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Crystal structure and magnetic properties of hexagonalRMnO3 „RÄY, Lu, and Sc…
and the effect of doping
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A ferroelectricity-magnetism-coexisting system, hexagonalRMnO3 (R5Y, Lu, and Sc!, has been investi-
gated by synchrotron x-ray and neutron powder diffraction measurements. It is found from x-ray diffraction
measurements that the ferroelectric polarization originates from the tilting of MnO5 polyhedra and the buckling
of R layers, which persists up to 1000 K. Neutron diffraction measurements have revealed the reduction of
ordered moments from the expected value, as well as strong magnetic diffuse scattering existing far aboveTN ,
both of which are caused by geometrical frustration of the triangular lattice of Mn ions. We have also
investigated the effects of Zr doping into theR site and have found that Zr doping drastically suppresses both
ferroelectric distortion and magnetic ordering.
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I. INTRODUCTION

Hexagonal manganitesRMnO3 (R is rare earth! are rare
compounds in the sense that ferroelectricity and magne
coexist in one compound. In these compounds, the Mn io
each of which is surrounded by three in-plane and two ap
oxygen ions~a MnO5 polyhedron!, form a triangular-lattice
layer and two adjacent layers are separated by a rare-e
layer, as shown in Fig. 1. Many studies have been done s
on both the ferroelectricity and magnetism of these co
pounds. As to the ferroelectricity, it is known that the tria
gular lattice of Mn ions has aA33A3 superstructure~a tri-
merization of Mn ions!, and this distortion leads to th
absence of centrosymmetry of the crystal~space group
P63cm) and the appearance of ferroelectric polarization p
pendicular to the layers~along thec axis!.1 Several reports2,3

claim that the ferroelectric Curie temperature of hexago
RMnO3 is ;900 K, but it has yet to be confirmed by di
fraction measurements. In fact, there have been few stu
on the temperature dependence of the crystal structure
the ferroelectric phase transition of hexagonalRMnO3 at
high temperatures. One of the main purposes of the pre
study is to clarify the crystal structure and its temperat
dependence, particularly at high temperatures, by sync
tron x-ray diffraction measurements.

Concerning the magnetism of hexagonalRMnO3, there
are several neutron-scattering measurements4–7 to investigate
the magnetic ordering of Mn moments. According to tho
studies, the ordering pattern of the Mn moments in hexa
nal RMnO3 is the so-called 120° structure, where the M
moments lie within a layer and neighboring Mn moments
a layer are aligned by 120° different directions. The N´el
0163-1829/2002/66~13!/134434~8!/$20.00 66 1344
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temperature (TN) ranges from 70 K to 130 K upon changin
the rare earthR, and this is much lower than a Weiss tem
perature (u), typically uuu;10TN . This substantial reduction
of TN compared withuuu is attributed to strong geometrica

FIG. 1. ~a! Schematic representation of the crystal structure
hexagonalRMnO3. The arrows show the displacement of each i
from the structure with a higher symmetry.~b! A structure of MnO
plane, composed of Mn~solid circles! and O~3!, and O~4! ~open
circles!. The dotted lines illustrate the formation of Mn trimers.~c!
A schematic picture of the tilting of a MnO5 polyhedron and the
displacement of the rare earth.
©2002 The American Physical Society34-1
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frustration of the triangular lattice of the Mn ions.8 We note,
however, that theR dependence of the magnetic and stru
tural properties ofRMnO3 has not been well understood. T
understand the unique coexistence of magnetism and fe
electricity and their interplay8–10 in hexagonalRMnO3, it is
essential to know how various parameters, both for mag
tism ~Néel temperature, size of the ordered moment, etc.! and
for the structure~lattice constants, lattice distortion, etc!,
change under variation ofR. The second purpose of thi
study is to clarify theR dependence of various properties
RMnO3, and for this purpose, we have made a system
investigation of RMnO3 under variation ofR, including
neutron-scattering measurements to complement the stu
in the past.

The third purpose is to pursue the doping effect in h
agonalRMnO3. It is well known that hole doping into per
ovskiteRMnO3 results in the appearance of a ferromagne
metallic phase and so-called colossal magnetoresistan11

As to hexagonalRMnO3, several reports12–14have been pub-
lished on Ca21 and Zr41 doping for theR31 site, as well as
doping into the Mn site. However, it is not clear how su
doping affects the magnetism and ferroelectricity. Here,
have tried several different types of doping and have stud
the change of magnetism and structures upon doping.

II. SAMPLE PREPARATION

Single crystals of YMnO3 and LuMnO3 were grown by a
floating-zone method as described in Ref. 8. A single cry
of ScMnO3 was not obtained by the same method. A po
crystalline sample was prepared instead following
method by Bieringer and Greedan.6 A polycrystalline sample
of LuMnO3 for neutron-scattering measurements was a
made by a conventional solid-state-reaction method. Ma
scopic properties of these samples have been publis
already.8

We tried several different types of doping into hexago
RMnO3. First, Ca21 doping into R31, such as Lu12xCax
MnO3, was attempted but turned out to be unsuccessfu
perovskite impurity phase was always detected, and its
ume fraction estimated from the Rietveld analysis is alm
the same as the concentration of doped Ca. In addition,
change of lattice constants with Ca doping was barely
served. On the other hand, Zr41 doping intoR31 was suc-
cessful. Any trace of perovskite impurity phase was not
served, and even a single crystal was grown by the float
zone method for low Zr concentration (Y0.95Zr0.05MnO3).
With increasing Zr concentration, however, a discerni
amount of ZrO2 impurity was detected. In the case
Y0.8Zr0.2MnO3, for example, about 60% Zr precipitates
ZrO2 and 40% (x50.08) goes into the hexagonal phas
This impurity basically does not affect the result below, e
cept for the deviation of the composition from the nomin
one. We use the nominal composition to label the samp
below.

The effect of Mn-site doping was also investigated. It w
found that Cr and Co doping into the Mn site always leads
perovskite impurity phases. Only Fe doping can keep
hexagonal structure up to;15% doping. However, it was
13443
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found that Fe doping with this concentration least affe
physical properties. Therefore, we focus only on Zr to e
plore the doping effect on theRMnO3 below.

III. EXPERIMENT

A high-temperature x-ray diffraction measurement usin
synchrotron radiation X-ray source was carried out
SPring-8 BL02B2 equipped with a large Debye-Sherrer ca
era. For the measurements, single crystals or polycrysta
samples were crushed into powder, and then a precipita
method15 was applied to get fine powder with a homog
neous size. The powder was sealed in a 0.2- or 0.3-mm -d
quartz capillary, and temperature was controlled by a hi
temperature~300–1000 K! N2 gas flow system. The wave
length was 0.750 86 Å for the samples containing Y to av
x-ray absorption and 0.50098 Å for the rest. One set of d
was collected for 15 min.

Neutron powder diffraction measurements were p
formed using the Kinken powder diffractomater for hig
efficiency and high-resolution measurements~HERMES! in-
stalled at the JRR-3M reactor at the Japan Atomic Ene
Research Institute, Tokai, Japan.16 Neutrons with wavelength
1.8196 Å were obtained by the 331 reflection of the G
monochromator and 128-B-sample-228 collimation. About
10 g powder was sealed in a 10-mm-diam vanadium cell,
temperature control was made by a closed-cycle He-gas
frigirator between 10 and 300 K. One data point was c
lected for 18 min.

The obtained x-ray and neutron powder diffraction p
terns were analyzed using theRIETAN-97 program to obtain
structural parameters. The estimation of the size of magn
moment with a noncollinear order was made separately
peak fitting and calculation.

IV. X-RAY DIFFRACTION MEASUREMENT

Figure 2 shows the Rietveld analysis of the x-ray diffra
tion pattern for LuMnO3 at 300 K as a typical example. Firs

FIG. 2. Rietveld refinement patterns of the x-ray diffractio
measurement for LuMnO3 at 300 K. Plus marks represents the o
served x-ray diffraction intensities, and the solid line is calcula
intensities. The vertical marks indicate the position of Bragg pea
and the solid line at the bottom corresponds to the difference
tween observed and calculated intensities.
4-2
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let us focus on the temperature dependence of lattice
stants. As can be seen in Fig. 3, the in-plane lattice cons
~a! shows a gradual increase with increasing temperature
tween 300 and 1000 K for all YMnO3, LuMnO3, and
ScMnO3, and this result can be explained by a simple th
mal expansion. On the other hand, the lattice constant a
thec axis ~c! shows different behaviors depending onR. The
c lattice constant increases with increasing temperature
ScMnO3, whereas it rather decreases with increasing te
perature for YMnO3. In particular, the decrease of a lattic
constant with increasing temperature~negative thermal coef
ficient! in YMnO3 for a wide temperature range~300–1000
K! is fairly anomalous and is related to the ferroelectric d
tortion, as will be discussed later.

There are several reports claiming that the ferroelec
Curie temperatureTC of hexagonalRMnO3 is ;900 K.2

However, we could find no evidence of a structural pha
transition up to 1000 K for eitherRMnO3 in our experiment.
As an example, the x-ray diffraction patterns of YMnO3 at
300 K and 1000 K are shown in Fig. 4. The peaks given
arrows correspond to those arising from the theA33A3 dis-
tortion, but they persist even up to 1000.17 We note that
lattice constants~Fig. 3! and resistivity8 vary smoothly with
temperature with no anomaly up to 1000 K. These res
indicate that the ferroelectric Curie temperature is ab
1000 K for anyRMnO3. The atomic parameters of LuMnO3
and YMnO3 at 300 K and 1000 K are summarized in Table
The values of selected bond lengths are shown in Table

TheA33A3 distortion contains the displacement of va
ous atoms. The arrows in Fig. 1~a! illustrate the displacemen
of each atom from the position in the high-symmetry pha
The distortion can be roughly understood as the combina
of ~1! the tilting of the MnO5 polyhedra toward O~3! ~a
center of the threefold symmetry! and~2! the buckling of the
R plane. The Mn ions do not show any significant shift t
ward the center of a trimer@O~3!#, indicating that the main

FIG. 3. Temperature dependence of the in-plane lattice cons
~a! and out-of-plane lattice constant (c), both of which are normal-
ized to the values at 300 K, for YMnO3 ~solid circles!, LuMnO3

~open circles!, and ScMnO3 ~solid squares!.
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origin of the A33A3 distortion is not the contraction o
three Mn ions. It is notable that the displacement of the
plane oxygen@O~3! and O~4!# along thec axis is opposing
that ofR, resulting in twoR-O bonds~parallel to thec axis!
with largely different lengths. Such a shift ofR against the
in-plane oxygen is caused by the displacement of the ap
oxygen @O~1! and O~2!# along theab plane, which pushes
off R as illustrated in Fig. 1~c!.

Since theR atom is off the center of two in-plane oxyge
atoms along thec axis, a dipole moment exists in on
O-R-O-R . . . chain in thec direction. The direction of this
dipole moment is opposite between the O(4)-R(2)-
O(4)-R(2) . . . chain and O(3)-R(1)-O(3)-R(1) . . .
chain, but is not canceled because the number of
O(4)-R(2)-O(4)-R(2) . . . chain is twice that of the
O(3)-R(1)-O(3)-R1 . . . chain. Therefore, the tilting of the
MnO5 polyhedra and the buckling of theR plane produces a
ferrielectric state on the triangular lattice.

Another important consequence of the tilting of the MnO5
polyhedra and the buckling of theR plane is the elongation
of the c axis, as illustrated in Fig. 1~c!. This counterintuitive
characteristic can cause a decrease of thec lattice constant
when the tilting and buckling are reduced, for example, w
increasing temperature. Figure 5 shows how the magnit
of the tilting and buckling changes with temperature. He
the magnitude of the tilting of MnO5 polyhedra is repre-
sented by the angle between the O~3!-O~4! ~in-plane oxygen!
bond and theab plane @Fig. 5~a!# and also by the angle
between the O~1!-O~2! ~apical oxygen! bond and thec axis
@Fig. 5~b!#. The buckling of theR plane is represented by th
difference of thez position of two inequivalentR ions,
R(1)z2R(2)z @Fig. 5~c!#. As can be seen, the magnitude
the tilting and the buckling is reduced with increasing te
perature, most prominently in YMnO3. Since this tilting and
buckling are supposed to disappear at the ferroelectric C
temperatureTC, the experimental result implies that YMnO3
has the lowestTC. Thus, it can be concluded that the d
crease of thec lattice constant of YMnO3 shown in Fig. 3
comes from the reduction of the tilting and buckling wi
increasing temperature, which is the largest for YMn3
among three rare earths.

nt

FIG. 4. X-ray diffraction patterns for YMnO3 at 300 K and 1000
K. The arrows show the peaks arising from the trimer distortion
4-3
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TABLE I. Atomic parameters for selectedRMnO3 from synchrotron x-ray powder diffraction refine
ments. The space group isP63cm. Atomic positions:R~1! at 2a (0,0,z), R~2! at 4b (1/3,2/3,z), Mn at
6c (x,0,0), O~1! and O~2! at 6c (x,0,z), O~3! at 2a (0,0,z), and O~4! at 4b (1/3,2/3,z).

Lu Y Y 0.8Zr0.2

300 K 1000 K 300 K 1000 K 300 K

a ~Å! 6.0459~2! 6.1022~2! 6.1483~3! 6.2055~2! 6.1258~5!

c ~Å! 11.4074~3! 11.4182~3! 11.4432~4! 11.3935~3! 11.2407~6!

R(1)z 0.280~2! 0.270~1! 0.2689~6! 0.2609~9! 0.251~1!

R(2)z 0.237~2! 0.234~2! 0.2294~6! 0.2328~9! 0.233~1!

Mnx 0.339~2! 0.355~1! 0.323~1! 0.326~2! 0.328~3!

O(1)x 0.319~8! 0.323~6! 0.325~2! 0.323~4! 0.331~8!

O(1)z 0.174~3! 0.161~6! 0.163~2! 0.170~3! 0.176~3!

O(2)x 0.638~6! 0.652~6! 0.629~2! 0.644~4! 0.658~8!

O(2)z 0.344~3! 0.326~6! 0.338~2! 0.344~2! 0.344~3!

O(3)z 0.474~5! 0.467~5! 0.484~3! 0.487~3! 0.509~3!

O(4)z 0.022~3! 0.011~4! 0.022~2! 0.020~2! 0.029~2!
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Zr doping has a conspicuous effect on the crystal struc
of RMnO3. As shown in Table I, thec lattice constant is
substantially (;2%) decreased with Zr doping. As dis
cussed above, the shorterc axis implies a smaller magnitud
of the tilting of MnO5 and the buckling of theR plane. Such
a reduction of the distortion is experimentally seen in
x-ray diffraction pattern, as shown in Fig. 6, where the pe
arising from theA33A3 distortion drastically decrease i
their intensity with Zr doping. The magnitude of the tiltin
and the buckling obtained from Rietveld analysis is shown
Fig. 7. These results indicate that Zr doping heavily redu
the ferroelectric distortion ofRMnO3. The origin of this dop-
ing effect will be discussed in Sec. VI.

V. NEUTRON-SCATTERING MEASUREMENT

In neutron diffraction patterns of LuMnO3, magnetic
Bragg peaks grow belowTN586 K, as shown in Fig. 8~a!. It
13443
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is known that, although allRMnO3 has magnetic ordering
with 120° structure, there remain two degrees of freedo
the direction of the magnetic moment~represented byw) and
the relation between two adjacent MnO layers~‘‘parallel’’ or
‘‘antiparallel’’ !, as illustrated in Fig. 9~a!. We note that the
~100! peak, which should appear at;20°, is almost absen
in LuMnO3. If there is noA33A3 distortion, this peak is
forbidden when the spin configuration is~1! ‘‘parallel’’ and
w590° @Fig. 9~b!# or ~2! ‘‘antiparallel’’ and w50° @Fig.
9~c!#. In fact, these two spin configurations produce co
pletely the same peak profile if there is no distortion. Thou
it is in principle possible to discriminate these two spin co
figurations in the presence of theA33A3 distortion, our
experimental accuracy is not enough to identify the corr
spin configuration. From nonlinear optical measureme
Fiebiget al.21 reported that parallel andw590° is the correct
spin configuration of LuMnO3.22
s for
r the
TABLE II. Values of selected bond lengths from synchrotron x-ray powder diffraction refinement
ScMnO3 , LuMnO3, and YMnO3, at 300 K and 1000 K, respectively. The bonds in parentheses are fo
average values.

ScMnO3 LuMnO3 YMnO3

300 K 1000 K 300 K 1000 K 300 K 1000 K

Mn-O~1! 1.92~2! 1.93~3! 1.98~3! 1.85~7! 1.86~2! 1.94~3!

Mn-O~2! 1.84~2! 1.85~3! 1.78~3! 1.98~6! 1.87~2! 1.79~3!

Mn-O~3! 2.01~1! 2.065~9! 2.07~2! 2.20~1! 1.999~7! 2.03~1!

Mn-O~4! 1.944~5! 1.950~6! 2.013~8! 1.974~5! 2.096~4! 2.104~6!

~Mn-O! 1.93 1.95 1.97 2.00 1.98 1.99
R(1)-O(1) 2.30~2! 2.33~3! 2.28~4! 2.33~5! 2.34~2! 2.26~3!

R(1)-O(2) 2.29~1! 2.21~3! 2.31~4! 2.22~4! 2.42~2! 2.41~3!

R(1)-O(3) 2.20~4! 2.02~4! 2.21~5! 2.25~6! 2.46~3! 2.57~3!

@R(1)-O# 2.28 2.23 2.28 2.27 2.39 2.37
R(2)-O(1) 2.05~1! 2.15~2! 2.18~3! 2.23~3! 2.21~1! 2.22~1!

R(2)-O(2) 2.16~1! 2.11~2! 2.29~2! 2.25~4! 2.31~1! 2.37~1!

R(2)-O(4) 2.33~2! 2.46~2! 2.46~3! 2.54~4! 2.37~2! 2.42~2!

@R(2)-O# 2.14 2.18 2.27 2.28 2.28 2.31
(R-O) 2.19 2.20 2.27 2.28 2.32 2.33
4-4
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Figure 10 plots the temperature dependence of the siz
magnetic moment.18 The magnetic moment at 10 K i
;3.1mB , which is discernibly smaller than the expect
value for Mn31 (S52), 4mB . Such reduction of the mag
netic moment is also observed in YMnO3 (2.90mB) and
ScMnO3 (3.54mB) in a previous study.7

Another feature related to magnetism is a broad p
around the~100! peak (;20°, forbidden in LuMnO3), most
strongly observed aroundTN as shown in Fig. 11, which ca
be assigned to a magnetic diffuse scattering.6 What is strik-
ing in LuMnO3 is that this magnetic diffuse scattering su

FIG. 5. Temperature dependence of~a! the tilting angle of in-
plane oxygen ions,~b! the tilting angle of apical oxygen ions, an
~c! the magnitude of the buckling ofR ions. Solid circles with error
bars, solid lines, and dotted lines are the data of YMnO3 , LuMnO3,
and ScMnO3, respectively. The error bars for LuMnO3 and
ScMnO3 are omitted for clarity of the figure, but are comparab
with those of YMnO3.

FIG. 6. X-ray diffraction patterns of Y12xZrxMnO3. The arrow
shows the peaks arising from the trimer distorion.
13443
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vives at least up to 220 K (;3TN). This result indicates tha
a spin fluctuation exists far aboveTN in LuMnO3. As dis-
cussed in Sec. I, the Weiss temperature (uuu) of RMnO3 is
much higher thanTN ~typically ;10TN), and such a sup-
pression ofTN compared withuuu is attributed to the strong
geometrical frustration inherent to the triangular lattice. W
note that magnetic diffuse scattering far above the orde
temperature has been observed in many spin systems
strong geometrical frustration and is attributed to quant
critical fluctuations of antiferromagnetic spin clusters f
TN,T!uuu.23,24Thus, it can be speculated that the observ
magnetic diffuse scattering in hexagonalRMnO3 has the
same origin. To further investigate this magnetic diffuse sc
tering, a study of the energy dependence, i.e., a neut
inelastic-scattering measurements is necessary.

Zr doping affects also the magnetic ordering. As shown
Fig. 8~b!, the intensity of the magnetic Bragg peaks
heavily suppressed for Lu0.8Zr0.2MnO3.25 On the other hand,
the magnetic diffuse scattering, which disappears at the l

FIG. 7. The tilting angle of in-plane oxygen ions~solid circles,
the left axis! and apical oxygen ions~solid squares, the left axis!,
and the magnitude of theR buckling ~open circles, the right axis! as
a function of Zr concentration for Y12xZrxMnO3.

FIG. 8. Neutron diffraction patterns of~a! LuMnO3 and ~b!
Lu0.8Zr0.2MnO3 at 100 K and 300 K. The arrows with Miller indice
refer to magnetic Bragg peaks.
4-5
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T. KATSUFUJI et al. PHYSICAL REVIEW B 66, 134434 ~2002!
est temperature for pure LuMnO3, exists even at the lowes
temperature for the Zr-doped sample, as shown in Fig.
This clearly indicates that Zr doping changes the long-ra
ordering of the Mn moments into short-range antiferrom
netic clusters even at the lowest temperature. This result
be discussed in the next section.

VI. DISCUSSION

The R dependences of several important parameters
summerized in Fig. 13, where thex axis denotes the ionic
radius of R. Lattice constantsa and c are plotted in Fig.
13~a!, which increase with increasing the ionic radius ofR.
Figure 13~b! plots the thermal expansion coefficien
(Da/DT)/a and (Dc/DT)/c, which are determined by fit
ting the data of the lattice constant vs temperature to a lin
function between 300 and 700 K. The behavior
(Dc/DT)/c has been discussed in Sec. IV. The tilting an
of MnO5 polyhedra increases with decreasing the ionic
dius ofR @Fig. 13~c!#. A similar relation has been observed
perovskite structuresAMO3 with so-called GdFeO3 distor-
tion, where the tilting angle ofMO6 octahedra increases wit

FIG. 9. ~a! A schematic picture of spin ordering with the anglec
in the parallel and antiparallel configurations. Open circles indic
Mn ions in a layer, and solid circles indicate Mn ions in the ne
layer separated byz/2. ~b! and~c! illustrate two possible spin con
figurations for LuMnO3.

FIG. 10. Temperature vs magnetic moment for LuMnO3 esti-
mated from neutron diffraction measurements.
13443
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decreasing the ionic radius ofA.26 This tilting of MO6 octa-
hedra in the perovskite structure can be explained by a m
match of the ionic radius in the crystal. That is, the ion
radius ofA is too small to form a cubic perovskite structur
and thus the crystal is distorted to fill up the space around
A ions. We speculate that the tilting ofRMnO3 can be ex-
plained by a similar ionic model. The only difference
RMnO3 from such a conventional tilting-type distortion
that the local electric polarization produced by the tilting
not canceled in the total crystal because of the triangu
lattice, i.e., the odd number of MnO5 octahedra in a unit,
resulting in the remnant ferroelectric polarization.

A Néel temperature and a Weiss temperature also cha
with R @Fig. 13~d!#, which can be explained by the change
lattice constants. Namely, as the in-plane lattice constant
comes smaller and the Mn-Mn distance becomes shorter
exchange interaction increases and thus both the Ne´el tem-
perature and Weiss temperature increase. On the other h
the reduction of ordered magnetic moment from the expec

FIG. 11. Neutron diffraction patterns expanded along they axis
for LuMnO3 at various temperatures. Broad peaks correspond
magnetic diffuse scattering.

FIG. 12. Neutron diffraction patterns expanded along they axis
for Lu0.8Zr0.2MnO3 ~upper! and for LuMnO3 ~lower! at 90 K and 10
K.
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CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES . . . PHYSICAL REVIEW B 66, 134434 ~2002!
value (4mB) and its R dependence@Fig. 13~e!# may allow
several explanations. One possibility is that a part of
magnetic moment is still fluctuating even at the lowest te
perature because of strong frustration of the triangular latt
In this case, the tilting of MnO5 polyhedra and the formation
of trimers, whose magnitude increases with decreasing
ionic radius ofR, stabilize a specific 120° structure and th
reduce the frustration, leading to a recovery of the orde
moment.

Let us move on to the effect of Zr doping. The princip
effect of Zr41 doping into theR31 site would be electron
doping into the Mn31 ions, i.e., the formation of Mn21.
However, experimentally confirmation of the existence
Mn21 has yet to be made.20 Here, we assume that Mn21 ions
exist in Zr-doped samples and continue the discussion.
note that the resistivity of Zr-doped samples is as high as
of the parent compoundsRMnO3,19 indicating that Mn21 is
fairly localized in R12xZrxMnO3. It is expected that the
magnetic interaction between Mn21-Mn31 is different from
the interaction between Mn31-Mn31. In fact, the magnetic
susceptibility of YMnO3 is enhanced with Zr doping particu
larly at low temperatures, as shown in Fig. 14, indicating
drastic decrease of the Weiss temperatureuuu with a small
amount of electron doping. This suggests that
Mn21-Mn31 interaction is ferromagnetic and cancels t
strong antiferromagnetic interaction between Mn31-Mn31.
Therefore, suppression of the ordered moment and the e

FIG. 13. ~a! Lattice constants,~b! thermal expansion coeffi
cients,~c! tilting angle of in-plane oxygen ions at 300 K,~d! Néel
temperatures~left axis! and Weiss temperatures~right axis!, and~e!
the size of magnetic moment at the lowest temperature, as a f
tion the ionic radius ofR. The size of the magnetic moment fo
YMnO3 and ScMnO3 is from Ref. 7.
13443
e
-
e.

he

d
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f

e
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a

e

is-

tence of magnetic diffuse scattering at low temperatures f
Zr-doped sample can be ascribed to a spin-glass-like be
ior caused by the coexistence of antiferromagnetic and
romagnetic interactions. It should also be pointed out tha
cusp of the magnetic susceptibility at TN observed in pure
RMnO3 disappears with Zr doping, consistent with the su
pression of the magnetic Bragg peak in neutron scatterin

Concerning the reduction of the tilting angle of MnO5
polyhedra with Zr doping, several explanations are possi
On the basis of the ionic model discussed above, the cha
of the tilting angle with Zr doping can be attributed to th
larger Mn21 ion than the Mn31 ion. It is not obvious, how-
ever, why a larger ionic radius on the Mn site leads to
smaller tilting angle in this structure. Another possibility is
take account of the Coulombic potential~Madelung poten-
tial!, which stabilizes a specific distortion. Since Zr dopi
changes the amount of charge on each ion, the Made
potential also changes, resulting in a possible change of
tilting angle. The third possibility is to take account of th
hybridization between Mn 3d states and oxygen 2p states.
The Mn31 state in hexagonalRMnO3 has an unoccupied
nondegenerate 3z22r 2 state, which splits from other state
by ;1.6 eV,27 and this empty 3z22r 2 state is occupied by
one electron in Mn21. Recently, Khomskii28 proposed that
strong hybridization between occupied 2p states of oxygen
and empty 3d states of transition metal is important for th
ferroelectric distortion of many oxides such as BaTiO3, and
that explains why the coexistence of magnetism, which
quires partially occupied 3d states, and ferroelectricity is
rare. On the basis of this scenario, the empty 3z22r 2 state is
important for the ferroelectric distortion ofRMnO3, but elec-
tron doping into this 3z22r 2 state by Zr doping can reduc
this distortion. Further studies are required, however, to
derstand the reduction of ferroelectric distortion with Zr do
ing, which must be closely related to the origin of ferroele
tricity in RMnO3.

VII. SUMMARY

By synchrotron x-ray and neutron powder diffractio
measurements, we have investigated hexagonalRMnO3,

c-

FIG. 14. Temperature dependence of the magnetic susceptib
for Y 12xZrxMnO3. Applied magnetic field is 1000 Oe.
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T. KATSUFUJI et al. PHYSICAL REVIEW B 66, 134434 ~2002!
where ferroelectric polarization perpendicular to the Mn
angular lattice and magnetic ordering of the Mn mome
with the 120° structure coexist. From synchrotron x-r
powder diffraction measurements, it is found that the elec
polarization originates from the tilting of MnO5 polyhedra
and the buckling ofR planes, which persists at least up
1000 K. As a consequence of this distortion, lager tilting
MnO5 causes a longerc axis, resulting in negative therma
coefficient of thec lattice constant for YMnO3. Neutron dif-
fraction measurements revealed that the size of the ord
moment is reduced from the expected value of Mn31 and
that magnetic diffuse scattering, indicative of spin fluctu
tion, exists far aboveTN (;3TN). These magnetic proper
ties are caused by strong geometrical frustration of spins
the triangular lattice of Mn ions. The effects of Zr dopin
into the R site ~electron doping into the Mn site! were also
investigated. The ferroelectric distortion, i.e., the tilting
MnO5 polyhedra and the buckling ofR planes, is heavily

*Present address: Department of Physics, Waseda University
kyo 169-8555, Japan.
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