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The magnetic structures of the hexagonal YMréhd ScMnQ oxides (space groufP6;cm) have been
studied by neutron-diffraction experiments on powder samples. This study has been complemented with
magnetic susceptibility and specific-heat measurements. They confirm that ykimD ScMnQ become
ordered belowl'y=70 K andTy~129 K, respectively, according to a triangular antiferromagnetic structure.
The latter compound undergoes a second magnetic transition below 75 K, corresponding to a spin reorienta-
tion. The presence of weak ferromagnetism of Dzialoshinskii-Moriya type is observed in all the ordered region
for the Sc material. In both compounds the moments are contained irathg lane and oriented perpen-
dicular (R=Y) or parallel R=Sc) to the[100] directions. The low-temperature ordered moments are
2.90(2)ug (R=Y) and 3.54(3ug (R=Sc) atT=1.7 K. The different behavior observed in the thermal
evolution of the magnetic structure of both compounds is discussed in terms of geometrical parameters deter-
mined from high-resolution structural data. The origin of the weak ferromagnetism in Sghn@lso
analyzed.

[. INTRODUCTION atom occupies the center of a triangular bipyramid whose
vertices are oxygen atoms. The magnetic structure of these
RMnO, rare-earth manganites form an interesting familycompounds were studied by Bertaut and co-wofkéend
showing a wide variety of physical properties. Rt" cat-  Koehler et all® a long time ago. According to the micro-
ions with large ionic sizeRMnO; oxides crystallize in a scopic method developed by BertHufour different spin
perovskite-type structure, with orthorhombic symmetryconfigurations are possible for these compounds. Two of
(space groug®bnm.! When hole doped by partially replac- them correspond to a uniaxial spin configuration; in one case
ing R®" by A?" cations A=Ca, Sr, B3, these perovskites it is ferromagnetic and in the other case antiferromagnetic,
are well known to display colossal magnetoresistancdor which the moments alternate in sign from te0 to the
properties For rare-earth cations smaller than®Tb(R  z=3 layer. The other two configurations involve a triangular
=Ho, Er, Tm, Yb, Lu) as well as ¥ and S&*, the perov- arrangement with the moments in the basal plane, being the
skite structure becomes metastable and a new hexagonabupling between the=0 and thez= 3 layers ferromagnetic
polytype stabilizegspace groug?6;cm).2 In the hexagonal in one case and antiferromagnetic in the other case. For most
phase, a ferroelectric behavior has been described to coexist the RMnO; compounds R=Lu, Tm, Er, Ho, Sc, and ¥
with magnetic ordering at low temperature. The ferroelectricit was established that the magnetic moments of the Mn at-
ity in hexagonalRMnO; was discovered by Bertaut, Forrat, oms order according to a triangular strucfiar@ although it
and Fang in 1963.Recently, thin films of these compounds could not be established whether the coupling between the
have been proposed for nonvolatile memory devices. In parz=0 andz=3 layers is ferromagnetic or antiferromagnetic,
ticular, YMnOs thin films have been growhAnomalies in  because th& parameter for Mn atoms is very close3and
the dielectric constant observed in YMg@ear its Nel tem-  both models give rise to very similar magnetic intensities. In
perature indicate a coupling between the ferroelectric and théhe present paper a study of the magnetic ordering of
magnetic orderin§.For a better understanding of this cou- YMnO; and ScMnQ has been carried out. The possible
pling a thorough study of the variations of Raman and IRmagnetic structures have been obtained by using the group
phonon spectra with magnetic and ferroelectric orderingsheory analysis; the complement of some macroscopic mea-
have been recently carried out. surementsmagnetization, susceptibility, and specific heat
In the hexagonal phase &MnO; there are six formula allowed us to solve the indetermination of precedent papers,
units per unit cell. The six Mn atoms are distributed in thegiving the orientation of the magnetic moments relative to
z=0 andz=3 planes. In the zero plane the Mn atoms arethe unit cell. The crystallographic structure of both com-
placed along the axes;, a,, and —(a;+a,) and, in thez  pounds has also been refined from high-resolution neutron
=1 plane along the axesa;, —a, and (a;+a,). Each Mn  powder-diffraction data. The thermal evolution of the mag-
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netic structures for both compounds is described and ana-
lyzed.
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HexagonalRMnO; polycrystalline phases were prepared
from citrate precursors obtained by soft chemistry proce-
dures. Stoichiometric amounts of analytical gr&i€©; (R
=8Sc, Y) and MnCQ were dissolved in citric acid, by add-
ing several droplets of concentrated HNW favor the solu- 0,004
tion of R,O; oxides. The citratenitrate solutions were
slowly evaporated, leading to organic resins containing a o 100 130 200 250 300
random distribution of the involved cations at an atomic T(K)
level. These resins were first dried at 120 °C and then slowly
decomposed by heating at temperatures up to 700°C in air. FIG. 1. Thermal variation of the magnetic susceptibility of
This treatment gave rise to highly reactive precursor materiyMnO; measured in field-cooledC) conditions undeH =5 kOe.
als, amorphous to x-ray diffraction. The precursor powdersnset: reciprocal susceptibility versus temperature.
were finally heated at 1150 °GRE Sc) or 1000 °C R=Y)
in air for 12 h, thus obtaining well crystallized powders. ceptibility has a linear dependence above 200 K for YMnO

and above 325 K for ScMnQ This reveals a Curie-Weiss
B. Experimental measurements behavior, being the effective paramagnetic moment

. . .4.4(1 and 4.6(1 for YMnO; and ScMnQ, respec-
Magnetic measurements were perfomed in a commerm%ve(ly_)’fr?]ese vaILfe!gre close t03 the free3|\7|r(1%n va[I)u e

superconducting quantum interference devi8@®UID) mag- 4.9 (for the spin onlyS=2). The extrapolated paramag-

netometer. The magnetic susceptibility was measured in a B
magnetic fieldH=5 kOe and in the temperature ranges 2net|c temperatures are312 K for YMnO, and —663 K for

<T<300 K and 2<T<400 K for YMnO, and ScMnQ, ScMnQ. In the magnetic suscept|b|I|ty of Yanno
atnomahes are observed, although there is a notable increase

respectively. Magnetization measurements were carried out . -
. . P elow 100 K. As for ScMn@, the magnetic susceptibilit
atdifferent temperatures and in magnetic fields up to 50 koe'hows a quite different patte@rn of beha?vior. In the zre)zro-figld-

The specific heat was measured in a semiadiabatic Ha :
. : cooled measurements, an anomaly is observed at around 129
calorimeter using the heat-pulsed method frdm 2 up to

100 K and in fields up to 90 kOe. K (better observed in the reciprocal susceptibility cirve-

Neutron powder-diffraction(NPD) diagrams were col- vealing the onset of a magnetic ordering; on the other hand,

lected at the Institut Laue-Langevin in Grenolfferance. the susceptibility undergoes an abrupt increase below 50 K,

) . . . reaching a maximum value at around 37 K and decreasing
High-resolution NPD data were acquired to refine the crys- )

. . for lower temperatures. In the field-cooled measurements,
tallographic structures at room temperatu(BT); for

ScMnO; at D2B difractometer withy =1.594 A, and for the susceptibility at first experiences an important enhance-

. o ment below 130 K; below 50 K it undergoes an abrupt in-
z\,/\g?uoti?ér?to?tzr?edllrlga[gtog?é?r:sv‘g?t;oiﬁsgofnh Znﬁdtg%\rgsalfol_crease tending towards a saturation value. This indicates the
lowed at D20 with a Iopn er wavelength =2 513 A, inthe Presence of a weak ferromagnetism effect,

9 gin=2. ’ . The isothermal magnetization curves for YMn@nd
temperature range 2—150 K. All data were analyzed usings .

the Rietveld method and the refinement of both crystal and MnG; are present_ed n Figs. 3 and 4, respectwely._ For
. . ; YMnO; the magnetization curves do not present neither
magnetic structures were carried out with the program

FULLPROF®® In the refinements the peak shape was described
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by a pseudo-Voigt function for those NPD recorded on the 007 ScMnO,
high-resolution powder diffractometer and by a Gaussian 006 ® _ .rc 400
function in the case of the patterns recorded wkh —_ _
=2.413 A. The background was fitted either with a fith- & °%®°[ 8 g
degree polynomial function or by interpolation between re- E 0,04} S L
gions devoid of Bragg reflections. The Fermi scattering 5 __.72rc £ !
lengths were for Y, Sc, Mn, and O, respectively, 7.750, & %% = ooft ¢
12.300, —3.730, and 5.830 fm. The magnetic form factor =R 002
used for Mn atoms was determined with the coefficients R T R R R T
taken from the International Tabédor the spin only jo). 0,01 ®
0,00 L L i
100 200 300 400
ll. RESULTS TK)

A. Magnetic measurements . . )
g FIG. 2. Magnetic susceptibility for ScMnQn zero-field-cooled

The magnetic susceptibilities of YMn@nd ScMnQ are  (ZFC) and in field-cooled(FC) conditions H=0.5 kOd. Inset:
presented in Figs. 1 and 2, respectively. The reciprocal suseciprocal susceptibility vs temperature.
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FIG. 3. Magnetization isotherms for YMnO

spontaneous magnetization nor hysteresis phenomenon and
the 50-kOe magnetic field is too low to saturate the magne-
tization. For ScMnQ@, the magnetization curves exhibit a
hysteresis for fields from- 15 to 15 kOe, which decreases as
temperature increases. Although at=T 2 K the magnetic
moments start to reorient at 3 kOe, the final magnetic field,
50 kOe is too low to complete the reorientation. At this tem-
perature, the spontaneous magnetization is u@OMn3*,

very small compared with the theoretical saturation value of
4ug (for the spin only. As it is shown in the inset of Fig. 4,
under a magnetic field a spontaneous magnetization is ob-
served in the whole ordered region. This implies that the
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weak ferromagnetism is present below the onset of the mag- FIG. 5. Specific heat versus temperature. Inset: magnetic contri-
netic ordering. bution to the specific heat around the magnetic transitims-or
YMnO3 in H=0 and 90 kOe(b) For ScMnQ in H=0, 30, and 60

kOe.

B. Specific heat

The specific-heat data for YMnCand ScMnQ in differ-  curves measured in zero field sharp anomalies are observed
ent magnetic fields are plotted in Figgaband §b), respec-  at T~70 K for YMnO; and atT~129 K for ScMnQ, indi-
tively. A calculation of the magnetic contribution to the heatcating the onset of a magnetic ordering. For ScMia@other
capacity around the magnetic transitions is also shdwn  small anomaly takes place at aroufiet43 K, which is bet-
sets in Figs. &) and §b)). The nonmagnetic contribution ter observed in the magnetic heat capadityset in Fig.
has been calculated by an extrapolation method. In the tems(b)]. This reveals the transition to another magnetic phase,
perature range 70-260 K, the lattice specific heat has begA good agreement with the susceptibility measurements.
obtained by following the Einstein model with three oscilla- when a magnetic field is applied no appreciable changes are
tors centered af =240, 500, and 800 K. Below 70 K, after observed in the specific heat of YMg@nd ScMnQ. No
excluding the regions around the magnetic transitions, theghifts appear in the transitions Bt=70 K for YMnO; and at
specific-heat has been simulated by assumming a linear dg=—129 K for ScMnQ. Only for ScMnQ, in the transition
pendence ofCp/T with temperature. In the specific-heat ghserved al~43 K, a slight shift to higher temperatures is

observed. The entropy gain in the magnetic transition has

0,08 — g T been calculated from the magnetic contribution to the spe-

oos| SeMnO, ] cific heat. In zero magnetic field it results &5=0.15 R for
Tz H : =" YMnO; andA S=0.35 and 0.07 R for ScMnQin the tran-
E 004 '%"’m . 5 et ] sition corresponding td~ 129 K andT~43 K, respectively.
L\;m 002 . DML In ScMnG;, the great difference in the entropy gain between
‘g’ 0.000 _— e both magnetic transitions probably indicates that the transi-
g 00 tion observed aff~43 K is a first-order one, whereas the
% o02| Lot A : a T=2K i transition atT~129 K is second order.
=] . v H
8 <7 . ; v T=75K
=004} ° . e T=250K

o : C. Crystal structure
0,06} ,
. . i L L The YMnQO; crystal structure was refined from NPD data
60  -40 20 0 20 40 60

Field(kOe)

FIG. 4. Magnetization isotherms for ScMgO Space

collected in the paramagnetic region at room temperature,
A=1.30 A. All the reflections were indexed in the hexagonal
group P6scm with the lattice parametersa
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8 T T T T T TABLE I. Structural parameters after the Rietveld refinement of
- a) Room Temperature NPD for RMnO; (R=Y, Sc) at room temperature. Atomic posi-
o
= . YMnO, tions:R1 and O3 at 2a (0,8); R2 and O4 at 4b,3,2); Mn, O1,
@ 4af - and O2 at 6¢X,0,z) for Mn z=0.
c
3
Q
§ YMnO, ScMnQ,
3 2r ' y a (A) 6.15533) 5.833384)
> c A 11.40268) 11.168629)
% LLLRRY B NIRRT UL R TUNE LR R ROTY UL NP L TR ET LR UL NI T V (A?’) 374153) 3291314)
E [ FEERREEE CRREERREEnnenn FUrnnuew ot voviwoun (o oo oo sevionmneny ey e veepy T Impurlty Y203: 1'7(2)% SCQO3: 2-1(1)%

25 50 75 100 125 150 Atoms
20 (degrees) R1 z 0.268914) 0.27477)
4 T T T r r Biso (A2) 0.534) 0.501)
o b) Room Temperature R2 z 0.229@10) 0.23086)
% sp SeMno, 1 Biso (A?) 0.534) 0.501)
0 : Mn X 0.320819) 0.331415)
3 2| Biso (A?) 0.20120) 0.2003)
5 o1 X 0.310411) 0.30183)
‘g, .l : z 0.162113) 0.16806)
> l IHI R TSI Biso (A% 0.434) 0.202)
@ A G VA AN 02 X 0.63899) 0.63573)
@ OF mwmr Tmum e TERNICEn | S e nmnn g mnw ueinny
£ 1 llli”l” ”"”'"”“!' ||||||‘||||||||| ||||‘|||'||| nn :l I,lw z 0.336713) 0.33296)
_1 T . K . . Biso (A?) 0.434) 0.202)
25 50 75 100 125 150 03 z 0.474%17) 0.46788)
20 (degrees) Biso (A?) 0.875) 0.192)
04 z 0.01335) 0.02346)

FIG. 6. Observed @) and calculated—) neutron-diffraction A2
pattern forRMnO; at room temperature. Bragg reflections are in- Biso (A9 0.875) 0.192)
dicated by tic marks: the first series correspondRMnO; and the

o - . Discrepancy factors
second row to the minor impurity pha&0,;. The difference be-

tween the observed and calculated pattern is plotted at the bottom. x? 1.0 25
(&) For YMnGQ;. (b) For ScMnQ. R, (%) 2.7 4.0

Rup(%) 35 5.1
=6.1553(3) A andc=11.4026(8) A. The goodness of the Rg(%) 4.2 2.7

fit is illustrated in Fig. 6a), showing an excellent agreement
between observed and calculated pattern. The most relevant

crystallographic parameters are included in Table I. Somg, ScMnQ;, which will play an important role in the differ-

selected bonding distances and angles are also lis®e o magnetic structures observed in both compounds. Mn-O
Table 1)). The crystal structure of ScMnQvas refined from 514 lengths are in agreement with the sum of the ionic

high-resolution NPD data collected at room temperature ancL i Moreover. in theRO, polyhedron, the Y-O distances

atA=1.594 A. The quality of the fit is shown in Fig(l. ;¢ larger than Sc-O bond lengths, as expected for the larger
The crystallographic parameters listed in Tables | and Il argize of Y3*. Also. the averag®-O distances are close to the
in good agreement with those recently reportedbtained sum of the ionic,radii.

from single-crystal x-ray diffraction. In both patterns some
minor impurities of R,O3 (R=Y, Sc) were detected, and

were included as secondary phases in the final refinement D. Magnetic structure
(2% Y,03, 2% SgOy).
As it is shown in Fig. 7 each Mn atom is coordinated by 1. YMnG,
five oxygen atoms in a bypyramidal configuration. On@)O Figure 8a) displays the thermal evolution of the neutron

atom and two @) atoms are in the equatorial plane of the diffraction patterns correspondig to YMgOBelow 77 K an
bypyramid, whereas the (O and Q2) atoms are at the increase in the intensity of some Bragg reflections is ob-
apexes. YS© atoms occupy two crystallographic positions, served. On the other hand, new peaks appear on Bragg po-
R(1) andR(2), both of them bonded to seven oxygen at-sitions forbidden by the space grol6;cm, in particular
oms. BothRO; polyhedra can be described as monocappedeflections b,0,) with odd 1. This confirms the existence of
octahedra. The capping oxygens ar@)dor R(1) and Q4) a magnetic ordering belovy characterized by a magnetic
for R(2). Along the z axis, the structure consists of layers ofunit cell which coincides with the chemical unit céfiropa-
corner-sharing Mn@ bypiramids separated by layers of gation vectork=0). As temperature decreases the intensity
edge-sharindRO; polyhedra. According to Table I, smaller of the magnetic reflections smoothly increase, reaching a
unit-cell parameters are observed for ScMn@nd the aver- constant value at low temperature, suggesting that the mag-
age Mn-O distances in Mnunits are significantly shorter netic structure remains stable in all the temperature range.
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TABLE Il. Selected bond distances and bond angleRignO;
(R=Y, Sc).

Atoms YMnO; (A) ScMnQ; (A)
Mn—0O1 1.85Q@15) 1.8847)
Mn-O2 1.87815) 1.8787)
Mn-O3 1.99611) 1.9689)
Mn-04(X2) 2.0976) 1.96715)
(Mn-O) 1.982) 1.9323)
3 Radii 1.949 1.949
R1-01(X3) 2.26313 2.1266)
R1-02(X3) 2.3539) 2.2233)
R1-03 2.34525) 2.157112)
R2—-01(X3) 2.26Q7) 2.16Q3)
R2—-02(X3) 2.32311) 2.1825)
R2-04 2.45919 2.31210)
(R1-01,02) 2.30816) 2.1796)
(R2—01,02) 2.291(13) 2.1716)
3 Radii 2.327 2.162
Angle(®)
01-Mn-02 174.59) 179.57)
01-Mn-0O3 96.89) 95.25)
04-Mn-0O4 115.92) 117.72)
02-Mn-04 90.18) 94.84)
03-Mn-04 122.14) 121.13)
02-Mn-03 89.28) 85.34) FIG. 7. Schematic representation of the crystallographic struc-
01-Mn-04 86.97) 84.94) ture of RMnO; (R=Y, Sc). Mn is located at the center of the
Mn-O3-Mn 117.98) 116.716) polyhedra,R1 at 2a (0,&), andR2 at 4b (%,,%,z) are represented
Mn-04-Mn 119.%7) 118.26) by open and solid circles, respectively.
R1—-01-Mn 124.69) 123.84)
R2—-02-Mn 124.97) 123.84) is 2.90(2)ug (see Table I, somewhat smaller than that

expected for spin only Mii cations, 4z. The magnetic
structure associated to the irreducible representdtigrbut

A neutron-diffraction pattern collected at 1.7 K was usedwith m,=0, could also be an acceptable model as it was
to determine the magnetic structure. After checking all of thepointed out by Bertaut;however, the agreement factors are
possible magnetic modes obtained in the Appendix, the bestignificantly worse. For instance, the magndRigg factor
agreement with the experimental data was obtained for théor I'; is 10.8% versu®yac=7.6% for the solution associ-
magnetic structure given by the basis vectors of the irreducated tol’; (see Table II).
ible representatioi’;. In Fig. 9a) the observed and calcu- In Fig. 10(@), a view of the magnetic structure associated
lated NPD patterns are presented. The value of the magnetio I'; is presented. The spins of the layers0O andz= 3 are
moment for each Mn atom after the refinemenfatl.7 K  antiferromagnetically coupled. In each layer, the spin ar-

FIG. 8. Evolution of the
neutron-diffraction patterns with
temperature.(a) For YMnO; in
temperature range 2.5-127 Ka)
For ScMnQ in the temperature
range 1.8—-147 K.
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30000 —————— T a)
T=17K YMnOg
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25000 - 1 g
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-*g 20000 |- s 1
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>
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3
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Z
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of e " A ]
-5000 ——t—
6000 - T=894K 1
b) r,
5000 - -
% w00l ScMnO, ]
3
> 3000} 4
8
B 2000 - 4
< ool ] FIG. 10. Schematic representation of the magnetic structure of
%‘ RMnO;. Only the Mn atoms are plotteda) For R=Y; (b) for R
8 ° T T R T MR =S¢, ¢=0° for 75<T<130 K and 17<¢<54° for 1.8<T
£ o000} A <75 K. Mn atoms: 1 %,0,0), 2 (0x,0), 3 (—x,—x,0), 4
4 4 b m ey 1 1 1
-2000 | a | ] (—x,03), 5(0,—x,3), and 6 &,x,3).
I e Tl=1éK ——————t+—— - - -
5000 c) : i+ T netic moment increases as temperature decreases, reaching
—_ i ScMnO, 1 saturation below 8 K. The thermal evolution of the lattice
-g 4000 1 parameters is shown in Figs. (B2 and 12b). Thea andc
> 3000 . unit-cell parameters present a different thermal behavior, and
£ 2000 remain constant below 40 K.
0 B -
kS
> 1000 - 4 . . . .
g O-I Lo [ L T I e O T IR AN R R (R N UN N AL a
"GE) 1 I I‘ I . 1 . HIH ‘Illll |II| :HI |IIH I‘III IIIII |Illlllllll \ Hlll ) YMnO3
- loer I 1 3
- -+ | v m g [@ oo 0o o )
wop V] 2 Cee,
10 20 30 40 50 60 70 80 90 100 110 E *e -
20 (Degrees) g 2F l' J
Q
FIG. 9. Observed @) and calculated—) neutron-diffraction g )
pattern after the magnetic structure refineméat.For YMnO; at S 9t i .
T=1.7 K; (b) and(c) for ScMnQ; at T=89.4 K andT=1.8 K.
rangement is triangular with the magnetic moments perpen- %5 20 20 50 30
dicular to the axis along which the Mh cations are placed. T(K)
The analysis of the NPD patterns collected at different tem- 4
peratures allowed us to follow the thermal evolution of the ) ) ) ) ) ) ’
Mn magnetic moment. As it is shown in Fig. (L, the mag- P S b) semno, 1%
= \"‘-._
TABLE lll. Results of the magnetic structure refinement of % . {60 =
RMnO; (R=Mn, Sc): magnetic ordering, magnetic moment values £ [*®*ex . e
and agreement factors. E 2} oy = g
'% "o..‘ = 140 2
YMnOg3 ScMnG; ScMnG; E’ ., -
Temperature 1.7K 89.4 K 1.8K s “oss R P
p - .
Structure r, r, r,+r, /
me(Mn) . 2.90(2ug  3.03(3)ug  3.54(3)us %020 40 B0 80 100 120 140 7160
Angle Mn(1) with e, 90° (0 54(1)° T
Rn(%) 3.7 2.8 2.7
Ruac(%) 7.6 4.6 6.3 FIG. 11. (a) Thermal evolution of the MH" magnetic moment
e 25 2.3 2.3 of YMnO;. (b) Themal evolution of the magnetic moment and of

the ¢ angle with the[100] axis for ScMnQ.
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T T T T T T 311,373

o T
]

vectork=0. As shown in Fig. &), important changes in the
I a) {H Jnam2 intensity of some reflections take place below 75 K: the

6118) u J I Tl . (1,0,0) reflection starts to be observed and, at the same time,
J J %{ 1" the intensity of the (1,0,1) reflection begins to decrease. This
_ 6117} J 1 _ 411370 suggests a transition to a different magnetic arrangement,
< YMnO T e = also characterized by a propagation vedtstO.
6,116 : { J JI T T On comparing the specific-heat measurements and the
H{: J T fees thermal evolution of the NPD patterns, a small discrepancy
6,115 }{ :{ Hﬁ{ - 1 ] e on the ordering temperature is appreciated. It can be seen in
{ I I -1 Figs. 13a) and(b) that the magnetic reflectiorl01) starts to
6,114 t t t t t 11,366 be observed at around 140 K, above the ordering temperature
ss6) YMnO, b) 7 Tn~129 K deduced from the specific-heat curve. This is
very probably due to the presence of a low-dimensional
3685} ﬂ 1 e short-range order, as it was pointed out by M. Bieringer
3 IM et al1® To investigate this point, the thermal evolution of the
§ 3684} Hl . linewidth full width at half maximum of some magnetic
g { l peaks has been analyzed. In particular, the linewidth of the
3683} ﬂI { I (101) magnetic peak, that remains nearly constant below 129
II U HﬂJ | K, experiences an important increase abdyg that indi-
368,2F J_ 1 T l}

cates the existence of a short-range order.

For the first magnetic phase observed immediately below
Ty, after considering all the solutions given in the Appen-
dix, only two of them are compatible with the experimental
FIG. 12. Thermal evolution of the lattice parameters for data, those associatedltg andl’,. However, as it is pointed

0 20 40 60 80 100 120 140
TK)

YMnOs: (a) a andc and(b) cell volume. out in the Appendix, onlM’, is compatible with the exis-
tence of a weak ferromagnetism. Therefore, in order to ac-
2. ScMnGQ, count for the magnetic measurements, the solufigris se-

The thermal evolution of the NPD patterns correspondinlee]Cted' It implies a triangular spin arrangement where the

: P tic moment of the Mn atoms are parallel to [th&0]
to ScMnQ, is shown in Fig. &). Below 140 K (,0/), agnetic = T
reflections withl odd, forbidden by the space-group symme-2XiS; within each &,b) layer. Thez=0 andz=; layers are

try, are observed; some permitted reflections, in particulafntiférromagnetically coupled. AT=89.4 K the magnetic
(h,0]) with | even, increase their intensity. Note that the Moment value is 3.03(3)g (see Table Il). Although the

(1,0,0) reflection is not observed. This, in agreement withS°!Ution Permits a ferromagnetic component in the magnetic
the magnetic measurements, confirms the appearance offpment along the direction,m; , the refinement of the NPD

magnetic ordering, which is characterized by the propagatioR2terns collected in this region shows tiat=0. ,
In the second transition, around 75 K, there is a change in

the spin orientation of the moments within the,l§) plane.

4000} @ 4 {080 In a first trial, we considered that the magnetic structure is
—_ Eﬁﬁ; 1075 |, given by the basis vectors of only one irreducible represen-
5 3000p—— : / fo70 & tation, in the temperature range 75—1.8 K: the experimental
% 20005;? (101) i‘?! 1 {065 % data could not be satisfactorily fitted for any of the different
< = {060 = magnetic modes presented in Table V. However, if it is as-
£ 1000} o5 e sumed that the=0 andz=73 layers are still antiferromag-
EI&W. Jo50 e netically coupled, a solution is possible. In this solution the
0352560 80 160 150 740 180 magnetic moment of thg M) atom, posmqn ((,Q,O),
forms a variable anglé with the e, axis. The orientation of
i i i the moments of the M) atom, position (G,0) and Mn(3),
= 50000} :':Iilizgﬁ A (b) positi(?)n (—x,—x_,O), are obtained_ by rotating 120° and
s :;q;mim —120°, respectwely,. the magnetic moment of the(Mn.
® 40000k —a—T-1375k (101) | atom around thez axis. In fact, this means that the spin
§ —&—T=1406K ; arrangement is given in terms of the basis vectors of two
S 30000f v 1llak irreducible representatior8; andI',. From the fitting, an
g increase of thep angle from¢=17(2)° atT=75 K to ¢
3 20000 ppgpm =54(1)° atT=1.8 K is observedsee Fig. 11b)). The value
of the magnetic moment simultaneously increases, reaching

26 28 30 32 34

20(degrees) 3.54(3)ug at T = 1.8 K. The corresponding magnetic struc-

ture is presented in Fig. 19). In Figs. 9b) and 9c) the

FIG. 13. Thermal evolution of the magnetic peél0l). (a) observed and calculated pattern in the magnetic structure de-
Intengrated intensity and linewidtl{p) NPD pattern around the termination atT=89.4 K andT=1.8 K are presented. The
peak. corresponding agreement factors are included in Table Ill. In
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5818 T T T T

i

5,816 -_J/ l

T T v 11,1530 zero-field-cooled and in the field-cooled susceptibility curves

a) ScMnO, suggests the presence of a weak ferromagnetism effect. This
I _ is also confirmed by the isothermal magnetization curves, in
H}Iﬁ di1.1525 which a remnant magnetization appears in the ordered re-

— gion. All these results are in good agreement with those re-
|.l6

a(A)

cently reported by Bieringeet al® and Xuet all’ Regard-

di1 4520 ing YMnO;, although no anomalies are observed in the
ss15| q susceptibility plots, the presence of a peak in the specific-
H ] heat curve indicates the onset of antiferromagnetic ordering
[HHH ﬂ}ﬂﬂ i at Ty=70 K, what is confirmed by neutron-diffraction mea-
5814 B surements.
3269 ; } } t ; ; } In RMnO; compounds the magnetic interactions among
b) the Mn atoms are the superexchange interactions via Mn-
assl | O-Mn bonds. In the plane perpendicular to the sixfold axis
the exchange paths for the first and second nearest neighbors
1 are Mn-Q3)-Mn and Mn-Q4)-Mn, respectively. The Mn-O
a1 I h ] distances are shorter for ScMgOwhich involves stronger
{ 1 exhange interactions. This accounts for the fact that SciMnO
I Hm | 1 becomes ordered at a higher temperature than YMnO

=
I—°—|I
=
==
——
=
(¥)o

Volume (&)
w
8
»

mﬂl Neutron-diffraction experiments have shown that the
| magnetic structures exhibited by both compounds present
similar features, in both cases the magnetic moments are
5264 . . . . . . . contained in the plane perpendicular to the sixfold axis and
0 20 4 60 8 100 120 140 160 the spin arrangement is triangular. Besides, in both com-
TK pounds the coupling between tledayers is antiferromag-
netic. However, important differences are found in the mag-
netic behavior of both compounds. First, magnetization
measurements reveal the presence of a spontaneous magne-

] ] . ] tization in ScMnQ@. This low spontaneous magnetization
this temperature range, the inclusion of a ferromagnetic com¢p.0og, 5 /Mn at T=2 K) can be ascribed to a weak ferro-

ponent along the direction was also checked, but it was magnetic interaction of Dzialoshinskii-Moriya typ&An al-
obtained a value fom, close to zero. Figures & and(b)  ternative would be the existence of a ferromagnetic double
illustrate the thermal evolution of the lattice parameters. Thexchange interaction, between #nand Mrf* cations. The

c lattice parameter undergoes an important change in thgecessary M content for this interaction to take place
afterwards it decreases very slowly as temperature decreasgg.tne Mn sublattices which have not been observed from
On the other hand, the parameter decreases below the firstihe high-resolution structural analysis. Moreover, the sym-
ordered region down to 75 K, when the second magnetighetry of the magnetic structure found by neutron-diffraction

that of thea parameter. Finally, let us point out that one of the z direction is permitted.

the solutions associated to the irreducible representdtion It is worth underlining the differences observed in the
is also compatible with the experimental results in all themagnetic structures exhibited by both compounds. Concern-
temperature range. In particular, a solution with equal mojng the orientation of the magnetic moments in the basal
ments for all the atoms and with the spins placed in th@)  plane, for YMnQ the spins are oriented parallel to tf20]
plane. For this solution, the orientation of the moments of theyjrections, whereas for ScMn@hey are initially lying along
Mn(2) and Mn(3) atoms are obtained by rotating120® and  the[100] direction, and below 75 K they rotate in tha,b)
120°, respectively, the moment of the Mpatom. The ori-  plane. Concerning the magnitude of the ordered moments at
entation of the magnetic moment of the Mpatom would |y temperature, the observed value for YMyO
form a variable angle with the, axis. Nevertheless, this 2.90(2)ug, is significantly smaller than that for ScMgQ
solution must be discarded since it is not compatible withg 543y,

weak ferromagnetism from symmetry considerations, as itis The differential behavior of both compounds can be un-

indicated in the Appendix. derstood by considering the electron configuration of the
Mn3* cations in the particular bypiramidal configuration.
V. DISCUSSION The splitting of t_he 8 orbitals for Mr** ions in the crys_tal
field corresponding to the symmetry of the MnBipyramid
Susceptibility measurements show that ScMrifecome can be deduced from the levels scheme in the paraelectric
magnetically ordered belowy~129 K, and the magnetic state for YMnQ above the ferroelectric Curie temperature
arrangement undergoes a change below 50 K. This is cofc=913 K!° In the paraelectric state the space group is
firmed by specific-heat measurements since two anomalig®6;/mmcand in the MnQ bipyramid the oxygens placed in
are observed at 129 and 43 K. The hysteresis observed in tliee triangular basal plane are equivalent, as they are those of

326,5

FIG. 14. Thermal evolution of the lattice parameters for
ScMnG;: (a) a andc and(b) cell volume.
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the apexe$. The symmetry of the Mn@ bipyramid is V. CONCLUSION

6m2,which leads to a splitting of thed3orbitals into at,, Magnetic and specific-heat measurements show that
state and aey state. The lowest energy statg,, is formed  YMnO; and ScMnQ become magnetically ordered below
by a singlet, which is the ground state, plus a doublet. Tha =70 K andTy~129 K, respectively. The Sc compound
highest energy statesy, is a doublet. BelowT¢, in the undergoes a second magnetic transition at around 50 K; a
ferroelectric state, the symmetry of the MnBipyramid de- weak ferromagnetism effect is observed in the whole ordered
creases tan and both doublets split into two singlets. The region. NPD data allowed us to unambiguously determine
relative filling of these levels by thé* electrons depends on their magnetic structures. Both compounds adopt a triangular
the splitting of the doublets originated by the distortion of magnetic structure with the moments in the,if) plane,

the MnQ; bipyramid. For YMnQ, Mn-O3 and Mn-O4 dis- showing an antiferromagnetic coupling of tze=0 angiz
tances in the basal plane of the bypiramid are very different=2 layers. In YMnQ, the I\_/Ir?* moments are perpendicular
while in ScMnQ; both distances are similar. This means at® the [100] axes, and this structure is stable downTo
greater splitting of the doublets in YMnQwhich can make = 1-7 K. In contrast, in the Sc compound the spins are par-
possible an admixture of the high spiS<2) and low spin allel to the[100] axes, immediately beloviiy, but there is a

(S=1) states, since the lowey and the highet, levels are reorientation of the magnetic moments in the basal plane at
= , 29

closer. For the Sc compound, the smaller degree of distortio}}emperatures lower than 75 K, due to a variation in the mag-

. ) . . netic anisotropy with temperature. The weak ferromagnetism
makes possible a predominagy e; high spin §=2) state. Py b J

. 9 ) observed in ScMn@in the ordered region is believed to be
Let us consider the magnetic interactions between Mny piajoshinskii-Moriya type, and its origin is associated

spins. M ions are located in thea(b) plane at 6) po- \jth the antisymmetric part of the anisotropic superexchange
sitions, forming a two-dimensional net which is perfectly interaction. Polarized neutron-diffraction experiments would

triangular. In the center of each triangle there is@ @n  pe necessary to confirm that the weak ferromagnetism is di-
(03, 0O4. The Mn-O-Mn bonding angle is close to 120°; rected along th¢001] axis.

therefore the indirect interaction between fillegstates can

take place via the same oxygerorbital as well as via two APPENDIX: DESCRIPTION OE THE POSSIBLE
perpendicularp orbitals. According to the formulation of MAGNETIC STRUCTURES BASED ON GROUP THEORY
GoodenougR? the superexchange interaction involves both

antiferromagnetic and ferromagnetic interactions. In conse- 1€ Possible magnetic structures compatible with the
guence, both types of interactions are present in the triangL?-ryStaI symmetry are obtained by applying the representation

lar spin arrangement found in these compounds. As it Wageon;hdescnt;eﬁ by Bﬁrtaﬁ.Both Yg/ln03 anddSth)r](?h
indicated by Nedlirf* the orientation of the moments in the ave the crystaflographic space gro ﬁ3gm, andin bo

. cases only Mn atoms have a magnetic moment. As the
(a,b) plane for the YMnQ and ScMn@ magnetic struc- ropagation vector ig=0 for both compounds, the theoret-
tures is determined by the second-order relativistic terms,p pag P '

) ical treatment by group theory is the same in both cases.
For YMnG;, the Mn-O3-Mn and the Mn-O4-Mn bonding .\ 0 the Jittle groupG, coincides with the space

distances in the bypiramide are different, and the momem@roupP6gcm. According to Kovalev the irreducible rep-
remain oriented parallel to thgl20] directions in all the  oqantations o6, are those shown in Table 'y, T, T'y
temperature range. For ScMp@e Mn-O3-Mn and the Mn-  anq T, are unidimensional representations wherBasand

O4-Mn distances are similar, and the moments that are inir . are two-dimensional representations. A representdtion
tially parallel to the[100] directions, rotate and tend to be ith the Fourier componentsm:‘ (i=1,2 6 a
o H L § 1

orientated towards th¢120] direction as temperature de- —y v, 7) corresponding to the Mn atoms is then con-
creases, below 75 K. Probably, the differences in the Mgy cied. As the primitive cell is hexagonal, it is convenient
O-Mn bonding distances become significant at lower temsyg \rite mK in terms of the unitary vectors,, g, ande, that
peratures, which gives rise to a change in the direction of thaefine th(le hexagonal unit cell plus the ,unitary veotgr

easy axis. wheree = —e.—e):
According to Moriya!® two mechanisms can be respon—( E &)
sible for the appeareance of weak ferromagnetism: the anti- m=m¥ e+ mikyey+ mikueu+ mie,, (A1)

symmetric part of the anisotropic superexchange interaction C ok . _ ) . . .
or the magnetocrystalline anisotropy. In ScMpthe mag-  Wherem;, ,m;,, andmy, verify the relation:m, + mj, +mj,
netic moments are placed in the,b) plane; therefore the =0. The value of the magnetic moment for the ators
easy axis is contained in this plane. If the magnetocrystalline
anisotropy was the origin of the weaszzerromagnetism, as it
happens. In Nng(R'ef. 1.8 and MnSn, th.e Spin cantl'ng The decomposition of in terms of the irreducible repre-
would originate a distortion of the magnetic structure in or- : .

. sentations of5y is
der to decrease the anisotropy energy and the ferromagnetic
component would appear in some direction in treeb{ r=r,+2r,+2I'3+I',+3I'5+ 3. (A3)
plane. However the ferromagnetic component is only pos-
sible along thez direction; in consequence we believe that The basis vectors belonging to each irreducible represen-
the weak ferromagnetism observed in ScMri®originated tation are presented in Table V. FB; andI', the magnetic
by the antisymmetric part of the anisotropic superexchangenoments are in a plane perpendicular to #rexis. In both
interaction, as inv-Fe,0.18 cases the Mn magnetic moments are perpendicular to the

m=m+m %  with (m)*=mK (A2)



PRB 62

MAGNETIC STRUCTURE OF HEXAGONALRMNGO; . . .

9507

TABLE V. Irreducible representations of the space grdBp=P6scm for k=0. The symmetry operators are given in Kovalev's
notation(KV) and in a notation based in Hermann-Mauguins symbals w=¢' "2,

KV hy hzl(Ta) hs hy/(7) hs he/(7) hio/(7) hao hy1/(7) ha, has/(7) a4
IT 1 63, 3; 24, 3, 63, c(2x,%,2)  m(x,x2) c(x2,2) mO0y,z) c¢(x,x,z) mM(x,02)
Pos.  x  x-y v X xty y X y Xty X y x=y
y X X=y y x Xty Xy X y X+y X y
Z 7t z z+3 z z+3 z+3 ‘ z+3 z z+3 z
I 1 1 1 1 1 1 1 1 1 1 1 1
r, 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1
I's 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1
r, 1 -1 1 -1 1 -1 -1 1 -1 1 -1 1
F5 I Bl _BZ _I _Bl BZ A Cl _C2 _A _Cl C2
Fe I _Bl _Bz I _Bl _BZ A _Cl _Cz A _Cl _CZ
Where 1 0 0 1 w 0 0 0 o 0 w*
1= A= B,= B,= = =
0 1 1 0 o o 2 o C=lg o =, o
27=(0,03).

[100] axes. As it can be seen in Figs.(&band 1%d), for I';
the magnetic coupling between the layersO andz=

1

5 is

nent in the basal plane and a component parallel t@ thaés

[Figs. 18b) and 1%c)]. In both cases, the component in the

antiferromagnetic whereas fdr, the coupling is ferromag- basal plane is parallel to tH&00] axes. Fod", the coupling
netic. Forl', andI'3 the magnetic moments have a compo-between the layers is antiferromagnetic for the component

TABLE V. Basis vectors corresponding to the Mn atoms, at the site 6¢. The notation for the direction is
[e€€,]; € is parallel to the sixfold axis an€, ande, are in the basal plane, forming between them a 120°

i 77/3

angle.o=¢€
Repres. Basis Mn1l Mn2 Mn3 Mn4 Mn5 Mn6
ired.  vectors  X,0,0) (0x,0) (x,x,0) (x,0,2) (0x,%) (x,%, %)
r, Vi [120] [210] [110] [120] [210] [110]
I, Vi [100] [010] [110] [100] [010] [110]
V2 [001] [001] [001] [001] [001] [001]
Iy Vi [100] [010] [110] [100] [010] [110]
% [ooq [ooy [ooy [001] [001] [001]
r, Vi [120] [210] [110] [120] [210] [110]
Vs [100] ( w[OlO]) ( »*[110] [100] ( w[OlO]) ( [110])
" lozog) |\ elo0] [110] 0'[100]) | @[010] [110]
. Vs ( [010] ) (w[110]> ( w*[100] ( [010] ) (w[llol) ( [100])
i ’ [110] o100/ | [o10] ‘110 \ef200) | [010]
. w[001] w*[001] [001] w[001] w*[001]
Vs - w[001]
©*[001] w[001] [001] »*[001] [001]
e ( [100] ) (w[oTOJ) (w [110] [100] (w[Olo]) (w [110])
' *[100] »[010] [110] oi[Toy) @1010] [110]
. Ve ( [010] ) (w[llO]) ( w*[100] ( [010] ) (m[llO]) (a» [1001)
’ * o) Vet oo 110/ |\ e[ioo) | (010
( [001] ) (@oo?]) ( w*[001] ( [001] (w[OOl]) ( w*[001] )
Vi *[001] »[001] [001] *[001] [ 001] [001]
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® planez =0 @ planez =0
O planez=1/2 a) Oplanez=1/2 1)
e

plusmiz=mz;i=1,2,3
andmjz=-mz,j=4,5,6

FIG. 15. Magnetic structures f&8MnO; associated to the uni-
dimensional irreducible respresentatiota.For I';, (b) for I',, (c)
for I'z, (d) for I'y.

in the (x,y) plane and ferromagnetic for the component _FIG. 1_6. M_agnetic_: structures fdRMnO; associated w_ith t_he
along thez axis. On the contrary, foF 5, the coupling be- bidimensional irreducible represgntatrf)@. (a) Ferromagnetic with
tween thez layers is ferromagnetic for the component in the ™I[100. (b) Ferromagnetic withm[120]. (c) my|[100]. (d)
basal plane and ferromagnetic for theomponent. ml\|[12Q]. (e) and (f) solutions with nonequal moment parallel to
- . the z axis.

AsI'5 andI'g are two dimensional and complex represen-
tations the orientations of the magnetic moments cannot be
obtained in a direct way. The magnetic modes will be ob- (V302 + (V3 2+ (V3,)2+(V3,)?=0, (A5a)
tained by following the procedure given by Bertaut in Ref.
25. For instance, foF s, the Fourier componentsi can be

written as a linear combination of the basis functions given V?XVEVJFV?XV?UJFVEYV?U:O' (ASD)
in Table V as
As V3, + V3, +V3,=0, the Eqs(A5) transform into
mi=Viet Vi +VietVie, (Ada)
5\2_

m;: - C’)"(V!iuex_ w*vixey_ w*viyeu_ w*vizeb (V1)"=0, (A6a)
(Adb)

(V302 +(V3,)2+ V3, V3, =0. (A6b)

mh= — V3,6~ 0V3,6~ 0Vi6—wVie, (Ado)
Equation(A6a) implies that the magnetic moment lie in the

mi=Vi,e+Vi,e+Vie—Vie, (Add)  (x,y) plane and according to E€A4) the coupling between
’ . . . . the layersz=0 andz=3 is ferromagnetic. To solve Eq.
M= —w"V] &~ 0'Vig— o Vet w'Vie, (A6b) let us putVi,=aV3,. Then, two solutions are pos-

(Ade)  sible: the first one isa=—w* and the second one ia

. 5 5 5 5 =—w. On the one hand, ifr=—w*, we obtain
mg= —wVi 68— oVi 6—oVi,e+wVi,e, (A

where V3,=V3,,/6;(a¢=x,y,u,z). The functionVy,, has m{=Vi,(e+eg+e*g); with mi=m{ i=23,...,6,

been obtained after applying the projection operator method (A7)

to the Fourier componemn!‘u, parallel to the directiom,. It

is verified V3;,= — (Vi +V3y,). In general, the relations wheres=w?=e"". This solution corresponds to a ferro-
given in Eqgs.(A4) lead to a magnetic structure with non- magnetic spin arrangement with the magnetic moments in
equal moment for the different Mn atoms. However, first wethe basal plane. In caséx is real the magnetic moments are
will look for solutions with equal moduli. Thus we establish oriented parallel to thE100] direction[Fig. 16(a)] and along

the condition tham? takes the same value for all the Mn the [120] direction if V3, is purely imaginary{Fig. 16b)].
atoms. It implies On the other hand, ifr= — w, it results in
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TABLE VI. Magnetic structures exhibiting weak ferromagnetism of Dzialoshinskii-Moriya type. Note:
Those elements with the superscripdare multiplied by the time-reversal symmetry element.

Repres. Configuration Ferromagnetic Symmetry
components elements
. My = Moy My= Moy M= Mg, [0 -
? My 3=—M; :
m;=—2m,=—2mg=m
I's ' ? 3= Mo I[100] 1,2},,¢(x,2x,2),m’ (x,02)
Miy3=—M;
m;=0;m,=—mz=m
Ts 17D e Mol I[120] 1,2;,.¢'(x,2%,2),m(x,0.2)
Miy3=—M;
My = M€ My= MyE,; Mz=m
Iy 17 Mo M= Mo M= Moy I[100] 1,2},,¢(x,2,2),m’ (x,02)
M 3= M;
M= 2 (6 &)imy= 2 (6, &)
1= Tz - = 7= -
2 2
I V2 m V2 I[120] 1,21,,¢'(%,2%,2),m(x,0,2)
0
mz= E(eu*ex)imim: m
k 5 * k 5. k *\ /5 . k 5 .
mlzle(ex+8 eydl'seu) le=Vlz, my,= - Vlz’ M3, = —leZ,
K xppke kK
and my=e"mg;mg=emy; and mf, 5,=—my,, for i=1,23.  (A10)
K _ ok L
mg,i=m for i=1,2,3. (A8) " |n this case the coupling between the 0 andz=1 planes

This solution corresponds to a triangular spin arrangement i antiferromagnetic. The magnetic moment along -

the (x,y) plane. The magnetic moment of the Mn atoms 2rection Is

and 3, m, and mg are obtained by rotating by 120° and

120° angle the magnetic momemt;, respectively, around miz=m‘{2+(m‘{z)*. (A11)
thez axis. The coupling between the layers 0 andz=13 is

ferromagnetic. In cas¥3, is real or purely imaginary, the In case Vi, is real the solution corresponds to,
magnetic moments are orientated along specific directions: —2Mz,= —2Mg, [Fig. 16e)] and if V,, is purely imagi-
So, m, is parallel to the[100] direction for VS, real [Fig. ~ nary tom;,=0; m,= —mg, [Fig. 161)]. _

16(c)] and parallel to the120] direction for V3, purely Regarding the possible magnetic modes associaté&d,to
imaginary[Fig. 16d)]. these can be obtained following a similar procedure as with

It is worth pointing out that the equal moment condition I's: The six magnetic modes belonging to thgare equiva-

implies that (“n:()2=(mfk)2=0. It means, if the expression !ent to those of'5: the orientation of the magnetic moments

given for the magnetic moment in E¢A2) is considered, in the z=0 layer is t_he same, but the coupling between
that =0 andz=; layers is different; for the modes with equal

magnetic moment, the coupling between them is antiferro-
m?= 2m}<- m; . (A9) magnetic and for the mode with nonequal magnetic moment
) o ] the coupling is ferromagnetic.
According to Eq.(A2), m; splits into two conjugate vectors:  The gifferent magnetic modes obtained here by the group
my that belongs to the irreducible representatidhandm ™ theory representation coincides with the configurations cal-
to the (C°)*. So Eq.(A9) is in agreement with the fact that culated by Nedlif* using a thermodynamic method. In the
it is only possible to construct an effective spin Hamiltonianthermodynamic potential, besides including invariants asso-
of order 2, invariant under a groupy, as products of two cijated to the exchange interaction, terms corresponding to
basis vectors belonging to the same real or to two conjugatgnisotropic relativistic interactions were taken into account.
complex representatioris. Finally, once all the possible magnetic modes are known,
According to Eq.(A3) the irreducible representatidi® jt can be determined in a direct way which solutions are able
appears three times, as it is bidimensional there must be sig originate weak ferromagnetism of the Dzialoshinskii-
magnetic modes associated to it. The equal module conditioforiya type '8, From a symmetry point of view, weak fer-
allowed us to find out four magnetic modes, so the anothefomagnetism is possible when a small deviation of the spins
two modes must correspond to nonequal module solutiongrom their original direction that gives rise to a ferromagnetic
As it can be seen in EqA4), the Fourier components along component, does not change the symmetry of the magnetic
thez axis,mf,, are only given in terms of the basis function structure. It means that the magnetic space group remains the
Vg. So if it is assumed that the magnetic moment is parallesame. The magnetic modes for which weak ferromagnetism
to the z direction, the Fourier components are is possible are presented in Table VI.
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