in the
coefficients in the formula for the normalization of the elastic
scattering cross section do/dQ. The corrected (taking into
account that ogy = 1) values of the short-range order
parameters oy, were calculated by the formula

corrected __ 1+ (da/dQ)inc noncorrected
hkl ~— ,,noncorrected hkl )
%900 + (do/dQ)

mc
where (do/dQ),,. is the incoherent scattering, which gives an
additional weak contribution to the elastic scattering section.
For the nonstoichiometric compounds MX,, the magnitude
of incoherent scattering is calculated (in Laue units) by the
formula

( da) oW+ yo R+ o

de y(1—y)oh

(34)

(35)

inc

where ¢ and ¢™™ are the effective cross sections for the
coherent and incoherent scattering and ¢9™ is the cross
section for multiple diffuse scattering (1 laue =y (1— y)(fx)%
where fx is the amplitude of coherent scattering of neutrons

by an atom of sort X). For TiCg ¢4, TiCo.76, TiNg .82, NbCyp 73,
and NbCy g3, the respective values of (do/dQ). . are 0.26,
0.26, 0.29, 0.02, and 0.02 barn [20].

Table 2 lists the short-range order parameters for the
nonmetallic sublattice of nonstoichiometric titanium and
niobium carbides and for titanium nitride [20] correspond-
ing to a quenched disordered state or to a disordered state
that is in equilibrium at the temperature of measurement 7,
which is somewhat greater than the order—disorder transi-
tion temperature Ty, in these compounds. For compar-
ison, the table also gives the short-range order parameters
for the orthorhombic (space group C222;) superstructure
M;X; and for the superstructures of the M¢Xs type. Figure 2
shows the variation in the short-range order parameters
in the NbCy73 carbide with increasing the radius r =
(ap1/2)(h* + k* + 12)'/? of the coordination sphere (kl).

The results in Table 2 allow making the following
conclusions:

— in titanium carbide, an increase in the concentration of
vacancies is accompanied by the extension of correlations to a
greater number of coordination spheres; in TiCy 76, the short-
range order is already virtually absent in the fourth and
subsequent coordination spheres, whereas in TiCp g4, the
correlations are retained up to the eighth coordination
sphere (400);

— in all the samples studied, the short-range order
parameters for the first (110) and second (200) coordination
spheres are negative, and those for the third coordination
sphere are positive. The a9, 200, and oy19 parameters of the
carbides TiCgp.76, NbCo.73, and NbCyg3 and of the nitride
TiNjy s> correspond best in sign and relative magnitude to the
superstructure MeXs; for the carbide TiCyes, these para-
meters are closer to those of an orthorhombic superstructure
(space group C222,) of the MsX5 type;

— as is seen from the results for the TiNg g, nitride, all
short-range order parameters decrease in the absolute value
with increasing the temperature.

The investigations [20, 22, 28—-32] of elastic neutron
diffuse scattering show that a noticeable short-range order is
retained in the nearest coordination spheres even at a
temperature that is higher than the order —disorder tempera-
ture by 200300 K. This indicates that the role of short-range
interactions in nonstoichiometric compounds is very large.
However, we cannot state that the short-range order in
strongly nonstoichiometric compounds is exclusively due to
the repulsion of vacancies. Such type of short-range order
dominates in nonstoichiometric compounds MX,0;_,y with
the relative concentration of structural vacancies | — y < 0.3.
At a greater content of vacancies (e.g., in titanium carbide
TiCy 5s—TiCy.7), they cannot in principle be isolated from one
another. In this case, there appears to arise a short-range
order that is related to a clustering of vacancies into groups
consisting of two, three, and a greater number of vacancies
and to such a relative position of vacancy clusters that
provides their greatest spacing.

The values of the coefficients y,,, and static displace-
ments (u*\,) and (u¥) determined in [20, 28-32] are
given in Table 3. In calculating the displacements of metallic
atoms (u/™,) via Eqn (32), we used the following neutron
scattering amplitudes fy and fx: fri = —0.34 x 10712 cm,
fnb =071 x 10712 em, fc =0.665 x 10712 ¢cm, and fy =
0.94 x 107! cm. The values of the displacements (u/*),)
and (u*' ) in Table 3 are given in units ag x 107*/2, where
apy 1s the lattice parameter of the nonstoichiometric

inc
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Table 2. Short-range order parameters oy in the nonmetallic sublattice of titanium and niobium carbides (TiCo.4, TiCo.76, NbCp.73, NbCp 33) and
titanium nitride (TiNg s2).

CS~ M;Xo TiCo.¢4 TiCo.76 NbCo.73 NbCo.s3 MeXs
(hkl) (space group C222/) 1170 K ** 1170 K ** Quenching ™ 1470 K ** 1470 K **
000 1 1.000 0.934 1.000 1.000 1.000 1
110 —1/8 —0.055 —0.047 —0.085 —0.087 —0.063 —1/5
200 -1/2 —0.276 —0.122 —0.190 —0.196 —0.166 —1/5
211 1/8 0.037 0.035 0.088 0.072 0.094 1/5
220 1/4 0.088 0.018 0.039 0.018 0.005 0
310 1/8 0.021 —0.003 0.035 0.029 0.026 0
222 —1/8 —0.039 0.008 —0.044 —0.029 —0.019 —1/5
321 —3/16 —0.019 —0.001 —0.038 —0.024 —0.030 —1/10
400 0 0.072 0.009 0.010 0.010 0.009 1/5
330 0 0.001 0.010 0.009 —0.003 0.005 2/15
411 0 —0.014 —0.007 —0.022 —0.028 —0.035 2/15
420 0 —0.029 0.010 0.008 0.001 —0.001 —1/5
332 1/4 0.010 —0.002 0.031 0.006 0.002 0
422 0 0.016 —0.001 0.018 0.013 0.005 2/5
510 0 —0.010 —0.002 —0.002 —0.001 —0.011 —1/15
431 0 0.006 —0.003 0.007 0.002 —0.002 —1/15
521 1/8 0.009 0.000 0.003 0.000 0.000 0

CS* M;X;, TiNo_gz MeXs

(hkl) (space group C222,) Quenching™* 970 K** 1070 K** 1170 K**

000 1 1.000 1.000 1.000 1.000 1

110 —1/8 —0.107 —0.101 —0.096 —0.091 —1/5

200 -1/2 —0.114 —0.114 —0.102 —0.096 -1/5

211 1/8 0.036 0.045 0.040 0.034 1/5

220 1/4 —0.002 0.018 0.013 0.013 0

310 1/8 0.004 0.019 0.016 0.014 0

222 —1/8 —0.041 —0.028 —0.023 —0.018 —1/5

321 —3/16 —0.025 —0.018 —0.015 —0.013 —1/10

400 0 —0.002 0.003 0.000 —0.005 1/5

330 0 0.012 —0.002 0.000 0.003 2/15

411 0 —0.019 —0.010 —0.008 —0.005 2/15

420 0 —0.005 0.003 0.004 0.004 —1/5

332 1/4 0.002 0.013 0.010 0.008 0

422 0 0.004 0.010 0.008 0.005 2/5

510 0 —0.005 —0.001 —0.001 —0.002 —1/15

431 0 —0.001 0.004 0.003 0.002 —1/15

521 1/8 —0.003 0.000 —0.001 —0.001 0

* CS — coordination sphere (/1k/).

** Measurements were carried out on disordered samples at the specified temperature, which is somewhat higher than the order —disorder transition
temperature Ty in these compounds.
*** Measurements were conducted at 300 K on quenched disordered samples.

T T I T I ITTT T T ITTT J(hksy  compounds under consideration, with the structure of the
ISECRSPa=Saistad s ais tidlatlcs Bl (NaCl) type. The positive values of displacements mean
that the atom moves away from the vacancy; negative
/N displacements indicate that the atom approaches the
\J 74 ~-1 vacancy.
As follows from Table 3, in the carbides studied (TiCo ¢4,
TiCo.76, NbCo.73, NbC()‘g3) and in the nitride TiNgg», the
metal atoms that are nearest to a vacancy move away from it,
whereas the metal atoms of the next coordination sphere are
-0.2 |- displaced toward the vacancy.
NbCo.73 In [35], the short-range order and long-range order in the
metallic sublattices of carbide solid solutions Tig.95V0.05Co.21,
Ti0.95V0.05Co.55, Ti0.75V0.25C0.21, and Tig 75V 25Coss were
studied using electron microscopy and electron diffraction.
Solid-solution samples obtained by arc melting with a
subsequent quenching of the melt contained two phases: a
B phase (bcc solid solution of carbon in a B-(Ti,V) alloy) and
a cubic & phase (nonstoichiometric titanium carbide TiC,

110+
200
11+

—0.1

I, dp /2

Figure 2. Short-range order parameters oy, in the disordered niobium
carbide NbCo.73 [22]; r = (agi /2)(F* + k> + 12)/? is the radius of the
coordination sphere (hkl).
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Table 3. Coefficients y,,, and root-mean-square static displacements (u/* /) and (u’*,) of metallic and nonmetallic atoms in titanium and niobium
carbides (TiCo g4, TiCo,.76, NbCy 73, NbCy g3) and titanium nitride (TiNog,) [20]; the displacements (u*/) are given in ap x 10~*/2 units.

Coordination Pair TiCo.64 TiCo 76 NbCo.73
sphere o-M ag; = 0.4332 nm, ag; = 0.4330 nm, ap; = 0.4442 nm
(hkl) or 1170 K* 1170 K *
0o-X
Quenching ** 1470 K *
Tk okl T whkl
o < > " v Vhkt <“W> Vit <“hk1>
100 o-M —0.127 253 —0.098 232 0.146 159 0.151 164
110 o-X —0.030 —45 —0.025 —38 —0.005 -7 0.001 1
111 o-M 0.024 —48 0.017 —40 —0.047 —51 —0.063 —69
200 o-X 0.034 42 —0.009 —13 —0.045 —60 —0.021 -28
102 o-M 0.026 -52 0.004 -9 —0.007 -8 —0.005 -5
201 o-M 0.004 -8 0 0 —0.015 —16 —0.022 —24
112 o-X 0.008 13 0.006 10 0.002 3 0.002 3
211 o-X —0.002 -3 —0.002 -3 0.008 14 0.008 14
220 o-X —0.011 -19 0.001 2 0.008 13 0.012 19
122 Oo-M —0.007 14 0.004 -9 0.010 11 0.009 10
212 o-M 0 0 0.002 =5 0.009 10 —0.003 -3
300 o-M 0.028 —56 0.020 —47 —0.037 —40 —0.068 —74
103 o-X 0.006 10 0.002 3 0.007 12 0.006 10
310 o-X 0.003 5 0.002 3 0.010 16 0.013 21
Coordination Pair NbCo g3 TiNo s>
sphere o-M ap) = 0.4453 nm, ap) = 0.4228 nm
(hkl) or 1470 K *
o-X
Quenching** 970 K* 1170 K*
Viki <uhk[> 5
Vi () Ykt (u"™) Viki (™)
100 Oo-M 0.206 255 —0.049 177 —0.057 206 —0.051 184
110 o-X 0.005 7 —0.015 -22 —0.025 -36 —0.027 -39
111 o-M —0.068 —84 0.021 —76 0.023 —83 0.024 —87
200 o-X —0.028 —38 0.016 23 0.022 31 0.022 32
102 Oo-M 0.011 14 0.008 -29 0.011 —40 0.013 —47
201 Oo-M —0.020 =25 0.005 —18 —0.007 25 —0.009 32
112 o-X —0.004 -7 0.001 2 0.001 2 —0.002 -3
211 0o-X 0.001 2 —0.007 -12 0.007 12 0.008 13
220 o-X 0.001 2 —0.003 -5 0.004 6 0.002 3
122 Oo-M 0.010 12 —0.001 4 0 0 0.003 —11
212 o-M 0.008 10 —0.001 4 —0.005 18 —0.003 11
300 o-M —0.061 -75 0.007 =25 —0.005 18 —0.005 18
103 o-X 0.010 16 —0.002 -3 0.002 3 0.002 3
310 0o-X —0.002 -3 0 0 0.008 13 0.009 15

* Neutron diffraction measurements were conducted on disordered samples at the specified temperature 7.
** Neutron diffraction measurements were conducted at 300 K on quenched disordered samples.

with small impurity of vanadium). The respective samples
of Tio.o5Vo0.05Co.21, Tio.95V0.05Co.55, Tio.75V0.25Co.21, and
Tio75Vo.25Co.55 contained 52.0, 97.2, 51.2, and 88.0 mol.%
6 phases (of the respective composition Tig.997V0.003Co.493,
Ti0.985V0.015C0.570, Ti0.991 V0.009C0.519, and Tig.918V0.082Co.679)-
The precipitates of the & phase were dendrites (up to 10 um in
size) surrounded with a matrix of the B-(Ti,V) alloy. The
electron diffraction investigation of regions containing only
the & phase revealed additional periodic diffuse scattering and
additional diffraction reflections not belonging to the d phase.
Both effects were related to the formation of a long-range
order in the cubic TiC, carbide. All additional reflections
were superlattice ones and corresponded to the diffraction
vector {1/2 1/2 1/2}. This indicates the formation of an
ordered phase of the Ti,C type in the titanium carbide
studied. The small size of the domains of the ordered phase
did not permit the authors of [35] to establish exactly to which
space group (R3m or Fd3m) this phase belongs.

An analysis of the diffuse scattering intensity permitted
the authors of [35] to determine the short-range order
parameters for eight coordination spheres of the nonmetallic
sublattice of the cubic carbide phase (Table 4). The measured
short-range order parameters oy, correlate well with the
theoretical values of o calculated for the ideal ordered Ti,C
phase. The sign of « indicates that in the first and second
coordination spheres of the nonmetallic sublattice, predomi-
nantly C—0O pairs are observed, whereas in the third
coordination sphere, mainly C—C and O-0O pairs are
observed. The introduction of corrections taking the width
of diffuse diffraction reflections and the nonuniform distribu-
tion of intensity of these reflections into account permitted
the authors [35] to substantially refine the experimentally
found values of the short-range order parameters. To explain
the results obtained, the authors of [35] used the concepts of
the ‘superlattice’ and ‘correlation’ short-range order sug-
gested in [36, 37]. According to the authors of [35], the
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Table 4. Short-range order parameters oy for the ordered phase of Ti,C
formed in cubic titanium-—vanadium carbides Tio.997V0.003Co.49,
Ti0.991 V0.009Co.52, and Tig.985V0.015Co.57 [35].

Coordination Olexper ot o Otheor

shell (hkl)

110 —0.183 —0.139 —0.117 0
200 —0.254 —0.147 —0.216 —1
211 0.189 0.083 0.070 0
220 —0.026 —0.009 0.046 1
310 0.050 0.013 0.011 0
222 —0.128 —0.025 0.052 -1
321 —0.089 —0.013 —0.011 0
400 0.171 0.019 0.034 1

Notes. oexper are the experimental values of the short-range order
parameters;

o are the corrected short-range order parameters calculated with the
width of reflections taken into account (according to [35], these are the
parameters of the correlation short-range order);

o** are corrected short-range order parameters calculated with the
nonuniform distribution of the reflection intensity taken into account
(according to [35], these parameters include correlation and superstruc-
ture short-range order simultaneously);

dheor are theoretical short-range order parameters for the ideal ordered
Ti,C phase (space group R3 m or Fd3m).

short-range order parameters o* corrected for the width of
reflections characterize only the correlation short-range
order, whereas the parameters o** calculated with the nonuni-
form intensity distribution taken into account include the
superlattice and correlation components simultaneously. We
note that the superlattice parameter oo for the cubic and
trigonal ordered Ti,C phases is identically equal to zero,
whereas according to [35], the a9 parameter is negative both
without corrections (oexper) and with corrections (o, o**). It
can be supposed that these discrepancies are due to some
factors related to scattering by vanadium atoms present in the
diffraction regions studied and to static displacements of
atoms that have not been taken into account in [35].

In [38], the short-range order in lower hexagonal
carbides of vanadium and niobium (V,C, and Nb,C,) was
studied using electron diffuse scattering. The investigation
showed that the short-range order and long-range order in
these carbides were related to a specific distribution of carbon
atoms and structural vacancies, which formed regular C—0—
C—0O-... chains parallel to the c-axis. A comparison of the
experimental and calculated values of the diffuse scattering
intensity permitted the authors of [38] to establish the possible
types of ordering in V,C and Nb,C.

The investigation of electron diffraction in the cubic
monoxide TiO, (1.00 <y < 1.25) [39] also revealed the
presence of diffuse scattering, but no quantitative character-
istics of the short-range order were given in the paper.
Measurements of the X-ray diffraction diffuse scattering
from single-crystal disordered titanium monoxide TiOg.997
at 1323K [40] showed a tendency for the nearest neighbor-
hood of titanium atoms to contain vacancies in both the
metallic and oxygen sublattices. This follows from the
negative sign of the short-range order parameters oti_ and
ori_m for the nearest coordination spheres formed around Ti
atoms by the sites of both oxygen and titanium sublattices
(O and m are here the respective vacancies in the nonmetallic
and metallic sublattices). According to [40], the short-range
order in TiOgg97 corresponds to the atomic distribution
characteristic of the ordered monoclinic phase TisOs.

5. Short-range order in carbide solid solutions

The method of X-ray diffraction diffuse scattering was
repeatedly employed to study short-range order in the
metallic sublattice of solid solutions formed by transition-
metal carbides. According to [17], the most substantial results
of studying short-range order in MMC-MUDC solid solu-
tions are that a nonchaotic distribution of metal atoms over
the sites of the metallic sublattice was established and the
effect of carbon on the correlations in the distribution of
metallic atoms was detected.

The local distribution of atoms was first fixed in the
metallic sublattice of NbC—TaC and ZrC—-HfC equimolar
solid solutions [41—43]. The absence of vacancies in the
carbon sublattice and the proximity of the atomic radii of
the substitutable metals (Nb and Ta; Zr and Hf) suggest that
no static distortions are present in the lattice of these solid
solutions. The short-range order parameters for the three
nearest coordination spheres in the metallic sublattice were
determined from the diffuse scattering intensity Ip =
IpL + Ipsro (the intensities Ipy and Ipsro were described by
Eqns (16) and (20), in which the atoms A and B were taken to
be the substitutable metallic atoms). The short-range order
parameters in the first and second coordination sphere
proved to be positive; the magnitudes of both o; and a,
increased with decreasing the temperature of quenching or
annealing (Table 5). The positive values of ¢; and o, indicate
that in these solid solutions, in the first and second coordina-
tion spheres nearest to a metal atom of a given sort, the
concentration of metal atoms of the same sort is greater than
for the statistical distribution. In other words, a short-range
separation exists in the metallic sublattice of NbC—TaC and
ZrC—HfC solid solutions. The local (short-range) phase
separation is also observed in metallic Nb—Ta alloys [44].
The short-range order parameter o3 for the third coordina-
tion sphere is negative and close to zero; therefore, we can
assume that the correlations in the distribution of atoms of
the metallic sublattice extend only over the two nearest
coordination spheres. An additional annealing of the sam-
ples at a reduced temperature and the introduction of 1 mol.%
WC into the solid solution led to an increase in correlations in
the relative position of metallic atoms.

In [45, 46], the authors studied diffuse scattering of
X-rays by solid solutions such as Tig sNbg sC, TigsTag sC,
Tip.sWo.5C, Vo sNby sC, and Vo sWy sC, and by metallic alloys
such as Ti0,5TaO.5, V0.64Nb0‘36, and V0,65W0'35. The short-
range order parameter o for the Tig sTag s alloys proved to be
positive; that for the Vo.64Nbg36 and Vo.csWo.35 alloys was
negative; and for the Vo sWy sC, we have oy > 0. In carbide
solid solutions Tig sNbg sC, Tig.sTag.sC, and V.sWo.sC, the
sign of the short-range order parameter o; changes to the
opposite compared with the alloys Nb, Ti;_, [47], TipsTao s,
and Vi 65Wo 3s.

Short-range order in TiC — WC solid solutions was studied
in [48—50]. Measurements of X-ray diffuse scattering were
performed on samples of various compositions subjected to
various heat treatments (sintering at various temperatures,
quenching, cooling with a furnace, etc.). According to the
results obtained, all samples of TiC—WC solid solutions with
a complete (without vacancies) carbon sublattice revealed a
noticeable short-range order in the first coordination sphere
(a1 < 0); the short-range order parameters o, and o3 for the
second and third coordination spheres were close to zero
(Table 5). This means that the correlations in the position of
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Table 5. Short-range order parameters o, o, and a3 for the first, second, and third coordination spheres of the metallic sublattice of a carbide solid

solution and alloys.

Composition Heat treatment o o o3 References
Nby.sTag.sC Annealing, 2000 K 0.058 0.025 0 [41]
Nby.sTag.sC Annealing, 1800 K 0.089 0.049 0 [41]
Nby.sTag sC Annealing, 1500 K 0.120 0.071 0 [41]
Nbyg.sTag sC+ 1 mol.% WC Annealing, 1800 K 0.11 0.10 0.02 [43]
NbysTagsC+ 1 mol.% WC Annealing, 1500 K 0.14 0.13 0.04 [43]
Nbo.sTag s Quenching, 1600 K 0.13 0.09 0.02 [44]
Nbyg.sTag s Annealing, 1400 K 0.16 0.08 —0.04 [44]

Zry sHfy sC Quenching, 2200 K 0.06 0 0 [42]
Zry.sHfy sC Quenching, 1800 K 0.09 0 0 [42]
Nby.sTio.sC Quenching, 2200 K —0.06 — — [17, 45, 46]
Nbyg.75Tio.25 Quenching, 1500 K 0.066 0.103 — [47]
Nbo.sTig.s Quenching, 1500 K 0.063 0.047 — [47]
Nb0_25T10_75 Quenching, 1500 K 0.091 0.017 — [47]
Tip.sTao.sC Quenching, 2200 K —0.06 — — [17, 45, 46]
Tio.sTao.s Quenching, 1500 K 0.19 — — [17, 45, 46]
Tig.sZro.sC Quenching 0.07 — — [17]
Tio,()HfOAC Quenching 0.03 — — [ 1 7]
Vo.5sNbg.sC Quenching, 2100 K —0.01 — — [17, 45, 46]
Vo.64Nbo 36 Quenching -0.23 — — [17, 45, 46]
Vo.sWo.sC Quenching, 2100 K 0.03 — — [17, 45, 46]
Vo.6sWo.3s Quenching —0.10 — — [17, 45, 46]
Tio.sWo.sC Quenching, 2200 K —-0.06 — — [17, 45, 46]
Tio,mWo‘}gCU,gg Quenching, 2400 K —009 003 0 [48]
Ti0_77W0,23C0_98 Quenching, 2400 K 7007 0 0 [48]
Tio_34W0,15C0_98 Quenching, 2400 K —0.06 0.02 0.01 [48]
Tio_g]Wo,ox)Co_x)g Quenching, 2400 K —0.06 —0.02 —0.02 [48]
Tio.58W0.42Co.94 Quenching, 2400 K —0.06 0.04 0 [48]
Tio.ssWo0.42Co.86 Quenching, 2400 K 0.05 0.16 0.04 [48]
Ti0‘59W0,41C0,7g Quenching, 2400 K 0.07 0.15 0.03 [48]

titanium and tungsten atoms exist at small distances (within
one to three coordination spheres). In all cases, an additional
annealing of the samples at a reduced temperature led to an
increase in the short-range order parameters. No state with a
distribution of metallic atoms close to the statistical one has
been fixed.

An increase in the content of tungsten in TiC—WC solid
solutions is accompanied by an increase in the degree of short-
range order in the first coordination sphere. The distribution
of metallic atoms is affected quite strongly by the concentra-
tion of carbon. With a deviation from the stoichiometric
composition in carbon, the short-range order parameters in
all three coordination spheres become positive (Table 5). At
the same time, the specific features of X-ray diffuse scattering
by nonstoichiometric solid solutions Ti,W;_,C, led the
authors of [48] to a supposition of the existence of two types
of short-range orders, with o; < 0 and o; > 0, in the structure
of a solid solution. In this connection, the authors of [48]
suggested that in the nonstoichiometric solid solution
Ti,W;_.C,, regions of the short-range order with a structure
typical of a stoichiometric solid solution are retained along
with the formation of segregates of atoms of the same sort.

6. Diffuse scattering and the cluster model
of substitutional short-range order

The predominant surrounding of atoms of a given sort by
atoms of a certain sort in disordered solid solutions is a
short-range-order effect. In diffraction experiments, the
presence of a short-range order leads to the appearance of
three-dimensional regions of diffuse-scattering intensity in
reciprocal space. Generally, the intensity maxima are located
at strictly definite crystallographic positions. For example, in

fcc solid solutions, these maxima lie in the regions of
reciprocal space with coordinates of the type (100), (1/2 1/2
1/2), (1 1/2 0), etc. [51].

In passing into an ordered state, the intensity of diffuse
scattering gradually becomes concentrated in positions
corresponding to superlattice reflections. The state of the
crystal at a temperature that is somewhat higher than the
order —disorder transition temperature, i.e., the state in which
there is a certain short-range order but no long-range order
has yet appeared, is considered [23, 25, 51 — 55] as a ‘transition
state.” The transition state is characterized by the presence of
well-outlined contours of diffuse intensity in the diffraction
pattern. Such a state of an orderable solid solution or of a
nonstoichiometric compound can be described in terms of the
cluster model [51] developed in [52—55]. This model was first
suggested in [56] to explain the distribution of intensity of
diffuse scattering in the compound LiFeO, with a substitu-
tional short-range order. Later [23], this model was success-
fully applied for analyzing substitutional short-range order in
orderable nonstoichiometric carbides and nitrides MX,. In
[57], the cluster model [51] was used to estimate the relation-
ship between the short-range order parameters in the two
nearest coordination shells of an fcc solid solution Ag sBo s.

6.1 Diffuse-intensity contours in the cluster model

According to [53], the locus f(g) of the diffuse intensity
contours correlates with the existence in the crystal of
relatively small polyhedral clusters of a definite type that
can have one or several configurations. By the type of cluster,
we mean the number of lattice sites belonging to the cluster
and their spatial arrangement. The cluster configuration is
determined by how many atoms of different sorts (A and B in
the case of an A;B;_, solid solution) or interstitial atoms X
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and vacancies O (in the case of a nonstoichiometric com-
pound MX, (MX,0;_,)), and in which order with respect to
one another, are located at the sites belonging to the cluster.
In general, the cluster type and its configuration are
determined by the crystal lattice symmetry and the composi-
tion y of the ordering crystal. With progressing ordering, i.e.,
with the transition from a disordered into an ordered state, a
redistribution of atoms over the lattice sites occurs and some
of the possible types and configurations of clusters become
predominant. As a result, the intensity of diffuse scattering in
some regions of the three-dimensional reciprocal lattice
becomes stronger such that contours of diffuse intensity (flat
sections of the three-dimensional distribution of diffuse
intensity) occur in the diffraction pattern. At the final stage
of ordering, the intensity of diffuse scattering is entirely
concentrated in superlattice reflections. If there are clusters
of several types or configurations in the ordered crystal, the
positions of superlattice reflections coincide with the sites of
mutual intersection of regions of diffuse scattering related to
different clusters.
Let

/(g =0 (36)
(where g is the vector of the reciprocal lattice) be the equation
that describes the locus of the contours of the diffuse
scattering region in the reciprocal lattice. Because the
intensity of diffuse scattering must have the translational
symmetry of the reciprocal lattice, Eqn (36) can be repre-
sented as a Fourier sum,

f(g) =) wrexp(-i2ngr,) =0, (37)
k

where r, are the lattice vectors and w; are the Fourier
coefficients. If the intensity of diffuse scattering is localized
inside the contour described by Eqn (36), the function f(g) is
related to the amplitude Fp(g) of diffuse scattering by the
identity

/(@) Fp(g) =0, (38)
which means that the amplitude and the intensity
In(g) = |Fp(g)|* of diffuse scattering can differ from zero
only along the contour defined by Eqn (36). According to [54,
55], the amplitude of diffuse scattering for a binary solid
solution A;B;_, can be written as

Fi(g) = [fa(e) —fs(8)] D_ ojexp(i2ngr)). (39)

where o; is the scalar occupation operator (o; = —(1 — y) if
the site jis occupied by an atom of sort A and ¢; = y if the site
j is occupied by an atom of sort B). Identity (38) and the
explicit form of the amplitude Fp(g) in (39) allow obtaining a
system of homogeneous linear equations for all sites j:

Z w0y = 0.
%

(40)

The relation of type (40) describes the structure of a
cluster in which the positions of sites are determined by
vectors r; + 1, where k =0,1,2,.... In the ideal case, it is
valid for all polyhedral clusters defined by the r;. The simplest

interpretation of this cluster relation corresponds to the case
where all the coefficients in Eqn (40) are equal to unity or zero
(0 =1, %", 0j1x = 0). This means that all the clusters under
consideration have the same composition coinciding with the
average composition of the crystal. But in reality, cluster
relation (40) differs somewhat from zero, because in a real
structure, while being valid for an arbitrarily chosen cluster, it
may prove to be invalid for a neighboring cluster. The
minimum deviations from zero are provided by clusters
whose existence probability in the structure under considera-
tion is greatest; it is for these clusters that the intensity of
diffuse scattering is localized in the locus determined by
Eqn (36). Thus, it is obvious that the cluster model in [51—
55] cannot completely describe an ordered state.

The real use of an approximate cluster model of a
transition state typically amounts to the simulation of the
surface of diffuse intensity for a given cluster, the calculation
of the shape of sections of the simulated surface by various
planes, and the comparison of the sections obtained with
experimentally observed diffraction patterns containing the
maxima of the diffuse intensity distribution. In simulating the
surface of diffuse scattering by a cluster including # sites, the
function f(g) is defined as an exponential sum over all cluster
sites:

f(g) = Zn: exp [i2n(h; + k; + ;)] = 0.

J=1

(41)

As a natural cluster that corresponds to the geometry of
the fcc lattice and allows simulating diffuse-intensity contours
for compounds with an orderable fcc lattice, a tetrahedron
consisting of four sites, an octahedron of six sites, or a cube of
eight sites can be used (Fig. 3).

We first consider the simulation of diffuse scattering using
an octahedral cluster. The sites of the octahedron have the
coordinates (h/201/2), (h/2k/20),(0k/21/2), (h/2 k 1/2),
(h/2 k/2 1), and (h k/2 1/2). According to (41) and to the
coordinates of the octahedron sites, we obtain the following
exponential form of the equation describing the contour of
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Figure 3. Types of clusters in the fcc lattice used for the description of the
diffuse scattering surface: a tetrahedron formed by four sites (dot-and-
dashed lines); an octahedron formed by six sites (dashed lines); and a cube
formed by eight sites (solid lines).




706 A 1 Gusev

Physics— Uspekhi 49 (7)

the diffuse scattering region for an octahedral cluster:

f(g) = exp [in(h+1)] 4 exp [in(h + k)]
+exp [in(k + )] +exp [in(h+ 2k +1)]
+exp [in(h+k+20)] +exp[in(2h+k+1)] =0.
(42)

After standard transformations, Eqn (42) can be written in
the trigonometric form

cosTh + cosmk +cosm/=0. (43)

The sites of a cubic cluster have the coordinates (000),
(h00), (0k0), (00/), (hk0), (hOI), (0kl), and (hkl) (see Fig. 3).
For these sites, the function in (41) is f(g) = cosmhx
cosk cos / and the equation that describes the surface of
the diffuse scattering region has the form

cosmh cosmk cosn/=0. (44)
For a tetrahedral cluster (see Fig. 3) with sites (000),
(h/2 k/20), (h/2 0 1/2),and (0 k/2 1/2), we have

f(g) =1+exp [in(h+ k)| +exp [in(h+1)]

+exp [in(k +1)]. (45)
The tetrahedral cluster was used in [54] to analyze the
experimental results in [39] on the diffraction of electrons in
titanium monoxide. The surface of the diffuse scattering
region in titanium monoxide TiO, (1.00 <y < 1.25) was
described in [54] by the function

f(@)s (g -C=0, (46)
where f(g) is given by Eqn (45), f*(g) is the complex
conjugate function, and C is a numerical parameter close in
magnitude to unity and only weakly dependent on the
composition of the titanium monoxide. After standard
transformations, Eqn (46) reduces to the trigonometric form

cos th cos tk + cos wh cos/

+cosnkcosnl+(1—£> =0. (47)

4

In Eqns (42)—(45) and (47) describing the position of the
diffuse scattering contour, the indices A, k, and [/ are the
coordinates in the reciprocal lattice.

Diffuse-scattering contours for nonstoichiometric com-
pounds MX, (titanium monoxide, vanadium carbide, and
titanium nitride) were first observed [25, 39] in diffraction
patterns obtained by electron diffraction. An analysis of the
experimental data in [25] on the diffuse scattering of electrons
from ordering vanadium, niobium, and tantalum carbides
and titanium nitride, which was performed in [23], showed
that the shape of the diffuse scattering region is more precisely
described by the function

(cos mh + cosmk + cosnl) — Ccosmh cosk cosml/ =0,
(48)

which combines Eqns (43) and (44). The parameter C in
Eqn (48) depends on the nature and composition of the
compound under consideration; for example, for cubic
carbides, nitrides, and MX,, oxides, it varies from 0 to 3; in
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Figure 4. Distribution of the diffuse scattering intensity contours in the
reciprocal lattice of fcc crystals corresponding to model (48) at C =3
(schematic), and (@) the positions of the reciprocal-lattice points. With a
decrease in the parameter C to zero, when the diffuse scattering is
simulated by only an octahedral cluster and is described by Eqn (43), the
shape of the surface changes insignificantly.

complex lithium oxides Lij_,_.0,M;;,0,, the parameter C
changes from 6 to 10. It is obvious that the description of the
diffuse scattering surface by Eqn (48) in fact means the use of
a unit cell of the fcc lattice as the model cluster.

The calculated form of the three-dimensional distribution
of the diffuse scattering intensity for the fcc lattice described
by Eqn (48) at C = 3 is shown in Fig. 4. It is seen that the
model diffuse scattering surface resembles the Fermi surface
of simple metals. The question about a correlation between
diffuse scattering and the topology of the Fermi surface was
first raised in [39]. Somewhat later, this was noted by the
authors of [23], who constructed a three-dimensional model
of the diffuse scattering surface in the reciprocal lattice of the
fcc crystal based on the experimental electron-diffraction
data [25]; they noted that the diffuse scattering surface is
very close in shape to the theoretical Fermi surface of cubic
metals [58] with 1 electron per atom.

We consider the shape of the section of the diffuse
scattering contour by the (001) plane of the reciprocal lattice
of an ordered fcc crystal. Let the diffuse scattering contour be
described by Eqn (48). For the section by the planes of the
(001) family, /in Eqn (48) is an integer; therefore, cos t/ = +1.
For odd /, Eqn (48) acquires the form

cos th + cosmk + cosm/ — Ccosth cos tk cosml/
= cosmth+ cosnk — 1 + Ccosmh costk =0, (49)

and hence, cos [cos k(1 + Ccosnh)] = (1 — cosnh) and

1 —cosmh

1
k=+—¢ _—
b1 dlRCCOSI + Ccosmh

m, (50)

where m = 0, &1, 2, £3, ... is an integer coefficient that
takes the periodicity of the arc trigonometric function into
account. In the particular case where C = 0, we obtain the
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Figure 5. Sections of the diffuse scattering intensity surface [described by Eqn (48)] by the (00/) plane at even values of / (at odd /, the sections have the same
shape but are shifted by the vector {110}) and by the (110), (111), and (112) planes of the reciprocal lattice of the fcc crystal. Solid lines correspond to
sections at C = 3, with the unit cell of the fcc lattice (a combination of octahedral and cubic clusters) used as a model cluster. Dashed lines correspond to
sections of the surface at C = 0, when the diffuse scattering surface is simulated using only an octahedral cluster and is described by Eqn (43), which is a
particular case of Eqn (48). In the (112) section, the horizontal lines of the contour exist at any value of the parameter C.

section of diffuse scattering contour (43) by the (001) plane:

1
k:ig arccos(1 — cosh) + 2m. (51)

It can be easily understood from Fig. 4 that at odd
(I=2n —1) and even (I = 2n) values of /, the sections of the
diffuse scattering contour by the (001) plane have the same
shape but are displaced with respect to one another by the
vector {110}. The sections of the diffuse scattering contours
described by Eqn (48) by (00/) planes of the reciprocal lattice
are shown in Fig. 5.

Sections of the diffuse scattering contour by other
planes of the reciprocal lattice can be constructed simi-
larly. For example, in constructing sections of the contour
by the (110) plane, we should find a solution of Eqn (48) at
h+ k =2n,wheren =0, &1, &2, £3, .... It is obvious that in
this case, cosmk = cos(2nn — mh) = cosmh; therefore, Eqn
(48) becomes

cos th + cos tk + cos tl — Ccosmth cos tk cosm/

=2cosmh+cosml— Ccos’mhcosnl =0, (52)

whence we have

1 2+ V4 +4Ccos?nl
hio = iE arccos 2Coosnl +2m (53)
or
1 2cosmh
[=+- =2 ) fom. 54
- arccos( T— Ccosznh) +2m (54)
If C = 0, then solving Eqn (43) gives
1
/= iE arccos(—2cosh) + 2m. (55)

The respective sections of diffuse scattering surfaces (48)
and (43) by the (110) plane of the reciprocal lattice that were
calculated by Eqns (54) and (55) are shown in Fig. 5.
Determining the section of the diffuse scattering contour by
the (111) plane passing through the origin amounts to solving
Eqn (48) under the condition 7+ k 4/ = 0. The solution is
rather unwieldy:

1 /
hi» =+— arccos Yy, — =+ 2m,
T ’ 2

kia=—(h2+1), (56)
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where

_ 2cos(nl/2) £ \/4cos?(nl/2)— 2C[Ccosnl — C — 2] cos® nl

e 2Ccosml/

If C =0, the section of the contour by the (111) plane is
described by the equation
) ! +2m,

2

cosm/

1
h=+- -
q TOCOS < 2cos(ml/2)

k=—(h+1). (57)

Finally, we consider the section of the diffuse scattering
contour by the (112) plane. In this case, Eqn (48) has two
solutions under the condition 4 + k + 2/ = 0:

hia
1 1 2+2C+ C?*— C%cos2ml
_iE arccos (Ej:\/ 202 )—l+2m,
k172 = —(h1,2 + 21) (58)
and
1
= i§+2m. (59)

If C =0, Eqn (48) is transformed into Eqn (43); in this case,
the first solution becomes

h:ig—l+2m, k=—(Mh+2l), (60)
and the second solution retains its form (59).

The sections of diffuse scattering by (111) and (112) planes
of the reciprocal lattice calculated via Eqns (56)—(60) at
C =0and C = 3 are shown in Fig. 5.

According to [23], the parameter C in Eqn (48), which
determines the shape of the diffuse scattering contours, can be
determined from the experimental pattern of diffuse scatter-
ing as

1+ 2cos2nF
© 3cos22nF
where F = [Dgoo-220) — Dairr]/2D000-220)> D(000—220) 1s the
distance between the fundamental reflections (000) and
(220), and Dy;r is the distance between diffuse bands located
between the (000) and (220) reflections.

(61)

6.2 Electron diffraction and diffuse scattering

of compounds with a short-range order

We consider some experimental results on diffuse scattering
in nonstoichiometric compounds with the substitutional
short-range order as compared to those obtained in model
calculations. Figure 6 displays electron diffraction patterns
obtained in [54] from crystals of cubic (Bl-type structure)
lithium ferrite LiFeO; in sections (001), (110), and (111) of the
reciprocal lattice. The diffuse scattering in LiFeO, is due to
the inverse substitution of Fet and Fe** ions. The experi-
mentally observed diffuse scattering contours were success-
fully described by model (48) with the cubic unit cell of the fcc
lattice used as the model cluster. For LiFeO,, the best
agreement is reached when the parameter C in Eqn (48) is
equal to 8 (or 6 < C < 10) [54]. Indeed, the schemes of the
corresponding sections of the diffuse scattering surface (see
Fig. 5) calculated via Eqn (48) at C > 0 agree well with the
experimental diffuse scattering contours (Fig. 6).

The model of the transition state has been successfully
applied for an analysis of diffuse scattering (Fig. 7) found in
electron-microscopic investigations of the complex lithium
oxide LiFegeNig40> with substitution of Fe and Ni
atoms [59]. This compound, just like lithium ferrite, has a
cubic structure of the Bl type. Electron diffraction from
samples of LiFeg ¢Nip 40> in sections (110) and (111) of the
reciprocal lattice, along with fundamental reflections of the
Bl lattice, revealed a system of periodic curved diffuse
features that do not pass through the sites of the reciprocal
lattice of the cubic solid solution and are characteristic of the
substitutional short-range order in orderable solid solutions.
To simulate the diffuse scattering distributions in reciprocal
space, the authors of [59] used an octahedral cluster and
described the diffuse scattering surface in the first approxima-
tion by Eqn (43). However, the shape of the diffuse scattering
contours is such that it can best be described by Eqn (48)
obtained using a model cluster in the form of a cubic unit cell
of the fcc lattice. An analysis of the diffuse intensity
redistribution performed for the possible types of short-
range orders suggests that the short-range order observed in
LiFeo ¢Nip40; precedes the formation of a rhombohedral
(space group R3m) superstructure.

Diffuse scattering related to the formation of the substitu-
tional short-range order in the defect iron sublattice of the
complex sulfide Fep2sNbS» (Fep2sONDS,) was revealed in
[60]. The short-range order in this compound arises as a result
of a redistribution of iron atoms and structural vacancies. The
appearance of diffuse effects was explained in terms of the

Figure 6. Experimental electron diffraction patterns from a cubic (B1 type) lithium ferrite LiFeO2 [54] in sections (001), (110), and (111) of the reciprocal

lattice.
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Figure 7. Diffraction pattern obtained from crystals of a cubic (B1 type)
solid solution LiFe ¢Nig 40> in the section (111) of the reciprocal lattice,
and the corresponding key pattern of this section [59]. The diffuse
scattering surface is described by Eqn (43) corresponding to the use of an
octahedral model cluster.

transition state model [52—54]. The diffuse scattering con-
tours are distinctly seen in the electron diffraction pattern in
the (001) section of the reciprocal lattice (Fig. 8). A diffuse
intensity enhancement is observed in those places of the
contours that correspond to the positions of the reciprocal
lattice where superlattice reflections should arise upon the
formation of a long-range order.

In [61, 62], electron diffraction was used to study short-
range order in complex carbides TipgoMo0g 17V0.03Cy (for
brevity, the authors of [61, 62] have written their formula as
(Ti, Mo)C, or (Tip.sMo¢>)Cy). This carbide solid solution
with a substitution of Ti and Mo atoms in the metallic
sublattice has a cubic structure of the Bl type. It was revealed
in a nickel-base superalloy containing (at. %) ~ 59.2 Ni,
9.2 Cr, 12.6 Co, 1.7 Mo, 5.4 Ti, 11.1 Al, 0.7 C, 0.07 B, and

Figure 8. Electron diffraction pattern from the cubic (B1 type) complex
sulfide Fep 2s00NbS, [60] in the (001) section of the reciprocal lattice. Along
with fundamental reflections, diffuse scattering maxima are seen in those
regions of reciprocal space where superlattice reflections arise due to the
formation of a long-range order.

(=3
(3]
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b it SR

Figure 9. Diffuse scattering in the (001) and (211) sections of the reciprocal
lattice of cubic (B1 type) carbide solid solutions (Ti, Mo)C, [61].

0.02 Zr. The electrolytic dissolution of the alloy in a mixture
of several acids permitted the authors to extract (Ti, Mo)C,
single crystals 5—20 pum in size from this alloy, which were
used for the investigation.

Diffuse scattering in (Ti, Mo)C, samples was observed in
the sections (001) and (211) (Fig. 9) and was absent in the
section (110) of the reciprocal lattice. In the diffraction
pattern of the (001) section, the diffuse scattering regions
represent lines extended in the [010] and [001] directions. The
diffuse scattering maxima correspond to equivalent positions
(1 1/2 0) and do not form rings similar to those observed
earlier [25] for the nonstoichiometric vanadium carbide VC,.
The diffuse intensity maxima in positions (1/2 1/2 0) that
were observed in [63] for the nonstoichiometric niobium
carbide NbC, are also absent in (Ti, Mo)C,. The diffuse
scattering distribution in the (211) section of the reciprocal
lattice of the carbide solid solution (Ti, Mo)C, is similar to
that for the NiyMo alloy exhibiting a short-range order [64]
and analogous alloys Au4Cr, AusV, and AugFe. If the
diffuse scattering in (Ti, Mo)C, is due to a redistribution of
carbon atoms and vacancies, then it should also be observed
in all section of the reciprocal lattice; however, no diffuse
scattering was observed experimentally in the (110) section.
This fact and the similarity of the diffuse scattering in
(Ti, Mo)C, and in the NiuMo and AusM alloys (M =Cer,
V, Fe) gave grounds to the authors of [61] to arrive at the
following conclusion: the short-range order in a carbide solid
solution (Ti, Mo)C, is related to a redistribution of Ti and
Mo atoms in the metallic fcc sublattice that precedes the
formation of an ordered tetragonal body-centered structure
of the TisMo in this sublattice.

An additional confirmation of the fact that the diffuse
effects observed in (Ti, Mo)C, are due to short-range order in,
precisely, the metallic rather than in the carbon sublattice are
the results in [62] on irradiation of this carbide solid solution
with high-energy electrons. After irradiation of (Ti, Mo)C,
samples with 125 keV electrons, the diffuse scattering
remained unaltered, although a similar irradiation of an
ordered vanadium carbide V3C7 led to the complete disap-
pearance of superlattice reflections. This agrees with the
results in [65], where the disordering of the carbide V¢Cs was
caused by irradiation with 100 keV electrons. In the VgC7 and
V¢Cs carbides, the ordering is related to a redistribution of
carbon atoms and structural vacancies. The diffuse scattering
in (Ti, Mo)C, samples disappeared only after irradiation with
electrons with the energy 2 MeV. According to the estimation
made in [62], the energy of electrons required to ensure
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shifting metal atoms Ti and Mo should exceed 1 MeV, which
agrees with experimental results. Thus, the diffuse scattering
in carbide solid solutions (Ti, Mo)C; is due to the short-range
order in the metallic sublattice.

In recent work [66], electron diffraction was used to study
short-range order in the nonstoichiometric zirconium nitride
ZrN,. The sample of ZrN, was obtained using a 2 h annealing
of an a-Zr foil 50 um thick in nitrogen at 1470 K. Then, the
sample was subjected to a homogenizing annealing at the
same temperature for 10 h in an argon atmosphere followed
by quenching. The content of nitrogen in the nitride foil was
31.9 at.%; the sample was two-phase; it contained a-Zr along
with the cubic (B1 type) nitride ZrN,. It is obvious that the
chemical composition of the zirconium nitride studied in [66]
and the concentration of structural vacancies in the nitrogen
sublattice of this nitride are still not exactly known. Because
the sample was two-phase, the composition of the zirconium
nitride was most probably close to the lower boundary of the
homogeneity region, i.e., to ZrNps_¢6. For investigations
using electron microscopy (in a JEOL 2000FXII device with
the working voltage 200 keV), the regions of the foil were
selected that contained zirconium nitride. Electron diffrac-
tion patterns were obtained using various orientations of the
sample; to reveal weak reflections, the exposure time was
made sufficiently long (90— 180 s).

In [66], patterns of the diffuse scattering intensity
distribution in four sections of the reciprocal lattice of an fcc
crystal, namely (001), (011), (111), and (112), have been
obtained; for example, Fig. 10 shows diffuse scattering in
the (001) and (111) sections. The shape of the diffuse
scattering contours obtained in [66] for ZrN, corresponds to
the model described by Eqn (48). An estimation of the
parameter C by Eqn (60) yields C = 0.45, which is close to
the value found in [23] for titanium nitride TiN. Along with
the diffuse intensity contours corresponding to model (48),
the authors of [66] revealed diffuse intensity maxima in the
(001) section in the position (1 1/2 0) and other equivalent
positions. We note that the superlattice vector [1 1/2 0]
belongs to the star {kg} of the Brillouin zone of the fcc lattice
[2]. Earlier, diffuse intensity maxima in such positions were
observed in the solid solution (Ti, Mo)C, [61, 62], which
exhibits ordering of the TisMo type in the metallic sublattice;
no such maxima were found experimentally in cubic mono-
carbides and mononitrides MX,. According to [66], the
appearance of diffuse intensity maxima in ZrN, in positions
(1 1/2 0) can be due to ordering into a tetragonal structure of
the M>X (space group I4;/amd) or Mu4Xs (space group
I4/mmm) type. Indeed, the channel of the order—disorder

(001)

Figure 10. Diffuse scattering in the (001) and (111) sections of the
reciprocal lattice of the cubic (B1 type) zirconium nitride ZrN,, [66].

transition related to the formation of superstructures
includes rays of the star {ks} [1, 2] to which the superlattice
vector [1 1/2 0] belongs. Based on the possible composition of
the zirconium nitride and the absence of intensity maxima in
the (100) positions (which should be present in the case of a
tetragonal ordering of the M4X3 type), ordering of the M>X
type (space group I4; /amd ) is more probable in the zirconium
nitride ZrN,, studied in [66]. Thus, the authors of [66] in fact
supposed that the intensity maxima observed in positions of
the (1 1/2 0) type are low-intensity superlattice reflections that
correspond to an ordered phase with a small degree of long-
range order.

To clarify whether the intensity maxima (1 1/2 0) observed
in ZrN, are related to the ordering of the N atoms and
nitrogen vacancies, the sample studied was subjected to
electron irradiation in situ, in the column of an electron
microscope. The irradiation with 200 keV electrons for 600 s
led to a weakening of the diffuse scattering intensity in
positions (1 1/2 0), and irradiation for 3000 s led to its
complete disappearance. According to the authors of [66],
the observed disordering is not a consequence of heating the
sample, because zirconium nitride ZrN, has a high thermal
conductivity and its heating with an electron beam does not
exceed several degrees kelvin, i.e., is negligible. The authors of
[66] believe that a more likely cause of disordering can be
related to displacements of N atoms as a result of collisions
with high-energy electrons. The maximum energy E™*
transferred by electrons to atoms during irradiation can be
estimated [67] by the formula that describes the elastic
collisions of particles with relativistic effects taken into
account,

2E(E + 2mc?)

max __
ET = Mec? ’

(62)

where E'is the energy of irradiating electrons, m is the electron
mass, M is the mass of the irradiated atom, and c is the speed
of light. Atomic displacements occur if the transferred energy
EM* is greater than the displacement threshold Ty4. The
displacement threshold is the minimum energy that is
sufficient to displace an atom from its position in the crystal
lattice. It follows from Eqn (62) that for electrons with the
energy E = 200 keV, the maximum energies £"** transferred
to Zr and N atoms in the zirconium nitride ZrN, are 5.7 and
37.4 eV, respectively (in [66], it is erroneously indicated that
EM =172 eV for nitrogen atoms). The authors of [66]
supposed that the displacement threshold for an N atom in
ZrN, is close in magnitude to the displacement threshold
for carbon C in vanadium carbide V¢Cs (VCos3), equal to
5.4eV[65]. If so, we have E™** > Ty for Natoms in zirconium
nitride. We note that this estimate of the displacement
threshold for N atoms in ZrN, appears to be a minimum
and possibly underestimated. Indeed, if, according to [62], the
displacement threshold for carbon atoms 7. in carbides of
transition metals is about 5 eV, then, according to [68], we
have the displacement threshold 7.C =4—16 eV for the
TiCo97 and TaCyg9 carbides, whereas the investigation
in [69] showed that TaCoo9 7.© = 23.2 4+ 1.1 eV in tantalum
carbide TaCy 99. According to various estimates [62, 65, 68 —
71], the displacement threshold for metallic atoms in mono-
carbides and mononitrides of transition metals is 20—50 eV
(T/* = 42 eV in tantalum carbide [69] and T,V =27 + 1 eV
in uranium nitride [71]); in general, therefore, TM is greater
than the displacement threshold for nonmetallic interstitial
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atoms. Because E™** > Ty for zirconium nitride, the authors
of [66] made the following conclusion. The disappearance of
intensity maxima in positions (1 1/2 0) upon irradiation of
zirconium nitride with 200 keV electrons occurs as a result of
disordering caused not by heating the sample with the
electron beam but by displacements of nitrogen atoms from
their positions in the ordered structure in the course of
electron bombardment.

In the examples considered, the electron diffraction
method was used to observe diffuse scattering related to only
the substitutional short-range order. The authors of [72—74]
revealed short-range orders of two types (related to atomic
substitutions and atomic displacements) in films of a hyper-
stoichiometric cubic (Bl type) niobium nitride NbN; »(C,0)
with vacancies in the metallic sublattice. Niobium nitride films
with an excessive content of nitrogen (compared to the
stoichiometric composition NbN| o) were obtained by epitax-
ial deposition of niobium sputtered in an atmosphere of
Ar + xN; (0.15 < x < 0.7) onto the (100) surface of a NaCl
single crystal at the temperature 298 —573 K [72, 73, 75]. The
lattice parameter ag; of the basic structure of the cubic
niobium nitride NbN »(C,0) was equal to 0.439 nm; the size
of coherent domains in the film was ~ 30 nm.

In [72, 73], diffraction patterns of niobium nitride
NbN; 2(C,0) corresponding to the (001), (112), (013), and
(014) planes of the reciprocal lattice of the cubic phase were
obtained; part of these patterns are shown in Fig. 11. The
diffuse scattering distribution observed for niobium nitride
differs from those revealed in the above-considered non-
stoichiometric compounds (see Figs 6—10). It cannot be
described using model clusters in the form of a tetrahedron,
octahedron, or cubic unit cell of the fcc lattice; neither can it
be described by combinations of these clusters. Indeed, a
comparison of the experimental diffuse scattering contours
(see Fig. 11) with the schemes of sections of the diffuse

Figure 11. Diffuse scattering of electrons from a film of cubic niobium
nitride NbN »(C,0) deposited at 573 K, and schemes of diffuse scattering
distribution in the (001) and (112) planes of the reciprocal lattice [72, 73].
The reciprocal lattice points corresponding to fundamental (@) and
forbidden (x) reflections are shown.

intensity surface (see Fig. 5) shows that they differ substan-
tially.

In the diffraction patterns of the hyperstoichiometric
niobium nitride NbN; »(C,0) [72, 73], intense diffuse scatter-
ing in the form of contacting flat and curvilinear regions is
observed in addition to fundamental reflections of the cubic
phase (see Fig. 11). The diffuse scattering regions do not pass
through the reciprocal lattice points corresponding to
fundamental reflections. The flat extended regions are
parallel to the [100] and [010] directions of the reciprocal
lattice and are displaced from the fundamental reflections of
the cubic phase by the same vector Akjgo and 4kgjo, (4 =2 0.1,
kioo = [100] and koo = [0 10] are the vectors of the recipro-
cal lattice of the cubic phase; |kioo| = |Koio|). The curved
(having the form of arcs) diffuse scattering regions have a
lower intensity than the flat regions. Their curvature radius is
~ 0.9]kjg| and the centers of the curvilinear regions are
located at the points corresponding to fundamental reflec-
tions. It is obvious that these diffuse effects represent a set of
sections of flat and spherical surfaces of the diffuse scattering
intensity by the corresponding planes of the reciprocal lattice.

The existence of flat and spherical diffuse scattering
regions was explained in [72—74] by the transition state of
the niobium nitride related to the formation of a cubic or a
tetragonal ordered phase in it, on the one hand, and by the
existence of longitudinal waves of atomic displacements, on
the other hand. Asis seen from Fig. 11, the flat diffuse regions
exist in the (001) section near both the fundamental [(200),
(020)] and forbidden [(100), (010)] points of the reciprocal
lattice of the cubic phase. The same is observed for other
sections. If there is only a substitutional short-range order in
the crystal, then the diffuse effects cannot occur near
forbidden reflections [76]. The appearance of diffuse features
near forbidden reflections is possible if substitutional waves
correlated with displacement waves exist in the crystal.
According to [73, 74], longitudinal waves of atomic displace-
ments with wave vectors Koy =2 0.1k g0 and K9 =2 0.1kg0
and the corresponding waves of substitutions with wave
vectors equal to ~ 1.1kjgp and ~ 1.1k arise in the crystal
lattice of niobium nitride NbN; »(C,0). The spherical diffuse
scattering regions are related to the longitudinal waves of
atomic displacements whose wave vectors are ~ 0.9 |kjgo|.
Thus, the diffuse features that are observed in the hyper-
stoichiometric niobium nitride are due to the existence of
short-range orders of two types, caused by substitutions and
by displacements.

7. Diffuse scattering in titanium
and vanadium monoxides

Among nonstoichiometric compounds, a special place
belongs to cubic (Bl type) monoxides of titanium TiO,
(0.80 < y < 1.25) and vanadium VO, (0.85 <y <1.23),
which have wide homogeneity regions. In the TiO, and VO,
monoxides, structural vacancies exist simultaneously in two
sublattices and the concentrations of vacancies in each
sublattice can reach 15—17 at.%. The composition of these
monoxides is written more accurately with the defects present
in each sublattice taken into account as TiO, = Ti, O, =
Ti,m,_.0.0/_;, and VO, =V,0. =V, m_,0.0_., where
y =1z/x,and O and W are the respective structural vacancies
in the nonmetallic (oxygen) and metallic sublattices. Depend-
ing on the content of oxygen and conditions of heat
treatment, the diffraction patterns of TiO, and VO, exhibit
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Figure 12. Diffraction pattern of cubic (Bl type) vanadium monoxide
VOy.95 [78]. The presence of weak diffuse maxima indicates a nonuniform
distribution of structural vacancies, i.e., the existence of a short-range
order [the (100) section of the reciprocal lattice is shown].

diffuse effects [39, 40, 77—80] whose variety is due to the
presence of two types of defects in these compounds and is
related to the formation of transition states preceding the
formation of ordered phases with different (cubic, tetragonal,
orthorhombic, monoclinic) symmetries [1, 2].

Electron microscopy and electron diffraction were used in
[78] to study samples of vanadium monoxides VO, 25 and
VO 95 preliminarily annealed for 30 h at 973 or 853 K. The
annealing of VO;,s led to the appearance of clearly
pronounced superlattice reflections in the diffraction pat-
tern, which indicated the formation of the tetragonal ordered
phase Vs;O¢s. The diffraction pattern of annealed VOgos
(Fig. 12) contained weak diffuse maxima along with funda-
mental reflections of the cubic phase. According to [78], the
diffuse scattering arises due to a nonuniform distribution of
structural vacancies in the lattice of the annealed VOy s, i.€.,
it is a consequence of a short-range order.

Electron diffraction was used in [39] to study short-range
ordering of vacancies in a quenched cubic titanium monoxide
TiO, (1.00 < y < 1.25); experimental diffraction patterns for
samples of TiOj oo, TiO1 19, and TiO; 25 were obtained. In the
case of quenching from 1473 K, some samples (e.g., Tij go and
TiO »5) exhibited ordering, which follows from the presence
of superlattice reflections (Fig. 13). The diffuse scattering
observed indicates that the formation of the ordered phase
has not been completed; the sample exhibits a substitutional
short-range order. The samples of monoxide TiO,, without a
long-range order were obtained by quenching from a higher
temperature (1673 K). Diffuse scattering maxima were
revealed in diffraction patterns obtained from disordered
cubic monoxides TiO; o (Fig. 14), TiO; 19 (Fig. 15), and
TiO »s. The location of the observed local maxima of diffuse
scattering relative to the fundamental reflections differs
strongly from that characteristic of the majority of cubic
compounds such as LiFeO, [54], LiNigp4FeocO2 [59],
Fe2sONDS; [60], (Ti, Mo)C, [61], or ZrN,, [66] (see Figs 6 —
10). In the diffraction patterns of the TiO; oo and TiOj 19

Figure 13. Diffraction pattern of ordered (space group [4/m) titanium
monoxide TiO; 25 (Ti4Os) [39, 77]. Along with fundamental and super-
lattice reflections, diffuse scattering maxima are seen, which indicate the
presence of a short-range order in the sample [(001) section of the
reciprocal lattice of the basic disordered cubic phase is shown)].

Figure 14. Diffuse scattering in the (001) and (110) sections of the

reciprocal lattice of disordered cubic (Bl type) titanium monoxide
TiO1.00 [39].

monoxides, diffuse scattering maxima of two types exist in the
(001) section, namely, pointlike in positions (110) and curved
linear features extended in the [100] and [010] directions of the
reciprocal lattice. In the (110) section, linear diffuse regions
extended parallel to the [1 —1 0] direction are distinctly seen;
however, it is clear from a comparison of analogous
diffraction patterns for TiOj oo, TiO1.19, and TiOj s that
these linear diffuse features are degenerate spherical regions.

Ridder et al. [54], who analyzed the experimental results
in [39], supposed that the observed set of diffuse features
corresponds to diffuse scattering surfaces described by
Eqns (47) and (48). In those places where the sections of
these surfaces intersect one another, a local enhancement of
intensity occurs, which looks like a pointlike maximum. This
suggests that the diffuse scattering surface in nonstoichio-
metric monoxide TiO, can be described in terms of the
transition state model in which a cluster in the form of a
cubic unit cell of the fcc lattice is taken into account along
with an octahedron cluster.

The octahedral cluster and the cluster in the form of the
cubic unit cell of the fcc lattice (a combination of the
octahedral and simple cubic clusters) is used for simulating
diffuse scattering related to the substitutional short-range
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Figure 15. Electron-diffraction patterns from cubic (B1 type) titanium monoxide TiO; ;9 [39]in the (001), (110), and (111) sections of the reciprocal lattice.
In the transition state model, the observed diffuse scattering was considered as a combination of the diffuse scattering surfaces described by Eqns (47)

and (48).

Figure 16. Distribution of diffuse scattering contours in the reciprocal
lattice of an fcc crystal corresponding to model (47) with a tetrahedral
cluster (schematic), and (@) the positions of the reciprocal lattice points
(the part of the reciprocal lattice corresponding to 0 < h < 2,0 <k <2,
and 0 < /< 1is shown).

order much more frequently than the tetrahedral cluster. The
use of the tetrahedral cluster leads to the description of the
diffuse scattering intensity surface by Eqn (47).

The three-dimensional distribution of the diffuse scatter-
ing intensity for the fcc lattice described by Eqn (47) at
C =1 is displayed in Fig. 16 (for simplicity, only a part of
the reciprocal lattice with coordinates 0 < 7 <2,0< k <2,
and 0 </< 1 is shown). It is seen that when using the
tetrahedral cluster, the model diffuse scattering surface
differs substantially from the surface in Fig. 4 correspond-
ing to model (48) with a cluster in the form of a cubic unit
cell (at C > 0) or with an octahedral cluster (at C = 0). In
the first approximation, this surface can be represented (see
Fig. 16) as a combined surface formed by the intersection of
nine spherical surfaces (one sphere at the center and eight
spheres in the vertices of the cube). Indeed, if we place
spheres whose radii are somewhat smaller than half the
lattice parameter into the sites of the unit cell of the bcc
lattice, then the surface of the central sphere intersects the
surfaces of the eight spheres located at the vertices of the
unit cell.

We find the section of the diffuse scattering surface
described by Eqn (47) with the (001) plane of the reciprocal
lattice of the fcc crystal. For all sections by the planes of the
(001) family, the value of /is an integer; therefore, cosn/ = 1,
and Eqn (47) becomes

cosTh cosnk+cosnh+cosnk+<l—%) =0, (63)

whence
k il arccos 1+ ¢ +2 (64)
=T - —_— m
T 4(1 + cosmh) ’
where m =0, £1, +2, .... The sections of the diffuse

scattering contours by the (001) plane of the reciprocal lattice
calculated via Eqn (64) at C = 1.0 and C = 0.81 are shown in
Fig. 17. As is seen, small changes in the parameter C have
virtually no effect on the shape of the diffuse scattering
contour.

The section of the diffuse scattering surface by the (110)
plane is determined by the solution of Eqn (47) under the
condition & + k = 2n, where n = 0, £1, £2, .. .. In this case,
cos tk = cos mh; therefore, Eqn (47) becomes

cos? mh + 2 cos h cosmtl + <1 —%) =0,

which is solved by the function

2 _
cos*mh+ 1 C/4) Yo

65
2cosmh (65)

1
/= +— arccos | —
T

Equation (47) obtained for a tetrahedral cluster has no
analytic solutions for the sections of the diffuse scattering
surface by arbitrary planes (hkl) with h # 0,k # 0, and [ # 0.
The sections of the diffuse scattering surface in (47) by the
(111) and (112) planes of the reciprocal lattice that were
obtained by numerical calculation at C = 1.0, and as the
section by the (110) plane calculated by Eqn (65) at C = 1.0,
are shown in Fig. 17.

We compare the experimental diffuse scattering in TiO,,
[39] (see Figs 14, 15) with the contours (see Figs 5 and 17)
calculated for model clusters in the form of a cubic unit cell
and tetrahedron. It follows from the comparison that the
experimental diffuse effects can indeed be described as a
combination of the diffuse scattering surfaces corresponding
to the two above-mentioned model clusters.

It was noted in [39] that the spatial distribution of diffuse
scattering in titanium monoxide TiO, resembles the Fermi
surface of simple metals. To explain this similarity, the
authors of [39] supposed that the titanium monoxide has
high electron conductivity and, by analogy with metallic
alloys, explained diffuse scattering by the occurrence of
concentration waves or displacement waves in the crystal,
whose wave vectors correspond to flat or cylindrical segments
of the Fermi surface. However, the assumption about the high
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Figure 17. Sections of the diffuse scattering surface (described by Eqn (47) with the parameter C = 1) by the (001), (110), (111), and (112) planes of the
reciprocal lattice of an fcc crystal. In the (001) section, a contour calculated for C = 0.81 is shown by a dashed line near the (—2 —2 0) site. Variations in the

parameter C only weakly affect the shape of the diffuse scattering contour.

electron conductivity of TiO, contradicts experiment; it
follows from the spectra of bremsstrahlung, ultraviolet
photoemission spectra [81], and data on optical conductivity
[82] that there is a bandgap in the disordered TiO,. The
existence of a gap between the O2p and Ti3d bands of the
electron energy spectrum of TiO,, follows from calculations
in [83]. According to recent experimental results in [84 —86],
the disordered monoxides TiO, with y > 1.08 are narrow-
band semiconductors with the bandgap 0.17 eV and have low
electron conductivity only at y < 1.07.

The authors of [79, 80] studied electron diffraction in
annealed titanium monoxide TiOj g37. The X-ray and elec-
tron diffraction results showed that the sample contained a
monoclinic ordered phase of the TisOs type. In the diffraction
pattern of the ordered titanium monoxide, twin reflections
and diffuse effects, as well as several weak reflections that
could not be identified, have been revealed, along with
fundamental and superlattice reflections. A direct confirma-
tion of the existence of twins in the sample investigated was
obtained by electron microscopy; in the micrograph of a
sample of TiO; g7, the authors of [79, 80, 87] revealed five
twins in the form of extended rectangles. Figure 18 displays
the electron diffraction pattern of the ordered monoclinic
(space group C2/m) monoxide TiO; gg7, in which the diffuse
effects are seen quite clearly, and a key diagram of this

diffraction pattern. The normal to the figure plane, which is
the matrix zone axis, corresponds to the [011], ,, = [112]p
direction of the reciprocal lattice.

One feature of the diffraction pattern shown in Fig. 18 is
the diffuse scattering in the form of a system of weak flat
diffuse bands that are parallel to the [0 2 —1] and [2 0 —1]
directions of the reciprocal lattice of the basic cubic phase and
are slightly displaced with respect to the fundamental sites in
the respective directions +[—1 5 — 2] and £[5—1 —2]. No
single one of these bands passes through the (000) site. In the
(112) section, the diffuse bands form a system of geometri-
cally similar completely or partially closed rhombic contours
concentrically located around the primary spot (000). If the
contours passed through fundamental points (including
forbidden reflections such as (—1 1 0), (1 —1 0), etc.), the
ratio D/d of the lengths of the major and minor diagonals of
any rhombus would be equal to \/§/\/§ Indeed, D;q is the
distance between the sites (nn — nand —n — nn), wheren = 1,
2,3, ..., and therefore Diy = = a*v/3n, where a* is the lattice
parameter of the reciprocal lattice of the fcc crystal. Similarly,
diq is the distance between the sites (—nn0) and (n — n0),
equal to a*v/2n. If shifts in the diffuse bands d in the directions
+[100], £[0 1 0], and £[0 O 1] of the reciprocal lattice are
equal to one another, then D=(a*+d)v3n and d=
(a*+ ) v/2n, and hence the ratio D/d = (3/2)"/* remains
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Figure 18. Experimental diffraction pattern of an ordered monoclinic (space group C2/m) titanium monoxide TiOj o7 in the (112) section of the
reciprocal lattice of the basic cubic phase and the related key pattern [80]: (@) fundamental reflections of the basic cubic (Bl type) structure of the
disordered titanium monoxide; (0) superlattice reflections of the ordered monoclinic phase TisOs; (x) twin reflections of the ordered monoclinic phase
TisOs; (v7) unidentified reflections (possibly reflections of an unknown ordered phase). The diffuse bands parallel to the [0 2 —1] and [2 0 —1] directions are
shown by solid lines; weakly visible bands are shown by dashed lines. The matrix zone axis is [112]3, = [01 1]*czpn‘ To facilitate comparison of the
diffraction and key patterns, some fundamental and superlattice reflections are given in the diffraction pattern.

unaltered. If shifts occur only in the directions £ [0 0 1], then
D/d > (3/2)1/2 and the diagonals of the diffuse contour
coincide with the directions [1 1 —1] and [1 —1 0]. If the
bands are shifted only in the directions & [1 0 0] and [0 1 0],
we have D/d < (3/2)"/%; if the shifts are equal in all
directions, the minor diagonal coincides with the direction
[1 —1 0. If the diffuse bands are shifted only in the directions
+[100] or [0 1 0], the diagonals of the diffuse contour do
not coincide with the directions [1 1 —1] and [1 —1 0], and
D/d # (3/2)1/2. In the diffraction pattern of titanium mon-
oxide TiOj 0g7, the ratio of the diagonals of the observed
diffuse contoursis ~ (3/2) 1/2 and the diagonals are parallel to
the [1 1 —1] and [1 —1 0] directions. This means that in the
three-dimensional reciprocal lattice, the diffuse contour that
is nearest to the (000) site has the shape of a cube whose faces
(walls) are diffuse planes shifted from this point by an equal
distance 5100,010,001 =4 | K100, 010, ()01| in the directions i[l 0 0],
ﬂ:[O 1 0], and :E[OO 1] (k]()() = [1 00], ko]o = [0 1 0], koo] = [00 1},
and |kigo| =|koio| = | koo1|). A numerical analysis of the
diffraction pattern (Fig. 18) performed in [80] showed that
the relative shift 4 is ~ 0.07. Thus, the position of flat diffuse
regions in reciprocal space can be specified by vectors

Kioo = £(kyoo + Akioo) = £(1 + 4) kyo
Koo = £(koro + dkoio) = £(k + 4) Koio,
Koo1 = % (koos + Akoo1) = £(/ + 4) koot ,

which are normal to the corresponding diffuse planes.
According to [88], the periodic diffuse features that do not
pass through the reciprocal-lattice points of the basic cubic
phase can be related to the substitutional short-range order.
However, the diffuse scattering observed in ordered titanium
monoxide TiO; og7 differs from the diffuse scattering char-
acteristic of the majority of nonstoichiometric carbides and
nitrides MX, (MX,0;_,) with the substitutional short-range
order. It also differs from the diffuse scattering in disordered
titanium monoxides TiOj oo, TiO; 19, and TiO; 25 [39] (see
Figs 14, 15). The only common feature is the existence of

linear diffuse effects parallel to the [110] direction in the
diffraction pattern of the (110) section of the reciprocal lattice
of TiO; go. However, in the diffraction patterns presented in
[39], these effects are local rather than extended; in addition,
their linear character is rather a result of the degeneracy of
spherical effects.

As noted above, the diffuse scattering in nonstoichio-
metric compounds MX,, with the basic structure of the Bl
type in the case of a substitutional short-range order can be
described in terms of an approximate cluster model of the
transition state [52—55]. In this model, the diffuse scattering
distribution in reciprocal space is described using a cubic,
octahedral, or tetrahedral cluster (or their combination) in
which all the sites (or part of its sites) are occupied by the
X atoms. The spatial distribution of diffuse scattering in
disordered TiO,, which was found in [39], has also been
successfully described in the transition state model using a
combination of clusters in the form of a tetrahedron and a
cubic unit cell.

However, the calculations performed showed that no
single one of the above simple or combined model clusters
allows obtaining diffuse scattering contours in the (112)
section of the reciprocal lattice of an fcc crystal such as were
observed in the diffraction pattern of ordered titanium
monoxide TiOj g7 in [79, 80]. Figures 19 and 20 display
simulated contours of the (112) section of the diffuse
scattering surfaces described by Eqns (48) or (47), respec-
tively, in comparison with the experimental contours
observed in the diffraction pattern of ordered monoclinic
titanium monoxide TiOj og7 [80]. It is clearly seen that the
experimental diffuse scattering contours differ dramatically
from the model contours corresponding to the substitutional
short-range order. We note that the diffuse scattering caused
by the substitutional short-range order is usually observed in
samples of nonstoichiometric compounds quenched from a
temperature that is somewhat greater than the order—
disorder transition temperature. In other words, such
diffuse scattering is characteristic of precisely a transition
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(112)

Figure 19. Diffuse scattering contours (schematic) and the positions of
fundamental sites (@) in the (112) section of the reciprocal lattice of an fcc
crystal. The substitutional short-range order was simulated using a cluster
in the form of a unit cell of the fce structure; correspondingly, the diffuse
scattering surface is described by Eqn (48). The contours experimentally
observed in the diffraction pattern of an ordered monoclinic (space group
C2/m) titanium monoxide TiOj g7 are shown by dashed lines; solid lines
show model contours corresponding to the substitutional short-range
order in the description of the diffuse scattering surface by Eqn (48) with
the parameter C = 3.

(112)

Figure 20. Diffuse scattering contours (schematic) and the positions of
fundamental nodes (@) in the (112) section of the reciprocal lattice of an fcc
crystal. The substitutional short-range order was simulated using a
tetrahedral cluster. The contours experimentally observed in the diffrac-
tion pattern of an ordered monoclinic (space group C2/m) titanium
monoxide TiOj og7 are shown by dashed lines; solid lines correspond to
model contours corresponding to the substitutional short-range order in
the description of the diffuse scattering surface by Eqn (47) with the
parameter C = 1.

state [52—55]. In [79, 80], the diffraction pattern was
obtained from an ordered nonstoichiometric titanium mon-
oxide; therefore, no diffuse scattering due to the substitu-
tional short-range order is present in it. According to the
theory of diffraction from imperfect crystals in [76], flat
regions of diffuse scattering can be caused by atomic
displacement waves. With this in mind, the authors of [80]
supposed that atomic-displacement waves occur in ordered
titanium monoxide TiO;pg7 that involve restricted flat
regions of reciprocal space with the fixed values of wave
vectors  Kjgg = :t(h + 007) Kioo, Koio = :t(k + 007) Ko1o0,
and Koo; = £(/+ 0.07) koo - It is near these vectors that the
maxima of diffuse scattering intensity caused by the short-

range order related to displacements are located. Thus, the
results in [80] suggest that upon formation of a monoclinic
superstructure TisOs in the nonstoichiometric cubic titanium
monoxide TiO; gg7, not only does a redistribution of atoms
and structural vacancies occurs but also atomicdisplacement
waves arise.

Similar diffuse scattering bands were observed in [72—74]
in the diffraction patterns of epitaxially deposited films of the
nonstoichiometric cubic niobium nitride NbN; »(C,0) with
vacancies in the niobium sublattice (Fig. 11). The presence of
vacancies in the metallic sublattice unites the titanium
monoxide TiOj0g7 and the niobium nitride NbN; »(C,0)
and distinguishes them from other nonstoichiometric com-
pounds with structural vacancies present only in the non-
metallic sublattice. Nevertheless, the difference in the diffrac-
tion patterns of titanium monoxide [80] and niobium nitride
[72, 73] is sufficiently large. In the diffraction pattern of
ordered titanium monoxide, no diffuse scattering character-
istic of the substitutional short-range order is present and the
intensity of flat diffuse scattering contours caused by atomic
displacements is much weaker than in the diffraction pattern
of the niobium nitride.

8. Conclusions

The most characteristic feature of strongly nonstoichiometric
compounds is the high concentration of structural vacancies,
which can vary from zero to several dozen percent at the lower
boundary of the homogeneity region. The large concentration
of vacancies is a prerequisite for the existence of a disorder or
an order in the distribution of atoms and vacancies in the
structure of nonstoichiometric compounds. Deviations from
the statistical (disordered) distribution of atoms and vacan-
cies manifest themselves in the appearance of a short-range
order or a long-range order in the crystal structure of
nonstoichiometric compounds.

Experimental investigations of nonstoichiometric com-
pounds (carbides, nitrides, oxides, ternary oxides of alkali
metals such as lithium ferrite) and solid solutions of these
compounds performed using diffraction methods revealed
various effects of diffuse scattering. The appearance of
maxima of diffuse scattering in diffraction patterns is due to
the formation of a substitutional short-range order or a short-
range order related to atomic displacements or both. Thus,
the investigation of diffuse scattering allows clarifying fine
details of the crystal structure of nonstoichiometric com-
pounds. The short-range order and correlations in com-
pounds and solid solutions with substitutable metallic atoms
of various sorts can be most conveniently studied using
diffuse scattering of X-rays. In compounds where a redis-
tribution of nonmetallic atoms of various sorts or metallic
atoms and structural vacancies can occur, the most informa-
tive methods are neutron and electron scattering. For study-
ing complex disordered systems, the most convenient method
is diffraction electron microscopy, because the realization of
an image (in real space) in a single experiment and of a
diffraction pattern (in reciprocal space) is an obvious
advantage in structural investigations.

In the case of a substitutional short-range order, the
topology of the diffuse scattering intensity in reciprocal
space can be described in terms of a sufficiently simple
structural model of a transition state [52—55]. The transition
state directly precedes the formation of the long-range order
and is simulated using one or a few clusters whose structure
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corresponds to the geometry of the crystal lattice of the
compound under consideration.

Extended flat regions of diffuse scattering that do not pass
through the reciprocal lattice points corresponding to
fundamental reflections and are observed in diffraction
patterns of ordered phases of nonstoichiometric compounds
are due to the appearance of waves of atomic displacements.
The atomic displacement waves involve restricted flat regions
of reciprocal space with fixed values of wave vectors.

The experimental results on diffuse scattering in strongly
nonstoichiometric compounds described in the literature
show that the substitutional short-range order is retained at
temperatures that can be higher by 300—400 K than the
temperature of the reversible equilibrium order—disorder
transition. This means that short-range order should necessa-
rily be taken into account in an analysis of the structure and
theoretical description of phase transformations in nonstoi-
chiometric compounds.
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