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Dielectric and magnetic anomalies and spin frustration in hexagonal
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Single crystals of hexagon®MnO; (R=Y, Yb, and Ly, where Mn ions form the triangular lattice, were
investigated, focusing on their dielectric/magnetic anomalies as well as geometrical spin frustration. It is found
that the ratio of a Weiss temperatureTq is ~10 in RMnO;, indicating the dominant role of strong geo-
metrical frustration. The effect of geometrical frustration also appears in specific heat, which shows a presence
of a substantial amount of residual magnetic contribution b&lQwindicating that a part of the spins are still
fluctuating atT<Ty. It is also found that the dielectric anomaly By is strongly anisotropic, suggesting a
unique correlation between magnetism and dielectric properties in these compounds.
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. INTRODUCTION agonal RMnO; by the floating-zone technique, which are
large enough even along theaxis. This paper reports a
RMnO; (R is rare earthcrystallizes in a hexagonal struc- comprehensive study of the magnetic, dielectric, structural,
ture when the ionic radius d® is small R=Ho-Lu, Y, and and thermal properties of those single crystals.
S0. In this hexagonal structure, each #nion with S=2 is
surrounded by three in-plane and two apical oxygen ions, Il. EXPERIMENT
and thus is subject to a trigonal crystal field. These MnO

blocks are two-dimensionally connected with each other Ori]chliac)?rI]yeCtrr)ilc:S?rln“cr)]Snrtz doSROFSM?SE \\/(ve\r(%rgi%el_%y;;zq&%sqto-
their corners, and the triangular lattice of the Mnions is 23N

formed, as shown in Fig. 1. Based on such a triangular Iat‘:ind sintering them at 1200, 1270, and 1350 °C with inter-
' g. L. gular 1t e diate grinding. Then, the rod was molten for single-crystal

i : o o ) ) ﬁfowth with a floating-zone furnace equipped with four halo-
tortions. One is Mn “trimers’(i.e., y3X 3 ordering, which gen lamps. The typical feed speed was 3 mm/h and a typical

are character_ized by the shift of three Mrions surrounding_ size of single crystals was 5 m#x 3 cm. Crystal orienta-

one oxygen ion toward the oxygen, as shown on the rightion was determined by back Laue reflection. We also made
side of Fig. 1! Another one is the displacement of ions along polycrystalline samples ®®MnOs including R=Sc by con-

the c axis (perpendicular to the triangular-lattice plam@aus-  ventional solid-state-reaction technique. Lattice constants of
ing a ferroelectric polarizatioh Since the ferroelectric tran- these samples obtained by x-ray-diffraction measurements
sition temperature of these compounds is fairly high900  are shown in Table I. Magnetic susceptibility was measured
K), they have potential use for application, for example, nonby a superconducting quantum interference device magneto-
volatile ferroelectric memory. meter. Resistivity was measured by conventional four-probe

Regarding the magnetism of the Mn moments, they ordetechnique, and dielectric constants were measured by a LCR
antiferromagnetically at 70-130 K in the 120° structtifé, meter. For both measurements, silver paste cured at 800°C
which is a typical ordering configuration of triangular anti- was used as electrodes. Specific heat was measured by a
ferromagnets. Since the ferroelectric phase coexists with theelaxation technique. Electron-diffraction measurements
antiferromagnetically ordered Mn spins, the coupling be-were performed using JEM-200CX transmission electron mi-
tween dielectric properties and magnetism is expected igroscope.

RMnO;. In fact, a critical change of dielectric constants at a
Neel temperatureTy) is reported irRMnO; polycrystals;® IIl. TRANSMISSION ELECTRON MICROSCOPY
though its mechanism has yet to be understood. ) )

This compound is highly anisotropic both in terms of ~We first examined the structural features RMnO; at
crystal structure and magnetism, and thus a study of singlE20m temperature by transmission electron microscope. Fig-
crystals is indispensable to clarify the detailed physical propure 2 shows the electron-diffraction patterns of YMnét
erties, including the coupling between dielectric propertiedo0om temperature, with the incident beams parallel to(éhe
and the antiferromagnetic ordering. So far, single crystals of113] and the(b) [100] direction. It is found that superlattice
these compounds have been made by flux methbads,the  reflection spots are present at tf#10) positions in the
size of the crystals, particularly along thexis, is not large reciprocal-lattice space, as shown by arrows in Fig. 2. This
enough to study the anisotropy of various properties. In thisndicates that YMn@ has a superlattice structure with the
work, we have succeeded in growing single crystals of hex3as3y period along the[110] directions. To elucidate the
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FIG. 1. Left panel: crystal structure of LuMnOBIlack circles v Y o
. - -

correspond to Mn, white circles to O, and gray circles to Lu. Right
panel: configuration of the MnO layer. Black circles correspond to = VRS
Mn, and O is located at the intersection of solid lines. Dotted lines

represent the trimers of Mn atoms.

structural feature associated with the superlattice, we took , ,
high-resolution(HR) lattice images with the incident beam ~ FIG- 2. Electron-difiraction pattermns of YMnQat room tem-
parallel to the[11§] directions at room temperature, as perature. Incident beams are almost parallel ta@¢113] and(b)

1 irecti ively.
shown in Fig. 3. Since thegl13] axis is titled from thg 001] [100] directions, respectively

axis only by 20°, the image roughly corresponds to alire 0Oe) parallel to theab plane () and to thec axis (xo), as

lane. In the image, bright spots, which form the triangular -
IF;ttice, and dark gspots gi]n be?tween the bright spots, \?vhic ell as that of polycrystalline ScMnOThe values Ofa, are

form the honeycomb lattice, are clearly observed. The bright?rg€r than those of. for a whole temperature range, indi-

spots can be assigned to the Mn trimers, as illustrated in thg2ting anxy character of the Mn moment. Previous reports
inset of Fig. 3, indicating that the Mn trimer is the main Of neutron-scattering measurenferitindicate that the Mn

building block of the MnO layers ilRMnOs. moments lie within the plane in the antiferromagnetic phase,

Figure 4 shows the dark-field images obtained by theconsistent with the present result. At high temperatures
(110 diffraction spot with different excitations. As can be (above the cusp shown by arrows(T) follows a Curie-
seen, six kinds of regions with different brightness are obWeiss law with a negative Weiss temperatuteWe esti-
served, which corresponds to six kinds of antiphase domaingnated fromy, that| 6] is 705, 887, and 975 K fdR=Y, Lu,
Within the triangular-lattice planes with trimerization, three and Sc, respectively. These values are discernibly larger than
kinds of antiphase domains can be expected. In addition,
taking account of two possible ferroelectric polarization vec-
tors (z and —z), 6=3X2 antiphase domains exist in hex-
agonal RMnQOg3, consistent with the experimental result.
These results clearly demonstrate the lattice distortion of
RMnO; as the combination of the trimerization within tab
plane and the ferroelectric distortion along thexis.

IV. MAGNETIC SUSCEPTIBILITY

Figure 5 shows the magnetic susceptibiligg) (0f RMnO4
single crystals R=Y, Lu) under the magnetic fiel1000

IR VAVAVL VAVAVLVAVAVA 5

ism i pVAVL VANV VALY VAN
TABLE |. Parameters of structure and magnetism in RMnO VAV, VAWV, VYAV, Vi
R a(®) c(A) o] (K) Ty (K)  [6]/Ty
Y 6.1401) 11.3934) 705 70 10.1
Yb  6.06447) 11.38Q2) 82
Lu 6.048@3) 11.4111) 887 86 10.3
Sc 5.8362) 11.17G3) 975 125 7.8 FIG. 3. High-resolution lattice image of YMnQwith the inci-

dent beam parallel to tr[eng] directions.
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x(T) in ScMnG; below Ty is caused by weak ferromag-
netism, which is likely to be dominated by Dzialonshinskii-
Moriya interaction’ It should be stressed here tha is
much smaller thahg| in these compounds. As discussed in
Sec. |, these compounds have the Mn triangular-lattice lay-
ers, and thus strong geometrical frustration of antiferromag-
netically coupled Mn spins is expected. It is known that the
ratio of Ty to || is a good measure of the spin frustration,
and if |6/Ty is larger than 10, the spin system should be
classified as the one with strong geometrical frustration,
since the value cannot be explained by a simple mean-field
theory!® On the basis of the values p| and Ty estimated

in the present study, the ratio @, to || is ~10, as sum-
marized in Table I. Therefore it is proposed here that hex-

£ T
X . . " agonalRMnOQO; is a spin system with strong geometrical frus-
250 tration, similarly with SrCg,Ga,— 9,010, ZNCrLO,,'* and

- B o -

ZnV,0,.1
FIG. 4. Dark-field images of YMn@ obtained by the(110) For YMnG; and LuMnG;, one notices that a definite cusp
diffraction spot. The upper panel and the lower panel are the imagedt Tn IS observed only iny(T), Wher?as a least {inomaly at
taken with different excitations. Ty followed by a broad peak at<Ty is observed inyT).

Such anisotropy aroundTly is more pronounced for

those reported in the previous literatdféThis may be as- YbMnOjs, where x(T) shows a sharp peak byt(T) has
cribed to the existence of larger number of impurities in theNo anomaly affy, as shown in the inset of Fig. 5. Since the
previous polycrystalline samples, which yield an additional€asy axis of the Mn moment is along thb plane, the dif-
Curie term iny(T) and thus causes smallgf| in the esti- ference betweeg,(T) andx(T) cannot be explained only
mation. It should be noted here that th# value, which is by single-ion anisotropy. Itis known that VBwith a similar
roughly proportional to the magnitude of the antiferromag-triangular-lattice structure shows also a broad peak around
netic interaction between neighboring Rinions, increases Tn for both xof(T) and x((T).* Thus it is likely that the
with decreasing lattice constants, as shown in Table I. broad peak ofy,(T) in RMnO; is the intrinsic behavior of
Acusp is clearly observed in(T) of YMnO; (70 K) and  the triangular-lattice layers, but the cuspe{T) is caused
LuMnOs (86 K), whereas a sharp increase pfT) is ob- by another origin. Taking account of the experimental result
served for ScMn@ (125 K), as shown by arrows in Fig. 5, that the anomaly of(T) is more pronounced in YbMnO

which corresponds @y of each compound. The increase of containing additional Yb" moments between Mn triangular-
lattice layers, an interlayer coupling between two adjacent

. . T . Mn layers can be a possible origin for tiyg(T) anomaly.

YbMnO,

V. RESISTIVITY AND DIELECTRIC CONSTANT

X—Xgrg (a.u.)

Temperature dependence of the resistivity RIfINO;
single crystals foR=Y, Yb, and Lu is shown in Fig. 6. As
can be seen, resistivity increases with decreasing temperature
for all compounds, and the anisotropy between in-plane and
out-of-plane resistivity is 10-10, indicating a modest two-
dimensional character of their electronic structures. The size
of the resistivity anisotropy is smaller than that of
Lay _Sr . MnO, with K,NiF, structure ¢ 10°),*® probably
because the distance between the neighboring Mn layers
along thec axis of RMnO; (~5.7 A) is smaller than that of
La; S+, ,MnO, (~6.2 A). At the ferroelectric transition
temperature(for example, 910 K for YMn@), one can
barely see the anomaly of resistivity, which is in contrast to a
drastic change of resistivity in perovskite LaMgn@ssoci-

FIG. 5. () Magnetic susceptibility ¥) vs temperature for single ated with the structural phase transition at 758 Rhere is
crystals R=Y and Lu) and a polycrystalR=Sc) ofRMnOs. x,,  NO Systematic rare-earth dependence of resistivity, but fairly
and y. represent the data with magnetic field parallel to #e  large sample dependence among the same composition ex-
plane and the axis, respectively. Arrows show Ketemperatures.  ists, as demonstrated for two samples of YbMrf@m dif-

The inset shows the data of YbMgQwhere the contribution from ferent batches. We speculate that such strong sample depen-
the Yb moment has been subtracted. dence of resistivity values is due to oxygen offstoichiometry.
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dashed line is the acoustic-phonon contributisee text The inset
shows theCqpin vs | T/Ty—1| in a log-log plot to estimate a critical

FIG. 6. Temperature dependence of resistivity for YMnO exponenta.

YbMnOj3;, and LUuMnQ. Two samples of YbMn@are from differ-

ent batches. . . . . .
a unique correlation between the dielectric and magnetic

roperties in these compounds. An anomalyegfT) at Ty

nd its absence ia,(T) suggest that it is dominated by some
interaction within theab plane. This issue will be discussed
in a later section.

Figure 7 shows the low-temperature dielectric constang
[€(T)] of RMnO;3 single crystals foR=Y and Lu at 100
kHz. The dielectric loss is zero within the experimental error
in this temperature range<(150 K). A critical decrease of
the dielectric constant with the electric field along thie
plane (e, can be seen &ty for both YMnO; and LUMNG;. V1. SPECIFIC HEAT

An additional peak ok(T) at T<Ty was reported in early  The gpecific heat of LuMn@divided by temperature is
literature®® which is also observed in some of our polycrys- snown in Fig. 8, where a-type anomaly is observed .
talline samplegshown by a closed triangle in Fig).How- ~ according to the scaling theorgy, in the vicinity of Ty
ever, the peak is gbsent in all single cr_ystals, suggesting th@lshaves likeCgpin=Alt|* with t=T/Ty— 1. To experimen-
the peak af <Ty is caused by the grain-boundary effect. 51y ohtain the critical exponent, phonon contribution has

It can also be seen that the anomalyigtis absent when 4 he estimated and subtracted from the total specific heat. As

the e.lectric.field is along the axis .(ec). Such anisotropy of an estimation of phonon contribution, we use a Debye for-
the dielectric constarian anomaly ire,(T) but no anomaly 1,1

in ,(T)] is in clear contrast to that of the magnetic suscep-
tibility [a cusp iny(T) but no anomaly iny,(T)], implying

3 ropIT §4e§d§
Clattice= 3RN-3 f 1

3
22— 0o/ Jo  (ef-1)?’

whereR is the gas constany the number of atoms per unit
cell (=5), and 6y is a Debye temperature. We chosg
=550 K so that the experimental value Gfat 120 K (the
upper limit of our experimentcoincides with C g ice, @S
shown by a dashed line in Fig. 8. Spin specific legf, was
obtained by subtracting this lattice contribution from the
measured specific heat. The critical exponentvas esti-
mated from the log-log plot o€, vs [ T/Ty— 1], as shown
in the inset of Fig. 8. The experimentally obtainedis
~0.22 forT>Ty and 0.10 forT<Ty. Such discrepancy of
a above and belowTy is not consistent with the scaling
theory, but is often observed experimentaliyVe speculate
that the randomness existing in the real compounds modifies
the critical behavior from its ideal one. Note that the peak of
C(T) at Ty for the polycrystalline samples &MnO; (Ref.

FIG. 7. Dielectric constants of YMnOand LuMnG. Ar- 7) is more rounded than the present result for a single crystal,
rows show Nel temperatures. Data are multiplied by constants forprobably because polycrystalline samples have more ran-
clarity. domness than single crystals.

e, (x1.25)
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0 100
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FIG. 10. lllustration of the process of in-plane charge-transfer
] excitation with p-d exchange interactionJf,y) for antiferromag-
T T e netic (left) and ferromagneti¢right) ordering of the Mn moments.
0 50 100

Temperature (K)

moving along thec axis, but likely to be dominated by in-
FIG. 9. (C—yT)/T?® vs temperature for LuMng(the solid ling planv_e magnetic interaction_. The_ d(.: dielectric Cons.tam i§
and CaMnQ (the dotted ling  is 1.0 mJ/mol K, and 2.3 mJ/mol do_mlnated both by electronic excitations and phonqmc exci-
K2 for LuMNO, and CaMnQ, respectively. t?.thﬂS, bu_t here_, we only take account of elegtronlc exc[ta—
tions for dielectric constants. In the analogy with perovskite
One may notice that the spin entropy of LuMgn@iven manganites, the Io_vve_st in-plane charge excitation is the
by the subtraction of the phonon contributindashed line ~ Charge-transfer excitation between the Md State and the
from the total entropy(closed circles has large residual In-plane oxygen P state.” Since the relation between a dc
weight at low temperatures. This can be more clearly seefliélectric constant4) and a charge excitation gaji§) is
with less ambiguity in Fig. 9, whedgC(T)—yT]/T3 (yis a roughly given byezl/ES, the decrease of dielectric con-
T-linear coefficient of specific heais plotted. As discussed stants with antiferromagnetic ordering means the increase of
above, the contribution of acoustic phonon can be given byhe excitation gap. A change of an excitation gap with mag-
the Debye formula, which gives & term at low tempera- hetic ordering is observed in Eu chalchogenitteand in its
tures and then saturated near the Debye temperatyired analogy, we can explain the change of the dielectric constant
similar behavior is expected for antiferromagnetic magnonof RMnO; with magnetic ordering as follows: the Mnd3
which also produces the same contribution to specific heat aate and the oxygenp2state, and the exchange spin inter-
acoustic phonon. Therefore,[i€(T) — yT]/T2 is plotted for ~ action between these two state are assumed. It is ex-
conventional antiferromagnets, it is constant up to a certaifected thatlyq is ferromagnetic, judging from the experi-
temperature and then decreases with further increasing teriléntal results that doped holes in perovskite manganites
perature. This is experimentally the case for a conventiondRvor ferromagnetic alignment. As discussed above, the low-
antiferromagnet CaMnwith S=3/2 on the cubic latticd®  est excitation ilrRMnO; is the one to move a hole from the
as shown by the dashed line in Fig. 9. HoweVeE(T) Mn site to the in-plane oxygen site. If the energy difference
— yT1/T® has a clear peak around 25 K for LuMp@s seen between these two stat@éin 3d and oxygen P) is A, the
in the same figure. This means that low-temperature specifignal-state energy ia —J,4 when the Mn moments are fer-
heat has a strong deviation from tf& rule. It is likely that ~ romagnetically aligned, and +J,4 when antiferromagneti-
this peak comes from the geometrical frustration existing ircally aligned, as illustrated in Fig. 10. In such a situation, the
the triangular lattice. In conventional antiferromagnets, mose€nergy gap increases and thus the dielectric constant de-
of the spin entropy disappears aroufig and only magnon creases with the transition from a paramagnetic pliasth
contribution survives at low temperatures, whereas a part dgndomly oriented spinsto an antiferromagnetic phase.
the spin moment seems to be fluctuating down to low temFrom the magnitude of the change of the dielectric constant,
peratures in hexagon@®MnOs. According to a neutron- it can be estimated thak,; of RMnO; is several % of the
scattering measurement, the antiferromagnetic moment ¢fharge gap{ eV), i.e., several tens meV, in spite of 10Ty,
RMnO; [2.9ug for YMnO; (Ref. 7] is discernibly smaller (kgTy=6 meV for YMnOg). It should be pointed out that if
than the expected value for M, 4u5. One possible inter- Ty Were so high so that the effect of thermally excited car-
pretation is that the missing moment is fluctuating down tofiers cannot be ignored, such a sharp decrease of the dielec-
low temperatures owing to the geometrical frustration, and idric constant would not be observed. Therefore a large and

responsible for the peak around 25 K[i6(T)— yT]/TS. sharp decrease of the dielectric constant gin RMnOs is
partly due to geometrical frustration, i.e., much lowgy
VII. DISCUSSION compared with typical energy scale of magnetic interaction.

It should be pointed out that magnetic ordering does not
First of all, we discuss the mechanism of the change o&ffect the charge-transfer excitation between the Mn state
dielectric constants afy. Since the anomaly is observed and the apical oxygen state based on the present model, re-
only in e,,(T), it is unlikely to be dominated by the change sulting in the absence of the anomalydg(T) at T, con-
of the ferroelectric polarization or relating optical phononssistent with the experiment.
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lattice and thus stabilizes a 120° structure with specific
chirality.??

VIIl. SUMMARY

Magnetic, dielectric, structural, and thermal properties
were investigated for single crystals of hexagoRMNO;
(R=Y, Yb, and Lu, which contains triangular-lattice layers
of Mn ions. We have observed the formation of Mn trimers
in a high-resolution real space image of transmission elec-
tron microscope. Regarding the magnetism of these com-
pounds, the ratio of a Weiss temperaturélfpis ~ 10, indi-
cating strong geometrical frustration of these compounds.
e e o Specific heat showsX-type anomaly aty as well as a clear

10 deviation from &2 rule at low temperatures, indicating that
IT/T\1l spin fluctuation survives far belowy because of geometri-

FIG. 11. |e(T)—e{Ty)| vs |T/Ty—1]| for the estimation of a  cal frustration of the Mn triangular lattice. It is also found
critical exponenir of YMnO,. Solid lines correspond to the fitting that a cusp of magnetic susceptibility B appears only for
to @«=0.25. The dotted line in the inset shows the estimated latticey(T) but not for y,(T). On the other hand, a critical de-
contribution. crease of dielectric constants)( at Ty occurs only for

€.(T) but not fore,(T), in clear contrast to the behavior of

The argument above implies that the dominant factor formagnetic susceptibility. The decreaseegf(T) at Ty can be
the change ofe(T) is (S-S;), wherei andj denote the explained by a spin-dependent charge—_transfer gap between
neighboring Mn sites. Thug(T), which is the dielectric Mn 3d and in-plane oxygen |2 states with strong-d ex-
constant subtracted by the temperature-dependent lattié@ange interaction. Attempts to estimate a critical exponent
contribution, should behave like(T) — efTy)|=Alt|1~¢, ~ @ were made on the data of specific heat and dielectric con-
wheret=T/Ty—1 anda is the same as that of specific heat, stants, which gave values not fully consistent with the(_)rles,
in the vicinity of Ty .2 We estimated the critical exponemt ~ Probably because of the existence of randomness in the
by fitting e,(T) of YMNnOs as shown in Fig. 11, and found samples. Th.|s system can bg regarded as a ferroelec.trlc/
a~0.25 for both above and beloW,. This value is almost frustrated-spin hybrid, which gives us a unique opportunity
consistent with that estimated from specific heat for to study the coupling between dielectric properties and spins

>T,. A Monte Carlo simulation estimates that a critical With geometrical frustration.
exponentx of xy antiferromagnet on the triangular lattice is
0.40+0.1022 and our result is evidently out of the error bar.
A possible reason for the discrepancy is the randomness ef- The present work was partly supported by a Grant-In-Aid
fect as discussed in Sec. VI. Another one is the trimerizatiorior Scientific Research from the Ministry of Education, Sci-
of the Mn ions, which breaks the symmetry of the triangularence, and Culture, Japan.
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