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ABSTRACT

POSSIBLE NONCOLLINEAR MAGNETIC STRUCTURES ON CAMNO, AND LAMNO..
CaMnO, and LaMnO, ceramics crystallize in the orthorhombic Pnma and monoclinic P112 /a space group,
respectively. It has been reported that the ceramics order collinear antiferromagnetically below T=140K and
130K, respectively. The manganese magnetic atoms in CaMnQ, are located in the 4(b) site, while those in
LaMnO, arein 2(c) and 2(d). Asthe manganese atomsare neither located in the rotation axisor themirror plane
of the crystall ographic symmetry, the noncollinear arrangements should not be excluded. This paper reports
the derivation of the possible magnetic structures of CaMnO, and LaMnO,. The derivation is based on the
magnetic(Shubnikov) space group and the group theory. Theresultisthat all of the possible models allow for
three moment componentsin the noncollinear arrangements. The possible magnetic structuresfor CaMnO, are
noncollinear antiferromagnetic, noncollinear ferromagnetic in the a-direction, noncollinear ferromagnetic in the
b-direction, noncollinear ferromagnetic in the c-direction. The possible magnetic structures for LaMnO, are
noncollinear ferromagneticin the c-direction and in the ab-plane.

Key words : CaMnO,, LaMnO,, magnetic, structure, noncollinear, shubnikov, group theory

ABSTRAK

STRUKTURMAGNETIK NONKOLINIER YANG MUNGKIN MUNCUL PADA CaMnO, AND
LaMnO,. CaMnO, and LaMnO, masing-masing mengkristal pada grup ruang Pnma dan monoklinik
P112 /a. Telah dilaporkan bahwa momen magnetik keramik tersebut tersusun secara kolinier antiferomagnet
masing-masing dibawah suhu 140 K dan 130 K. Atom mangan magnetik dalam CaMnO, terletak padakedudukan
simetri 4(b), sementara dalam LaMnO, pada kedudukan 2(c) dan 2(d). Karena atom mangan tersebut tidak
terletak pada sumbu rotasi ataupun bidang cermin dari simetri kristalnya, susunan nonkolinear harus
dipertimbangkan. Makalah ini melaporkan penurunan struktur magnetik yang mungkin muncul padaCaMnO,
and LaMnO,. Penurunannya dilakukan dengan menggunakan analisis grup ruang magnetik (Shubnikov) dan
teori grup. Hasilnya adalah bahwa semua model yang mungkin mempunyai 3 komponen momen dengan
susunan nonkolinear. Struktur magnetik yang mungkin muncul untuk CaMnO, adalah nonkolinier
antiferomagnetik, nonkolinier feromagnetik pada arah sumbu-a, nonkolinier feromagnetik padaarah sumbu-b,
nonkolinier feromagnetik padaarah sumbu-c. Struktur magnetik yang mungkin untuk LaM nO, adalah nonkolinier
feromagnetik pada arah sumbu-c dan bidang ab.

Kata kunci : CaMnQO,, LaMnQ,, magnetik, struktur, nonkolinier, shubnikov, teori grup

INTRODUCTION

The manganese perovskite provide an ideal
physical system for the elucidation of a variety of
fundamental physical questions related with the
magnetic, electronic and structural properties of
condensed matter in a strongly-correlated electronic
system. Themost important topic to emerge from studies
of manganites physics is the competition between
localising and delocalising effects in close connection
with lattice, spin and charge degrees of freedom.

The low temperature of magnetic structure of
CaMnO, has been reported as G-type (+-+-)
antiferromagnetic along the z-axis [1]. As manganese
magnetic atoms are not in the symmetry positions, one

might suspect that there might be non-zero components
aso along the x- and y-axis. For LaMnQ,, four distinct
crystallographic phases have been identified, depending
on the sample preparation [2], i.e., those crystallize in
the orthorhombic Pnma, orthorhombic Pnma with smaller
splitting, monoclinic P1121/a and rombohedral R3c space
groups closely related to perovskite structure. The first
has the stoichiometric composition LaMnO,, while the
rest are progresively richer in oxygen (and thus Mn*).
No evidence of ordering of Mn* and Mn** was reported
in the monoclinic phase.

The work details a derivation of possible
magnetic configuration on the orthorhombic CaMnQO,
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and the monoclinic LaMnQO,. The monoclinic phase of
LaMnO, has been chosen due to new evidence [3].

CaMnO,CERAMICS
Crystallographic Sructure

(). Schematic

(b). Projected

Figure 1. (a) Schematic unit cell (thicker lines) and (b)
crystallographic structure projected onto a-b plane. In
(a), the relation of the CaMnO3 unit cell to the cubic
perovskite unit cell, with the lattice parameter ac, is
shown. The CaMnO3 lattice parameters are ao, bo, co
with the value of 2ac+ ; 2 ac+ ; 2ac- . In (b), the atom
positions and the unit cell are drawn to scale, while the
atomic radii are not.

Thederivation of the possible magnetic structures
startsfromthe crystall ographic symmetry of the magnetic
atoms. CaMnQ, crystalizes[1] intheorthorhombic Pnma
space group with the equivalent positions at (X, Y, 2),
(V2-x, Yaty, Yo+2), (X, Y2y, 2), (Y2X, -y, ¥2+2) and the
corresponding atoms related through the inversion
symmetry. The magnetic atoms of interest are Mn atoms
at 4(b) site symmetry with the positions at (0, 0, %),
(Y2, %, 0), (0, Y2, ¥%2), and (¥4, 0, 0) for Mnatom number 1,
2, 3 and 4, respectively. Figure 1 shows the schematic
unit cell and the crystallographic structure of CaMnO,
projected onto a-b plane.

Table 1 details the crystallographic symmetry
notations[4, 5]. Thelocation of each symmetry element
inaunitcell islistedin Table2. Table 2 detailsthe atom
permutation of the 4(b) site symmetry due to the
symmetry application in Pnma (D,,'%). The symmetry
elementsin thefirst column are applied to the manganese
atomswithin sequence 1, 2, 3and 4. Clearly, there are
only 2 symmetry elements, i.e.; h, and h,,, which leave
the atom sequences unchanged. As the coordinate
permutation al so unchanged for both symmetry elements,
the character of them are 12, each, i.e.; The character of
the group is 9(h,) = x@9(h,) = 12 and O, otherwise.
The character is of importance for the group theory to
be discussed further.

M agnetic (Shubnikov) Space Group Analysis

For Pnma space group, one can choose the
symmetry element 1, m, m, and m, as generators to
represent all crystallographic symmetries listed in
Table 1. There is no need to consider the trangation
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Table 1. Crystallographic symmetry notations.

Kovalev [4] IT[5] IT[5] Remark

hq (XY,2) 1 Identity

h, (%,-y,-2) 4% [180° rotation along a
ha (-xy,-2) 4,> | 180° rotation along b
hy (-%-y,2) 42 | 180° rotation along ¢
hos (-X-y,-2) -1 |Inverse

hog (xy.2) M |Reflection L a

hy7 (x-y.2) M |Reflection L b

hog xy.2) ms | Reflection L c

Table 2. Atom permutation of the 4(b) site symmetry due to
the symmetry application in Pnma (D, '®).

Element Mn atom number

hj000 1 2 3 4
hva¥e¥s |2 1(-100) |4 3(-100)
hsl0 %20 3 4(1-10) | 1(0-10) |2(100)
hf20%  [4(00-1) [3(01-1) [2(010) |1
hxs000 1(001) |2 3(001) |4

hele %% [2(00-1) |[1(0-10) [4(0-1-1) (3
hy0%0 [3(001) [4(101) 1 2(100)
hgf20% |4 3(-100) |2 1(-100)

vectorsrising fromthe glide, the screw or the symmetry
element position as the magnetic wave propagation
vector is zero. Numbers in the parenthesis listed in
Table 2 can then be ignored. One notes that as the
magnetic moment is an axial vector, the application of
themirror symmetry would result adirection reversal as
compared to that of the polar vector.

To provide an exhaustivelist of possible magnetic
structures, one can apply the time-reversal symmetry
on the generators, as well as the crystallographic
symmetries. Applying the time-reversal symmetry
reversesthe direction of the magnetic moment, whichis
basically the axial vector.

Table 3 shows ., p,, and p, configurations but
not .. Inorder torealize p,, onecan use Eq. (1) and the
coordinate effect due to the symmetry operation m, or
m;’ shown in Table 4. Eq. (1) relates p, to p,, which
meansthat one can obtain p,fromp,. Onemust takeinto
account that the symmetry m, reverses the direction of
the y- and z-components. The symmetry m’ reverses
the direction of the x-component. One could equally
use Eq. (2) and (3) to realize p, in the magnetic
configuration. For example, if oneusesEq. (2), p,canbe
obtained in relation with u,. The corresponding
symmetries are m, and m,’. The former reverses the
direction of the x- and z-components, while the latter
reverses the direction of the y-components.

Using the result shown in Table 3, one proceeds
further neglecting the configurationswith zero moments.
For example, the configuration with generator m m, m,,
results not only the configuration listed in Table 3, but
also resultsthe configuration with all possible moments
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Table 3. Possible moment configurations with prime in
generators indicating the time reversal symmetry

Generators Resulted Moment Remark

M M, Mg Max = Hax = -Max = Max Anti
Hay = -Hay = -Hay = Hay ferro
M1z = -2z = M4z = M1z

M MMy Max = Mox = -Hax = -Hax Zero
Hay = -May = -Hay = -Hay moment
M1z = -2z = M4z = -U1z

m ' mg Pax = Hax = pax = Hix Ferro
My = -H2y = Hay = My AIong
Haz = ~[or = -Jlar = Py aas

m’ m;’ mg Max = -Mox = -Hax = -}ax Zero
Hay = Hay = -May = -pay moment
Hiz = M2z = Haz = -Haz

my' mp mg ax = -Hax = Hax = Hax Ferro
Hay = Hay = Hay = Hay Along
Hiz = Mor = -4z = oz b-axis

my’ my' mg M = -Hax = ~Hlax = Hax Ferro
Hay = Hay = -y = pay Along
iz = Moz = [z = iz c-axis

mmy’ mg Mix = Hox = Hax = -Hax Zero
Hay = -Hay = Hay = -Hay moment
Haz = -Hoz = -l4z = -1z

my’ mp mg Hax = -Hax = Hax = -Hax Zero
Hay = Hay = Way = -May moment
M1z = M2z = -Haz = -Haz

in the left side of the configuration equation. With
4 atoms and 3 Cartesian components, there are 12 rows
of the equations with 3 rows have already been listed in
Table 3. Sincethere are 4 configurations with non zero
moments, one needsto write down 48 rows of equations
altogether.

To write concisely, one can separate the matrices
belonging to the atom effect and the coordinate effect.
Asm, symmetry element interchanges atom 1 to 2 (and
3to4), one can writethe matrix P(m ) belongingtom, as:

0100
1000

P:

™= 0 0 1| 1)
0010

As m, symmetry element interchanges atom 1
to 3 (and 2 to 4), one can write the matrix P(m,)
belonging to m, as:

0010
000 1

P:

)= 5 0 0| @)
0100

As m, symmetry element interchanges atom 1
to 4 (and 2 to 3), one can write the matrix P(m,)
belonging to m, as:

0001
0010

U e P ©)
1000

Egs. (1), (2), and (3) remainthe same, independent
of whether thetimereversal symmetry isapplied or not.
One notesthat these equations summarized thelast three
rowslistedin Table 2.

Table 4 details the coordinate effects due to the
generators listed in Table 3. The effect on the identity
symmetry isalso listed to provide areference. Thetime
reversal symmetry is indicated by the prime following
the mirror symmetry, with the effect of reversing the
direction of the previously mirrored moments.

Table 4. Coordinate effects due to generators

listed in Table 3.
No | Structure | Coordinate Effect
1 | Anti 1 (u, v, W)
Ferro my: (U, -V, -W)
m: (-u, v, -w)
ms: (-u, -V, W)
2 | Ferro 1 (u, v, W)
Along my: (U, -V, -W)
a-axis my: (U, -v, W)
ms': (U, v, -w)
3 | Ferro 1 (u, v, W)
Along my': (-u, v, W)
b-axis m: (-u, v, -w)
ms': (U, v, -w)
4 | Ferro 1 (u, v, W)
Along my': (-u, v, W)
c-axis my': (U, -v, w)
mg: (-U, -V, W)

Figure 2 illustrates possible magnetic structures
of CaMnO, based on the magnetic (Shubnikov) space
group analysis. Similar structuresare also obtained from
the group theory as explained in the next section.

Group Theory

In order to apply group theory to generate all
possible magnetic structures, one must have the
irreducible representations associated with the site
symmetry inthe crystallographi c space group. Onecould
derivetheirreducible representations or ssimply get them
fromthetablelisted elsewhere[4].

In order to obtain theirreducible representation,
one can choose to use the table listed elsewhere [4].
With the knowledge that the space group is Pnma with
the magnetic propagation vector g=0, the procedure is
asfollow:
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Figure 2. Possible magnetic structures of CaMnO,
based on the magnetic (Shubnikov) space group analysis.
Similar structures are also obtained from the group theory
as explained in the next section. In (&), humbers indicate
the sequence number of the magnetic atoms with the
z-component of ¥, 0, %, 0, respectively.

1 The space group D,,*¢, which isequivalent to Pnma,
with the space group number 62, islisted on page 78.
For g=0, identified ask ,, the corresponding notation
is k19-32. This indicates that the corresponding
Loaded I rreducible Representations(LIR's) arelisted
inTableT32.

2. Based on LIR index from C system listed on page
387, itisknown that Table T32 ison page 231.

3. Thecontent of Table T32 isshown in Table 3.

4. Table 3 shows that there are 8 1-D real irreducible

representations.

Table 5. Irreducible representations for D2h16 with the mag-
netic propagation vector g=0, with components in hl and 1
areal 1's.

T32| hy| hg| hy| hus| hy| hy| hyg
1 il 1| 1] -2l 1] 1]
15 il -1 -1 1| 1] 1]
Ts al o1 1] 1 1] 1] A
1 Al 1| 1| 1 1] 1] 1
T4=T3XTo
Te=T5XTo
Tg=T7XTo

Themultiplicity of eachirreduciblerepresentation
in the full representation is:
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a = a0 = a® = a0 = %(1.12+1-12)= 3..(5

a®=a® =a®=2a® = %(1~12—1~12)= 0..(6)

The full (reducible) representation can
then be expressed in terms of the irreducible
representations, i.e.;

F=30+r® 470 +70) s @
The projection operator for particular qis
) "
P =" () OS) ®)

g

The application of the projection operator, which
should be consistent with the multiplicity calculation,
results:

4P(1):u1x = lulx + :u2x - :u3x - :u4x

AP = ) — iy + flay = My eeeeeeeeeeeeeeene 9
4P(1)lulz = Mgy — Hop = gy + Hy,
4P(3);u1x = :ulx + 1u2>< + /“3)( + :u4x
AP = 1y~ g = gy + gy e (10)
4P(s)lulz = My = Hop + Hay — Hy,
4P(5):u1x = :ulx - :u2x - :u3x + :u4x
4P(5),uly = Uy oy F gy F gy e, (11)
4P(5):ulz = :ulz + ALIZZ - :u32 - :u4z
4P(7).u1x = My T Hox t Hay = Hax
APD 1 =y, + Hyy = Hay = Hay coeeeeeneeeesss (12)

4P(7):ulz = lulz + :u21 + /UBZ + :u4z

Table 6 shows the magnetic structure basis
resulted from the projection operator application
with the manganese sequence according to
manganese atoms shown in Figure 1. One observes
that, based on the projection operation, the irreducible
representations number 2, 4, 6, and 8, project to zero
moments. This is consistent with the multiplicity
calculation. Theirreducible representations number 1,
3, 5 and 7 exist in the representation and based
on the multiplicity calculation, each must have the
multiplicity of 3.
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Table 6. Magnetic structure basis with the manganese sequence
according to manganese atoms shown in Figure 1.

Mnq Mn, Mng Mn, Remark

1 100 100 -100 -100 Cy | Anti
010 0-10 010 0-10 Gy Ferro
001 00-1 00-1 001 A,

3 100 100 100 100 Fx Ferro
010 0-10 0-10 010 Ay Along
001 00-1 001 00-1 G, a-axis

5 100 -100 -100 100 A« Ferro
010 010 010 010 Fy Along
001 001 00-1 00-1 C, b-axis

7 100 -100 100 -100 Gy Ferro
010 010 0-10 0-10 C, Along
001 001 001 001 F, c-axis

LaMnO,CERAMICS

Crystallographic Sructure

LaMnO, crydtallizes[2] insevera crystallographic
structures depending on the sample preparations. In
thiswork, the author chose LaMnO, crystallizing in the
monoclinic P112 /a space group, No. 14[5] with the
equivalent positions at 4e site symmetry: (x, vy, 2),
(¥2-x, -y, ¥2+2) and the corresponding atoms related
through the inversion symmetry. The magnetic atoms
of interest are Mn atoms at 2¢(%%, 0, 0) and 2d(¥2,%, 0)
site symmetry. All manganese atoms are then similar to
those of CaMnO,, i.e.; at (0, 0, ¥2), (Y2 %2, 0), (0, Y2, ¥2),
and (Y2, 0, 0) for Mn atom number 1, 2, 3 and 4,
respectively. An important difference is that the
symmetry only relates manganese atom number 1 and 4
(similarly 2 and 3). The existing generator is only m,,
whilethe othersare broken. The schematic unit cell and
the crystallographic structure of LaMnO, projected onto
a-b plane are similar to those of CaMnO,, but with a
dight distortion.

Table 7. Atom permutation of the 2(c) site
symmetry due to the symmetry application
in P112 /a (C,>).

Element Mn atom number
h000 1 4
hy[¥20 V2 4(00-1) (1
hxsl000 1001 |4
hygl20% |4 1(-100)

Table 7 details the atom permutation of in
the 2(c) site symmetry due to the symmetry application
in P112 /a. The symmetry elementsin the first column
are applied to the manganese atomswith in sequence 1,
2,3and 4. Clearly, thereareonly 2 symmetry elements,
i.e.; h, and h,, which leave the atom sequences
unchanged. As the coordinate permutation also
unchanged for both symmetry elements, the character

of them are 6, each, i.e.; x“(h)) = x©@9(h,) = 6 and
0, otherwise. The character isof importancefor thegroup
theory to be discussed further.

M agnetic (Shubnikov) Space Group Analysis

Thederivation of the possible magnetic structures
for LaMnQO, is greatly simplified by the fact that the
crystallographic structure is closely related to that of
CaMnQ, and the symmetry breaking which leave atoms
1, 4 uncoupled with 2, 3. Figure 3 detailsthe possible
magnetic structure of LaMnO3, with acaution that there
isno coupling between atom 1, 4 with 2, 3. Theexisting
coupling allowed by the crystallographic symmetry only
relatesatom 1 with atom 4 (similarly, atom 2 withatom 3).
Thissituationis carefully depicted in Figure 3 such that
the coupling only exists between atoms indicated by
similar legend (either open-circle of open-square).

|
|
|
|
|
|
|
|

ho 11 |lovey
B3 2 b | :
\ ?{}/—a}——%x \ OT-@T-1>x
—a— —a—
(@.a (b). &

Figure 3. Possible magnetic structures of LaMnO,
based on the magnetic (Shubnikov) space group analysis.
Similar structures are also obtained from the group theory
as explained in the next section. The coupling only
exists between atoms indicated by similar legend
(either open-circle of open-square).

Group Theory

Procedures to obtain the irreducible

representations are as follow:

1 The space group C,,°, which is equivalent to P2 /b,
with the space group number 14, islisted on page 56.
For g=0, identified ask_, the corresponding notation
is k7, k13-4. Thisindicates that the corresponding
Loaded Irreducible Representations (LIR's) arelisted

inTableT4.

Table 8. Irreducible representations for
D2h16 with the magnetic propagation
vector g=0, with components in hl and

laeadl1's
T4 hy hy| hos| hag
T, 1 1 1 1
T2 1 1 -1 -1
T3 1 -1 1 -1
T4 1 -1 -1 1
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Table 9. Magnetic structure basis with the
manganese sequence according to manganese atoms
shown in Figure 1. Similar basis apply for Mn4 and
Mn1, respectively

Mn, | Mng Remark
1| 100 | -100 Ferromagnetic in
010 | 0-10 c-direction
001 | o001
3| 100 | 100 Ferromagneticin
ab-plane

2. BasedonLIRindex of smplegroups(C system) listed
onpage 387, itisknownthat Table T4 ison page 229.

3. Thecontent of Table T4 isshownin Table8, whichis
in agreement asthat of Basirep [6].

4. Table 8 shows that there are 4 1-D redl irreducible
representations.

CONCLUSION

The possible magnetic structures for CaMnO,
crystallizing in the Pnma space group are noncol linear
antiferromagnetic, noncollinear ferromagnetic in the
a-direction, noncollinear ferromagnetic inthe b-direction,
noncollinear ferromagnetic in the c-direction. The
possible magnetic structures for LaMnO, crystallizing
in the P112 /a space group are noncollinear
ferromagneticinthe c-direction and in the ab-plane. All
noncollinear configurations exist due to the fact that the
magnetic atoms are not located in any crystallographic
symmetry elements.
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