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Magnetic structure of hexagonalRMnO3 „RÄY, Sc…:
Thermal evolution from neutron powder diffraction data
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The magnetic structures of the hexagonal YMnO3 and ScMnO3 oxides ~space groupP63cm) 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 YMnO3 and ScMnO3 become
ordered belowTN'70 K andTN'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 in the (a,b) plane and oriented perpen-
dicular (R5Y) or parallel (R5Sc) to the @100# directions. The low-temperature ordered moments are
2.90(2)mB (R5Y) and 3.54(3)mB (R5Sc) at T51.7 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 ScMnO3 is also
analyzed.
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I. INTRODUCTION

RMnO3 rare-earth manganites form an interesting fam
showing a wide variety of physical properties. ForR31 cat-
ions with large ionic size,RMnO3 oxides crystallize in a
perovskite-type structure, with orthorhombic symme
~space groupPbnm!.1 When hole doped by partially replac
ing R31 by A21 cations (A5Ca, Sr, Ba!, these perovskites
are well known to display colossal magnetoresista
properties.2 For rare-earth cations smaller than Tb31 (R
5Ho, Er, Tm, Yb, Lu) as well as Y31 and Sc31, the perov-
skite structure becomes metastable and a new hexag
polytype stabilizes~space groupP63cm).3 In the hexagonal
phase, a ferroelectric behavior has been described to co
with magnetic ordering at low temperature. The ferroelect
ity in hexagonalRMnO3 was discovered by Bertaut, Forra
and Fang in 1963.4 Recently, thin films of these compound
have been proposed for nonvolatile memory devices. In p
ticular, YMnO3 thin films have been grown.5 Anomalies in
the dielectric constant observed in YMnO3 near its Ne´el tem-
perature indicate a coupling between the ferroelectric and
magnetic ordering.6 For a better understanding of this co
pling a thorough study of the variations of Raman and
phonon spectra with magnetic and ferroelectric orderi
have been recently carried out.7

In the hexagonal phase ofRMnO3 there are six formula
units per unit cell. The six Mn atoms are distributed in t
z50 andz5 1

2 planes. In the zero plane the Mn atoms a
placed along the axesa1 , a2 , and2(a11a2) and, in thez
5 1

2 plane along the axes2a1 , 2a2 and (a11a2). Each Mn
PRB 620163-1829/2000/62~14!/9498~13!/$15.00
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atom occupies the center of a triangular bipyramid who
vertices are oxygen atoms. The magnetic structure of th
compounds were studied by Bertaut and co-workers8,9 and
Koehler et al.10 a long time ago. According to the micro
scopic method developed by Bertaut11 four different spin
configurations are possible for these compounds. Two
them correspond to a uniaxial spin configuration; in one c
it is ferromagnetic and in the other case antiferromagne
for which the moments alternate in sign from thez50 to the
z5 1

2 layer. The other two configurations involve a triangul
arrangement with the moments in the basal plane, being
coupling between thez50 and thez5 1

2 layers ferromagnetic
in one case and antiferromagnetic in the other case. For m
of the RMnO3 compounds (R5Lu, Tm, Er, Ho, Sc, and Y!
it was established that the magnetic moments of the Mn
oms order according to a triangular structure8–10 although it
could not be established whether the coupling between
z50 andz5 1

2 layers is ferromagnetic or antiferromagneti
because thex parameter for Mn atoms is very close to1

3 and
both models give rise to very similar magnetic intensities.
the present paper a study of the magnetic ordering
YMnO3 and ScMnO3 has been carried out. The possib
magnetic structures have been obtained by using the g
theory analysis; the complement of some macroscopic m
surements~magnetization, susceptibility, and specific he!
allowed us to solve the indetermination of precedent pap
giving the orientation of the magnetic moments relative
the unit cell. The crystallographic structure of both com
pounds has also been refined from high-resolution neu
powder-diffraction data. The thermal evolution of the ma
9498 ©2000 The American Physical Society
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PRB 62 9499MAGNETIC STRUCTURE OF HEXAGONALRMnO3 . . .
netic structures for both compounds is described and a
lyzed.

II. EXPERIMENT

A. Sample preparation

HexagonalRMnO3 polycrystalline phases were prepar
from citrate precursors obtained by soft chemistry pro
dures. Stoichiometric amounts of analytical gradeR2O3 (R
5Sc, Y) and MnCO3 were dissolved in citric acid, by add
ing several droplets of concentrated HNO3 to favor the solu-
tion of R2O3 oxides. The citrate1nitrate solutions were
slowly evaporated, leading to organic resins containing
random distribution of the involved cations at an atom
level. These resins were first dried at 120 °C and then slo
decomposed by heating at temperatures up to 700 °C in
This treatment gave rise to highly reactive precursor mat
als, amorphous to x-ray diffraction. The precursor powd
were finally heated at 1150 °C (R5Sc) or 1000 °C (R5Y)
in air for 12 h, thus obtaining well crystallized powders.

B. Experimental measurements

Magnetic measurements were perfomed in a commer
superconducting quantum interference device~SQUID! mag-
netometer. The magnetic susceptibility was measured
magnetic fieldH55 kOe and in the temperature ranges
,T,300 K and 2,T,400 K for YMnO3 and ScMnO3,
respectively. Magnetization measurements were carried
at different temperatures and in magnetic fields up to 50 k

The specific heat was measured in a semiadiabatic
calorimeter using the heat-pulsed method fromT52 up to
100 K and in fields up to 90 kOe.

Neutron powder-diffraction~NPD! diagrams were col-
lected at the Institut Laue-Langevin in Grenoble~France!.
High-resolution NPD data were acquired to refine the cr
tallographic structures at room temperature~RT!; for
ScMnO3 at D2B difractometer withl51.594 Å, and for
YMnO3 at D20 difractometer withl51.30 Å. The thermal
evolution of the NPD patterns for both compounds was f
lowed at D20 with a longer wavelength,l52.413 Å, in the
temperature range 2–150 K. All data were analyzed us
the Rietveld method12 and the refinement of both crystal an
magnetic structures were carried out with the progr
FULLPROF.13 In the refinements the peak shape was descri
by a pseudo-Voigt function for those NPD recorded on
high-resolution powder diffractometer and by a Gauss
function in the case of the patterns recorded withl
52.413 Å. The background was fitted either with a fift
degree polynomial function or by interpolation between
gions devoid of Bragg reflections. The Fermi scatter
lengths were for Y, Sc, Mn, and O, respectively, 7.75
12.300, 23.730, and 5.830 fm. The magnetic form fact
used for Mn atoms was determined with the coefficie
taken from the International Tables14 for the spin only,̂ j 0&.

III. RESULTS

A. Magnetic measurements

The magnetic susceptibilities of YMnO3 and ScMnO3 are
presented in Figs. 1 and 2, respectively. The reciprocal
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ceptibility has a linear dependence above 200 K for YMn3
and above 325 K for ScMnO3. This reveals a Curie-Weis
behavior, being the effective paramagnetic mom
4.4(1)mB and 4.6(1)mB for YMnO3 and ScMnO3, respec-
tively. These values are close to the free Mn31 ion value,
4.9mB ~for the spin onlyS52). The extrapolated paramag
netic temperatures are2312 K for YMnO3 and2663 K for
ScMnO3. In the magnetic susceptibility of YMnO3 no
anomalies are observed, although there is a notable incr
below 100 K. As for ScMnO3, the magnetic susceptibility
shows a quite different pattern of behavior. In the zero-fie
cooled measurements, an anomaly is observed at around
K ~better observed in the reciprocal susceptibility curve!, re-
vealing the onset of a magnetic ordering; on the other ha
the susceptibility undergoes an abrupt increase below 50
reaching a maximum value at around 37 K and decreas
for lower temperatures. In the field-cooled measureme
the susceptibility at first experiences an important enhan
ment below 130 K; below 50 K it undergoes an abrupt
crease tending towards a saturation value. This indicates
presence of a weak ferromagnetism effect.

The isothermal magnetization curves for YMnO3 and
ScMnO3 are presented in Figs. 3 and 4, respectively. F
YMnO3 the magnetization curves do not present neit

FIG. 1. Thermal variation of the magnetic susceptibility
YMnO3 measured in field-cooled~FC! conditions underH55 kOe.
Inset: reciprocal susceptibility versus temperature.

FIG. 2. Magnetic susceptibility for ScMnO3 in zero-field-cooled
~ZFC! and in field-cooled~FC! conditions (H50.5 kOe!. Inset:
reciprocal susceptibility vs temperature.
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9500 PRB 62A. MUÑOZ et al.
spontaneous magnetization nor hysteresis phenomenon
the 50-kOe magnetic field is too low to saturate the mag
tization. For ScMnO3, the magnetization curves exhibit
hysteresis for fields from215 to 15 kOe, which decreases
temperature increases. Although at T5 2 K the magnetic
moments start to reorient at 3 kOe, the final magnetic fie
50 kOe is too low to complete the reorientation. At this te
perature, the spontaneous magnetization is 0.009mB /Mn31,
very small compared with the theoretical saturation value
4mB ~for the spin only!. As it is shown in the inset of Fig. 4
under a magnetic field a spontaneous magnetization is
served in the whole ordered region. This implies that
weak ferromagnetism is present below the onset of the m
netic ordering.

B. Specific heat

The specific-heat data for YMnO3 and ScMnO3 in differ-
ent magnetic fields are plotted in Figs. 5~a! and 5~b!, respec-
tively. A calculation of the magnetic contribution to the he
capacity around the magnetic transitions is also shown~in-
sets in Figs. 5~a! and 5~b!!. The nonmagnetic contribution
has been calculated by an extrapolation method. In the t
perature range 70–260 K, the lattice specific heat has b
obtained by following the Einstein model with three oscill
tors centered atT5240, 500, and 800 K. Below 70 K, afte
excluding the regions around the magnetic transitions,
specific-heat has been simulated by assumming a linear
pendence ofCP /T with temperature. In the specific-he

FIG. 3. Magnetization isotherms for YMnO3.

FIG. 4. Magnetization isotherms for ScMnO3.
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curves measured in zero field sharp anomalies are obse
at T'70 K for YMnO3 and atT'129 K for ScMnO3, indi-
cating the onset of a magnetic ordering. For ScMnO3 another
small anomaly takes place at aroundT'43 K, which is bet-
ter observed in the magnetic heat capacity@inset in Fig.
5~b!#. This reveals the transition to another magnetic pha
in good agreement with the susceptibility measureme
When a magnetic field is applied no appreciable changes
observed in the specific heat of YMnO3 and ScMnO3. No
shifts appear in the transitions atT'70 K for YMnO3 and at
T'129 K for ScMnO3. Only for ScMnO3, in the transition
observed atT'43 K, a slight shift to higher temperatures
observed. The entropy gain in the magnetic transition
been calculated from the magnetic contribution to the s
cific heat. In zero magnetic field it results inDS50.15 R for
YMnO3 andD S50.35 and 0.07 R for ScMnO3 in the tran-
sition corresponding toT'129 K andT'43 K, respectively.
In ScMnO3, the great difference in the entropy gain betwe
both magnetic transitions probably indicates that the tra
tion observed atT'43 K is a first-order one, whereas th
transition atT'129 K is second order.

C. Crystal structure

The YMnO3 crystal structure was refined from NPD da
collected in the paramagnetic region at room temperat
l51.30 Å. All the reflections were indexed in the hexagon
space group P63cm with the lattice parametersa

FIG. 5. Specific heat versus temperature. Inset: magnetic co
bution to the specific heat around the magnetic transitions.~a! For
YMnO3 in H50 and 90 kOe.~b! For ScMnO3 in H50, 30, and 60
kOe.
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PRB 62 9501MAGNETIC STRUCTURE OF HEXAGONALRMnO3 . . .
56.1553(3) Å andc511.4026(8) Å. The goodness of th
fit is illustrated in Fig. 6~a!, showing an excellent agreeme
between observed and calculated pattern. The most rele
crystallographic parameters are included in Table I. So
selected bonding distances and angles are also listed~see
Table II!. The crystal structure of ScMnO3 was refined from
high-resolution NPD data collected at room temperature
at l51.594 Å. The quality of the fit is shown in Fig. 6~b!.
The crystallographic parameters listed in Tables I and II
in good agreement with those recently reported,15 obtained
from single-crystal x-ray diffraction. In both patterns som
minor impurities of R2O3 (R5Y, Sc) were detected, an
were included as secondary phases in the final refinem
(2% Y2O3, 2% Sc2O3).

As it is shown in Fig. 7 each Mn atom is coordinated
five oxygen atoms in a bypyramidal configuration. One O~3!
atom and two O~4! atoms are in the equatorial plane of th
bypyramid, whereas the O~1! and O~2! atoms are at the
apexes. Y~Sc! atoms occupy two crystallographic position
R(1) andR(2), both of them bonded to seven oxygen a
oms. BothRO7 polyhedra can be described as monocap
octahedra. The capping oxygens are O~3! for R(1) and O~4!
for R(2). Along the z axis, the structure consists of layers
corner-sharing MnO5 bypiramids separated by layers
edge-sharingRO7 polyhedra. According to Table II, smalle
unit-cell parameters are observed for ScMnO3, and the aver-
age Mn-O distances in MnO5 units are significantly shorte

FIG. 6. Observed (d) and calculated~—! neutron-diffraction
pattern forRMnO3 at room temperature. Bragg reflections are
dicated by tic marks: the first series corresponds toRMnO3 and the
second row to the minor impurity phaseR2O3. The difference be-
tween the observed and calculated pattern is plotted at the bo
~a! For YMnO3. ~b! For ScMnO3.
ant
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in ScMnO3, which will play an important role in the differ-
ent magnetic structures observed in both compounds. M
bond lengths are in agreement with the sum of the io
radii. Moreover, in theRO7 polyhedron, the Y-O distance
are larger than Sc-O bond lengths, as expected for the la
size of Y31. Also, the averageR-O distances are close to th
sum of the ionic radii.

D. Magnetic structure

1. YMnO3

Figure 8~a! displays the thermal evolution of the neutro
diffraction patterns correspondig to YMnO3. Below 77 K an
increase in the intensity of some Bragg reflections is
served. On the other hand, new peaks appear on Bragg
sitions forbidden by the space groupP63cm, in particular
reflections (h,0,l ) with odd l. This confirms the existence o
a magnetic ordering belowTN characterized by a magneti
unit cell which coincides with the chemical unit cell~propa-
gation vectork50). As temperature decreases the intens
of the magnetic reflections smoothly increase, reachin
constant value at low temperature, suggesting that the m
netic structure remains stable in all the temperature rang

m.

TABLE I. Structural parameters after the Rietveld refinement
NPD for RMnO3 (R5Y, Sc) at room temperature. Atomic pos

tions:R1 and O3 at 2a (0,0,z); R2 and O4 at 4b (13 , 2
3 ,z); Mn, O1,

and O2 at 6c (x,0,z) for Mn z50.

YMnO3 ScMnO3

a ~Å! 6.1553~3! 5.83338~4!

c ~Å! 11.4026~8! 11.16862~9!

V (Å3) 374.15~3! 329.132~4!

Impurity Y2O351.7~2!% Sc2O352.1~1!%

Atoms
R1 z 0.2689~14! 0.2747~7!

Biso (Å2) 0.53~4! 0.50~1!

R2 z 0.2290~10! 0.2308~6!

Biso (Å2) 0.53~4! 0.50~1!

Mn x 0.3208~18! 0.3316~15!

Biso (Å2) 0.20~20! 0.20~3!

O1 x 0.3100~11! 0.3018~3!

z 0.1621~13! 0.1680~6!

Biso (Å2) 0.43~4! 0.20~2!

O2 x 0.6389~9! 0.6357~3!

z 0.3367~13! 0.3329~6!

Biso (Å2) 0.43~4! 0.20~2!

O3 z 0.4745~17! 0.4678~8!

Biso (Å2) 0.87~5! 0.19~2!

O4 z 0.0133~5! 0.0238~6!

Biso (Å2) 0.87~5! 0.19~2!

Discrepancy factors

x2 1.0 2.5
Rp(%) 2.7 4.0
Rwp(%) 3.5 5.1
RB(%) 4.2 2.7
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A neutron-diffraction pattern collected at 1.7 K was us
to determine the magnetic structure. After checking all of
possible magnetic modes obtained in the Appendix, the
agreement with the experimental data was obtained for
magnetic structure given by the basis vectors of the irred
ible representationG1. In Fig. 9~a! the observed and calcu
lated NPD patterns are presented. The value of the magn
moment for each Mn atom after the refinement atT51.7 K

TABLE II. Selected bond distances and bond angles forRMnO3

(R5Y, Sc).

Atoms YMnO3 ~Å! ScMnO3 ~Å!

Mn2O1 1.850~15! 1.884~7!

Mn-O2 1.878~15! 1.876~7!

Mn-O3 1.996~11! 1.968~9!

Mn-O4(X2) 2.097~6! 1.967~5!

^Mn-O& 1.98~2! 1.932~3!

SRadii 1.949 1.949
R12O1(X3) 2.263~13! 2.126~6!

R12O2(X3) 2.353~9! 2.223~3!

R12O3 2.345~25! 2.157~12!

R22O1(X3) 2.260~7! 2.160~3!

R22O2(X3) 2.323~11! 2.182~5!

R22O4 2.459~19! 2.312~10!

^R12O1,O2& 2.308~16! 2.179~6!

^R22O1,O2& 2.291~13! 2.171~6!

SRadii 2.327 2.162

Angle(°)
O1-Mn-O2 174.5~9! 179.5~7!

O1-Mn-O3 96.3~9! 95.2~5!

O4-Mn-O4 115.9~2! 117.7~2!

O2-Mn-O4 90.1~8! 94.8~4!

O3-Mn-O4 122.1~4! 121.1~3!

O2-Mn-O3 89.2~8! 85.3~4!

O1-Mn-O4 86.9~7! 84.9~4!

Mn-O3-Mn 117.9~8! 116.7~6!

Mn-O4-Mn 119.5~7! 118.2~6!

R12O1-Mn 124.6~9! 123.8~4!

R22O2-Mn 124.9~7! 123.8~4!
e
st
e

c-

tic

is 2.90(2)mB ~see Table III!, somewhat smaller than tha
expected for spin only Mn31 cations, 4mB . The magnetic
structure associated to the irreducible representationG3, but
with mz50, could also be an acceptable model as it w
pointed out by Bertaut;9 however, the agreement factors a
significantly worse. For instance, the magneticRMAG factor
for G3 is 10.8% versusRMAG57.6% for the solution associ
ated toG1 ~see Table III!.

In Fig. 10~a!, a view of the magnetic structure associat
to G1 is presented. The spins of the layersz50 andz5 1

2 are
antiferromagnetically coupled. In each layer, the spin

FIG. 7. Schematic representation of the crystallographic str
ture of RMnO3 (R5Y, Sc). Mn is located at the center of th

polyhedra,R1 at 2a (0,0,z), andR2 at 4b (13 , 2
3 ,z) are represented

by open and solid circles, respectively.
FIG. 8. Evolution of the
neutron-diffraction patterns with
temperature.~a! For YMnO3 in
temperature range 2.5–127 K.~b!
For ScMnO3 in the temperature
range 1.8–147 K.
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rangement is triangular with the magnetic moments perp
dicular to the axis along which the Mn31 cations are placed
The analysis of the NPD patterns collected at different te
peratures allowed us to follow the thermal evolution of t
Mn magnetic moment. As it is shown in Fig. 11~a!, the mag-

FIG. 9. Observed (d) and calculated~—! neutron-diffraction
pattern after the magnetic structure refinement.~a! For YMnO3 at
T51.7 K; ~b! and ~c! for ScMnO3 at T589.4 K andT51.8 K.

TABLE III. Results of the magnetic structure refinement
RMnO3 (R5Mn, Sc): magnetic ordering, magnetic moment valu
and agreement factors.

YMnO3 ScMnO3 ScMnO3

Temperature 1.7 K 89.4 K 1.8 K

Structure G1 G2 G11G2

mT(Mn) 2.90(2)mB 3.03(3)mB 3.54(3)mB

Angle Mn~1! with ex 90° 0o 54(1)°
RN(%) 3.7 2.8 2.7
RMAG(%) 7.6 4.6 6.3
x2 2.5 2.3 2.3
n-

-

netic moment increases as temperature decreases, rea
saturation below 8 K. The thermal evolution of the latti
parameters is shown in Figs. 12~a! and 12~b!. The a and c
unit-cell parameters present a different thermal behavior,
remain constant below 40 K.

FIG. 10. Schematic representation of the magnetic structur
RMnO3. Only the Mn atoms are plotted.~a! For R5Y; ~b! for R
5Sc, f50° for 75,T,130 K and 17°,f,54° for 1.8,T
,75 K. Mn atoms: 1 (x,0,0), 2 (0,x,0), 3 (2x,2x,0), 4

(2x,0,12 ), 5 (0,2x, 1
2 ), and 6 (x,x, 1

2 ).

FIG. 11. ~a! Thermal evolution of the Mn31 magnetic moment
of YMnO3. ~b! Themal evolution of the magnetic moment and
the f angle with the@100# axis for ScMnO3.

s
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2. ScMnO3

The thermal evolution of the NPD patterns correspond
to ScMnO3 is shown in Fig. 8~b!. Below 140 K (h,0,l ),
reflections withl odd, forbidden by the space-group symm
try, are observed; some permitted reflections, in particu
(h,0,l ) with l even, increase their intensity. Note that t
(1,0,0) reflection is not observed. This, in agreement w
the magnetic measurements, confirms the appearance
magnetic ordering, which is characterized by the propaga

FIG. 12. Thermal evolution of the lattice parameters
YMnO3: ~a! a andc and ~b! cell volume.

FIG. 13. Thermal evolution of the magnetic peak~101!. ~a!
Intengrated intensity and linewidth.~b! NPD pattern around the
peak.
g

-
r

h
f a
n

vectork50. As shown in Fig. 8~b!, important changes in the
intensity of some reflections take place below 75 K: t
(1,0,0) reflection starts to be observed and, at the same t
the intensity of the (1,0,1) reflection begins to decrease. T
suggests a transition to a different magnetic arrangem
also characterized by a propagation vectork50.

On comparing the specific-heat measurements and
thermal evolution of the NPD patterns, a small discrepan
on the ordering temperature is appreciated. It can be see
Figs. 13~a! and~b! that the magnetic reflection~101! starts to
be observed at around 140 K, above the ordering tempera
TN'129 K deduced from the specific-heat curve. This
very probably due to the presence of a low-dimensio
short-range order, as it was pointed out by M. Biering
et al.16 To investigate this point, the thermal evolution of th
linewidth full width at half maximum of some magneti
peaks has been analyzed. In particular, the linewidth of
~101! magnetic peak, that remains nearly constant below
K, experiences an important increase aboveTN , that indi-
cates the existence of a short-range order.

For the first magnetic phase observed immediately be
TN , after considering all the solutions given in the Appe
dix, only two of them are compatible with the experimen
data, those associated toG2 andG4. However, as it is pointed
out in the Appendix, onlyG2 is compatible with the exis-
tence of a weak ferromagnetism. Therefore, in order to
count for the magnetic measurements, the solutionG2 is se-
lected. It implies a triangular spin arrangement where
magnetic moment of the Mn atoms are parallel to the@110#
axis, within each (a,b) layer. Thez50 andz5 1

2 layers are
antiferromagnetically coupled. AtT589.4 K the magnetic
moment value is 3.03(3)mB ~see Table III!. Although the
solution permits a ferromagnetic component in the magn
moment along thez direction,mz , the refinement of the NPD
patterns collected in this region shows thatmz50.

In the second transition, around 75 K, there is a chang
the spin orientation of the moments within the (a,b) plane.
In a first trial, we considered that the magnetic structure
given by the basis vectors of only one irreducible repres
tation, in the temperature range 75–1.8 K: the experime
data could not be satisfactorily fitted for any of the differe
magnetic modes presented in Table V. However, if it is
sumed that thez50 andz5 1

2 layers are still antiferromag
netically coupled, a solution is possible. In this solution t
magnetic moment of the Mn~1! atom, position (x,0,0),
forms a variable anglef with theex axis. The orientation of
the moments of the Mn~2! atom, position (0,x,0) and Mn~3!,
position (2x,2x,0), are obtained by rotating 120° and
2120°, respectively, the magnetic moment of the Mn~1!
atom around thez axis. In fact, this means that the sp
arrangement is given in terms of the basis vectors of t
irreducible representationsG1 and G2. From the fitting, an
increase of thef angle fromf517(2)° atT575 K to f
554(1)° atT51.8 K is observed~see Fig. 11~b!!. The value
of the magnetic moment simultaneously increases, reac
3.54(3)mB at T 5 1.8 K. The corresponding magnetic stru
ture is presented in Fig. 10~b!. In Figs. 9~b! and 9~c! the
observed and calculated pattern in the magnetic structure
termination atT589.4 K andT51.8 K are presented. Th
corresponding agreement factors are included in Table III
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this temperature range, the inclusion of a ferromagnetic c
ponent along thez direction was also checked, but it wa
obtained a value formz close to zero. Figures 14~a! and ~b!
illustrate the thermal evolution of the lattice parameters. T
c lattice parameter undergoes an important change in
variation regime after the first magnetic transitionTN and
afterwards it decreases very slowly as temperature decre
On the other hand, thea parameter decreases below the fi
ordered region down to 75 K, when the second magn
transition takes place, and then its value remains nearly c
stant. The cell volume presents a thermal evolution simila
that of thea parameter. Finally, let us point out that one
the solutions associated to the irreducible representationG6
is also compatible with the experimental results in all t
temperature range. In particular, a solution with equal m
ments for all the atoms and with the spins placed in the (a,b)
plane. For this solution, the orientation of the moments of
Mn~2! and Mn~3! atoms are obtained by rotating2120° and
120°, respectively, the moment of the Mn~1! atom. The ori-
entation of the magnetic moment of the Mn~1! atom would
form a variable angle with theex axis. Nevertheless, thi
solution must be discarded since it is not compatible w
weak ferromagnetism from symmetry considerations, as
indicated in the Appendix.

IV. DISCUSSION

Susceptibility measurements show that ScMnO3 become
magnetically ordered belowTN'129 K, and the magnetic
arrangement undergoes a change below 50 K. This is c
firmed by specific-heat measurements since two anoma
are observed at 129 and 43 K. The hysteresis observed in

FIG. 14. Thermal evolution of the lattice parameters
ScMnO3: ~a! a andc and ~b! cell volume.
-
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zero-field-cooled and in the field-cooled susceptibility curv
suggests the presence of a weak ferromagnetism effect.
is also confirmed by the isothermal magnetization curves
which a remnant magnetization appears in the ordered
gion. All these results are in good agreement with those
cently reported by Bieringeret al.16 and Xuet al.17 Regard-
ing YMnO3, although no anomalies are observed in t
susceptibility plots, the presence of a peak in the spec
heat curve indicates the onset of antiferromagnetic orde
at TN'70 K, what is confirmed by neutron-diffraction mea
surements.

In RMnO3 compounds the magnetic interactions amo
the Mn atoms are the superexchange interactions via
O-Mn bonds. In the plane perpendicular to the sixfold a
the exchange paths for the first and second nearest neigh
are Mn-O~3!-Mn and Mn-O~4!-Mn, respectively. The Mn-O
distances are shorter for ScMnO3, which involves stronger
exhange interactions. This accounts for the fact that ScMn3
becomes ordered at a higher temperature than YMnO3.

Neutron-diffraction experiments have shown that t
magnetic structures exhibited by both compounds pres
similar features, in both cases the magnetic moments
contained in the plane perpendicular to the sixfold axis a
the spin arrangement is triangular. Besides, in both co
pounds the coupling between thez layers is antiferromag-
netic. However, important differences are found in the m
netic behavior of both compounds. First, magnetizat
measurements reveal the presence of a spontaneous m
tization in ScMnO3. This low spontaneous magnetizatio
(0.009mB /Mn at T52 K! can be ascribed to a weak ferro
magnetic interaction of Dzialoshinskii-Moriya type.18 An al-
ternative would be the existence of a ferromagnetic dou
exchange interaction, between Mn31 and Mn41 cations. The
necessary Mn41 content for this interaction to take plac
would imply the presence of cation vacancies~either at theR
or the Mn sublattices!, which have not been observed fro
the high-resolution structural analysis. Moreover, the sy
metry of the magnetic structure found by neutron-diffracti
measurements is compatible with that type of weak fer
magnetism; in particular, a ferromagnetic component alo
the z direction is permitted.

It is worth underlining the differences observed in t
magnetic structures exhibited by both compounds. Conc
ing the orientation of the magnetic moments in the ba
plane, for YMnO3 the spins are oriented parallel to the@120#
directions, whereas for ScMnO3 they are initially lying along
the @100# direction, and below 75 K they rotate in the (a,b)
plane. Concerning the magnitude of the ordered momen
low temperature, the observed value for YMnO3,
2.90(2)mB , is significantly smaller than that for ScMnO3,
3.54(3)mB .

The differential behavior of both compounds can be u
derstood by considering the electron configuration of
Mn31 cations in the particular bypiramidal configuratio
The splitting of the 3d orbitals for Mn31 ions in the crystal
field corresponding to the symmetry of the MnO5 bipyramid
can be deduced from the levels scheme in the paraele
state for YMnO3 above the ferroelectric Curie temperatu
TC5913 K.19 In the paraelectric state the space group
P63 /mmcand in the MnO5 bipyramid the oxygens placed i
the triangular basal plane are equivalent, as they are thos
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the apexes.7 The symmetry of the MnO5 bipyramid is

6̄m2,which leads to a splitting of the 3d orbitals into at2g

state and aneg state. The lowest energy state,t2g , is formed
by a singlet, which is the ground state, plus a doublet. T
highest energy state,eg , is a doublet. BelowTC , in the
ferroelectric state, the symmetry of the MnO5 bipyramid de-
creases tom and both doublets split into two singlets. Th
relative filling of these levels by thed4 electrons depends o
the splitting of the doublets originated by the distortion
the MnO5 bipyramid. For YMnO3, Mn-O3 and Mn-O4 dis-
tances in the basal plane of the bypiramid are very differe
while in ScMnO3 both distances are similar. This means
greater splitting of the doublets in YMnO3, which can make
possible an admixture of the high spin (S52) and low spin
(S51) states, since the lowereg and the highert2g levels are
closer. For the Sc compound, the smaller degree of distor
makes possible a predominantt2g

3 eg
1 high spin (S52) state.

Let us consider the magnetic interactions between
spins. Mn31 ions are located in the (a,b) plane at 6~c! po-
sitions, forming a two-dimensional net which is perfec
triangular. In the center of each triangle there is a O22 ion
~O3, O4!. The Mn-O-Mn bonding angle is close to 120
therefore the indirect interaction between filledeg states can
take place via the same oxygenp orbital as well as via two
perpendicularp orbitals. According to the formulation o
Goodenough,20 the superexchange interaction involves bo
antiferromagnetic and ferromagnetic interactions. In con
quence, both types of interactions are present in the trian
lar spin arrangement found in these compounds. As it w
indicated by Nedlin,21 the orientation of the moments in th
(a,b) plane for the YMnO3 and ScMnO3 magnetic struc-
tures is determined by the second-order relativistic ter
For YMnO3, the Mn-O3-Mn and the Mn-O4-Mn bondin
distances in the bypiramide are different, and the mome
remain oriented parallel to the@120# directions in all the
temperature range. For ScMnO3 the Mn-O3-Mn and the Mn-
O4-Mn distances are similar, and the moments that are
tially parallel to the@100# directions, rotate and tend to b
orientated towards the@120# direction as temperature de
creases, below 75 K. Probably, the differences in the M
O-Mn bonding distances become significant at lower te
peratures, which gives rise to a change in the direction of
easy axis.

According to Moriya,18 two mechanisms can be respo
sible for the appeareance of weak ferromagnetism: the a
symmetric part of the anisotropic superexchange interac
or the magnetocrystalline anisotropy. In ScMnO3 the mag-
netic moments are placed in the (a,b) plane; therefore the
easy axis is contained in this plane. If the magnetocrystal
anisotropy was the origin of the weak ferromagnetism, a
happens in NiFe2 ~Ref. 18! and Mn3Sn,22 the spin canting
would originate a distortion of the magnetic structure in
der to decrease the anisotropy energy and the ferromag
component would appear in some direction in the (a,b)
plane. However the ferromagnetic component is only p
sible along thez direction; in consequence we believe th
the weak ferromagnetism observed in ScMnO3 is originated
by the antisymmetric part of the anisotropic superexcha
interaction, as ina-Fe2O3.
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V. CONCLUSION

Magnetic and specific-heat measurements show
YMnO3 and ScMnO3 become magnetically ordered belo
TN'70 K andTN'129 K, respectively. The Sc compoun
undergoes a second magnetic transition at around 50 K
weak ferromagnetism effect is observed in the whole orde
region. NPD data allowed us to unambiguously determ
their magnetic structures. Both compounds adopt a triang
magnetic structure with the moments in the (a,b) plane,
showing an antiferromagnetic coupling of thez50 and z
5 1

2 layers. In YMnO3, the Mn31 moments are perpendicula
to the @100# axes, and this structure is stable down toT
51.7 K. In contrast, in the Sc compound the spins are p
allel to the@100# axes, immediately belowTN , but there is a
reorientation of the magnetic moments in the basal plan
temperatures lower than 75 K, due to a variation in the m
netic anisotropy with temperature. The weak ferromagnet
observed in ScMnO3 in the ordered region is believed to b
of Dzialoshinskii-Moriya type, and its origin is associate
with the antisymmetric part of the anisotropic superexcha
interaction. Polarized neutron-diffraction experiments wou
be necessary to confirm that the weak ferromagnetism is
rected along the@001# axis.

APPENDIX: DESCRIPTION OF THE POSSIBLE
MAGNETIC STRUCTURES BASED ON GROUP THEORY

The possible magnetic structures compatible with
crystal symmetry are obtained by applying the representa
theory described by Bertaut.23 Both YMnO3 and ScMnO3
have the crystallographic space groupP63cm, and in both
cases only Mn atoms have a magnetic moment. As
propagation vector isk50 for both compounds, the theore
ical treatment by group theory is the same in both cases

For k50 the little groupGk coincides with the space
group P63cm. According to Kovalev,24 the irreducible rep-
resentations ofGk are those shown in Table IV.G1 , G2 , G3,
and G4 are unidimensional representations whereasG5 and
G6 are two-dimensional representations. A representatioG
with the Fourier componentsmia

k ( i 51,2, . . . ,6; a
5x,y,u,z) corresponding to the Mn atoms is then co
structed. As the primitive cell is hexagonal, it is convenie
to write mi

k in terms of the unitary vectorsex, ey andez that
define the hexagonal unit cell plus the unitary vectoreu
~whereeu52ex2ey):

mi
k5mix

k ex1miy
k ey1miu

k eu1miz
k ez, ~A1!

wheremix
k ,miy

k , andmiu
k verify the relation:mix

k 1miy
k 1miu

k

50. The value of the magnetic moment for the atomi is

mi5mi
k1mi

2k; with ~mi
k!!5mi

2k. ~A2!

The decomposition ofG in terms of the irreducible repre
sentations ofGk is

G5G112G212G31G413G513G6 . ~A3!

The basis vectors belonging to each irreducible repres
tation are presented in Table V. ForG1 andG4 the magnetic
moments are in a plane perpendicular to thez axis. In both
cases the Mn magnetic moments are perpendicular to
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TABLE IV. Irreducible representations of the space groupGk5P63cm for k50. The symmetry operators are given in Kovalev
notation~KV ! and in a notation based in Hermann-Mauguins symbols~IT!. v5eip/3.

KV h1 h2 /(ta! h3 h4 /(t) h5 h6 /(t) h19/(t) h20 h21/(t) h22 h23/(t) h24

IT 1 63z
1 3z

1 21z 3z
2 63z

2 c(2x,x,z) m(x,x,z) c(x,2x,z) m(0,y,z) c(x,x̄,z) m(x,0,z)

Pos. x

y

z

x2y

x

z1
1
2

ȳ

x2y

z

x̄

ȳ

z1
1
2

x̄1y

x̄

z

y

x̄1y

z1
1
2

x

x2y

z1
1
2

y

x

z

x̄1y

y

z1
1
2

x̄

x̄1y

z

ȳ

x̄

z1
1
2

x2y

ȳ

z

G1 1 1 1 1 1 1 1 1 1 1 1 1
G2 1 1 1 1 1 1 21 21 21 21 21 21
G3 1 21 1 21 1 21 1 21 1 21 1 21
G4 1 21 1 21 1 21 21 1 21 1 21 1
G5 I B1 2B2 2I 2B1 B2 A C1 2C2 2A 2C1 C2

G6 I 2B1 2B2 I 2B1 2B2 A 2C1 2C2 A 2C1 2C2

Where: I5S1 0

0 1D A5S0 1

1 0D B15Sv 0

0 v!D B25Sv! 0

0 v
D C15S 0 v

v! 0D C25S0 v!

v 0 D
at5(0,0,12 ).
o

e

nt
@100# axes. As it can be seen in Figs. 15~a! and 15~d!, for G1
the magnetic coupling between the layersz50 andz5 1

2 is
antiferromagnetic whereas forG4 the coupling is ferromag-
netic. ForG2 andG3 the magnetic moments have a comp
 -

nent in the basal plane and a component parallel to thez axis
@Figs. 15~b! and 15~c!#. In both cases, the component in th
basal plane is parallel to the@100# axes. ForG2 the coupling
between thez layers is antiferromagnetic for the compone
ion is
0°
TABLE V. Basis vectors corresponding to the Mn atoms, at the site 6c. The notation for the direct
@exeyez#; ez is parallel to the sixfold axis andex andey are in the basal plane, forming between them a 12
angle.v5eip/3.

Repres. Basis Mn1 Mn2 Mn3 Mn4 Mn5 Mn6
ired. vectors (x,0,0) (0,x,0) ( x̄,x̄,0) ( x̄,0,12 ) (0,x̄, 1

2 ) (x,x, 1
2 )

G1 V1
1 @120# @ 2̄1̄0# @11̄0# @ 1̄2̄0# @210# @ 1̄10#

G2 V1
2 @100# @010# @ 1̄1̄0# @ 1̄00# @01̄0# @110#

V2
2 @001# @001# @001# @001# @001# @001#

G3 V1
3 @100# @010# @ 1̄1̄0# @100# @010# @ 1̄1̄0#

V2
3 @001# @001# @001# @001̄# @001̄# @001̄#

G4 V1
4 @120# @ 2̄1̄0# @11̄0# @120# @ 2̄1̄0# @11̄0#

V1
5 S @100#

v!@ 1̄00#
D S v@01̄0#

v@01̄0#
D S v!@110#

@ 1̄1̄0#
D S @100#

v!@ 1̄00#
D S v@01̄0#

v@01̄0#
D S v!@110#

@ 1̄1̄0#
D

G5 V2
5 S @010#

v!@110#
D S v@110#

v@ 1̄00#
D S v!@ 1̄00#

@010#
D S @010#

v!@110#
D S v@110#

v@ 1̄00#
D S v!@ 1̄00#

@010#
D

V3
5 S @001#

v!@001̄#
D S v@001̄#

v@001̄#
D S v!@001̄#

@001#
D S @001̄#

v!@001#
D S v@001#

v@001#
D S v!@001#

@001̄#
D

V1
6 S @100#

v!@100#
D S v@01̄0#

v@010#
D S v!@110#

@110#
D S @ 1̄00#

v!@ 1̄00#
D S v@010#

v@01̄0#
D S v!@ 1̄1̄0#

@ 1̄1̄0#
D

G6 V2
6 S @010#

v!@ 1̄1̄0#
D S v@110#

v@110#
D S v!@ 1̄00#

@01̄0#
D S @01̄0#

v!@110#
D S v@ 1̄1̄0#

v@ 1̄00#
D S v!@100#

@010#
D

V3
6 S @001#

v!@001#
D S v@001̄#

v@001#
D S v!@001̄#

@001̄#
D S @001#

v!@001#
D S v@001̄#

v@001#
D S v!@001̄#

@001̄#
D
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in the (x,y) plane and ferromagnetic for the compone
along thez axis. On the contrary, forG3, the coupling be-
tween thez layers is ferromagnetic for the component in t
basal plane and ferromagnetic for thez component.

As G5 andG6 are two dimensional and complex represe
tations the orientations of the magnetic moments canno
obtained in a direct way. The magnetic modes will be o
tained by following the procedure given by Bertaut in R
25. For instance, forG5, the Fourier componentsmi

k can be
written as a linear combination of the basis functions giv
in Table V as

m1
k5V1x

5 ex1V1y
5 ey1V1u

5 eu1V1z
5 ez, ~A4a!

m2
k52v!V1u

5 ex2v!V1x
5 ey2v!V1y

5 eu2v!V1z
5 ez,

~A4b!

m3
k52vV1y

5 ex2vV1u
5 ey2vV1x

5 eu2vV1z
5 ez, ~A4c!

m4
k5V1x

5 ex1V1y
5 ey1V1u

5 eu2V1z
5 ez, ~A4d!

m5
k52v!V1u

5 ex2v!V1x
5 ey2v!V1y

5 eu1v!V1z
5 ez,

~A4e!

m6
k52vV1y

5 ex2vV1u
5 ey2vV1x

5 eu1vV1z
5 ez, ~A4f!

where V1a
5 5V11a

5 /6;(a5x,y,u,z). The function V11u has
been obtained after applying the projection operator met
to the Fourier componentmiu

k , parallel to the directioneu. It
is verified V11u

5 52(V11x
5 1V11y

5 ). In general, the relations
given in Eqs.~A4! lead to a magnetic structure with non
equal moment for the different Mn atoms. However, first
will look for solutions with equal moduli. Thus we establis
the condition thatmi

2 takes the same value for all the M
atoms. It implies

FIG. 15. Magnetic structures forRMnO3 associated to the uni
dimensional irreducible respresentations.~a! For G1, ~b! for G2, ~c!
for G3, ~d! for G4.
t

-
e

-
.

n

d

~V1x
5 !21~V1y

5 !21~V1u
5 !21~V1z

5 !250, ~A5a!

V1x
5 V1y

5 1V1x
5 V1u

5 1V1y
5 V1u

5 50. ~A5b!

As V1x
5 1V1y

5 1V1u
5 50, the Eqs.~A5! transform into

~V1z
5 !250, ~A6a!

~V1x
5 !21~V1y

5 !21V1x
5 V1y

5 50. ~A6b!

Equation~A6a! implies that the magnetic moment lie in th
(x,y) plane and according to Eq.~A4! the coupling between
the layersz50 and z5 1

2 is ferromagnetic. To solve Eq
~A6b! let us putV1y

5 5aV1x
5 . Then, two solutions are pos

sible: the first one isa52v! and the second one isa
52v. On the one hand, ifa52v!, we obtain

m1
k5V1x

5 ~ex1«ey1«!eu!; with mi
k5m1

k i 52,3, . . . ,6,
~A7!

where«5v25e2p i /3. This solution corresponds to a ferro
magnetic spin arrangement with the magnetic moments
the basal plane. In caseV1x

5 is real the magnetic moments a
oriented parallel to the@100# direction@Fig. 16~a!# and along
the @120# direction if V1x

5 is purely imaginary@Fig. 16~b!#.
On the other hand, ifa52v, it results in

FIG. 16. Magnetic structures forRMnO3 associated with the
bidimensional irreducible representationG5. ~a! Ferromagnetic with
mii@100#. ~b! Ferromagnetic withmii@120#. ~c! m1i@100#. ~d!
m1i@120#. ~e! and ~f! solutions with nonequal moment parallel t
the z axis.
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TABLE VI. Magnetic structures exhibiting weak ferromagnetism of Dzialoshinskii-Moriya type. N
Those elements with the superscript8 are multiplied by the time-reversal symmetry element.

Repres. Configuration Ferromagnetic Symmetry
components elements

G2

m15moex;m25moey;m35moeu

mi1352mi

i@001# 63c8m8

G5

m1522m2522m35m0ez

mi1352mi

i@100# 1,21z8 ,c(x,2x,z),m8(x,0,z)

G5

m150;m252m35m0ez

mi1352mi

i@120# 1,21z8 ,c8(x,2x,z),m(x,0,z)

G5

m15moex;m25moeu;m35moey

mi135mi

i@100# 1,21z8 ,c(x,2x,z),m8(x,0,z)

G5

m15
mo

A2
~ey2eu!;m25

mo

A2
~ex2ey!

m35
mo

A2
~eu2ex!;mi135mi

i@120# 1,21z8 ,c8(x,2x,z),m(x,0,z)
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m1
k5V1x

5 ~ex1«!ey1«eu!

and m2
k5«!m1

k;m3
k5«m1

k;

m31 i
k 5mi

k for i 51,2,3. ~A8!

This solution corresponds to a triangular spin arrangemen
the (x,y) plane. The magnetic moment of the Mn atoms
and 3, m2 and m3 are obtained by rotating by2120° and
120° angle the magnetic momentm1, respectively, around
thez axis. The coupling between the layersz50 andz5 1

2 is
ferromagnetic. In caseV1x

5 is real or purely imaginary, the
magnetic moments are orientated along specific directio
So, m1 is parallel to the@100# direction for V1x

5 real @Fig.
16~c!# and parallel to the@120# direction for V1x

5 purely
imaginary@Fig. 16~d!#.

It is worth pointing out that the equal moment conditio
implies that (mi

k)25(mi
2k)250. It means, if the expressio

given for the magnetic moment in Eq.~A2! is considered,
that

mi
252mi

k
•mi

2k. ~A9!

According to Eq.~A2!, mi splits into two conjugate vectors
mi

k that belongs to the irreducible representationG5 andmi
Àk

to the (G5)!. So Eq.~A9! is in agreement with the fact tha
it is only possible to construct an effective spin Hamiltoni
of order 2, invariant under a groupGk , as products of two
basis vectors belonging to the same real or to two conjug
complex representations.26

According to Eq.~A3! the irreducible representationG5

appears three times, as it is bidimensional there must be
magnetic modes associated to it. The equal module cond
allowed us to find out four magnetic modes, so the anot
two modes must correspond to nonequal module solutio
As it can be seen in Eq.~A4!, the Fourier components alon
thez axis,miz

k , are only given in terms of the basis functio
V3

5 . So if it is assumed that the magnetic moment is para
to thez direction, the Fourier components are
in

s.

te

ix
on
er
s.

l

m1z
k 5V1z

5 ; m2z
k 52v!V1z

5 ; m3z
k 52vV1z

5 ;

and m( i 13)z
k 52m( i )z

k , for i 51,2,3. ~A10!

In this case the coupling between thez50 andz5 1
2 planes

is antiferromagnetic. The magnetic moment along thez di-
rection is

miz5m1z
k 1~m1z

k !!. ~A11!

In case V1z is real the solution corresponds tom1z
522m2z522m3z @Fig. 16~e!# and if V1z is purely imagi-
nary tom1z50; m2z52m3z @Fig. 16~f!#.

Regarding the possible magnetic modes associated toG6,
these can be obtained following a similar procedure as w
G5. The six magnetic modes belonging to theG6 are equiva-
lent to those ofG5: the orientation of the magnetic momen
in the z50 layer is the same, but the coupling betweenz
50 andz5 1

2 layers is different; for the modes with equ
magnetic moment, the coupling between them is antifer
magnetic and for the mode with nonequal magnetic mom
the coupling is ferromagnetic.

The different magnetic modes obtained here by the gr
theory representation coincides with the configurations c
culated by Nedlin21 using a thermodynamic method. In th
thermodynamic potential, besides including invariants as
ciated to the exchange interaction, terms corresponding
anisotropic relativistic interactions were taken into accou

Finally, once all the possible magnetic modes are kno
it can be determined in a direct way which solutions are a
to originate weak ferromagnetism of the Dzialoshinsk
Moriya type 18. From a symmetry point of view, weak fer
romagnetism is possible when a small deviation of the sp
from their original direction that gives rise to a ferromagne
component, does not change the symmetry of the magn
structure. It means that the magnetic space group remain
same. The magnetic modes for which weak ferromagnet
is possible are presented in Table VI.
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