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Magnetic ordering and spin-liquid state of YMnO3
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We have measured the bulk properties as well as the elastic and inelastic neutron scattering of YMnO3 in
order to understand the static and dynamic properties of the Mn moments. Our measurements clearly show that
aboveTN there are short range correlations between spins at the nearest neighbor and next nearest neighbor Mn
sites, which also fluctuate in time. This, together with other bulk properties, demonstrates the presence of a spin
liquid phase aboveTN arising from the geometrically frustrated Mn moments. BelowTN , a well-defined spin
wave develops and we can understand the experimentally measured spin wave spectrum in terms of a Heisen-
berg Hamiltonian with a small easy plane anisotropy. However, even in the ordered phase we have found
evidence of short range spin correlations.
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I. INTRODUCTION

Physics arising from high ground state degeneracy
abundant in nature, and has attracted much interest rece
Such examples can be found in very diverse fields of
search, and consequently understanding their thermodyn
properties has far reaching implications.1 A magnetic ex-
ample of such a system occurs when the competing inte
tions, typically of the order of the Curie-Weiss temperatu
uCW, cannot find a way to order at temperatures of the m
netic interaction because of the special geometrical arra
ment of spins. Either they do not order at all, or if they
their ordering temperature is much lower thanuCW. These
so-called geometrically frustrated systems include differ
classes of materials. For example, SrCr9pGa1229pO19 has a
2D network of corner-sharing triangles, the so-calledkagome
lattice,2 and a 3D version of the corner-sharing triangu
spin network is Gd3Ga5O12.3 Examples of 3D geometrically
frustrated lattices include the pyrochlore compounds.4

Rare-earth manganese oxides, RMnO3 form in two crys-
tallographic structures depending on the ionic radius of
rare-earth elements. For rare-earth elements with a s
ionic radius, Ho, Er, Tm, Yb, Lu, and Y, it has the hexagon
structure5 while the orthorhombic perovskite structure
found in RMnO3 with a large ionic radius, La, Pr, Nd, Sm
Eu, Gd, and Tb.6 We note that some of the hexagonal ma
ganites can also form in the orthorhombic structure depe
ing on the heat treatment. Unlike the recently extensiv
studied perovskite manganites that show colossal magn
resistance behavior, the hexagonal RMnO3 compounds have
a ferroelectric transition at very high temperature: e.g.,TC
;900 K for YMnO3, and an antiferromagnetic transition
a much lower temperature, e.g.,TN570 K for YMnO3.7

Such compounds are known as ferroelectromagnets. Fur
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more, the hexagonal manganites remain insulating over
whole temperature range.

What is particularly interesting from the viewpoint o
geometrically frustrated magnetism is that the Mn ions fo
a natural 2D network of corner-sharing triangular netwo
which leads to frustration. In this paper, we have not o
investigated the bulk properties of YMnO3 but also mea-
sured the elastic and inelastic neutron scattering above
below the antiferromagnetic transition. What distinguish
YMnO3 apart from other well-documented 2D spin system8

is that it is a geometrically frustrated system, which is 2
Heisenberg system having a very small easy plane an
ropy. For example, most of theABX3 compounds that are
Heisenberg-triangular antiferromagnets with an easy pl
anisotropy have strong chain interactions, i.e., they are q
one dimensional.8 Other examples of such 2D Heisenbe
systems are anhydrous alums that are known to have w
Ising-type anisotropy.9 Our studies also reveal that YMnO3
has a spin liquid phase, which is present well aboveTN .
Moreover, short range spin correlations seem to exist e
below TN . In the antiferromagnetic phase, the ordered m
ments lie in the basal plane with a reduced value of 3.30mB
per Mn atom.

II. EXPERIMENTAL DETAILS

For our experiments, we used YMnO3 of 99.9% purity
from Superconductive Components, Inc. Our neutron diffr
tion measurements show no trace of known impurities s
as Mn3O4, Y2O3, etc. We measured the magnetization us
a commercial magnetometer~PPMS9, Quantum Design!
from 2 to 300 K. We also used a commercial vibratin
sample magnetometer~Lakeshore VSM 7300! in order to
measure the magnetization from 300 to 800 K. Our neut
diffraction experiments were carried out from 10 to 300
©2003 The American Physical Society26-1
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using a neutron wavelength ofl51.834 Å at the high reso
lution powder diffractometer~HRPD! of the Korea Atomic
Energy Research Institute. We analyzed the data using
Rietveld programFULLPROFand made a magnetic group th
oretical analysis using the programMODY-2.

Inelastic neutron scattering measurements from 5 to
K were made using about 52 g of powder sample with
HET chopper spectrometer at the ISIS Facility in the UK. W
used a flat plate-shaped Al sample container. Most of th
measurements were made with an incident energy of
meV. The scattering functionS(Q,v) as a function of wave
vector transferQ and energy transfer\v is obtained from
the raw time-of-flight data by normalizing to the incide
flux using the integral of the incident beam monitor.10 The
instrument resolution of the setup used in this work is be
than 2.2 meV at the elastic peak position and 1.3 meV at
energy transfer of 20 meV.

III. EXPERIMENTAL RESULTS AND ANALYSIS

Shown in Fig. 1~a! is the crystallographic structure o
YMnO3 with theP63cm space group. One notes that the M
atoms of YMnO3 form a natural 2D network separated alo
the c axis by a noncoplanar layer of Y atoms. The distan
between the nearest Mn atoms is 3.54 and 6.05 Å for theab
plane andc axis, respectively. The analysis of our neutr
diffraction data11 shows that belowTN the Mn moments are
aligned in the basal plane, in agreement with previo
publications12,13 @see Fig. 1~b!#.

FIG. 1. ~Color online! ~a! Crystal structure of YMnO3 with the
space group ofP63cm. ~b! Magnetic structure of Mn moments fo
G1 representation. Filled and open circles denote Mn moment
the z50 andz51/2 planes, respectively.
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The Mn moments are strongly coupled withuCW
.2545 K as shown in Fig. 2. The antiferromagnetic co
pling between nearest-neighbor Mn spins at the edge sha
triangular network leads to the frustration effects. In fa
YMnO3 does not order until 70 K so the ratio betweenuCW
andTN is about 7.8.14 From the measured Curie-Weiss tem
perature we estimate the nearest-neighbor exchange int
J'3.8 meV usingS52 for Mn31 and

uCW52
1

3
qJS~S11!, ~1!

whereq is the number of nearest neighbors. By interpolati
the results of Capriottiet al.,15,16 we then estimate the tran
sition temperature asTN'0.3J(S11/2)2585 K for an easy-
plane antiferromagnetic Heisenberg model on a triangu
lattice @see Eq.~3! below# with S52 and a'0.95. These
values are found appropriate for Mn31 of YMnO3. @Note
that the spin wave analysis that will be discussed below
~3! yieldsJ'3 meV, which then givesTN'67 K.# This es-
timate is in good agreement with the measured transi
temperatureTN570 K. Another noteworthy point is that th
inverse susceptibility is linear from 100 to 600 K and has
upward curvature above 600 K. We can fit the data using
usual Curie-Weiss formula with a small temperatu
independent background signal from the sample hold
which was measured separately. Since signals from
sample holder are less than 1% of those from the sam
and do not show any drastic temperature dependence, t
is a very little change even after correcting the data for
holder contributions. Moreover, the demagnetization corr
tion is negligible over the entire temperature range as
magnetization is very small for YMnO3.

Additional evidence of geometrically frustrated magn
tism in YMnO3 can be found in our neutron diffraction dat
Apart from the usual nuclear and magnetic peaks, there
strong diffuse scattering around 2u520°, especially in the
data taken near atTN . As one can see in Fig. 3, this diffus
scattering is almost absent in the data taken at 300 K. H
ever, on cooling it becomes clearly observable and seem
be most pronounced around the antiferromagnetic transi
temperature before it gets subdued with further cooli

in

FIG. 2. Temperature dependence of the inverse susceptibilit
YMnO3 measured with a magnetic field of 1000 Oe.
6-2
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However, we should point out that even the data taken a
K, well below TN , show a signature of the diffuse scatterin
@see also Fig. 4~c!#. A similarly strong diffuse scattering wa
previously observed in ScMnO3,13,17 another frustrated hex
agonal manganite system. Therefore, it is clear that the
fuse scattering observed in both YMnO3 and ScMnO3 is due
to geometrical frustration effects of Mn moments forming
triangular network. Our analysis using the Selyakov-Sche
formula18 indicates that the correlation length shows a sim
lar temperature dependence to that of the peak intensity,
has a maximum atTN with j ; 15 Å .

In order to understand further the diffuse scattering,
subtracted off the diffraction pattern taken at 300 K from t
data taken at 40, 80, and 200 K. Figure 4 shows the dif
ence curve as a function of momentum transferQ. As we are
using a polycrystalline sample, our data below are given
the magnitude (Q) of the vectorQW . The difference curve
shows a strongQ modulation with a peak atQ.1.2 Å 21,
which becomes clearer as the temperature is lowered. Fo
analysis of the diffuse scattering, we first assumed that
diffuse scattering arises from correlations between the n
est spins using the following formula.19

I ~Q!

F2~Q!
;(

i , j
^Si
W
•Sj
W &

sin~Qri j !

Qri j
, ~2!

whereI (Q) is the measured difference curve,F(Q) the form
factor20 of Mn31, andr i j the distance between nearest neig
boring spins: for YMnO3 r i j 53.54 Å . This function has
been successfully used to explain the diffuse scattering

FIG. 3. We show neutron powder diffraction patterns of YMnO3

for several representative temperatures from 10 to 300 K. For
of presentation, the data are shifted upwards. The height of the
at the bottom represents a typical size of errors.
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other frustrated magnetic systems such as Tb2Ti2O7.21 The
dotted line in Fig. 4~b! is for curve fitting results using Eq
~2!. As one can see, it does not explain the whole differe
curve particularly well. In order to resolve the disagreem
between the data and the curve fitting results, we then
cluded in our calculations additional spin correlations b
tween the next nearest neighbors atr i j 56.13 Å on the basal
plane. Now the agreement between the data and the c
fitting results~full line! is significantly improved. The feature
aroundQ;2.3 Å 21 is clearly due to the correlations be
tween next nearest neighbor spins. We note that Eq.~2! for
the nearest spins along thec axis separated by 6.05 Å i
accidentally cancelled out under the present magnetic st
ture, which otherwise might explain the feature atQ
;2.3 Å 21. Furthermore, the ratio between the two spin c
relations in Eq.~2! is 22, which is exactly what we would
expect from the magnetic structure shown in Fig. 1~b!. Note
that the number of nearest neighbors and next nearest ne
bors on the basal plane are the same. It is also notewo
that 23r i j with r i j 56.13 Å is about the same asj obtained
above using the Selyakov-Scherrer formula. With increas
temperatures, the contribution from the correlations betw
next nearest neighboring spins decreases naturally, but is

se
ar

FIG. 4. Q dependence of magnetic diffuse scattering. We s
tracted off the diffraction pattern taken at 300 K from the diffracti
patterns taken at~a! 200, ~b! 80, and~c! 40 K. We corrected the
difference curve for the form factorF(Q) of Mn31 ~see the text!.
Arrows at the bottom of the top panel~a! indicate the position of
nuclear Bragg peaks while a double-sided arrow represents the
cal size of errors. The dotted line in~b! is for spin correlations
between nearest neighbors only. With an additional term for s
correlations between next nearest neighbors, the curve fitting re
~full line! reproduce the experimental data well~see the text!.
6-3
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FIG. 5. ~Color! Inelastic neutron scattering data taken with an incident energy of 40 meV at~a! 280 and~b! 5 K. ~c! ConstantQ plots of
the 5 K data forQ51.2 and 1.7 Å21. For the curve fitting of the results, we assumed two contributions to the data apart from the
one; one is a well-defined spin wave excitation and the other a very broad excitation. To fit the data forQ51.7 Å 21, we used two spin wave
excitations~dotted lines! and a very broad excitation~dashed line!. The solid lines through the two data sets forQ51.2 and 1.7 Å21 are
results of our curve fitting.~d! Theoretical calculations of the spin wave of YMnO3 using the Heisenberg model with a small easy pla
anisotropy~see the text!.
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present at 200 K as shown in Fig. 4~a!. The weak presence o
the correlations between next nearest neighboring spins
well be due to the fact that the temperature of 200 K is
smaller thanuuCWu and even at this temperature the Mn m
ments are expected to be in a so-called intermediate temp
ture regime, i.e., still correlated. Whether the diffuse scat
ing exists above 200 K is not clear from the present d
alone, since it becomes significantly reduced with increas
temperatures and cannot be observed within the resolutio
the HRPD we used for the diffraction experiments. Howev
considering our other neutron scattering experiments car
out using HET we think that the diffuse scattering, alb
much smaller, indeed exists at much higher temperature
order to determine accurately the temperature dependen
the diffuse scattering as well as the correlation length at e
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temperature we need to carry out measurements on si
crystal YMnO3. Nevertheless, the observation of the diffu
scattering constitutes strong evidence of the spin liquid ph
present in the paramagnetic phase of YMnO3 arising from a
geometrical frustration of Mn moments as expected from
large ratio ofuCW/TN . As shown in Fig. 4~c!, this diffuse
scattering is still present well belowTN . This observation
clearly suggests that the ordered magnetic phase coe
with the spin-liquid state.

A further interesting feature of the short range spin cor
lations is revealed in the inelastic neutron scattering. Sho
in Fig. 5~a! is the contour map of spin excitations measur
at 280 K using polycrystalline YMnO3. Even in this figure
strong diffuse scattering is clearly visible near the elastic l
centered atQ.1.2 Å 21 in agreement with the diffraction
6-4
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MAGNETIC ORDERING AND SPIN-LIQUID STATE OF YMnO3 PHYSICAL REVIEW B 68, 104426 ~2003!
data discussed above. What is more interesting, howeve
that this diffuse scattering appears to extend well into
inelastic region. For example, we can find a similarQ depen-
dence of the spin excitations up to 15 meV. They all show
peak atQ.1.2 Å 21 as in the diffraction data taken at
similar temperature. This kind of feature can be found
even higher temperatures. In our measurements at hi
temperatures, we can see the evidence of such spin dyna
right up to at least 500 K. Upon reducing the temperatu
the magnetic excitations become stronger and, simu
neously, asymmetric aroundQ.1.2 Å 21. This asymmetry
in the spin excitations further develops into well-defined s
wave excitations in the antiferromagnetic phase@see Fig.
5~b!#.

For the analysis of the measured spin waves in the a
ferromagnetic phase, we considered two model Hami
nians: theXY model and the Heisenberg model with an ea
plane anisotropy. In our calculations following Ref. 22,
turns out that the measured spin wave spectrum of YMnO3 is
more compatible with the latter model. For example, the
citations around 10 meV in the experimental spin wave d
cannot be described well by theXY model. Furthermore, the
spin gap-like feature atQ.1.2 Å 21 can be reproduced onl
when we include a small easy plane anisotropy to
Heisenberg model. The easy-plane triangular antiferrom
net YMnO3 was modeled in terms of theXXZ Heisenberg
antiferromagetic Hamiltonian defined as follows:

H5J (
, i , j .

@Si
xSj

x1Si
ySj

y1aSi
zSj

z#, ~3!

where i , j are the site indices on a triangular lattice,, .
refers to the nearest neighbors, andJ is the positive exchange
integral. The planar character of the system is due to
presence of the anisotropy 0<a,1. The minimum energy
configuration of the XXZ Heisenberg antiferromagneti
Hamiltonian for 0<a,1 is known to be theA33A3 Néel
state which consists of coplanar spins forming62p/3 angles
between the nearest neighbor spins. The strength of the
isotropy near theA33A3 structure is given byJ(12a).23

The interplane coupling may not be neglected, but
YMnO3, whose lattice structure is shown in Fig. 1~a!, the
contribution of the nearest neighbor interplane coupling
expected to be much smaller for theA33A3 structure. This
is because a spin in a plane is located almost at the cent
three spins forming62p/3 angles between them in the nea
est neighbor planes and, therefore, cancel the magnetic
pling to the nearest neighbor plane. We, therefore, negle
the interplane coupling in the present study.

Our calculations using Eq.~3! of the spin wave dispersion
with J53 meV anda50.95 are displayed in Fig. 5~d! after
being powder averaged. We found that in our calculatio
there are three different spin wave branches although
could not distinguish them clearly in our experimental d
because of the polycrystalline nature of our YMnO3 sample.
Including the anisotropy in our calculations leads to dras
effects in one lower energy spin wave branch. We note
the J value obtained from our spin wave calculation is co
sistent withTN if we use a relation between the two valu
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from theoretical calculations for the quantum easy-plane
tiferromagnet on the triangular lattice.16

What is noticeable in both the elastic and inelastic neut
scattering data is that there is very diffusive scattering e
in the antiferromagnetically ordered phase. This can be s
for example, in the diffraction data taken at 40 K shown
Fig. 3 and the difference curve for the same data in Fig. 4~c!
and the data near the elastic peak in Fig. 5~b! taken at 5 K. In
order to illustrate further this point, we show constantQ
plots of Fig. 5~b! for Q51.2 and 1.7 Å21 @see Fig. 5~c!#.
The well-defined peaks are due to spin wave excitati
whereas the very broad and featureless signal is from
supposedly spin liquid phase present even in the orde
phase. This then indicates that spin fluctuations are
present and strong at temperatures as low as 5 K. Such
fuse scattering can be due either to geometrical frustratio
the Mn moments at the edge-sharing triangular network
to 2D quantum effects. Since the diffuse scattering see
low temperatures seems to evolve continously from sim
diffuse scattering aboveTN , we deduce that it is more likely
to be due to geometrical frustration effects. The strong s
fluctuations may well be responsible for significant entro
consumption well below the transition temperature.24 That
the ordered moment of 3.30mB per Mn atom estimated at 1
K is much smaller than the theoretical value (4.0mB per Mn
atom! of Mn31 may well be another evidence of the presen
of strong spin fluctuations in the ordered phase. On the o
hand, the largeuCW/TN value for YMnO3 can be partly due
to the low dimensionality of the Mn networks in addition
the geometrical frustration effects.

To summarize, we have carried out bulk measurement
well as elastic and inelastic neutron scattering experiment
YMnO3. From our results, we have shown clearly that abo
TN there is very diffusive magnetic scattering in both spa
and time, indicating short range dynamic correlations wh
are a signature of a spin liquid phase. This spin liquid ph
forms out of geometrically frustrated Mn moments. Ev
when they become ordered belowTN , surprisingly enough
there are short range spatial correlations. Our analysis of
spin wave spectrum in the ordered phase shows that the
waves can be well described in terms of a Heisenberg Ha
tonian with a small easy plane anisotropy. Therefore, to
knowledge YMnO3 is the first such system which show
experimental evidence for both spin liquid and spin orde
phases in one sample with Heisenberg Hamiltonian wit
small easy plane anisotropy.
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