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A ferroelectricity-magnetism-coexisting system, hexagd®einO; (R=Y, Lu, and Sg¢, 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;Moi9hedra 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 fagabove
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 tResite and have found that Zr doping drastically suppresses both
ferroelectric distortion and magnetic ordering.

DOI: 10.1103/PhysRevB.66.134434 PACS nuniber75.50.Ee, 77.86-¢, 61.10.Nz, 75.25:z

. INTRODUCTION temperature Ty) ranges from 70 K to 130 K upon changing
the rare earttR, and this is much lower than a Weiss tem-
Hexagonal manganiteBMnO; (R is rare earthare rare  perature ), typically | |~ 10Ty . This substantial reduction
compounds in the sense that ferroelectricity and magnetismaf Ty compared with 6| is attributed to strong geometrical
coexist in one compound. In these compounds, the Mn ions,
each of which is surrounded by three in-plane and two apical
oxygen ions(a MnG; polyhedron, form a triangular-lattice
layer and two adjacent layers are separated by a rare-earth
layer, as shown in Fig. 1. Many studies have been done so far
on both the ferroelectricity and magnetism of these com-
pounds. As to the ferroelectricity, it is known that the trian-
gular lattice of Mn ions has &3x /3 superstructuréa tri-
merization of Mn iong and this distortion leads to the
absence of centrosymmetry of the crysi{@pace group
P65;cm) and the appearance of ferroelectric polarization per-
pendicular to the layer&@long thec axis).* Several reports’
claim that the ferroelectric Curie temperature of hexagonal
RMnO; is ~900 K, but it has yet to be confirmed by dif-
fraction measurements. In fact, there have been few studies
on the temperature dependence of the crystal structure and
the ferroelectric phase transition of hexagoRWnO; at
high temperatures. One of the main purposes of the present
study is to clarify the crystal structure and its temperature
dependence, particularly at high temperatures, by synchro-
tron x-ray diffraction measurements.
Concerning the magnetism of hexagoR¥InO;, there FIG. 1. (@) Schematic representation of the crystal structure of
are several neutron-scattering measurenfehts Investigateé  phexagonaRMnO;,. The arrows show the displacement of each ion
the magnetic ordering of Mn moments. According to thosexrom the structure with a higher symmettip) A structure of MnO

studies, the_ordering pattern of the Mn moments in hexagoplane, composed of Misolid circles and Q3), and G4) (open
nal RMnO; is the so-called 120° structure, where the Mncircles. The dotted lines illustrate the formation of Mn trimefs)

moments lie within a layer and neighboring Mn moments iNA schematic picture of the tilting of a MnOpolyhedron and the
a layer are aligned by 120° different directions. TheeNe displacement of the rare earth.
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frustration of the triangular lattice of the Mn iofigVe note, [ ' ' ' ' '
however, that thdR dependence of the magnetic and struc- 10
tural properties o0RMnO; has not been well understood. To
understand the unique coexistence of magnetism and ferro-
electricity and their interpldy*°in hexagonaRMnOs, it is
essential to know how various parameters, both for magne-
tism (Neel temperature, size of the ordered moment,) etied
for the structure(lattice constants, lattice distortion, efc.
change under variation dR. The second purpose of this
study is to clarify theR dependence of various properties in
RMnO;, and for this purpose, we have made a systematic
investigation of RMnO; under variation ofR, including
neutron-scattering measurements to complement the studies
in the paSt - . - 20 (deg)

The third purpose is to pursue the doping effect in hex-
agonalRMnO;. It is well known that hole doping into per- FIG. 2. Rietveld refinement patterns of the x-ray diffraction
ovskite RMnO; results in the appearance of a ferromagnetiomeasurement for LuMngat 300 K. Plus marks represents the ob-
metallic phase and so-called colossal magnetoresisfé_nce_served x-ray diffraction intensities, and the solid line is calculated
As to hexagonaRMnO;, several reporté~'*have been pub- intensities. The vertical marks indicate the position of Bragg peaks,
lished on C&* and Zf* doping for theR3* site, as well as and the solid line at the bottom_ corre;_ponds to the difference be-
doping into the Mn site. However, it is not clear how such™Ween observed and calculated intensities.

doping affects the magnetism and ferroelectricity. Here, wgonqd that Fe doping with this concentration least affects
have tried several different types of doping and have StUd'eﬁhysical properties. Therefore, we focus only on Zr to ex-

LuMnO,
i 300K ]
s A=0.50098 A .

4

Intensity (10" counts)

the change of magnetism and structures upon doping. plore the doping effect on theMnO; below.
Il. SAMPLE PREPARATION lll. EXPERIMENT
Single crystals of YMn@ and LuMnG; were grown by a A high-temperature x-ray diffraction measurement using a

floating-zone method as described in Ref. 8. A single crystapynchrotron radiation X-ray source was carried out at
of ScMnO, was not obtained by the same method. A po|y_SPr|ng-8 BL0O2B2 equipped WI'Fh a large Debye-Sherrer cam-
crystalline sample was prepared instead following thef™@ For the measurements, single crystals or polycrysftalll_ne
method by Bieringer and Greed&a polycrystalline sample sample% were crus_hed into po_wder, and the_n a precipitation
of LUMnO; for neutron-scattering measurements was alsgnethod”® was applied to get fine powder with a homoge-
made by a conventional solid-state-reaction method. Macrg?€0US size. The powder was sealed in a 0.2- or 0.3-mm -diam
scopic properties of these samples have been publishéHJartZ capillary, and temperature was controlled by a high-
already? temperaturg300—1000 K N, gas flow system. The wave-

We tried several different types of doping into hexagonal'e“gth was 0.750 86 A for the samples containing Y to avoid
RMnO,. First, C&" doping intoR®*, such as Ly ,Ca, ~ XT&Y absorption and 0.50098 A for the rest. One set of data

MnOs, was attempted but turned out to be unsuccessful. AVaS collected for 15 min.

perovskite impurity phase was always detected, and its vol. Neutron powder diffraction measurements were per-
ume fraction estimated from the Rietveld analysis is almosformed using the Kinken powder diffractomater for high-
the same as the concentration of doped Ca. In addition, thficiency and high-resolution measuremeft&RMES in-
change of lattice constants with Ca doping was barely ob-Sta”ed at the ,‘]RR'3M rgactor at the Japqn Atomic Energy
served. On the other hand,*Zr doping intoR3* was suc- Research Institute, qual, JapHrNeutrons W|th'wavelength
cessful. Any trace of perovskite impurity phase was not ob--8196 A were obtained by the 331 reflection of the Ge

served, and even a single crystal was grown by the ﬂoatingmonochromator and 123-3amp|e-22 pollimation. About
zone method for low Zr concentration §Y¥Zro oMnOs). 10 g powder was sealed in a 10-mm-diam vanadium cell, and

With increasing Zr concentration, however, a discerniblglemperature control was made by a closed-cycle He-gas re-

amount of ZrQ impurity was detected. In the case of :‘rigirfétc;r bleéwefan 10 and 300 K. One data point was col-
Yo Zlo MnO3, for example, about 60% Zr precipitates as ected for 18 min.

ZrO, and 40% k=0.08) goes into the hexagonal phase.t The obtainetlj x—:jay a}nd trliltron 9p70wder diffrtacti(t))? pat-
This impurity basically does not affect the result below, ex- ems were analyzed using TAN-I/ program fo obtain

cept for the deviation of the composition from the nominal structural parameters. The estimation of the size of magnetic

one. We use the nominal composition to label the sample@ome.nt. with a noncolli_near order was made separately by
below peak fitting and calculation.

The effect of Mn-site doping was also investigated. It was
found that Cr and Co doping into the Mn site always leads to

perovskite impurity phases. Only Fe doping can keep the Figure 2 shows the Rietveld analysis of the x-ray diffrac-
hexagonal structure up te-15% doping. However, it was tion pattern for LuMnQ at 300 K as a typical example. First,

IV. X-RAY DIFFRACTION MEASUREMENT
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_ _ origin of the \/3x /3 distortion is not the contraction of
FIG. 3. Temperature dependence of the in-plane lattice constaqfree Mn ions. It is notable that the displacement of the in-
(a) and out-of-plane lattice constant)( both of which are normal- lane oxyger{O(3) and G4)] along thec axis is o .
) oW pposing
ized to the values at 300 K, for YMn{Xsolid circles, LuMnOs Fhat of R >;ge:sulting in twoR-O bongs(parallel to thec axis)
ircl d ScM lid . ' . . .

(open circles, and ScMn (solid squares with largely different lengths. Such a shift & against the

let us focus on the temperature dependence of lattice Coﬁr)-plane oxygen is caused by the displacemeqt of the apical
stants. As can be seen in Fig. 3, the in-plane lattice consta®xyg9en[O(1) and G2)] along theab plane, which pushes
(a) shows a gradual increase with increasing temperature beff R as illustrated in Fig. ().

tween 300 and 1000 K for all YMnQ) LuMnO;, and Since theR atom is off the center of two in-plane oxygen
ScMnG;, and this result can be explained by a simple ther-atoms along thec axis, a dipole moment exists in one
mal expansion. On the other hand, the lattice constant alon@-R-O-R ... chain in thec direction. The direction of this
the c axis (c) shows different behaviors dependinglnThe  dipole moment is opposite between the(4p-R(2)-

c lattice constant increases with increasing temperature faD(4)-R(2) ... chain and @8)-R(1)-O(3)R(1) ...
ScMnQ;, whereas it rather decreases with increasing temehain, but is not canceled because the number of the
perature for YMnQ. In particular, the decrease of a lattice O(4)-R(2)-O(4)R(2) ... chain is twice that of the

constant with increasing temperatyreegative thermal coef- 0O(3)-R(1)-O(3)R1 ... chain. Therefore, the tilting of the
ficient) in YMnO; for a wide temperature rand800—-1000  MnOs polyhedra and the buckling of tHR plane produces a
K) is fairly anomalous and is related to the ferroelectric dis-ferrielectric state on the triangular lattice.
tortion, as will be discussed later. Another important consequence of the tilting of the MnO
There are several reports claiming that the ferroelectrigolyhedra and the buckling of tHe plane is the elongation
Curie temperaturelc of hexagonalRMnOj; is ~900 K2 of the ¢ axis, as illustrated in Fig.(t). This counterintuitive
However, we could find no evidence of a structural phaseharacteristic can cause a decrease ofcthattice constant
transition up to 1000 K for eithdRMnQO; in our experiment.  when the tilting and buckling are reduced, for example, with
As an example, the x-ray diffraction patterns of YMn@  increasing temperature. Figure 5 shows how the magnitude
300 K and 1000 K are shown in Fig. 4. The peaks given byof the tilting and buckling changes with temperature. Here,
arrows correspond to those arising from the {f8< /3 dis-  the magnitude of the tilting of Mn@ polyhedra is repre-
tortion, but they persist even up to 1000We note that sented by the angle between the820(4) (in-plane oxygeh
lattice constant$Fig. 3) and resistivit§ vary smoothly with  bond and theab plane[Fig. 5@a)] and also by the angle
temperature with no anomaly up to 1000 K. These resultbetween the (1)-O(2) (apical oxygeh bond and thes axis
indicate that the ferroelectric Curie temperature is abovgFig. 5b)]. The buckling of theR plane is represented by the
1000 K for anyRMnOs. The atomic parameters of LuMO difference of thez position of two inequivalentR ions,
and YMnGQ; at 300 K and 1000 K are summarized in Table I. R(1)z—R(2)z [Fig. 5(c)]. As can be seen, the magnitude of
The values of selected bond lengths are shown in Table Il.the tilting and the buckling is reduced with increasing tem-
The /3% /3 distortion contains the displacement of vari- perature, most prominently in YMnQ Since this tilting and
ous atoms. The arrows in Fig(d} illustrate the displacement buckling are supposed to disappear at the ferroelectric Curie
of each atom from the position in the high-symmetry phasetemperatur@ -, the experimental result implies that YMRO
The distortion can be roughly understood as the combinatiohas the lowesfT. Thus, it can be concluded that the de-
of (1) the tilting of the MnQ polyhedra toward (B) (a  crease of the lattice constant of YMn@ shown in Fig. 3
center of the threefold symmejrgnd(2) the buckling of the comes from the reduction of the tilting and buckling with
R plane. The Mn ions do not show any significant shift to-increasing temperature, which is the largest for YMnO
ward the center of a trimgiO(3)], indicating that the main among three rare earths.
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TABLE |. Atomic parameters for selecteddMnO; from synchrotron x-ray powder diffraction refine-
ments. The space group B6;cm. Atomic positions:R(1) at 2a (0,0z), R(2) at 4b (1/3,2/3z), Mn at
6¢ (x,0,0), A1) and Q2) at 6¢c (x,0,z), O(3) at 2a (0,0z), and Q4) at 4b (1/3,2/37).

Lu Y Y 08ll02

300 K 1000 K 300 K 1000 K 300 K

a(A) 6.04592) 6.10222) 6.14833) 6.20552) 6.12585)

¢ (A) 11.40743) 11.418123) 11.44324) 11.393%3) 11.24076)
R(1)z 0.2802) 0.27Q1) 0.26896) 0.26099) 0.2511)
R(2)z 0.23712) 0.2342) 0.22946) 0.23289) 0.2331)
Mnx 0.3392) 0.3551) 0.3231) 0.3262) 0.3283)
O(1)x 0.31998) 0.3236) 0.3252) 0.3234) 0.3318)
O(1)z 0.1743) 0.1616) 0.1632) 0.17Q3) 0.1763)
0O(2)x 0.6386) 0.6526) 0.6292) 0.6444) 0.658(8)
0(2)z 0.3443) 0.3266) 0.3382) 0.3442) 0.3443)
0(3)z 0.4745) 0.4675) 0.4843) 0.48713) 0.5093)
0(4)z 0.0223) 0.0114) 0.0222) 0.0202) 0.0292)

Zr doping has a conspicuous effect on the crystal structurg known that, although alRMnO; has magnetic ordering
of RMnOs;. As shown in Table I, thes lattice constant is  with 120° structure, there remain two degrees of freedom,
substantially (~2%) decreased with Zr doping. As dis- the direction of the magnetic momeepresented by) and
cussed. qbove, the shoreaxis impIi'es a smaller magnitude the relation between two adjacent MnO layéisarallel” or
of the tilting of MnQ; and the buckling of th& plane. Such  «antiparallel”), as illustrated in Fig. @). We note that the

a reduction of the distortion is experimentally seen in the(lOO) peak, which should appear at20°, is almost absent

x-ray diffraction pattern, as shown in Fig. 6, where the peak% LUMNOs. If there is noy3x y3 distortion, this peak is

arising from the/3x /3 distortion drastically decrease in forbidden when the spin configuration (%) “parallel” and
their intensity with Zr doping. The magnitude of the tilting ©=90° [Fig. Ab)] or (2) “antiparallel” and ¢=0° [Fig
and the buckling obtained from Rietveld analysis is shown ing(c)]_ In faci these two spin configurations produce c;om—

Fig. 7. These results indicate that Zr doping heavily reduceg|ete|y the same peak profile if there is no distortion. Though
the ferroelectric distortion d&RMnQOj. The origin of this dop-  j; is in principle possible to discriminate these two spin con-

ing effect will be discussed in Sec. V1. figurations in the presence of th¢3x /3 distortion, our

experimental accuracy is not enough to identify the correct
spin configuration. From nonlinear optical measurements,

In neutron diffraction patterns of LuMnQ magnetic Fiebiget al?! reported that parallel ang=90° is the correct
Bragg peaks grow beloWy= 86 K, as shown in Fig.@). It  spin configuration of LuMn@??

V. NEUTRON-SCATTERING MEASUREMENT

TABLE 1. Values of selected bond lengths from synchrotron x-ray powder diffraction refinements for
ScMnG;, LuMnO;, and YMnG;, at 300 K and 1000 K, respectively. The bonds in parentheses are for the
average values.

ScMnG; LuMnO, YMnOg3

300 K 1000 K 300 K 1000 K 300 K 1000 K
Mn-O(1) 1.922) 1.933) 1.9813) 1.857) 1.862) 1.943)
Mn-O(2) 1.842) 1.853) 1.783) 1.986) 1.872) 1.7993)
Mn-O(3) 2.011) 2.0659) 2.0712) 2.201) 1.9997) 2.031)
Mn-O(4) 1.9445) 1.9506) 2.0138) 1.9745) 2.0964) 2.1046)
(Mn-0O) 1.93 1.95 1.97 2.00 1.98 1.99
R(1)-O(1) 2.302) 2.333) 2.284) 2.335) 2.342) 2.2613)
R(1)-0O(2) 2.291) 2.21(3) 2.31(4) 2.224) 2.422) 2.41(3)
R(1)-O(3) 2.204) 2.024) 2.21(5) 2.256) 2.463) 2.573)
[R(1)-0O] 2.28 2.23 2.28 2.27 2.39 2.37
R(2)-0(1) 2.051) 2.152) 2.183) 2.233) 2.21(2) 2.221)
R(2)-0(2) 2.161) 2.112) 2.292) 2.254) 2.31(1) 2.3711)
R(2)-0O(4) 2.332) 2.462) 2.463) 2.544) 2.372) 2.422)
[R(2)-0] 2.14 2.18 2.27 2.28 2.28 2.31
(R-0) 2.19 2.20 2.27 2.28 2.32 2.33
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MN
<02r ] vives at least up to 220 K~ 3T,). This result indicates that
L ] a spin fluctuation exists far abovi, in LUMnO;. As dis-
9% 500 700 900 cussed in Sec. |, the Weiss temperatur@)( of RMnO; is
Temperature (K) much higher tharily (typically ~10Ty), and such a sup-

pression ofTy compared with 6| is attributed to the strong
FIG. 5. Temperature dependence(af the tilting angle of in-  geometrical frustration inherent to the triangular lattice. We
plane oxygen ions(b) the tilting angle of apical oxygen ions, and note that magnetic diffuse scattering far above the ordering
(c) the magnitude of the buckling & ions. Solid circles with error temperature has been observed in many spin systems with
bars, solid lines, and dotted lines are the data of YMPQUMNOs,  strong geometrical frustration and is attributed to quantum
and ScMnQ, respectively. The error bars for LuMBOand  cyitical fluctuations of antiferromagnetic spin clusters for
S_cMnO_;, are omitted for clarity of the figure, but are comparable Ty<T<|6].2%Thus, it can be speculated that the observed
with those of YMnQ. magnetic diffuse scattering in hexagor®MnO; has the
same origin. To further investigate this magnetic diffuse scat-
Figure 10 plots the temperature dependence of the size oéring, a study of the energy dependence, i.e., a neutron-
magnetic momen® The magnetic moment at 10 K is inelastic-scattering measurements is necessary.
~3.1ug, which is discernibly smaller than the expected Zr doping affects also the magnetic ordering. As shown in
value for Mr?* (S=2), 4ug. Such reduction of the mag- Fig. 8b), the intensity of the magnetic Bragg peaks is
netic moment is also observed in YMg@2.90ug) and  heavily suppressed for kyZr, ;MnOj;.%° On the other hand,

ScMnO; (3.54u;) in a previous study. the magnetic diffuse scattering, which disappears at the low-
Another feature related to magnetism is a broad peak
around thg100) peak (~20°, forbidden in LUMn@), most 6000 T T T 7
strongl_y observed aroun‘ﬂ_\, as shown in Fig. 11, V\_/hich_can 2 | @ LuMnO; 2 = 1.8196A -
be assigned to a magnetic diffuse scattefivghat is strik- 2 Ty=86K
o C : i e ; 3 4000\ -
ing in LUMnO; is that this magnetic diffuse scattering sur- z 00 03
£ i 102 104 ]
T T T T T T T E 2000 l Z(ii 10 K]
A L. AM N Y
300K A=0.75086 ,l 300K
Z 4r 1 , L)
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FIG. 8. Neutron diffraction patterns af) LuMnO; and (b)

FIG. 6. X-ray diffraction patterns of ¥_,Zr,MnO;. The arrow  LuggZry,MnO3 at 100 K and 300 K. The arrows with Miller indices
shows the peaks arising from the trimer distorion. refer to magnetic Bragg peaks.
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FIG. 9. (a) A schematic picture of spin ordering with the angle 0 L
in the parallel and antiparallel configurations. Open circles indicate 26 (deg) 40
Mn ions in a layer, and solid circles indicate Mn ions in the next
layer separated by/2. (b) and(c) illustrate two possible spin con- FIG. 11. Neutron diffraction patterns expanded alongtiasis
figurations for LUMnQ. for LUMnO; at various temperatures. Broad peaks corresponds to

magnetic diffuse scattering.

est temperature for pure LuMnQexists even at the lowest
temperature for the Zr-doped sample, as shown in Fig. 1decreasing the ionic radius 8{*® This tilting of MO octa-
This clearly indicates that Zr doping changes the long-rang&edra in the perovskite structure can be explained by a mis-
ordering of the Mn moments into short-range antiferromagmatch of the ionic radius in the crystal. That is, the ionic
netic clusters even at the lowest temperature. This result wiladius ofA is too small to form a cubic perovskite structure,
be discussed in the next section. and thus the crystal is distorted to fill up the space around the
A ions. We speculate that the tilting &MnO; can be ex-
plained by a similar ionic model. The only difference of
RMnO; from such a conventional tilting-type distortion is

The R dependences of several important parameters ar@at the local electric polarization produced by the tilting is
summerized in Fig. 13, where theaxis denotes the ionic Not canceled in the total crystal because of the triangular
radius of R. Lattice constants and ¢ are plotted in Fig. lattice, i.e., the odd number of MrOoctahedra in a unit,
13(a), which increase with increasing the ionic radiusRf  resulting in the remnant ferroelectric polarization.
Figure 13b) plots the thermal expansion coefficients A Neel temperature and a Weiss temperature also change
(Aa/AT)/a and (Ac/AT)/c, which are determined by fit- Wwith R[Fig. 13d)], which can be explained by the change of
ting the data of the lattice constant vs temperature to a linedattice constants. Namely, as the in-plane lattice constant be-
function between 300 and 700 K. The behavior ofcomes smaller and the Mn-Mn distance becomes shorter, the
(Ac/AT)/c has been discussed in Sec. IV, The tilting angleXchange interaction increases and thus both thel téen-
of MnOs polyhedra increases with decreasing the ionic raferature and Weiss temperature increase. On the other hand,
dius of R[Fig. 13c)]. A similar relation has been observed in the reduction of ordered magnetic moment from the expected
perovskite structure&MO; with so-called GdFe@ distor-

tion, where the tilting angle df1 Oz octahedra increases with ' C
Zr 20%
4 T T T T T T T T T
400 ‘
i LuMnO; 1

VI. DISCUSSION

200

Intensity (counts)
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')
T
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FIG. 12. Neutron diffraction patterns expanded alongtlaeis
FIG. 10. Temperature vs magnetic moment for LUMné€sti-  for Lug gZry -MnO; (upped and for LuMnG; (lower) at 90 K and 10
mated from neutron diffraction measurements. K.
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S ®© tence of magnetic diffuse scattering at low temperatures for a
= Zr-doped sample can be ascribed to a spin-glass-like behav-
= 3k ] ior caused by the coexistence of antiferromagnetic and fer-

. romagnetic interactions. It should also be pointed out that a

09 1 cusp of the magnetic susceptibility af Dbserved in pure
Tonic Radius of R (&) RMnO; disappears with Zr doping, consistent with the sup-
) ) _ pression of the magnetic Bragg peak in neutron scattering.
_FIG. 13. (& Lattice constants(b) thermal expansion coeffi- = ,h0arning the reduction of the tilting angle of MaO
cients, (c) titing angle of in-plane oxygen ions at 300 KJ) Neel polyhedra with Zr doping, several explanations are possible.

temperaturesleft axis) and Weiss temperaturésght axis, and(e . T .
P N ) ) P @9 9 © On the basis of the ionic model discussed above, the change
the size of magnetic moment at the lowest temperature, as a func-

tion the ionic radius ofR. The size of the magnetic moment for IOf the tll'gzrlrg_anglhe W'tr:] Zrlgf)[_)lng can be att')trl_butedhto the
YMnO, and ScMnQ is from Ref. 7. arger M ion t an_t e M ~ion. It is not o vious, how-
ever, why a larger ionic radius on the Mn site leads to a

value (4ug) and itsR dependencéFig. 13e)] may allow smaller tilting angle in this structure. Another possibility is to

several explanations. One possibility is that a part of th fake account of the Coulombic potentidfladelung poten-

magnetic moment is still fluctuating even at the lowest tem?tial)’ which stabilizes a specific distortion._Since Zr doping
perature because of strong frustration of the triangular IatticeChanges the amount of charge on each ion, the Madelung

) o : potential also changes, resulting in a possible change of the
In this case, the ftilting of Mn©polyhedra and the formation tilting angle. The third possibility is to take account of the

of trimers, whose magnitude increases with decreasing th SR
ionic radius ofR, stabilize a specific 120° structure and thus ﬁybrldlzatlon between Mn @ states and oxygenf2states.

v ! ;
reduce the frustration, leading to a recovery of the orderea—he Mr? statezém gexagonalRMnOg has an unoccupied
moment. nondegeneratezZ3—r< state, which splits from other states

N 27 ; 2 .2 : ;

Let us move on to the effect of Zr doping. The principal by ~1.6 eV, _and %E"S empty 21 stalz% is occupied by
effect of ZA* doping into theR®* site would be electron °"€ electron Iin Mfi". Recently, Khomskir" proposed that
doping into the MA" ions, ie., the formation of MY . strong hybridization between_occupleqb_ztates of oxygen
However, experimentally c,;onfir’mation of the existence ofand empty 8 states of transition metal is important for the
Mn2* haé yet to be madf® Here, we assume that Nin ions ferroelectric distortion of many oxides such as Bagi@nd
exist in Zr-doped samples and continue the discussion. \/\/gla.lt explalgs”why the.czeéstter:ce of ga}gnetlslm,t\(vhtlch re-
note that the resistivity of Zr-doped samples is as high as thaf!Iles partially occupie states, and ferroe 20 ficity 1S
of the parent compound@MnOs,° indicating that MR* is rare. On the basis of this scenario, the empty-3r? state is
fairly localized in Rl,XZrXMnO’g. It is expected that the important for the ferroelectric distortion &MnO,, but elec-

. . . 2_ 2 .
magnetic interaction between MirMn®* is different from :L‘?n g.of'ntg 'nt?:th;ﬁ 2 tr d_state by Zr _dogmr? can redtuce
the interaction between MA-Mn3*. In fact, the magnetic > distortion. Furtner studies are required, however, to un-

susceptibility of YMnQ is enhanced with Zr doping particu- _derstarr]]_dr:he redgctloln oflferrclaelegtnc (;i:stor_tu_)n V‘;'tfh 2 d|°p'
larly at low temperatures, as shown in Fig. 14, indicating a'tng.' which must be closely related to the origin of ferroelec-
drastic decrease of the Weiss temperaffewith a small ficity in RMnOs.

amount of electron doping. This suggests that the
Mn?*-Mn3* interaction is ferromagnetic and cancels the
strong antiferromagnetic interaction between 3Mn3*. By synchrotron x-ray and neutron powder diffraction
Therefore, suppression of the ordered moment and the exisaeasurements, we have investigated hexagdhO;,

VIl. SUMMARY
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where ferroelectric polarization perpendicular to the Mn tri- suppressed with Zr doping. The ordered magnetic moment is
angular lattice and magnetic ordering of the Mn momentsalso suppressed but the magnetic diffuse scattering is en-
with the 120° structure coexist. From synchrotron x-rayhanced instead with Zr doping, indicating the formation of
powder diffraction measurements, it is found that the electricshort-range antiferromagnetic clusters at the lowest tempera-
polarization originates from the tilting of MnOpolyhedra ture. Finally, strong correlations between magnetidael

and the buckling oR planes, which persists at least up to temperature, size of magnetic momesntd structureflattice
1000 K. As a consequence of this distortion, lager tilting ofconstants, lattice distortigrhave been demonstrated from
MnOs causes a longer axis, resulting in negative thermal the R dependence of various parameters.

coefficient of thec lattice constant for YMn@ Neutron dif-
fraction measurements revealed that the size of the ordered
moment is reduced from the expected value of*Mrand

that magnetic diffuse scattering, indicative of spin fluctua- We thank S. H. Lee, S. Ishihara, and T. Arima for fruitful
tion, exists far abovdy (~3Ty). These magnetic proper- discussions. The present work was partly supported by a
ties are caused by strong geometrical frustration of spins oGrant-In-Aid for Scientific Research from Ministry of Edu-
the triangular lattice of Mn ions. The effects of Zr doping cation, Culture, Sports, Science and Technology, Japan. The
into the R site (electron doping into the Mn sitavere also  synchrotron power experiments were performed at the
investigated. The ferroelectric distortion, i.e., the tilting of SPring-8 BL02B2 with approval of the Japan Synchrotron
MnOs polyhedra and the buckling dR planes, is heavily Radiation Research InstitutdASRI).

ACKNOWLEDGMENTS

*Present address: Department of Physics, Waseda University, To- and Y. Yamaguchi, Jpn. J. Appl. Phys., Pai37 3319(1998.
kyo 169-8555, Japan. 1"We note that new small peaks appear at 10° and 16°—17° above
'H. L. Yakel and W. C. Koehler, Acta Crystallogt6, 957 (1963. 950 K in x-ray diffraction patterns. These peaks do not disappear
?I. G. Ismailzade and S. A. Kizhaev, Fizika Tverdogo Téla298 even after cooling the sample to room temperature, indicating
(1969 [Sov. Phys. Solid Staté, 236 (1965]. that these are caused by decomposition products.
°K. Lukaszewicz and J. Karut-Kalicinska, Ferroelectrits81 18 the estimation of the magnetic moment, we ignored the trim-

(1974. erization of Mn ions.
“E. F. Bertaut and M. Mercier, Phys. Le&, 27 (1963. 197 Katsufuji et al. (unpublishegl

5
W. C. Koehler, H. L. Yakel, E. O. Wollan, and J. W. Cable, Phys. 20116 existence of small amounts of impurity phases prevents us
Lett. 9, 93 (1964).

5 o ) from precisely determining the Mn valence by simple methods,
M. Bieringer and J. E. Greedan, J. Solid State Ch&48 132

(1999 such as thermogravimetric analysis and titration technique.

. 21 - e

"A. Munoz, J. A. Alonso, M. J. Maitez-Lope, M. T. Casa, J. L. M\} I;:eb:g, D ZrmR“(i?’PK. Kohn;:jt. L;ute, IT:i L(B);[st:(r)mzoorger, V-
Martinez, and M. T. Fernalez-Daz, Phys. Rev. B62, 9498  ,, " aviov, and . V. Fisarev, Fhys. Rev. . (2000.
(2000. Howevgr, .the spin-reorientation transition at low tempgratures

8T, Katsufuji, S. Mori, M. Masaki, Y. Moritomo, N. Yamamoto, that Fiebiget gl. had observed for LuMn®(Ref. 2])’ which
and H. Takagi, Phys. Rev. B4, 104419(2002). should. result in the appearance o_f tte00) pea!( in neutron

97.J. Huang, Y. Cao, Y. Sun, Y. Y. Xue, and C. W. Chu, Phys. Rev. scattering, has not been observed in our experiment.
B 56, 2623(1997. 23p, Schiffer and A. P. Ramirez, Comments Condens. Matter Phys.

10N, Iwata and K. Kohn, J. Phys. Soc. JiY, 3318(1998. 18, 21 (1996, and references therein.

A, J. Millis, Nature (London 392, 147 (1998, and references >'S.-H. Lee, C. Broholm T. H. Kim, W. Ratcliff II, and S-W.
therein. Cheong, Phys. Rev. Let84, 3718(2000.

12C. Moure, M. Villegas, J. F. Fenandez, J. Tartaj, and P. Duban, F°Though its intensity is very weak, a new peak at 20° is seen in the
Mater. Sci.34, 2565(1999. neutron diffraction pattern of LggZr,,MnO; at 10 K, which

13B. B. van Aken, J. W. G. Bos, R. A. de Groot, and T. T. M. indicates the change of the spin orientation with Zr doping and
Palstra, Phys. Rev. B3, 125127(2001). the appearance of tH&@00) peak as a result.

. H. Ismailzade, G. A. Smolenskii, V. I. Nesterenko, and F. A. 26J. B. GoodenoughMagnetism and the Chemical Borfwviley,
Agaev, Phys. Status Solidi B, 83 (1972. New York, 1963.

15M. Takata, E. Nishibori, K. Kato, M. Sakata, and Y. Moritomo, J. 2’D. Frohlich, St. Leute, V. V. Pavlov, and R. V. Pisarev, Phys. Rev.
Phys. Soc. Jpr68, 2190(1999. Lett. 81, 3239(1998.

18K, Ohoyama, T. Kanouchi, K. Nemoto, M. Ohashi, T. Kajitani, 2D. I. Khomskii, Bull. Am. Phys. Soc46, C21.002(2001).

134434-8



