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INTRODUCTION 

The symmetry analysis of hexagonal perovskites ReMnOs 
(Re;"Er, Ho, Lu, Sc, /Pr Y) made on the basis of the paramag-
netic group qr,.1' 1 has shown that the simultaneous appearance 
of Ssy and 80·, -components should be described by two irredu
cible representations of space group (IRS) c:, of the star~11l 
(notation according to the Tables 121 ) which for the magnetic
structure model proposed by experimentalists18~1 are not at
tendant181 and belong to different exchange multiplets 19~ 

A detailed analysis of the structure clv of compounds 
R~n03 allowed us in part I of this work to propose the 
existence of the praphase D\b which is an initial phase for 
the structure phase transition D/h ... cj, with wave vector 
k~O and for the magnetic transition. 

Based on the symmetry group of praphase o:h , we have shown 
in part 2 that the magnetic structure observed in ReMn08 is 
described by two stars: the component along the z- axis is 
described by the star k • 0, It 18 ~ while the component in the 
basis plane, Jike the structure phase transition, is described 
by the star lk 1sl· The magnetic moments in the basis plane ap
pear because of the displacement of Mn atoms in the transition 
o:h ...., 0 3 v . Thus, supposing the praphase to exist in the com
pounds ~EMn03 we could more exactly define the structure of 
hexagonal perovskites preceding the magnetic transition and 
describe the reason for which such a complicated magnetic 
structure is realized. In the course of analysis of the struc
ture and magnetic phase transitions we have formulated several 
criteria which may be checked experimentally. 

1. THE CHOICE OF PRAPHASE; STRUCTURE TRANSITION 

From the results obtained in experimental investigations/84/ 
it is found that near the point of magnetic transition these 
compounds ·form the struc5ure of perovskites with the hexagonal 
symmetry of the group Ce• . Atoms of Re are in positions (2a) 
and (4b), atoms of Mn in position (6c); oxygen atoms 0 1 , in 
(2a); On, in (4b); Om ,in (6c); 0 1v,in (6c), where: 

(2a): l(O,o; z); ~o; o, z + ~) · 
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(4b): 

(6c): 

Running parameters are not determined exactly, but for the 
atom of ~n in all compounds of the family it is indicated 
that x is almost equal to I/3. For the case of LulllnOa it 
is approximately found that 13•41 : 

Lu 1 (4b): z --0~27. Lu 11 (2a): z. 0.23, 

Mn (Sc): 1 
X •- 3'' z .. o·. 

01 (2a): 
1 

z;.2,; On (4b): z ; 0 . 
(1. 2) 

Om (So): - 1 
X= 6' - 1 

z ""'6' 

01v (Sc): - 2 z7. 1 
X=·a'' 3' 

These structure-experimental data on the pos~t1on of atoms 
in LuMnO 3 allow an idealized version of the structure of 
this compound. For this purpose we put z for atoms Lu 1 (2a) 
and Lu 11 (4b) to equal 0.25. Parameters x and z for atoms Mn 
and 0 will be chosen as defined in ref / 31 but taken to have 
exact values instead of approximate ones. The idealized struc
ture, we shall call the praphase, is shown in ~· 

2 
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.. 0 

o-0 
~· The idealized structure of the LuMnOa in the 
coordinate system connected with a primitive cell of 
the C~v group. The next four layers with z~ ... .t/2, 
z~,. 2/3, z',..3/4 , Z~=51-6 are turned with respect to 
first four layers by 60°. 



Fig.Z. The imbedding of elementary 
cells of praphase G and phase C~v 
for the idealized structure of he
xagonal perovskites. 
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Let us now define the group of symmetry of the praphase of 
LuMnO 3 . We assume that the structure c:" is a result of 
a phase transition of the type of displacement from the pra
phase whose symnetry is described by the group G. In this case 
we consider that the _ctystal atom displacements are small 
(ui <<a. where a is a lattice parameter). Hence it jollows 
that the group G should be a supergroup of grouj C ev. 

In conside'ring all supergroups G of group C6,. we can very 
reduce the list of supergroups if we establish the channel of 
transition1 10·18/ from the praphase to phase c:v. In other 
words, we should first define the lattice type of the pra
phase, the star of the wave vector and the set of its arms 
describing the transition G-+ c:v . 

From ~ it is seen that the idealized structure LUMnOs 
has the hexagonal lattice rh of axis .X, Y which make the 
angle 3cf with x', y', respectively, of lattice rh of struc
ture c: .. The imbedding of elementary cells of praphase G and 
phase GJlv is drawn inFig.Z. 

From tables of possible changes of the tran~ition Symmetry 
of crystals in phase transitions (see'10.121imd/141)we find that 
such an imbedding of elementary cells of highly and low sym
metric ~bases is achieved in the transiti~n along the arms 
k1 a 1/3(b1 + b2 l and k2 --k1 of the star lk 1a I of lattice rh 
(channel 4 according to tables). 

To define the group of symmetry Gof the praphase we uti
lize tables of subgroups with k {. 0 of space gr0upl141. These 
.tables, for each space group of the hexagonal system, contain 
all subgroups with increasing cell (k f. 0); for each transition 
channel there is given the corresponding list of subgroups. 
The group C~v is a subgroup of the praphase symmetry group G 
and should be contained in the channel 4 of lattice rh.From 
tables 1141it follows that only the group o:h has the sub
group C~v in channel 4. 

'so, the praphase in compounds ReMnOs has symmetry nih. 
Atoms of Re take the position (Za); atoms of Mn. (Zc); atoms 
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of 0 ,,(Zb); and On(4f) withz=1J12. The atoms coordinates are:, 
Re (2a}: 1(0, 0, 0); 2(0, o. ~) 

Mn (2c): 1 (-1.
3 

, 
3
2 , .!. ); 2(-A, .1., .l. ) 

' 4 3 3 4 

0 ,(2b): 1 (0, o. ~ ); 2(0. o. ~) 
(I. 3) 

0 11 (4f):A(i-·~·z); 2(~.;.z);3(~.~· ~+z);4(~.:. ~-z); 
Z= i2 • 

The elementary cell of the praphase with positions (1.3) is 
shown in Fig.3. 

·- fv!t-t. 
Fig.3. o:h elementary cell with positions of atoms: 
Re - * , Mn - • , 0 - o • The remaining 4 layers 
Z= 3/4, z = 0, Z= 1./12, Z= -1:/12 are turned with respect 

to the dtawn ones at 6Qo. 

Comparing Figs.] and~ we see that the symmetry and coordi
nates of atoms in the praphase D~h • are defined correctly. 
The praphase o:h was observed at high temperature for YMn0/ 1~1 
Supposing the praphase to exist in ReMn03 we can obtain an 
information on the structure in the c:v phase much larger 
than from the analysis of experimental data /3·71. We determine 
now possible displacements of atoms in ReMnO 3 in the tran
sition D :h ~ c; with the star I k 18!.Using standard formu- ' 
lae/11,12/ we evaluate the mechanical representation and modes 
of displacement of atoms. The mechanical representation has the 
form: 

Zb: 

Zc: 

4f: 
(I. 4) 



The modes of displacements of atoms are listed in Table I. 

To find- the displacenients of atoms in the transit~on Dih ~ 

~cHvwe should define the representation of this transition. 

For this purpose we shall determine the restriction of group 

D ~h on subgroup C lv .From KovaleVJ21we write out all elep1ents 

of the zero block of group D ah : -· · 
(h 1 IO), (h 2 1rl, (halO), (h4 [r), (h5 IO), (h 6 1rl, 

(h 7
1 0), (h 8 1rl, (h 9 IO), (h 10 lrl, (h11 IO), (h 12 lrl, (I .5) 

(h 13 IO),(h 14 1rl, (h 15 IO), (h 16 1rl, (h 17 IO), (h 18 1rl, 

(ht9 IO), (h2olr ), (h 2 tl0), (h22lrl, (h2al0), (h24lrl, 

and of group C Hv : 
(h 1 IO), (h 2 1rl, (h 310l, (h 4 1rl,(h 5IO), (h61rl, 

(I. 6) 

(h 19 1r),(h20 IO), (h21 1rl, (h 22 IO), (h 23 1rl, (h 24 IO). 

Table I 

The modes of displacements of atoms in ReMnO 3 1 2rr 
transition De\ ~cgv with the star 1k13l ~· (""'e "'"'3" 

Represen- Position (2a) 

tat ion 
Arm 0 cell +<f-~,_ ... a._ ,- (8,,0::,) -a;, -a,.., .,.(a .. ~aJ.) 

1 2 1 2 1 2 

13 K, m~1 001 OOi oof. oo,• oo£1. 

K2 001 oo1 00£2. oo£2· oo~ OOt: 

r,; K1 001 001 00" 00 t: 00 £2.. 00E2. 

K2 oo1 oo1 ooe2. 00 §:2. oo£ oo£ 

K, £'£o 1:'£0 1£'2.0 1&1 0 £10 ~10 

15- ~ {'·to e'io e1o E10 1 E..l-0 1£z.o 

K, ?io ~io 1f0 1£o fi''o £Po 

K2 £210 £2-10 ge·o £.£1..0 . i.E 0 1f.O 

K, £2£o l"fo 1£20 1 ;: "o i10 £ 10 

K, ?lo l'>-o E 10 E 10 1£'-o 1 E"C 

T lio €.21o 1£ 0 1e: 0 cf?o ~E'o G K, 

K2 £210 E2 io ££Lo ££1o 1E 0 He 
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P o a i t i o n (2b) 

~epreaen- 0 cell :r~:1.v -lY ... . · -l:t:t.) 
+-'"'.a:) 1i:a1i:1on Arm 

1 2 1 2 1 2 

1i: K, 001 oo'l 00£ 00£ 00£. ooP. 
K2 001 oo1 OOG'2. ooi2 DOE ·oo£ 

~ 
K, 001 001 DOE 00£ ooe' 00< 

K2 oo'f OO'j oo£.2. oo£.2. 00[ oot 
K11 £"to 000 1fu 000 £10 000 

'IS K2 000 E'io 000 ElO 000 1E'o 

K, 09'J t.,_fo 000 . 1£0 000 ££'o 

' K2 £210 000 Ee·'-o 000 1eo 000 

K1 000 1E'o 000 ito f'£0 000 

r,.' K2 ,,'o 000 t::.'l.E o 000 .e: 1o 000 

K1 t£0 000. e 1o 000 t-1o 000 

... lz. eeo iEO 000 i:'"1o 000 E 10 

Represen- Position (2c) tat ion 
Arm 0 cell .,a:~, .. a.z., .-{ct~ .,.a.z.) -a.~,-a:.~., ~1 .. -a:z.) 

1 < 1 2 1 2 

~ 
K1 1 f 0 £to ei1o E'~o f.~1o 1£2..0 

K, £
2fo lib £10 -1£0 1 E' 0 ~2.10 

I; Kf 1£0 E 1o d'o clo i£:2..10 1£~ 

K2 f.. 1t 0 ~{"o 1010 1£ 0 tE'"o l 2 1o 
K . 000 1£0 000 e. ~?·o 000 £.2..10 

K2 l.i'o 000 H:o 000 £1o 000 
TS" 

i:'!o 000 1 E2 0 000 f. 10 000 K1 

K2 000 1£lO 000 E'i. 0 000 £ 10 

K1 001 000 60£ 000 00£1 000 

'" 
K2 000 ool 000 ooi 000 oo£2 

K1 000 00£ 000 oo£2 000 oo1 
K2 oo£.1.. 000 oo£ 000 oof 000 
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PoaiUcm ( 4J) 
~apresen-

0 cell 
tation. Arm 

1 2 3 4 

'T:i ~-~ 1 ~ 0 £10 t 10 l f 0 

K2 f.1l 0 (E2 o Uo E2l0 

1; K, 1 if 0 E 10 eio 'iEO 

lt;. c'-i 0 f:E'-o £i-'o e"Eo 

r; K, 1£0 eio £10 1£0 

~ £1£0 E E1o Uo £•t: 0 

T;; 
K, 1£ 0 E. io €'10 1£0 

·~ E2 EO i£1 0 E£"0 e'l.o 

K, 001 000 000 oo'i 

'T;;- K, 000 oo& 00£ 000 

x, 000 ooe 00 E'- 000 

K, 001 000 000 001 

K2 000 OOE ool 000 

T6 K, 000 ool oot 000 

K, 00£1 000 000 00&2. 

K1 000 1£0 1£0 000 

,_) lit do 000 000 H'o 
Is 

K1 e'c o 000 000 ["Eo 

K2 000 1?o 1~'0 000 

K1 000 li:O l£0 000 

~' ~ ii'"o 000 000 Ef2o 
/G 

K, f:2£ 0 000 000 E'f 0 

K2 000 1 €.'-o ;6b 000 

Considering that the coordinate system of D~h is turned, with 
respect to the coordinate system of c:v . at angle 30° aro~nd 
the z-axis (see Fig. 2), we rewrite the elements of group C ev 
in the coordinate system of D 3b ·: 
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(I. 7) 
(h 24 jr), (h 19 jO), (h 20 ir), (h 21 I 0), (h 22 1r), (h 23 1 0). 

Comparing (I. 7) and (1.5) we see that the set of elements 
(1.7) is just the searched restriction of D~b on the subgroup 
C~v in the transition ov_er arms K 1 , k2 of the star I k 13 l of 
the lattice f'h .Now for each IRS from (1.4) we check whether 
the representation Of this restriction has in the expansion 
into. irredu.cible representations the identity representation 
or not (the Birman criterion). It is to be noted that the con
sidered representations should be the representation of space 
group a induced from irreducible representation oflthe group 
o~ of the wave vector k1 of the star lk 13 1, (k 1 =-a-(b1+h2)). 

cafculations show that the Birman criterion is satisfied only 
by two "IRS ~ r 1 and r 4 of the group D ~h. !he ~eco41-d ar']l of 
the star 11<' 13 I was chosen to be the vector k 2 ~ h 13 k 1 ~-k 1 . 

The next step in searching of atom displacements in the 
tr~nsition D ah -+ C :v is to determine the coefficients of 
mixing of modes (basis fuhctions) of the representations r 1 and r 4 . These coefficients which are structure parameters are 
defined from the condition of invariance of the density func
tion Op under the group C gv: 

(I. 8) 

where ¢l.2 and ¢t2 are basis functions of representations r 1 and 
T 4 respectively .Acting by generators of the group clv«h21r)' 
(h24IO)) on the function8p (1.8) (which is in practice reali
zed by the action of the corresponding to the generators mat
rices in the given representation on the 11vector"of the struc
ture parameter)and putting g10p::.Op,.Tile find the coefficients 
of mixing of modes of representations r 1 and r 4 which describe 
the displacement of atoms in the transition D~h .,. cjv : 
r 1 (c1 c 1) and r 4(c 4C4). The searched displacements of atoms in 
ReMnO 3 are presen\ed in Table 2 and drawn in Fig. 4 (for the 
elementary cell of Dsh phase). It should be noted that the 
obtained displacements in the transition D~h -+ c:v make ex
perimental data more precise, namely: atoms of Re taking one 
set of equivalent positions (2a) in the praphase are separated 
into two sets (2a) and (4b), and the running parameters Za and 

zb should have opposite signs, and z a should be twice zb. 
(z and zb are reckoned from the idealized position z"= 1:/4). 
Th: oxygen atoms, taking in the praphase positions (Zb), are 
also separated in the low symmetry phase into the positions 
(2a) and (4b) with the same relation of Za and z b,as for Re, 
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Table 2 

The displacements of atoms in 
transition Djh ... C/v ~s a 
modes r1 (c1c1) and r4 (c 4c 4) 

ReMnO 3 in the 
result of mixing of 

Repre•en- - - -a,-a:2.., Poai- taU on 0 .. u + 0.1 J i' a..l.l 

tiona ~d type - \11,· 0.,) +- \0:, +-elL) 
Jot llinD6 

1 2 1 2 1 2 

(2a) r,; <t<il,l 002 002 ooi oo"f oo1 

(2b) 1\ (<\il,l 002 002 ooi oo1 ooi 
(2c) T.; (qq.) 12o 21o 210 120 i10 

(4!) 't <qc;> i2o 21o ;;o iiio 

"' ( qG,l 12o 210 2io 120 

foaitione 1 t. ) 4 

]. ( c <) J. ( c.c-) 

~.~~· Yf?"" ... ~.~.-, .,. ... 1 t 1 

><. + X ~ >< 

-:z. ... 'f" 2."'0 2-·t 2""t 
z.~3/.Jt 2""~ 

2.'' llf1'J.. :z.. = ?'.q 

o-0 •- M~~... 

ooi 

ooi 
11o 

Fig.4. Displacements of atoms ~n ReMn03 at the 
phase transition from nth to Cev structure. 
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but reckoned from the idealized position z"= 0. The oxygen 
atoms, taking in the praphase position (4f) are divided into 
two sets (6c), one set with the ·running parameter z' = 1:/3, the 
second with the running parameter z'=l:/6· exactly (these atoms 
are displaced only in the xy -plane). The running parameter x 
for one set (6c) differs in sign from the corresponding para
me-ter for the other set (6c) (calculated with respect to the 
position x'=l:/3) in the transition oveT r 4 and ·coiD.cides in 
sign in the transition over r 1 . The Mn atoms are also displac
ed only in the xy-plane. 

We find .that the phase transition into the phase cgv is 
descr,ibed by the star {t 13 i and two 'iRS. r 1 and r 4 of the 
group o:b; This result is due to the statement af the problem; 
namely, we have given the group· of synmietry of the asymmetric 
phase- and l~>Oked for IRS which may p-articipate in such 
a transition.· If w~·-solve the p;roblem of determination of all 
possible phases with a given change of the initial elementary 
cell, then it coin be: shown that the representation r1 descri
bes the transiti01;1 into ·a phase with sYmmetry D:h and the 
representation r 4 into phase C iv. The group C~v is a sub
group of o:h .. Therefore, in analysing the phase transition o:h-+ -+ C/v we shall call the representation r 4 relevant and the 
representation r 1 attendant -.18/. 

It is interesting to note that in considering the mixing 
modes of only one, relevant representation r 4 the Mn atoms 
are not displaced from initial positions and the magnitude of 
displacements of atoms of 0 11 (40 is the same for layers 

Z= 
1
1
2
,:

2 
, 1~, !i· Modes of the attendartt representation q describe 

displacements of MD atoms and may diminish the magnitude of 
displacements of atoms of 0 n (4b) in layers Z=ll/12 and z=5/12. 

Let us demonstrate that the displacements of atoms of Re 
and 0, which are described by the relevant IRS_ r 4 are ne
cessarily accompanied by the displacements of Mn atoms. For 
this we construct the thermodynamicS.! potential. CZ, from basis 
fuD.ctions a 1 , a2 of the representation r 1 ancl b' 1 , b 2 of the 
representation r 4 .Matrices of the reducible representation 

r
1 

er
4 

have the form: =(~~-~A~ .)_ 
g 1• gs• gG, g2o• g 22 ,g 24 
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(I. 9) 

To construct~ we find the co,lete rational basis of invari
ants (CRBI). Following ref/ 16 we construct the no~al set'ies: 

hts 
=> 0 3 

8 
> r.· (I. I 0) 

The numbers below denote the number of elements in the subgroup 
a 1 ( i -is the index number). The elements above arrows are 
representatives of the group expansion in the normal Series, 

ht8 
for instance, 0 4 = > 0 8 means 0 4,. 0 3 -i- h 18 0 3 · . The CRBI 
has the form: 

I b e b 6 1 2b 2 2b 2 1 b4a b4 s = t+ 2' 6= 3 1 2+ 82 1' 7= 12+ 2~1 

18 = afb~ + aibf, 19 = a~b~ + a~bf, 1 10 = a¥b :+ afbf. 

The thermodynamical potential ~ up to the fourth order 
der parameters a 1 and b1 is as follows: 

~= r1 a1 a 2 +r 2 b1 b 2 +v 1(al+ a~)+ v2(a 1b¥+ "2b~) + 

+ Uta~a~+u 2 bfb:+ UsJa1a 2b 1b 2 + u 4 (a¥b~+ a~b~) 

(!.II) 

in or-

(1.12) 

ll 



The obtained relation differs in quadratic terms from the con
ventional form of ~. Therefore we introduce the change of va
riables: 

(1.13) 

In new variables (1.12) bec0mes (primes are omitted for simpli
city): 

'I> ~ r1 (af + ai) + r 2 (b~ + b:) + v 1 (a f- 3a 1 a~) + 

+n 8 (a¥+a~)(b~+b:) +n 4 (a~-a:)(bf-b:) 
Now let us write the equations of state: 

12 

- a<~> o· --- ~ . a a, 
'1>,

1 
~ 2r 1 a 1 + v1 (3af- 3a~) + v 2 (bf- bf) + 

+ 4u 1a 1(af+a~) + 2u8a 1(bf+ b~) + 

+ 4u1 a2 (&i+ a~)+ 2u 8a 2(bf+ b~) + 

- 2u4 a 2 (bi- b~) ~ 0, 

(1.15) 



Consider the type of the-solution .r 1(00), r 4 (c~ (it means that 

a 1 , a 2 = 0; bt=-b 2= c ) cor't'~sponding to the displacement 

of atoms of Re and 0 provided that Mn atoms are not displaced. 

Then eqs. (1.15) take the form: 

<1?,1 0=0. 

(1.16) 

Considering that the interaction v 2 ,fr. 0 from the second of 

eqs. (1. 16) we observe that c should be zero. This means that 

the displacements of atoms of Re and 0 are necessarily accom

panied by the displacements of Mn atoms. T~e expeiime:ntally 

observed displacements of atoms of Lu 111 are 11 large", of 

an order of 0.02 (relative to 0.25). This allows us to consi

der the Lu displacements to be the main order parameter in 

agreement with that the representation r 4 describing these 

displacements is relevant. The magnitude of attendant displa

cements is defined by the parameter of interaction v 2 and 

should be smaller than that of Lu displacements. This small

ness is, obviously, the reason for which the coordinates of 

Mn atoms in the structure C\v have not been defined exactly 

in works /3·71, and for LuMnO 3 no displacements of Mn atoms 

are observed. 

2. DESCRIPTION OF THE MAGNETIC STRUCTURE 
IN THE PRAPHASE SYMMETRY GROUP 

The Mn magnetic atoms take position (2c). The magnetic re

presentation with star tk 13 l has the form: 

lk' 131 
dM = '2 '"'4 '"'s '"'s (2.1) 

where r 2 , r 4 are one-dimensional IRS of the group 0 k-+ of the 
~ ~ ~ ~~ I 

wave vector k1 = 1/3(b 1+b2)of the star k 13 and r5, re are 

two-dimensional ones. The magnetic modes calculated by the 

standard formulae./11,12/ are listed in Table 3. 
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Table 3 

The magnetic modes calculated for the star It 18 1 
of the group D~h (position 2c) - .,.. 

-a~, -a.,., 1 laepreaen- .,..o..4, +al., 
~aUon .lra 0 con - t a •• ctL) T ( a.-ti' ct.a.) 

1 2 1 2 1 2 

K1 1£0 i:1o ££1o £2£0 F:"io it:'o 
T.: Kz (1£ 0 £Co E 1Q 1 E: 0 i~o &'io 

'I K1 1£ o ElO el'o i'"io £1io 1l1c 
~ x; E'f o E.£\1 e. io 1l0 -1l'o Cio 

K1 001 000 ooe 000 ooc'" 000 

T, X,. 000 00£ 000 001 000 oo£' 
K1 000 oaf 000 oolz. 000 ooi 

Kz oo£>- 000 oo£ 000 ooi 000 

K11 000 1EO 000 d'"o 000 E1io 

~ Kz £Co 000 1(0 000 e.•io 000 

K1 £•eo 000 i€'0 000 i10 000 

Kz 000 ilo 000 £~o 000 £10 

Let us now define all possible types of the magnetic order
ing of Mn atoms whose crystal symmetry wi 11 be C ~v or the 
supergroup of c3 in the consider]d transitioy Thannel. There 
is only one gro.Jlp of this type - 0 6h (Table1 4 ) • For this 
we should write out all Shubnikov sungroups of the initial 
par~agnetic group o:h .1' with the crystal symmetry D~h 
or C6v . Then the corresponding magnetic structures will be 
defined by the conditions of invariance of spin density func
tion with respect to generators of the chosen subgroups: 

-+ -+ -+ -+ 
g 1 S(r) = S(r) . (2.2) 

The spin density function can, in turn, be represented as 
a superposition of basis functions (magnetic modes) of IRS 
entering into the magnetic representation (2.1). Then the 
condition (2.2) is reduced to the action of matrices corres
ponsing to generators of the chosen subgroup in the given 
representation on the column of mixing coefficients of basis 
functions: 
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I 
I 

(2.3) 

It should be noted that here one should use the .representation 
of the Shubnikov group induced i!Y the irreducible representa
tion of group a~ for arms participating. in the transition. 

. k 

Table 4 

The types of spin ordering in the plane xy as a result 
of possible types of mixing of magnetic modes 

Representa- ~o.4 ... a,_ , -a .,. 
-a2., t10n and I . ' 

~'1~n~f 
0 cell ( a.,~ C11.) + (a.,. a1.> -
, 2. , 2. , 

T,_ ( c,c1 ) 100 010 010 100 Ho 

1;. ( c1. c .. ) i2o 21o 210 120 ho 

I. (c,c.) 100 oio 010 100 i1o 

I.;" ( c, c,) i2o 210 210 120 l10 

Fig.S. Types of the spin ordering in the xy plane 
as a result of admissible mixing of magnetic modes. 

2. 

Tio 

.no 

110 

110 
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Matrices of elements g 1 .1~ differ in sign from matrices of 
elements gi. From (2.3) we obtain a system of equations for 
determining the coefficients of mixing of magnetic modes. Thus, 
for each Shubnikov subgroup of group oih ·1' we find the way 
of mixing of magnetic modes and the corresponding number of 
]RS which allows us to draw the magnetic structure. The cal
culation shows that the representations r 5 and r 6 from (2. J) 
describe magnetic structures whose crystal symmetry does not 
coincide with _c :v and D :h . T~erefore one should consider on
ly representat~ons '2 and r4 1nduced for 2 arms of the star 
ik13 J1rom the explicit form of matrices of these representa
tions and (2.3) we find that in both the cases there are pos
sible two types of mixing of modes (c 1ci) and (cic-1). This gives 
4 types of the spin ordering in the plane xy (Table 4, fig.5). 

It is easy to see that they coincide with variants of the 
triangular structure observed experimentally./1~ To obtain the 
component of magnetic moments along the z-axis (weak ferr9-
magnetism prop sed in /4,6/), we should calculate the magnetic 
modes with the wa~e vector k = 0 (star lk16 } ). The magnetic 
representation d~16 is decomposed into 'IRS as follows: 

lk'tel 
dM = Ta +T6 +T9 +Tt2 • (2.4) 

The magnetic modes for representations r 3 and r6 are given 
in Table 5. 

Table 5 

The magnetic modes for representations rs 
and r 6 of the group D~b with the star 11( tel 

Representation Position (2c) 

I 2 

'a 001 001 

'e 001 001 

As a more detailed calculation shows, the magnetic modes 
of representations r 9 and r 12 have no z -components we are in-

· teres ted in, and therefore, we will not consider them. Includ
ing these results into the model of the magnetic structure 
1), 2), 3), 4) considered earlier we obtain eight variants 
of the magnetic structures: 
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I • r4 (c 4c 4 )r 3(c'), 5. '4(c4c4)r6 (c)' 

2. '2 (c2c2} 's (c'), 6. '2 (c2c2) '6 (c) • (2.5) 
3; '2 (c2°2l r6(c), 7. r

2 
(c 2c2)r 3 (c'), 

4. r 
4 

( c 
4 

c 
4

) r 
6 

(c) , 8. '4 (c4c4) 'a (c'). 

They exactly correspond to the models proposed in/1/. It is 
clear that all the eight variants differ in the magnetic sym
metry which· is defined as the intersection of the magnetic 
group of the component of the magnetic mOment along the z
axis and the magnetic group corresponding to ordering in the 
xy plane. As the calculation shows, the magnetic symmetry 
of possible models of ordering in the xy plane is represented 
as follows (see Table 6). The magnetic symmetry of the z -com
ponent corresponding to the representation rs is described by 
the magnetic group P63 c'm' and that one corresponding to the 
representation r6 by the magnetic group P63 em'. Hence it fol
lows that the crystal symmetry C lv (P6 3cm) is defined only 
by the variants: r2 (c2c2 )r 3 (c') and r 4 (c4 c 4 )r 6 (c). There-

fore, the experimental data testify to the crystal symmetry 

Table 6 

The magnetic symmetry of possible models of ordering 
of the magnitude moments in the xy plane 

Themagne 
The elements of the group tic group 

P6}c'm. 
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c!v in the ma-gnetic-ordered state, we should discuss only 
these variants. F-rom Table 6 it is also seen that the ·crystal 
symmetry proposed by Koehler /4,6/ for magnetic structures 
r2 (c2 c 2) +r4(c4 c,V and r2 (c2c2) +r 4 (c 4c4), whose spins ar~ 
deviated from x or y directions is not described by group C~v. 
The crystal symmetry of fhe structure r2(c2c2) +r 4 (c4c4) 
is described by group C 6. (The crystal symmetry of the magne
tic structure is understood as a symmetry of the group ob
tained from the magnetic group by neglecting time inversion). 
Therefore, a correct choice of the initial state in describing 
the magnetic structures forbids some variants. 

A proper choice of the initial phase allows also the sepa
ration of the reflexes that contain information on the S z
component. Indeed, as the Sz -component is described by the 
star k=O of group o:h.its definition requires to analyse the 
magnetic contribution to nuclear reflexes of the structure 
D~h.The Bxy-components contribute to the remaining reflexes. 

Now we shall construct the thermodynamical potential for 
describing the phase transition corresponding to the variant 
r 4 (c 4c 4)rs(c). For simplicity we consider variables cor
responding to displacements ·of the Mn atoms only (parameter 
(a 1, a 2) corresponding to the representation r 1 ) and magnetic 
variables: parameter· (c) corresponding to the representation r6 and parameter (b1• b 2 ) corresponding to r 4 ) . To obtain CRBI 
we should construct five-dimensional matrices r6 er 1e r 4 for 
elements of the group nah·l~. Then separating all different 
matrices we construct the normal series, and following ref /l!l/ 
construct the CRBI 

11 = c 2' I2~ a1a2. I3~b1b2, I 4 ~ 3 3 at+ a2' 

I 6 ~ a 1bf+ a 2 b:, I6~ b!+ b:' I - a2b2+ 7- 1 2 
a2b 2 

2 1' 

1 8 = b1a 2 + b~a 1 , Ig~ a3b 6 + 3 6 
1 2 a2 b 1 ' 

(2.6) 

Changing variables so that the invariants 12 and t 3 take the 
usual form: I 2= a1+ a~ and Is= b¥+bl, we may write the 
thermodynamical potential in the form: 
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The equations of state are as follows: 

2 2 2 ( 2 2) 0 +2u 0btC +2u6b 1(a 1+a 2) + 2u 7b 1 a 1-a 2 ~ , 

a<!> : 2csb 2+ v2(-2a!b2- 2~ b iJ + 4u3b2(b';+ b~) + 
ab 2 

+2u 5b 2c 2 +2u 6b 2 (a~+a~) -2u 7 b 2 (a~- a~)~ 0. 

(2.7) 

(2.8) 

Consider the solution corresponding to the appearance of the 
magnetic structure r 6 (c) and r~ (c 4c 4 ) provided the Mn atoms 
do not shift, that means r 1 (00J : c/:0, bt:b2 =:::c4, at=& 2 =0. 
The equation of state take then on the form: 

act>, 
ac 
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~: e (2.9) 

From these equations it is seen that in case when the Mn atoms 
do not shift, the components of magnetic moments in the xy 
plane are zero. Therefore it may be assumed that in the consi
dered compounds ReMD0 8 the displacements of Mn atoms are the 
main condition for appearing magnetic components in the xy 
plane. 

A detailed thermodynamical analysis of phase transitions in 
RaMnO 8 will be published elsewhere. 
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