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Unconventional spin fluctuations in the hexagonal antiferromagnet YMnO3
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We used inelastic neutron scattering to show that well below its Ne´el temperature,TN , the two-dimensional
~2D! XY nearly triangular antiferromagnet YMnO3 has a prominentcentral peakassociated with 2D antifer-
romagnetic fluctuations with a characteristic lifetime of 0.55~5! ps, coexisting with the conventional long-lived
spin waves. Existence of the two time scales suggests competition between the Ne´el phase favored by weak
interplane interactions, and the Kosterlitz-Thouless phase intrinsic to the 2DXY spin system.
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I. INTRODUCTION

Geometrical frustration and low dimensionality are t
two key concepts in the statistical physics that provide
usual spin dynamics as well as phase transitions.1–3 The sim-
plest realization of the two concepts is two-dimensional
angular lattice antiferromagnets~2DTLAFMs!. A particular
interest is placed on theXY spin system (2DXYTLAFM),
where its ground-state manifold has the continuous deg
eracy associated with U~1! global spin rotations, as well a
the discrete Ising-like degeneracy due toZ2 chirality
configurations.4 Because of the U~1! symmetry, the well-
known Kosterlitz-Thouless~KT! phase involving vortex
binding5 is expected at low temperatures. Experimenta
little evidence can be found in the literature due to the la
of good model systems.6

Rare-earth manganitesRMnO3 (R5Y, Lu, and Sc! are
ferroelectric compounds with considerably high ferroelec
Curie temperature above 1000 K.7 Below the ferroelectric
transition, these compounds crystallize in a hexagonal st
ture with the space groupP63cm. The Mn31 (S52) ions
are at the 6c(x,0,0) positions@x50.323(1) forR5Y ~Ref.
7!#, forming nearly triangular networks inz50 and 1/2 lay-
ers. These layers stack in the ABAB sequence along thz
axis ~see Fig. 1!,7–9 with a wide separation introduced b
interveningR and O ions. This wide separation suggests p
dominant two-dimensional~2D! character in theab plane,
and thus theRMnO3 compounds can be good candidates
the 2DTLAFMs. Their bulk susceptibility data show that d
spite strong antiferromagnetic interactions the magnetic i
order long range at much lower temperaturesTN than the
magnetic energy scale inferred by the Curie-Weiss~CW!
temperaturesQCW ~for instance,QCW52705 K and TN
570 K for YMnO3).7–9 Previous powder neutron-diffractio
studies showed that the spins at the lowest tempera
formed the so-called 120° structure in theab plane coincid-
ing with the ground state for 2DTLAFMs, and the froze
moments,̂ M &, were reduced from the expected value f
the fully polarized Mn31 @e.g.,^M &52.90(2)mB,gSmB for
YMnO3 (S52)].7,8,10 The reduction inTN and ^M & is a
signature of strong spin fluctuations due to geometrical fr
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tration and/or low dimensionality in the systems. The lo
TN , compared to the ferroelectric transition temperatu
also infers weak coupling between the magnetism and fe
electricity. In the powder neutron-diffraction pattern, a bro
peak was additionally observed at finiteQ aroundTN , in-
dicative of strong short-range spin correlations.7,10 However,
due to intrinsic limitations of the powder-diffraction tech
nique, further experimental studies, especially inelas
single-crystal neutron-scattering measurements, are ne
sary to understand the nature of the spin excitations.

In this paper, we report inelastic neutron-scattering m
surements on powder and single-crystal samples of the
agonal rare-earth manganite YMnO3. We have found that
YMnO3 is a good model system for the 2DXYTLAFM with
weak trimerization. Our most important finding is that in th
Néel phase there are fast 2D spin fluctuations with a cha
teristic time scale of 0.55~5! ps in addition to the conven
tional long-lived spin-wave~SW! excitations. The inverse o
dynamic correlation length associated with the fast 2D s
fluctuations has similarT dependence as that expected for t
KT phase in a 2DXY spin system, suggesting that the sp
fluctuations are reminiscence of the KT phase. The coex
ence of the long-lived magnons and the fast 2D spin fluct

FIG. 1. Schematic drawing of Mn positions and spin ordering
YMnO3. Filled ~open! circles represent Mn positions in thez
50 (z51/2) plane, whereas the dotted parallelogram shows
magnetic unit cell that is identical to the chemical unit cell. Latti
constants area56.140 Å andc511.393 Å. The lattice is weakly
trimerized with the intratrimer and intertrimer Mn-Mn distances
3.42 Å and 3.62 Å, respectively~Refs. 7 and 9! which is exagger-
ated in the drawing.
©2003 The American Physical Society32-1
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tions also suggests competition between the Ne´el phase and
the KT phase in this quasi-2DXY spin system.

II. EXPERIMENT

A 50-g powder sample and a 2-g~f5 mm322 mm! single
crystal of YMnO3 were used in our neutron-scattering me
surements. Methods of sample preparation were repo
elsewhere.9 Neutron-scattering measurements were p
formed at the National Institute of Standards and Technol
~NIST! Center for Neutron Research. Powder experime
were performed at the Disk Chopper time-of-flight Spe
trometer~DCS! using an incident energy ofEi515.46 meV
and single-crystal experiments at the cold neutron triple-a
spectrometer~SPINS! and the thermal-neutron triple-ax
spectrometer BT9. At SPINS, pyrolytic graphite~PG! 002
reflections were used for monochromator and analyzer, a
cooled Be filter was placed after the sample to elimin
higher-order contamination. We used horizontal collimatio
of 808–808 and a final energyEf55 meV for most scans
while Ef52.6 meV and 808–408 were used when better en
ergy resolution was needed. At BT9, the PG monochrom
and analyzer were used withEf514.7 meV, and a PG filte
was used to get rid of higher-order contamination. The h
zontal collimations were 408–408–408–808.

III. RESULTS AND DISCUSSION

Figure 2 provides an overview of the inelastic neutro
scattering intensityĨ (Q,v) for the powder sample at thre
temperatures. The powder-averaged scattering intensity i

FIG. 2. ~Color online! Contour maps of the powder-average
neutron-scattering intensity versus magnitude of wave-vector tr
fer Q and energy transfer\v at three different temperatures spa
ning the phase transition atTN570 K.
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lated to the dynamic spin-correlation functionS ab(QW ,v)
as11

Ĩ ~Q,v!5E dVQ̂

4p Ug2 F~Q!U2

(
ab

~dab2Q̂aQ̂b!S ab~QW ,v!,

~1!

whereF(Q) is the magnetic form factor for Mn31. For T
.TN , there is a cooperative paramagnetic continuum c
tered atQ51.2 Å21 due to fluctuations of small AFM clus
ters, as is commonly found in geometrically frustrat
AFMs.12 By integratingĨ (Q,v) over\v andQ, we obtained
the sum rule ofS(S11)55.2(5) at 80 K, which is close to
the expected value for dynamic Mn31(S52) ions. This and
the Q dependence13 tell us that the scattering is magneti
For T,TN , as the magnetic long-range order develo
spectral weight at low energies gradually shifts to high
energies. AtT54 K there is strong scattering above\v;5
meV and weak scattering below.

Next, to obtainQW -directional dependence of the magne
excitations, we have performed single-crystal inelas
scattering experiments. Figure 3 shows the representa
constant-QW scans at the antiferromagnetic zone centerG,
namely, QW 5(1,0,0) and equivalent positions. ForT.TN ,
the cooperative paramagnetic continuum appears as a q
elastic peak centered at\v50 meV. ForT,TN , the quasi-
elastic peak intensity decreases and two prominent mag
peaks develop at nonzero energies. The energy values o
magnon peaks increase asT decreases, becoming\v52.3
and 5.3 meV at 7 K. A constantQW 5(1,0,1) scan with a
better energy resolution revealed an additional mode at\v
50.22 meV@Fig. 3~e!#.

s-

FIG. 3. ~a!–~d! ConstantQW 5(1,0,0) scans at four different tem

peratures.~e! Constant-QW scans atQW 5(1,0,2) andQW 5(1,0,1) at

T57 K. The scan atQW 5(1,0,1) was taken under the highe
energy-resolution configuration withEf52.6 meV, and its unit is
arbitrary. Solid lines are fits to Eq.~2!, whereas dashed lines repre
sent the quasielastic part~see the text!.
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We analyzed the observed spectra using the follow
scattering function with Lorentzians for the quasielastic~qel!
and magnon peaks:

Ĩ ~QW ,\v!}\v@11n~\v!#F I qel

Gqel

Gqel
2 1\v2

1(
k

I SW
k GSW

GSW
2 1~\v2\vk!

2G , ~2!

where @11n(\v)#5@12exp(2\v/kBT)#21. This function
was convoluted with the instrumental resolution function
fit the observed spectra.

Let us first discuss the magnon dispersion relations aT
57 K!TN . Figure 4 shows the dispersion relations alon
few high-symmetry directions, obtained from seve
constant-QW and constant-\v scans. To explain the observe
dispersion relations, we introduce the following model sp
Hamiltonian:

H52(̂
i j &

Ji j SW i•SW j2D1(
i

~Si
z!22D2(

i
~SW i•nW i !

2, ~3!

which consists of two in-plane (J1 and J2) and two inter-
plane (J18 andJ28) interactions, and the easy-plane (D1) and
in-plane easy-axis (D2) anisotropies~see Fig. 1 for the defi-
nition of the interactions!. The anisotropyD2, parallel to the
spin directions (nW i5^SW i&/u^SW i&u), is necessary to reproduc
the small~0.22 meV! gap at the antiferromagnetic zone ce
ter, and is presumably due to the local structural distort
around Mn31. The conditionsJ18.0 andJ18.J28 are neces-
sary for the particular interplane stacking in YMnO3, given
as theG1 spin structure in Ref. 8, to be the ground state.

The model Hamiltonian is linearized using the Holste
Primakoff approximation, and numerically diagonalized
obtain one-magnon dispersion relations using the stan
equation-of-motion technique.14 Analytic expressions for the
gap energies at theG point were also derived assuming su
ficiently smallD2 , J18 , andJ28 :

\v1.2SA2D2l1,

FIG. 4. Spin-wave dispersion relations along (h,0,0),(h,h,0),
and (0,0,l ). Circles and triangles represent the experimentally
termined peak positions.~Different marks distinguish branches a
pearing from different magnetic Bragg positions.! Solid lines are
the model dispersion relations explained in the text. Inset: sc
matic drawing of scan directions in the 2D plane.
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\v2.2SA2D2l122~J182J28!l1,

\v3.SA2~D1l22D2l322D1J18!,

\v4.SA2@D1l22D2l32D1~J1824J28!22~J182J28!l2#,
~4!

from low to high energies, wherel15D11(3/2)J1
13J2 ,l25(3/2)J113J2, and l352D11(3/2)J113J2.
Fitting the calculations to the data, we obtainedJ1

523.4(2) meV, J2522.02(7) meV, J182J2850.014(2)
meV, D1520.28(1) meV, andD250.0007(6) meV. Solid
lines in Fig. 4 represent the calculated dispersion relati
with J2850. The good agreement confirms the validity of t
model Hamiltonian.

In the above paragraph, we could only determine the
ferenceJ182J28 for interplane interactions. From the analyt
expressions of Eq.~4!, we see that\v3 and \v4 must be
accurately determined in order to obtainJ18 andJ28 separately.
However, this was impossible since they appear as one p
at \v55.3 meV in Fig. 3~d! or 3~e! due to the insufficient
energy resolution at high energies. Since the splitting
tween\v3 and \v4 becomes sensitive toJ18 ~or J28) at QW

5(1.05,0,0), we performed a constant-QW scan at thisQW and
found an almost resolution-limited peak at\v55.4 meV.
This requires the splitting to be less than the energy res
tion DE50.5 meV, and consequently an upper limit of 0.0
meV is obtained forJ18 andJ28 . Hence, the interplane inter
actions are at most 2.4% of the in-plane interactionJ1, con-
firming the good two dimensionality. One may note thatJ1
;J2, which makes YMnO3 rather closer to the idea
TLAFM than a system of weakly coupled trimers.

Our J1.23.4 meV is one order-of-magnitude small
thanJ deduced in a recent Raman-scattering study by Ta
hashiet al.15 They obtainedJ;2140 cm21 (;217 meV)
by assigning a broad peak appearing at 1800 cm21

(;220 meV) to two-magnon scattering. However, our
sults clearly show that the peak cannot be due to the t
magnon process because the bandwidth of the one-ma
branch is only about 16 meV. Their broad peak at 220 m
must be vibrational or electronic in origin rather than ma
netic. There very recently also appeared a comment q
tioning the two-magnon origin of the broad Rama
scattering peak.16

Now let us turn to the low-energy quasielastic continuu
observed belowTN , clearly seen in Figs. 3~b! and 3~c!. For
T57 K!TN , Fig. 3~e! shows a\v50.55 meV mode atQW
5(1,0,l ) with lÞ0 which is due to in-plane transverse sp
fluctuations. The in-plane transverse fluctuations can
however, appear atQW 5(1,0,0) because the polarization fa
tor in Eq. ~1! vanishes for the ordered spin structure
YMnO3. Note that such a mode is not present in Fig. 3~d!.
Therefore we rule out the in-plane transverse spin fluct
tions as the origin of the quasielastic continuum existing
the Néel phase. In order to understand the continuum,
performed constant\v51 meV around~1,0,0! at several
temperatures and along differentQW directions. Shown in

-

e-
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Figs. 5~a! and 5~b! are representative scans atT540 K. A
nearly resolution-limited peak is seen along the in-plane
1h,22h,0) direction whereas the intensity is independe
of l perpendicular to the plane. These indicate that the qu
elastic component is purely 2D in nature, well localized
the 2D antiferromagnetic zone center. Figure 5~c! shows the
temperature dependence of the intrinsic peak width along
(11h,22h,0) direction. ForT.TN the width decreases a
most linearly, whereas it becomes nearly resolution limi
below TN , indicating a large in-plane correlation length
low temperatures. The energy widthGqel of the quasielastic
peak is also shown in Fig. 5~d!. Gqel decreases asT decreases
down to TN and saturates to a value ofGqel.1.2(1) meV
belowTN . It is surprising that the fast spin fluctuations wi
the characteristic time scale oftqel5\/Gqel;0.55(5) ps co-
exist with the long-lived spin waves in the 3D ordered Ne´el
phase.

Because of the noncentrosymmetric crystal structu
YMnO3 is known to show formation of crystallograph
domains.17 Thus, one might think it possible that the pre
ently observed 2D fluctuations originate from certain crys
lographic domains where 3D magnetic ordering is someh
suppressed even belowTN . However, the domains are mag
netically equivalent, and thus spins in different doma
should order equally at the same temperature; indeed,
entire sample is known to establish antiferromagnetic N´el
order in YMnO3 belowTN .18 Therefore, the existence of th
crystallographic domains is irrelevant for the coexisting t

*On leave from National Institute for Materials Science, Tsuku
305-0047, Japan. Email address: tjsato@nist.gov

1A.P. Ramirez, inHandbook on Magnetic Materials, edited by
K.J.H. Busch~Elsevier Science, Amsterdam, 2001!, Vol. 13, p.
423.

2S.-H. Lee, C. Broholm, W. Ratcliff, G. Gasparovic, Q. Huan
T.H. Kim, and S.-W. Cheong, Nature~London! 418, 856~2002!.

FIG. 5. Constant\v51 meV scan ~a! along the (11h,
22h,0) direction and~b! along the (1,0,l ) direction atT540 K.
The horizontal bar in~a! represents the instrumental resolution.T
dependence of~c! the intrinsic peak width,k, obtained from the
constant\v51 meV scans the along (11h,22h,0) direction, and

~d! the relaxation rateGqel obtained from the constantQW 5(1,0,0)
scans shown in Fig. 3. Lines are explained in the text.
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kinds of spin fluctuations; the 2D spin fluctuations intrins
cally coexist with the conventional spin waves in the 3
ordered Ne´el phase.

What is the origin of the fast 2D fluctuations in the Ne´el
phase? Recently, a similar quasielastic peak, called thecen-
tral peak, has been found in numerical simulation studies
2DXYTLAFMs.19 Theoretically, such a central peak ha
been commonly seen in 2DXY spin systems, triangular o
nontriangular, and is related to the vortex dynamics intrin
to the KT phase.20 We thus fitted ourk andGqel to the phe-
nomenological functions:k5k0exp(2b/At) and G5G0

1Ap (L/\)e22b/At $ (A221) @ ln(kBTKT /L)/21b/At # % 1/2,
wheret5(T2TKT)/TKT and L5JS2a2k0

2/4. Here if A51
and G050, k and G reduce to the analytical expression
for the 2D XY square lattice system.21 The best fit@solid
lines in Figs. 5~c! and 5~d!# was obtained withTKT
511(10) K, b510(4), k054(1) Å21, A50.07(1), and
G051.2(1) meV. The fit reproducesk and G well for the
entire temperature range, suggesting that the quasiel
peak is reminiscence of the vortex dynamics. Coexistenc
the magnons and quasielastic peak suggests competition
tween the Ne´el phase favored by the weak interplane inte
actions and the KT phase intrinsic to the 2DXY spin system
at low temperatures. It remains to be seen whether or not
prefactorA being smaller than 1 and the nonzeroG0 for the
relaxation rate are intrinsic to the 2DXYLTAFMs or are due
to the competition between the two phases.22

IV. SUMMARY

Spin excitations in the hexagonal antiferromagnet YMn3
have been studied using the inelastic neutron-scattering t
nique. We observed a quasielastic central peak at the
AFM zone center in the Ne´el phase, coexisting with the con
ventional 3D antiferromagnetic spin waves. The central p
bears characteristics of the KT phase intrinsic to the 2DXY
spin systems. Understanding in detail how the Ne´el and KT
phases compete and change the nature of the dynamic
correlations would require further theoretical and experim
tal studies in the 2DXY spin systems.
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