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1. INTRODUCTION

Magnetic phase transitions and those of the order-disorder
type are usually followed by structure deformations of crystals.
The corresponding displacements of atoms will below be called
accompanying displacements. Accurate investigations of the
neutron diffraction patterns for determining the structure of
magnetic or ordered phases require these displacements to be
taken into consideration.

The investigation of the neutron-diffraction patterns is
based on the trial-and-error method. In other words, the
determination of the crystal structure means to select one
variant out of all the possible ones. Therefore, one should
be able to find all the possible variants, and for the inclu-
sion of structure deformations, also the accompanying dis-
placements for each variant. It is the central problem of
this work. And finally, it will be shown how the analysis of
accompanying displacement reduces considerably the number of
test variants.

For simplicity all considerations will be made for structu-
res of the type Me—- X in hydrides Nb-H(D) and oxides of the
type Me — X and Me—- X5 in the system Ta- 0. The ordering oc-
curs for interstitial H,D and O atoms in tetrahedral and
octahedral interstices of the Fg lattice of atoms of the
transition metals Nb, Ta. Here we limit ourselves to the analysis
of structure deformations of fully ordered interstitial "al-
loys". Such types of ordering will be considered to be fully
ordered, in which the probability of finding the interstitial
atoms in interstices is either O or I,

2. POSSIBLE VARIANTS OF ORDERING OF INTERSTITIAL ATOMS

From neutron-diffraction profiles one may easily determine
the lattice of a new ordered phase. Following the experimental
results of ref./l/ we assume that the ordering leads to the
AP 1§ttice: IFs imbedding into the ini}ial I'c lattice is shown
in Fig.1l; it is described by the arm kl=‘%53 of a six—arm
star {kg} (Kovalev/2/ ),

The lattice type of the ordered phase and the way of its
imbedding into the initial one give the transition channel.
The transition channel may also be defined by the numbers of
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Fig.l. THe imbedding of the Zc Xo
elementary r$ cell of the orde-
red phase into the elementary
I'c cell of the initial phase.
The lattice sites which form
the orthorhombic lattice are
black.

G, |

arms Eg of the star {k,} participating in the transition. Both
the definitions of the transition channel are equivalent. The
information on the transition channel comes from indices of
superstructure relections

Let us first find the list of test structures of the type
Me — X in the case of ordering of H, (D) over tetrahedral in-
terstices of the r‘c lattice and the Me - X and Me—X2 types
in the case of ordering of O over octahedral interstices.

The coordinates of tetrahedral and octahedral interstices
entering into the conventional I'c cell of the initial disor-
dered phase in the unit reference frame’4/ have the form:

tetrahedral

L 1(dol, 2(2:1 Loy, 301 %). 430555 30, 601 H.
2d 3ol

(12d) 1(395).8% 20, 204 -2), 10(-_—0,11(0_-_),12(.15&).

octahedral

sites 1(_1 00), 2(0 AO). 3(00L).

(6b) 105 ), 5(-504), 6% 2.

The positions in the primitive cell are underlined.

Transitions of the order-disorder type are followed by de-
creasing symmetry of the crystal, and it is assumed that the
groups of symmetry of ordered phases will be subgroups of the
initial group Oy .

In the given tran fltlon channel )as lattice of ordered
phases I'g, arm k B3 of the star {kghas it follows from
Tables of ref.5, after orderlng there are ;0551b1e the following
groups of symmetry: Déh . Dﬁ 5 Dzz 5 Dzh, Sh » D2h' Besides, there
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may appear the phases described by subgroups of the indicated
groups with E -o0.

As a rule, with each symmetry group of a low-symmetric phase
one may associate an irreducible representation of the primary
group which describes fh% transition into this phase. Let us
find for the groups Dy the corresponding irreducible
representations of the group O .The change of the distribu-
tion density function of the 1nterst1tlal atoms over intersti-
ces - 8p, which leads to the structure with a lower symmetry
of one of the groups ngdz, may be written, as it follows
from the symmetry analysis as a superposition of basis
functions of the corresponding irreducible representation
which will be called the relevant representation. In the ge-
neral case the relevant representation can be reducible. Then,

i’t’l’ tp,V
= 2 2 ca ¢a » (l)
v
ke,a :

where v numbers irreducible representations, fg are arms of

the star {k,}, and @ numbers basis functions of an v-th ir-
reducible representation of groups of the wave vector Gp .
Below we restrict ourselves to one irreducible relevant rep-
resentation, and therefore the sum over v in (1) can be omitted.
The change of the distribution density &p should possess the
symmetry of the corresponding group of D that means that
the restriction of the relevant 1rreduc1b1e representation

of the initial group Ofon the given subgroup should contain

an identity representation (Birman criterion).

In our example the transition occurs along one arm kl of
the star {kg}, and all the irreducible representations of the
group G;l are one-dimensional, hence the expression (1) be-~
comes:

5p=ct] ¢k] . (1a)

In this case by the Birman criterion the restriction of the re-
levant representation of Og on the corresponding orthorhombic
subgroup should coincide with the identity representation. It
is to be noted that because of one-dimensionality of the ir-
reducible representations (IR) participating in the considered

transitions only the groups D1722 are to be taken as symmetry
groups of the ordered phases. Phases described by subgroups of
these groups with K =0 will be described b several IRs at
once. Notice that in the tran31t10n’1};4 I'g ” there appear the
so-called "lost" translations t,, which after the transition
are no 1onger lattlce. From Fig.l it is seen that tn-.31+ gy,
8+ 83, 83,38+ &5 + &3, ..., where 3,, ,, 4, are the
shortest translations of the 1n1t1a1ré lattice. This means



Table 1
Irreducible representations of the group Of,star {kgl
Repre- elements of C;iz
senta- ;
tion
h, l‘lq l"d‘!. hac I'\:.S' ku h!? "Mo
1:; 1 1 1 1 1 1 1 1
T:L 1 1 1 1 =1 -1 =1 =1
T:; 1 -1 1 =1 1 -1 1 -1
’E; 1 -1 1 =1 -1 1 -1 1
TE? 1 =1 =1 1) 1 -1 -1 1
7:} 1 -1 ] -1 1 -1 1 1 -1
T; 1 -1 -1 i 1 -1 -1
1:} 1 1 =1 =1 =1 =1 1 1
17-22 ., . Table 2
The orthorhomblc groups Dy as the restriction
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that the orthorhombic subgroups D1722 are translational
sybgroups. In this case when ch0031ng the restriction of the
Oj representation on a given group one should consider elements
not only of the zero block (of the type [h;|0} ) but also of
all the blocks with the lost translations (of the type {h, it 1)
The groups as the restriction of 0: are presented in Table'ﬁ
An empty place in table 2 signifies that a glven element enters

y into the group Dzh from the zero block of the 0 group, i.e.,
in the form {h,|O}. If the table box contains {_, then this
element is taken from a nonzero block, in the %orm {h |t }.

» The groups D2h and D%h enter into Table 2 twice. This means
that two equivalent choices are possible for the corresponding
restrictions. It may be verified that by passing to the ortho-

* rhombic coordinate systemXy¥,; %, and shifting appropriately
the origin, the elements of groups D may be represented
in the standard Table form. In Table 5 we compare the represen-
tations of group O to orthorhombic symmetry groups. In this
way it is shown over which representation of Oz the transition
into a definite orthorhombic structure takes place

Let us establish now which of the groups D may be

groups of the ordered phases in the course of ordering of in-
terstitial atoms over tetrahedral and octahedral interstices.
To this end, one should define the composition of the permutati-
on representation. By standard formulae we obtain for i
tetrahedral interstices:

Iy, b by by kg ko
dp =7 @ T4 - s @ 2r6 ®r, (2)
for octahedral interstices:
ko kg ko kg
p =Ty ®71, ®r. . _ 3)

Table 3

Relation between the orthorhombic groups and the irre-
ducible representatlons of the group Of, of the star

{kg} (lattice I'Q)
irreducible L K, ' ; L . k
representation ] ~—
p 1:; ! 1?; T:s I; 1?;-’ 1?‘ : Tf;k’ L' ?

of the group

lorthorhombic
» group

49

Da

17
2h

@ 20 2 g 7
[>2h [>2J| [)z: [):h [:Zz

22,
D..

From Table 3 and formulae (2), (3) it is seen that in the case
of ordering the hydrogen atoms over tetrahedral interstices
there are possible ordered phases with symmetry groups: D;Z,




D;:, D;:, Dgg ,and D21. In the case of ordering the oxygen atoms
over octahedral 1ntetst1ces the symmetry groups of possible
ordered phases are D2 A Dz , and D

To get a clear picture o % the obtalned variants of ordering,
i.e.,to find which interstices are filled by the interstitial

atoms and which of them are empty, it is necessary to calculate
permutation modes (concentration waves). The corresponding
formulae are given in ref./3 Results calculated by these
formulae are listed in Table 4 and 5. It should be mentioned
that the modes obtained describe the change of the probabili-
ty of finding an interstitial atom in a given interstice. From
Tables 4 and 5 it is seen that representations of the star
{kgl give no fully ordered structures.

To get fully ordered structures, it is necessary to add the
trans1t10n over possible representations of the wave vector
k =0 of the star {k;;} because this vector does not contra-
dict the cell chosen for the possible ordered phases (the
transition over attendant representations).

We obtain the followxng composition of the permutation rep--
resentation with K = O for tetrahedral interstices:

k1 kg ko kg
dp =1 Or; @r, (4)

for octahedral interstices:
ky ko kg

dP = I‘IA 0!’5 5 (5)

Table 4
The permutatlog modes of the irreducible representations

of the group Oy for the stars {kg} and {ky; 1 (lattice
FC) and the tetrahedral interstices e= exp(2si/3)

stap |Tepresen- sites of the atoms in clementary cell
totion MTallaTs5Telaleloleln e
T, 1= lol-r|-r o1 [of-" "o

T 119 lofl 77 fo - - ol =
T ofo|-1}o 1totol=tlapoln
{“4} (7 otob1tdaloln ol11 o0t o}
T. |1 1r]lojalatolalalaofaka]o
t; 1 1 ~1 1 o |- 1 Of-1|=-1 0
e alleiel = e EE ]
il leteli e et etfeld et

~

Table 5
The permutation modes of the irreducible representa-
tions of the group Oh , for the stars {ko] and {kji}
(lattice I'c )and octahedral interstices . (6b);- €= exp(2si/3)

represen- sites of atoms
star tation
1121314t516
T oloji1lolo -1
{ Ko} (57 1101110
Ts tf1lol1ialo
- v, l1telsllle]e
{kdl e .
Y lgiett 4 lg | gt

k

As the representation rlll describes the change of concentra-
tion of interstitial atoms, which we assume to be given and
constant, we will not consider it. The analysis shows that the
representation '81‘ leads to a symmetry group lower than the
orthorhombic groups we have considered, as it should also be
rejected. k)

Permutation modes for the allowed representation Tj are

presented in the second part of Table 4 and 5. k11

Mixing the permutation modes of the representation 5
with coefficients ¢€; = €3 =c¢C and complementing them with mo-
des of the representation ,ig' we obtain six variants of the
fully ordered structures in the case of tetrahedral intersti-
ces and three variants for octahedral interstices (Figs.2 and
3). Two of them are described by one symmetry group Dzi.

3. POSSIBLE STRUCTURE DEFORMATIONS

For each of the obtained variants of ordering we shall carry
out the symmetry analysis of possible structure deformatioms.
The problem may be formulated as follows. The symmetry group
of an ordered phase is known. One should find the displacements
of metal atoms that do not contradict the symmetry of an orde-
red state. For this purpose it is sufficient to accomplish a
standard group-theoretical analysis of possible displacements
and to select the required ones. There are possible two variants:
displacements leading to a structure with the same symmetry
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Fig.2. The possible orthorhombic structures as a result of
ordering of interstitial atoms over the tetrahedral inter-
stices. Only the "fully" sites in the ordered physe are pointed.
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Fig.3. The possible orthorhombic
structures as a result of ordering
of the interstitial atoms over the
octahedral interstices. Only the
"fully" sites in the ordered pha-
se ‘are pointed.
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group as the ordered phase - in the same transition channel, or
the transitiop in a structure with a higher symmetry, with the
wave vector k= 0. &

Metal atoms form the Iy lattice (positions 2a). The primi-
tive cell of a discordered phase contains only one metal atom
with the coordinates (0,0,0).

The composition of the mechanical representation on metal
atoms for the star {kgl is as follows

k k k sk
dm9 = f49 91’69 9789 . : (6)

Let us compare it with the permutation representation (2) on
tifrahedral interstices. It is,seen that thekrepresentations
r,? and '69 enter both into d, and into dpg.This means
that the ordering of interstitial atoms over these répresenta-
tions may be followed by displacements of the mﬁtal atomi which
are described by the Qodeskof reprisentations f52 and 29 .
The representations 719 ,759 and r79 from the permutation re-
presentation (2) do not enter into the mechanical representa-
tion (6). Therefore, qgforqgtiogs for the ordering variants
over representationsf19 ,r59 »77? , if possible, should be
described by modes with K = O (the star {ky;}). From the com-
parison of the permutation representation (3) for octahedral
interstices with the mechanical representation (6) it is seen
that the types of ordering over r:9 and r:9 , like in the
cas€ of tetrahedral interstices, may be accompanied by the dis-
placements %f mital atoms with the same symmetry. The ordered
structure D29 ('19 er59 )} can be followed only by the*deforma—
tion of the ﬁé sublattice caused by the wave vector k = O.
The mechanical representation on atoms for the star {ky;}
coincides with the representation qsl s
kqy k1
dn = ro - (7

To get a clear picture of possible displacements of the
metal atoms, one should find displacement modes (basis functi-
ons) for k= 0 and arm k; of the star {kgl. These modes are
listed in Table 6, and the atom displacements are shown in’
Fig.4. As follows from the symmetry analysis, any combination
of mixing coefficients of the basis vectors of the three-dimen-
sional irreducible representation rlgl leads to structure de-
formations, symmetry of which is lower than the orthorhombic one.
Consequently, the types of ordering with symmetry D;ﬁ, D;: and
Dy, cannot be accompanied by displacements of the lattice
atoms. T

The above results lead to an important conclusion which may
be of a practical use. The study of hydrids requires to find
structures from the results of investigations of the neutron




: Table 6
The modes of displacements of metal atoms (2a) for
the irreducible representations of the group Of,
stars {ko} ,{ky; } , (lattice I'¢ ).

star represen-|gites of atoms
tation 1 2

i1 (110) (110)

fLi & (110) | (770)

T (001) | (00T)

¢, | (100) (100)

ikl Vo, quz (010) | (070)

—t——-

Y, | (001) (00T)

Ts —Ti—
B
ez=01 , ez=% :

Fig.4. The models of the displacements of metal atoms
attendant to the ordering of the interstitial atoms.

difraction patterns. The main difficulty is small values of

the intensities of superstructure reflections which provide
information on the type of ordering. The reliability of the
obtained results depends considerably on the choigg of test
variants. There are attendant displacements with k = O and

k #£0. This means that in the first case the appearance of
displacements of metal atoms will influence the intensities

of initial (non-ordered) reflections, and in no way the super-
structure reflections. In the second case the atom displacements
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will contribute to the superstructure reflections, and this
contribution may appear to be more essential than that from
ordering of the hydrogen atoms. Consider, for instance, the
finding of the structure in hydrides Nb-H and Ta=-H with the

concentration of hydrogen atoms with ¢ =—%r(i.e., one hydrogen

atom per six interstices). Superstructure reflections point
to the transition channel with arm k; of the star {kgl

(Fig.1). In this channel we have found six variants of the
ordered structure (Fig.2). Only two variants correspond to

. the given ﬁpncentiation ~ these gre stfuctures of the type

Me-X D3P(r,® e rg1! ) and D3L(r® er,11). And just one vari-

ant - Dg; may be followed, as has been shown above, by dis-
placements of atoms which can be described by modes with the
wave vector kj.Therefore, if on diffraction patterns one finds
the superstructure reflections with suitable large intensities
corresponding to the vector k;, then one may retain one of two
variants namelyi Dzi . If such reflections are absent, one
should retain D§) as a test variant. In ref.’8/ the group Dgg
was proposed. $So, the symmetry analysis of the accompanying
displacements provides a further information which allows

a considerable reduction of the list of test variants. In this
paper we have considered, like in the most works devoted to ac-
companying displacements, the deformation of the metal sublat-
tice in ordering the interstitial atoms over interstices.

The coordinates of interstices are defined by coordinates of
their centres. One may raise the following question not yet
discussed in the literature: Does the ordering of interstitial
atoms lead to the displacement of centres of interstices? In
other words, does the crystal deformation arising in the course
of ordering produce the shift of centres of interstices? If

it leads to the shift, then how it can be detected experimental-
ly.

Let us show that the symmetry analysis of the displacements
of centres of interstices is essential in interpreting the natu-
re of superstructure reflections. The analysis of displace-
ments of interstices is analogous to the analysis of metal
displacements. The mechanical representation for positions
(12d) has the form:

kg kg kg kg k9 kg kg kg kg
d, =3r; e2ry o2r, 3r, erg 021, e3r, 82rg . (8)

The mechanical representation for interstices (6b) is of the
form: ;
ko by, W K kg, kg kg ko
dy, =2r, @r; @7, @r. ore @ 2r, @rg - 9)

11




From the analysis of expressions (8) it is seen that the mecha-
nical represet&tation on the position (12d) contains, in addition
to r49 ,also '89 which according to Table 3 describes the tran—
sition to the phase D, .The permutation representation (2)

on the position (12d) contains the representation r,? which
describes the ordered phase D;; « The groups D;; and Dgg differ
only by imbedding into the initial cell Og.

If in some sample the phase "D;Z" is realized, there arises 1 lypun 0.B., Cukopa B., CupomaTHukos B.H. E17-83-269
the problem of interpreting the nature of superstructure ref- CuMMeTpuitHbi 3HanM3 nepexoaoB Tuna NOPAROK-6ecnopAROK WM BO3MONHLIX
. . . CTPYKTYPHbBIX MCKa 7
lections. These effects may be caused either by ordering or : 5 e e s
by displacement of interstices without ordering the hydrogen r B paGote paccMoTpenu (asoBue nepexopn NOPAACK-GECNOPAACK ANA CTPYKTYP
atoms over these interstices. The simultaneous appearance | Tuna Me—H 8 ruapupax Nb-H(D)  c ynopraouenuem H(D) no TeTpasapuueckum

nyctotam FUK pewetku u okucnos Tuna Me-X wu Me-X, / Ta- 0/ c ynopapo-
uennem 0 no okTasgpuueckum nycToTam. [llpegnonaraeTch, uTO KOHUeHTpauwA atomos)
BHEAPEHWA ABNAETCA 3aAaHHON M MOCTOAHHON. U3 3KCNEpPUMEHTaNbHLX AaHHHX cne-

of ordering and displacement will reduce symmetrylof the new
phase to the symmetry of intersection of groups szl and D;; .

Such a transition will be described by two different repre- ' AyeT, ,4TO B OKOHUYATENsHOM BMAE NOMYYAETCA CTPYKTYPa C poMbuueckown pewer-
sentations. The jnclusion of displacements accompanying the i woit g, HSTOAOM cuMMeTpnﬁH?ro aHanM3a nonyueHW BCe AOMYCTUMME MOAENnM yno-
ordering (over r,® ) does not solve the problem. As follows from i z:g;:s;;::e‘:;:zgx::"ﬁ 3:3:022‘*::‘:;; gaiimgpe”"‘ THWE BGE. ROROKINS

. . PR . » bl CBA3aHL C COOTBETCTBYIWMMIA
(9) and (3), an analogous situation holds also for the position . MORENAMM YNOPAROUEHWUA. CHMMETPMIIHLIA aHanM3 RAeT KaK BOSMOKHHE CMEWeHUR
(6d). . . 4 i Meranna, TakK M CMElleHWA LUEeHTPOB Memgoys3nui, NO KOTOPEM NPOUCXOAMT YMNOPA-

If in some compound there will appear the phase Dj; (the | foueHue aTOMOB BHeAPEHWA, He NPOTHBOPEHallee CHUMMETPUM YMOPARCUEHHON

position (12d)) or D,:,ﬁ'zo (the position (6d)), then, as can dasu. U3 cuMMeTpUIHOrO aHanus3a CriegyeT CyWeCcTBOBAHME TaKMX OKOHUATENbHHX
be seen from (8), (2) and (9), (3), respectively, attempts ’ z:z’; :P; z:‘ui"‘:e ;zzzz:’; ::3::;:“ "?:::ﬁ:a :”:i:::g“:g: :"::zi’“"' C"ep";

. . . . poHO ’ s H nM OHW 3a cuert
to find neutron dlgfra.\ctlon patterns as a result of ordering . YNOPAAOUEHUA ATOMOB BHEAPEHUA NO mexyarmam UK peweTkw wnm sa cuet cme-
w111.be wrong a priori. T}}e appearance of superstructure ref- WeHWA UEHTPOB Mewy3nuii 6e3 ynopARoueHMA.
lections in these phases is only due to the displacement of PaboTa swnonHena B JlaGopaTopun TeopeTuueckoi duanku OHAK.
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