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We have measured the bulk properties as well as the elastic and inelastic neutron scattering gfiiYMnO
order to understand the static and dynamic properties of the Mn moments. Our measurements clearly show that
aboveT ), 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 abové@ ) arising from the geometrically frustrated Mn moments. Belby 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 more, the hexagonal manganites remain insulating over the
whole temperature range.

Physics arising from high ground state degeneracy is What.is particularly interesti.ng from the viewpoint of
abundant in nature, and has attracted much interest recentgeometrically frustrated magnetism is that the Mn ions form
Such examples can be found in very diverse fields of rea natural 2D network of corner-sharing triangular network,
search, and consequently understanding their thermodynami¢hich leads to frustration. In this paper, we have not only
properties has far reaching implicatioh# magnetic ex- investigated the bulk properties of YMg(ut also mea-
ample of such a system occurs when the competing interagured the elastic and inelastic neutron scattering above and

tions, typically of the order of the Curie-Weiss temloeraturebelow the antiferromagnetic transition. What distinguishes

Ocw, cannot find a way to order at temperatures of the mag_Y'VIr103 apart from other well-documented 2D spin systéms

netic interaction because of the special geometrical arrang S t.hat itis a geometrlcglly frustrated system, which is .2D
ment of spins. Either they do not order at all, or if they do eisenberg system having a very small easy plane anisot-

their ordering temperature is much lower thég, . These ropy. For example, most of thaBX; compounds that are

! . . isenberg-triangular antiferromagn with an lan
so-called geometrically frustrated systems include dlf'fereng|e senberg-triangular antiferromagnets with an easy plane

. nisotropy have strong chain interactions, i.e., they are quasi
classes of materials. For _example, SfGa; 9,010 has a one dimensiondl. Other examples of such 2D Heisenberg
2D network of corner-sharing triangles, the so-cakagome

) h ) J systems are anhydrous alums that are known to have weak
lattice;” and a 3D version of the corner-sharing t”angmarlsing-type anisotrop.Our studies also reveal that YMgO
spin network is GgGa;0;,.% Examples of 3D geometrically has a spin liquid phase, which is present well abdye
frustrated lattices include the pyrochlore compouhds. Moreover, short range spin correlations seem to exist even
Rare-earth manganese oxides, RMrf@m in two crys-  pelow Ty. In the antiferromagnetic phase, the ordered mo-

tallographic structures depending on the ionic radius of thenents lie in the basal plane with a reduced value of @530
rare-earth elements. For rare-earth elements with a smaber Mn atom.

ionic radius, Ho, Er, Tm, Yb, Lu, and Y, it has the hexagonal
structur@ while the orthorhombic perovskite structure is
found in RMnG, with a large ionic radius, La, Pr, Nd, Sm,
Eu, Gd, and T8.We note that some of the hexagonal man-  For our experiments, we used YMg@®@f 99.9% purity
ganites can also form in the orthorhombic structure dependrom Superconductive Components, Inc. Our neutron diffrac-
ing on the heat treatment. Unlike the recently extensivelytion measurements show no trace of known impurities such
studied perovskite manganites that show colossal magnetas Mn;O,, Y,O3, etc. We measured the magnetization using
resistance behavior, the hexagonal RMr@mpounds have a commercial magnetometdPPMS9, Quantum Design

a ferroelectric transition at very high temperature: €lg,, from 2 to 300 K. We also used a commercial vibrating
~900 K for YMnQ;, and an antiferromagnetic transition at sample magnetometdt.akeshore VSM 7300in order to

a much lower temperature, e.gly=70 K for YMnO,.’ measure the magnetization from 300 to 800 K. Our neutron
Such compounds are known as ferroelectromagnets. Furthediffraction experiments were carried out from 10 to 300 K

Il. EXPERIMENTAL DETAILS
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FIG. 2. Temperature dependence of the inverse susceptibility of
YMnO3; measured with a magnetic field of 1000 Oe.
(b)

The Mn moments are strongly coupled withcy
=—545 K as shown in Fig. 2. The antiferromagnetic cou-
pling between nearest-neighbor Mn spins at the edge sharing

ol

AVANIA' triangular network leads to the frustration effects. In fact
<= i \‘\ ’
‘vg‘—"'!m' YMnO; does not order until 70 K so the ratio betwegg,,

and Ty is about 7.8 From the measured Curie-Weiss tem-
perature we estimate the nearest-neighbor exchange integral
J~3.8 meV usingS=2 for Mn®*" and

FIG. 1. (Color onling (a) Crystal structure of YMn@ with the
space group oP6scm. (b) Magnetic structure of Mn moments for
I'; representation. Filled and open circles denote Mn moments in Oow=— §q3515+ 1), 1)
thez=0 andz=1/2 planes, respectively.

whereq is the number of nearest neighbors. By interpolating

using a neutron wavelength af=1.834 A at the high reso- the results of Capriottét al,'>®we then estimate the tran-
lution powder diffractometefHRPD) of the Korea Atomic sition temperature aBy~0.3](S+ 1/2)°=85 K for an easy-
Energy Research Institute. We analyzed the data using th@ane antiferromagnetic Heisenberg model on a triangular
Rietveld progranFuLLPROFand made a magnetic group the- lattice [see Eq.(3) below] with S=2 and a~0.95. These
oretical analysis using the progranoDy-2. values are found appropriate for Kh of YMnO;. [Note

Inelastic neutron scattering measurements from 5 to 70€hat the spin wave analysis that will be discussed below Eq.
K were made using about 52 g of powder sample with thg3) yieldsJ~3 meV, which then give3y~67 K.] This es-
HET chopper spectrometer at the ISIS Facility in the UK. Wetimate is in good agreement with the measured transition
used a flat plate-shaped Al sample container. Most of thesteemperaturél =70 K. Another noteworthy point is that the
measurements were made with an incident energy of 4fhverse susceptibility is linear from 100 to 600 K and has an
meV. The scattering functioB(Q, ) as a function of wave upward curvature above 600 K. We can fit the data using the
vector transferQ and energy transfet v is obtained from usual Curie-Weiss formula with a small temperature-
the raw time-of-flight data by normalizing to the incident independent background signal from the sample holder,
flux using the integral of the incident beam monibThe  which was measured separately. Since signals from the
instrument resolution of the setup used in this work is bettesample holder are less than 1% of those from the samples
than 2.2 meV at the elastic peak position and 1.3 meV at thand do not show any drastic temperature dependence, there
energy transfer of 20 meV. is a very little change even after correcting the data for the
holder contributions. Moreover, the demagnetization correc-
tion is negligible over the entire temperature range as the
magnetization is very small for YMnO

Shown in Fig. 1a) is the crystallographic structure of Additional evidence of geometrically frustrated magne-
YMnO; with the P6;cm space group. One notes that the Mn tism in YMnO; can be found in our neutron diffraction data.
atoms of YMnQ form a natural 2D network separated along Apart from the usual nuclear and magnetic peaks, there is a
the c axis by a noncoplanar layer of Y atoms. The distancestrong diffuse scattering aroundd2 20°, especially in the
between the nearest Mn atoms is 3.54 and 6.05 A foathe data taken near &ty . As one can see in Fig. 3, this diffuse
plane andc axis, respectively. The analysis of our neutronscattering is almost absent in the data taken at 300 K. How-
diffraction data® shows that belowl'y the Mn moments are ever, on cooling it becomes clearly observable and seems to
aligned in the basal plane, in agreement with previouse most pronounced around the antiferromagnetic transition
publication$®*3[see Fig. 1b)]. temperature before it gets subdued with further cooling.

IIl. EXPERIMENTAL RESULTS AND ANALYSIS
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FIG. 3. We show neutron powder diffraction patterns of YMnO Q. (A )
for several representative temperatures from 10 to 300 K. For ease |G, 4. Q dependence of magnetic diffuse scattering. We sub-
of presentation, the data are shifted upwards. The height of the bafacted off the diffraction pattern taken at 300 K from the diffraction
at the bottom represents a typical size of errors. patterns taken ata) 200, (b) 80, and(c) 40 K. We corrected the

difference curve for the form factd¥(Q) of Mn®* (see the text

However, we should point out that even the data taken at 4@rrows at the bottom of the top panéd) indicate the position of
K, well below T, show a signature of the diffuse scattering nuclear Bragg peaks while a double-sided arrow represents the typi-
[see also Fig. @)]. A similarly strong diffuse scattering was cal size of errors. The dotted line ifio) is for spin correlations
previously observed in ScMn(*17 another frustrated hex- between nearest neighbors only. With an additional term for spin
agonal manganite system. Therefore, it is clear that the difeorrelations between next nearest neighbors, the curve fitting results
fuse scattering observed in both YMg@nd ScMnQ is due  (full line) reproduce the experimental data weke the tejt
to geometrical frustration effects of Mn moments forming a
triangular network. Our analysis using the Selyakov-Scherreother frustrated magnetic systems such agTi®,.?* The
formula® indicates that the correlation length shows a simi-dotted line in Fig. 4b) is for curve fitting results using Eq.
lar temperature dependence to that of the peak intensity, af@). As one can see, it does not explain the whole difference
has a maximum &fy with & ~ 15 A . curve particularly well. In order to resolve the disagreement

In order to understand further the diffuse scattering, webetween the data and the curve fitting results, we then in-
subtracted off the diffraction pattern taken at 300 K from thecluded in our calculations additional spin correlations be-
data taken at 40, 80, and 200 K. Figure 4 shows the differtween the next nearest neighbors at=6.13 A on the basal
ence curve as a function of momentum tran€)eAs we are  plane. Now the agreement between the data and the curve
using a polycrystalline sample, our data below are given irfitting results(full line) is significantly improved. The feature
the magnitude @) of the vectorQ. The difference curve aroundQ~2.3 A~1 is clearly due to the correlations be-
shows a strong) modulation with a peak aD=1.2 A1, tween next nearest neighbor spins. We note that(Bqgfor
which becomes clearer as the temperature is lowered. For tfiee nearest spins along tleaxis separated by 6.05 A is
analysis of the diffuse scattering, we first assumed that th@ccidentally cancelled out under the present magnetic struc-
diffuse scattering arises from correlations between the neature, which otherwise might explain the feature @t

est spins using the following formufd. ~2.3 A1, Furthermore, the ratio between the two spin cor-
relations in Eq.2) is —2, which is exactly what we would
(Q) 2 ~ — sin(Qr;;) expect from the magnetic structure shown in Figh)1Note
%N = (S SJ>Q—r”' (2 that the number of nearest neighbors and next nearest neigh-

bors on the basal plane are the same. It is also noteworthy
wherel (Q) is the measured difference cunF(,Q) the form  that 2x rij with rj;=6.13 A is about the same @wobtained
factor® of Mn®*, andr;; the distance between nearest neigh-above using the Selyakov-Scherrer formula. With increasing
boring spins: for YMnQ r;;=3.54 A . This function has temperatures, the contribution from the correlations between
been successfully used to explain the diffuse scattering afiext nearest neighboring spins decreases naturally, but is still
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FIG. 5. (Color) Inelastic neutron scattering data taken with an incident energy of 40 m@y 280 and(b) 5 K. (c) ConstantQ plots of
the 5 K data forQ=1.2 and 1.7 A1, For the curve fitting of the results, we assumed two contributions to the data apart from the elastic
one; one is a well-defined spin wave excitation and the other a very broad excitation. To fit the @talfar A ~*, we used two spin wave
excitations(dotted line$ and a very broad excitatioflashed ling The solid lines through the two data sets @+=1.2 and 1.7 A'* are
results of our curve fitting(d) Theoretical calculations of the spin wave of YMp@sing the Heisenberg model with a small easy plane
anisotropy(see the text

present at 200 K as shown in Figajt The weak presence of temperature we need to carry out measurements on single
the correlations between next nearest neighboring spins mayystal YMnQ;. Nevertheless, the observation of the diffuse
well be due to the fact that the temperature of 200 K is farscattering constitutes strong evidence of the spin liquid phase
smaller thar| 6cy| and even at this temperature the Mn mo- present in the paramagnetic phase of YMrebising from a
ments are expected to be in a so-called intermediate tempergeometrical frustration of Mn moments as expected from the
ture regime, i.e., still correlated. Whether the diffuse scattertarge ratio of 6c\ /Ty . As shown in Fig. 4c), this diffuse

ing exists above 200 K is not clear from the present datacattering is still present well below, . This observation
alone, since it becomes significantly reduced with increasinglearly suggests that the ordered magnetic phase coexists
temperatures and cannot be observed within the resolution afith the spin-liquid state.

the HRPD we used for the diffraction experiments. However, A further interesting feature of the short range spin corre-
considering our other neutron scattering experiments carrielitions is revealed in the inelastic neutron scattering. Shown
out using HET we think that the diffuse scattering, albeitin Fig. 5(a) is the contour map of spin excitations measured
much smaller, indeed exists at much higher temperatures. lat 280 K using polycrystalline YMng® Even in this figure
order to determine accurately the temperature dependence stfong diffuse scattering is clearly visible near the elastic line
the diffuse scattering as well as the correlation length at eacbentered aQ=1.2 A ! in agreement with the diffraction
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data discussed above. What is more interesting, however, fsom theoretical calculations for the quantum easy-plane an-
that this diffuse scattering appears to extend well into thdiferromagnet on the triangular latti¢e.

inelastic region. For example, we can find a simadepen- What is noticeable in both the elastic and inelastic neutron
dence of the spin excitations up to 15 meV. They all show &cattering data is that there is very diffusive scattering even
peak atQ=1.2 A~! as in the diffraction data taken at a in the antiferromagnetically ordered phase. This can be seen,
similar temperature. This kind of feature can be found afor example, in the diffraction data taken at 40 K shown in
even higher temperatures. In our measurements at high&id- 3 and the difference curve for the same data in Fig. 4
temperatures, we can see the evidence of such spin dynamie@d the data near the elastic peak in Figp)$aken at 5 K. In

right up to at least 500 K. Upon reducing the temperature?rder to illustrate further this point, we show const&pt

. _ _l .
the magnetic excitations become stronger and, simultaﬁ-’_IOtS of Fig. §b) for Q=12 and 1.7 A" [see Fig. &)].

neously, asymmetric arour@=1.2 A 1. This asymmetry he well-defined peaks are due to spin wave excitations

in the spin excitations further develops into well-defined Spinwhereas the very broad and featureless signal is from the

L , . ) X supposedly spin liquid phase present even in the ordered
wave excitations in the antiferromagnetic phasee Fig. phase. This then indicates that spin fluctuations are still

5(b)]. . . . present and strong at temperatures as low as 5 K. Such dif-
For the analysis of the measured spin waves in the antif,qe scattering can be due either to geometrical frustration of
ferromagnetic phase, we considered two model Hamiltoyhe Mn moments at the edge-sharing triangular network, or
nians: thexX'Y model and the Heisenberg model with an easyo 2D quantum effects. Since the diffuse scattering seen at
plane anisotropy. In our calculations following Ref. 22, it |ow temperatures seems to evolve continously from similar
turns out that the measured spin wave spectrum of YMiSO  diffuse scattering abovéy, we deduce that it is more likely
more compatible with the latter model. For example, the exto be due to geometrical frustration effects. The strong spin
citations around 10 meV in the experimental spin wave datdluctuations may well be responsible for significant entropy
cannot be described well by theY model. Furthermore, the consumption well below the transition temperattfrahat
spin gap-like feature @=1.2 A ~* can be reproduced only the ordered moment of 3.2@ per Mn atom estimated at 10
when we include a small easy plane anisotropy to theK is much smaller than the theoretical value (4g0per Mn
Heisenberg model. The easy-plane triangular antiferromagatom of Mn®* may well be another evidence of the presence
net YMnO; was modeled in terms of th&XZ Heisenberg Of strong spin fluctuations in the ordered phase. On the other

antiferromagetic Hamiltonian defined as follows: hand, the larg&cy /Ty value for YMnGQ, can be partly due
to the low dimensionality of the Mn networks in addition to

the geometrical frustration effects.
H :J<Z> [S'S/+S/S/+aS'S], ) To summarize, we have carried out bulk measurements as
" well as elastic and inelastic neutron scattering experiments of

wherei, j are the site indices on a triangular lattice, > YMnO,. From our results, we have shown clearly that above
refers to the nearest neighbors, akid the positive exchange Ty there is very diffusive magnetic scattering in both space
integral. The planar character of the system is due to th@nd time, indicating short range dynamic correlations which
presence of the anisotropy<Qv<<1. The minimum energy are a signature of a spin liquid phase. This spin liquid phase
configuration of the XXZ Heisenberg antiferromagnetic forms out of geometrically frustrated Mn moments. Even
Hamiltonian for 0<a <1 is known to be the/3x 3 Neel ~ When they become ordered beldWy;, surprisingly enough
state which consists of coplanar spins forming /3 angles ~ there are short range spatial correlations. Our analysis of the
between the nearest neighbor spins. The strength of the afiPin wave spectrum in the ordered phase shows that the spin
isotropy near the/3x /3 structure is given by(1—«).22  Waves can be well described in terms of a Heisenberg Hamil-
The interplane coupling may not be neglected, but fortonian with a small easy plgne anisotropy. Thergfore, to our
YMnOs, whose lattice structure is shown in Fig@al, the ~knowledge YMnQ is the first such system which shows
contribution of the nearest neighbor interplane coupling i€xPerimental evidence for both spin liquid and spin ordered

expected to be much smaller for ty@x /3 structure. This phases in one sample with Heisenberg Hamiltonian with a

is because a spin in a plane is located almost at the center 812!l €asy plane anisotropy.
three spins forming: 277/3 angles between them in the near-
est neighbor planes and, therefore, cancel the magnetic cou-
pling to the nearest neighbor plane. We, therefore, neglected We acknowledge Seongsu Lee, H.-C. Ri, and Y. N. Choi
the interplane coupling in the present study. for their help with magnetization and neutron diffraction ex-

Our calculations using E@3) of the spin wave dispersion periments and A. N. Pirogov and S.-W. Cheong for helpful
with J=3 meV anda=0.95 are displayed in Fig.(8) after  discussions. Work at SungKyunKwan University was sup-
being powder averaged. We found that in our calculationgorted by the Korea-UK collaborative research and Nuclear
there are three different spin wave branches although wR & D programs of the Ministry of Science and Technology,
could not distinguish them clearly in our experimental datathe Center for Strongly Correlated Materials Research and
because of the polycrystalline nature of our YMn€ample.  Korea Research Foundation Grant No. 2000-015-DP0111.
Including the anisotropy in our calculations leads to drasticHYC and GSJ acknowledge the support from the Korea Sci-
effects in one lower energy spin wave branch. We note thaénce & Engineering Foundation through Grant No. RO1-
the J value obtained from our spin wave calculation is con-1999-00031-0 and through the Center for Nanotubes and
sistent withTy if we use a relation between the two values Nanostructured Composites.
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