PHYSICAL REVIEW B 68, 014432 (2003

Unconventional spin fluctuations in the hexagonal antiferromagnet YMnQ

T.J. Satd?* S. -H. Lee! T. Katsufuji? M. Masaki? S. Park** J. R. D. Copley, and H. Takagh
INIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
°Department of Physics, Waseda University, Shinjuku-ku, Tokyo 169-8555, Japan
3Department of Advanced Materials Science and Department of Applied Chemistry, University of Tokyo, Tokyo 113-8656, Japan
“Department of Materials and Nuclear Engineering, University of Maryland, College Park, Maryland 20742, USA
(Received 18 April 2003; published 30 July 2003

We used inelastic neutron scattering to show that well below itd MenperatureT,, the two-dimensional
(2D) XY nearly triangular antiferromagnet YMnhas a prominententral peakassociated with 2D antifer-
romagnetic fluctuations with a characteristic lifetime of (3%s, coexisting with the conventional long-lived
spin waves. Existence of the two time scales suggests competition betweenethghiise favored by weak
interplane interactions, and the Kosterlitz-Thouless phase intrinsic to th€Y2Epin system.
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I. INTRODUCTION tration and/or low dimensionality in the systems. The low
Ty, compared to the ferroelectric transition temperature,
Geometrical frustration and low dimensionality are thealso infers weak coupling between the magnetism and ferro-
two key concepts in the statistical physics that provide unelectricity. In the powder neutron-diffraction pattern, a broad
usual spin dynamics as well as phase transittoighe sim-  peak was additionally observed at fini@around Ty, in-
plest realization of the two concepts is two-dimensional tri-dicative of strong short-range spin correlatiéiSHowever,
angular lattice antiferromagnet8DTLAFMSs). A particular ~ due to intrinsic limitations of the powder-diffraction tech-
interest is placed on thXY spin system (2XYTLAFM),  hique, further experimental studies, especially inelastic
where its ground-state manifold has the continuous deger®Ngle-Crystal neutron-scattering measurements, are neces-

eracy associated with (@) global spin rotations, as well as sarly tt(?].understand the nattqre IOf tt.he Sp't” exmta’gton_s.
the discrete Ising-like degeneracy due ®y chirality n this paper, we report IN€lastic neutron-scattering mea-

configurations. Because of the (1) symmetry, the well- Zu:)enrgfT;Srecfzaeg‘:vﬂf:nagdn;'en%‘;Cgﬁgl s:\r;;plfiir?; tphzthex-
known Kosterlitz-Thouless(KT) phase involving vortex g 9 &

binding’ is expected at low temperatures. Experimentall YMnOs is a good model system for the 2YTLAFM with
P P - EXP Yyveak trimerization. Our most important finding is that in the

little evidence can be found in the literature due to the IaCkN'eeI phase there are fast 2D spin fluctuations with a charac-
of good model system%. teristic time scale of 0.55) ps in addition to the conven-
Rare-earth manganiteBMnO; (R=Y, Lu, and S¢ are {jonga| long-lived spin-wavéSW) excitations. The inverse of
ferroelectric compounds with considerably high ferroelectncdynamic correlation length associated with the fast 2D spin
Curie temperature above 1000’KBelow the ferroelectric  fjyctuations has similaF dependence as that expected for the
transition, these compounds crystallize in a hexagonal struT phase in a 2DXY spin system, suggesting that the spin
ture with the space group6scm. The M?* (S=2) ions  fluctuations are reminiscence of the KT phase. The coexist-
are at the 6(x,0,0) positiondx=0.323(1) forR=Y (Ref.  ence of the long-lived magnons and the fast 2D spin fluctua-
7)], forming nearly triangular networks ;=0 and 1/2 lay-
ers. These layers stack in the ABAB sequence alongzthe
axis (see Fig. 1,"~° with a wide separation introduced by
interveningR and O ions. This wide separation suggests pre-
dominant two-dimensional2D) character in theab plane,
and thus thekRMnO; compounds can be good candidates for
the 2DTLAFMs. Their bulk susceptibility data show that de-
spite strong antiferromagnetic interactions the magnetic ions
order long range at much lower temperatuiigg than the
magnetic energy scale inferred by the Curie-Wei€V)
temperatures® ¢y, (for instance,®cy=—705 K and Ty
~ 70. K for YMnO,) e PreVqus powder neutron-diffraction FIG. 1. Schematic drawing of Mn positions and spin ordering in
studies showed that the spins at _the lowest temp_er"’m'lr\reMnOQ,. Filled (open circles represent Mn positions in the
formed the so-called 120° structure in tak plane coincid-  _q (;=1/2) plane, whereas the dotted parallelogram shows the
ing with the ground state for 2DTLAFMSs, and the frozen magnetic unit cell that is identical to the chemical unit cell. Lattice
moments,(M), were reduced from the expected value for constants ara=6.140 A andc=11.393 A. The lattice is weakly
the fully polarized Mi* [e.9.,(M)=2.90(2)ug<gSug for trimerized with the intratrimer and intertrimer Mn-Mn distances of
YMnO; (S=2)].”%% The reduction inTy and (M) is @  3.42 A and 3.62 A, respectiveliRefs. 7 and Pwhich is exagger-
signature of strong spin fluctuations due to geometrical frusated in the drawing.
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FIG. 3. (a—(d) ConstanQ= (1,0,0) scans at four different tem-
peratures(e) Constant® scans atQ=(1,0,2) andQ=(1,0,1) at
T=7 K. The scan atQ=(1,0,1) was taken under the higher-
energy-resolution configuration with;=2.6 meV, and its unit is
arbitrary. Solid lines are fits to Eq2), whereas dashed lines repre-
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FIG. 2. (Color online Contour maps of the powder-averaged sent the quasielastic paee the tejt
neutron-scattering intensity versus magnitude of wave-vector trans-

fer Q and energy transfefw at three different temperatures span- . . . . -
Q v - P P lated to the dynamic spin-correlation functid®?(Q,w)

ning the phase transition at="70 K. 1
as
tions also suggests competition between theldase and
the KT phase in this quasi-2RY spin system. . dQs|g 2 o _
I(Q,w>=fﬁ 3F(Q] 2 (945~ QuQS Q).

IIl. EXPERIMENT D)

A 50-g powder sample and a 2¢¢5 mmx22 mn) single i i
crystal of YMnO, were used in our neutron-scattering mea-WhereF(Q) is the magnetic form factor for Mi. For T
surements. Methods of sample preparation were reported N there is a cooperative paramagnetic continuum cen-
elsewheré. Neutron-scattering measurements were peri€red alQ=1.2 A™* due to fluctuations of small AFM clus-
formed at the National Institute of Standards and Technolog{e's: @S is commonly found in geometrically frustrated
(NIST) Center for Neutron Research. Powder experiment&FMs.*? By integratingl (Q,w) overfiw andQ, we obtained
were performed at the Disk Chopper time-of-flight Spec-the sum rule of5(S+1)=5.2(5) at 80 K, which is close to
trometer(DCS) using an incident energy @&=15.46 meV  the expected value for dynamic M(S=2) ions. This and
and single-crystal experiments at the cold neutron triple-axi¢he Q dependencé tell us that the scattering is magnetic.
spectrometer(SPINS and the thermal-neutron triple-axis For T<Ty, as the magnetic long-range order develops,
spectrometer BT9. At SPINS, pyrolytic graphitBG) 002  spectral weight at low energies gradually shifts to higher
reflections were used for monochromator and analyzer, andenergies. AtT=4 K there is strong scattering abofie~5
cooled Be filter was placed after the sample to eliminateneV and weak scattering below.
higher-order contamination. We used horizontal collimations Next, to obtain(j-directional dependence of the magnetic
of 80'—80 and a final energyfE;=5 meV for most scans, excitations, we have performed single-crystal inelastic-
while Eq=2.6 meV and 80-40 were used when better en- scattering experiments. Figure 3 shows the representative
ergdy res?lution was ”ezded- AtBT9, the PG r(';O”OChr(_)lm""to('Eonstant@ scans at the antiferromagnetic zone cerifer
\?vr;s ?Jrs]gg ztgrgv(\a/te :ieduosl“ehig\?llleEr}—or%ji.r7 c?r?t\e(ﬁ?:atisnp$hftlatf12>ri—namely’Q:(.l’o’o) and equ.ivalent. positions. FBE>Ty, ,
Sontal collimations were 4640 —40 —80 ' the cooperative paramagnetic continuum appears as a quasi-
' elastic peak centered Ato=0 meV. ForT<T,, the quasi-

elastic peak intensity decreases and two prominent magnon

Il RESULTS AND DISCUSSION peaks develop at nonzero energies. The energy values of the
magnon peaks increase asdecreases, becomingw=2.3

Figure 2 provides an overview of the inelastic neutron-and 5.3 meV at 7 K. A constar®=(1,0,1) scan with a
scattering intensityl (Q, ) for the powder sample at three better energy resolution revealed an additional mod&eat
temperatures. The powder-averaged scattering intensity is re=0.22 meV[Fig. 3@)].
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(0,0) (11,0 ©.0D Fitting the calculations to the data, we obtained

FIG. 4. Spin-wave dispersion relations aloriy,@,0),(,h,0), —3.4(2) meV, J,=—2.02(7) meV, J;—J;=0.014(2)
and (0,0,). Circles and triangles represent the experimentally de_meV, _Dl:_ —0.28(1) meV, and)2=0.0007(6) mgV. SOI'd_
termined peak positionDifferent marks distinguish branches ap- lines in Fig. 4 represent the calculated dispersion relations

pearing from different magnetic Bragg positionSolid lines are

with J;=0. The good agreement confirms the validity of the

the model dispersion relations explained in the text. Inset: schemodel Hamiltonian.

matic drawing of scan directions in the 2D plane.

In the above paragraph, we could only determine the dif-
ferenced; — J; for interplane interactions. From the analytic

We analyzed the observed spectra using the followingxpressions of Eq(4), we see that.w; and%w, must be

scattering function with Lorentzians for the quasielagjiel)
and magnon peaks:

qul
Féeﬁ-ﬁwz

T(Q,hw)xhw[1+Nn(ho)]| g

I'sw
+ 1K
& T2+ (ho—fo)?

where[1+n(fhw)]=[1—exp(—fw/kgT)] 1. This function

: )

was convoluted with the instrumental resolution function to

fit the observed spectra.

Let us first discuss the magnon dispersion relation§ at
=7 K<Ty. Figure 4 shows the dispersion relations along ar
obtained from several

few high-symmetry directions,

accurately determined in order to obtdipandJ; separately.
However, this was impossible since they appear as one peak
atw=5.3 meV in Fig. d) or 3(e) due to the insufficient
energy resolution at high energies. Since the splitting be-

tweenf w; andfw, becomes sensitive td; (or J;) at Q

=(1.05,0,0), we performed a constatscan at this) and
found an almost resolution-limited peak &to=5.4 meV.
This requires the splitting to be less than the energy resolu-
tion AE=0.5 meV, and consequently an upper limit of 0.08
meV is obtained fod; andJ;. Hence, the interplane inter-
actions are at most 2.4% of the in-plane interactipncon-
firming the good two dimensionality. One may note tiat
~J,, which makes YMnQ rather closer to the ideal
LAFM than a system of weakly coupled trimers.

Our J;=—3.4 meV is one order-of-magnitude smaller

constantQ and constantw scans. To explain.the observeq thanJ deduced in a recent Raman-scattering study by Taka-
dispersion relations, we introduce the following model spinpashiet alls They obtainedi~ — 140 cm * (~ —17 meV)

Hamiltonian:

H==2

(i)

which consists of two in-planeJ¢ and J,) and two inter-
plane @; andJj) interactions, and the easy-plare,() and

in-plane easy-axisly,) anisotropiegsee Fig. 1 for the defi-
nition of the interactions The anisotropyD,, parallel to the

Jijéé,-—DlZi (SF>2—Din (S-n)2 (3

spin directions §;=(S))/|(S)]), is necessary to reproduce
the small(0.22 meV} gap at the antiferromagnetic zone cen-
ter, and is presumably due to the local structural distortion

around MA*. The conditions];>0 andJ;>J} are neces-
sary for the particular interplane stacking in YMgQyiven
as thel’; spin structure in Ref. 8, to be the ground state.

The model Hamiltonian is linearized using the Holstein-

by assigning a broad peak appearing at 1800tm
(~220 meV) to two-magnon scattering. However, our re-
sults clearly show that the peak cannot be due to the two-
magnon process because the bandwidth of the one-magnon
branch is only about 16 meV. Their broad peak at 220 meV
must be vibrational or electronic in origin rather than mag-
netic. There very recently also appeared a comment ques-
tioning the two-magnon origin of the broad Raman-
scattering peak®

Now let us turn to the low-energy quasielastic continuum
observed belowl, clearly seen in Figs.(8) and 3c). For
T=7 K<Ty, Fig. 3e) shows ahw=0.55 meV mode a6
=(1,0J) with 1#0 which is due to in-plane transverse spin
fluctuations. The in-plane transverse fluctuations cannot,

however, appear afﬁ=(1,0,0) because the polarization fac-

Primakoff approximation, and numerically diagonalized tot0r in Eg. (1) vanishes for the ordered spin structure in
obtain one-magnon dispersion relations using the standardMnOs. Note that such a mode is not present in Figi)3
equation-of-motion techniqué.Analytic expressions for the Therefore we rule out the in-plane transverse spin fluctua-

ficiently smallD,, J;, andJ;:

ﬁw1228\/ - D2}\1,

the Neel phase. In order to understand the continuum, we
performed constanfiw=1 meV around(1,0,0 at several

temperatures and along differe@ directions. Shown in
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kinds of spin fluctuations; the 2D spin fluctuations intrinsi-
cally coexist with the conventional spin waves in the 3D
ordered Nel phase.

What is the origin of the fast 2D fluctuations in the lle
phase? Recently, a similar quasielastic peak, calleceine
tral peak has been found in numerical simulation studies on
2DXYTLAFMSs.'® Theoretically, such a central peak has
been commonly seen in 2RY spin systems, triangular or
nontriangular, and is related to the vortex dynamics intrinsic
to the KT phasé® We thus fitted ourc andI" ¢ to the phe-

: - s nomenological functions:x= koexp(—b/\7) and I'=T,
oy ° reo +Am (Alf)e T (V2= 1) [In(kgTier /A) 12+ b7 ]} V2,
where 7= (T—Tyr)/Txr and A =JSa’k3/4. Here ifA=1
and I'y=0, « andI" reduce to the analytical expressions
for the 2D XY square lattice systeft. The best fit[solid
lines in Figs. %c) and Hd)] was obtained withTyy
=11(10) K, b=10(4), ko=4(1) A", A=0.071), and
I'p=1.2(1) meV. The fit reproduces and I" well for the
entire temperature range, suggesting that the quasielastic
peak is reminiscence of the vortex dynamics. Coexistence of
the magnons and quasielastic peak suggests competition be-
tween the Nel phase favored by the weak interplane inter-
Figs. 5@ and 8b) are representative scanst40 K. A actions and the KT phase intrinsic to the XY spin system
nearly resolution-limited peak is seen along the in-plane (lat low temperatures. It remains to be seen whether or not the
+h,—2h,0) direction whereas the intensity is independentprefactorA being smaller than 1 and the nonzdtg for the
of | perpendicular to the plane. These indicate that the quasfelaxation rate are intrinsic to the 20YLTAFMs or are due

elastic component is purely 2D in nature, well localized atio the competition between the two phades.
the 2D antiferromagnetic zone center. Figufe) shows the

temperature dependence of the intrinsic peak width along the
(1+h,—2h,0) direction. ForT>T, the width decreases al-
most linearly, whereas it becomes nearly resolution limited Spin excitations in the hexagonal antiferromagnet YMnO
below Ty, indicating a large in-plane correlation length at have been studied using the inelastic neutron-scattering tech-
low temperatures. The energy widlh, of the quasielastic nique. We observed a quasielastic central peak at the 2D
peak is also shown in Fig(8). I .| decreases abdecreases AFM zone center in the N phase, coexisting with the con-
down to Ty and saturates to a value bf,=1.2(1) meV  ventional 3D antiferromagnetic spin waves. The central peak
below Ty . It is surprising that the fast spin fluctuations with bears characteristics of the KT phase intrinsic to theX2D
the characteristic time scale of¢=%/I" 3¢~ 0.55(5) ps co-  spin systems. Understanding in detail how theeNand KT
exist with the long-lived spin waves in the 3D orderedeNe phases compete and change the nature of the dynamic spin
phase. correlations would require further theoretical and experimen-
Because of the noncentrosymmetric crystal structuretal studies in the 2IXY spin systems.
YMnO; is known to show formation of crystallographic
domainst’ Thus, one might think it possible that the pres-
ently observed 2D fluctuations originate from certain crystal-
lographic domains where 3D magnetic ordering is somehow The authors thank K. Nho for providing us details of their
suppressed even beloly, . However, the domains are mag- theoretical calculations. Work at SPINS and DCS was par-
netically equivalent, and thus spins in different domainstially supported by the NSF under Grant Nos. DMR-9986442
should order equally at the same temperature; indeed, thend DMR-0086210, respectively. The stay of T.J.S. at NIST
entire sample is known to establish antiferromagnetielNe was partially supported by the Atomic Energy Division, Min-
order in YMnOQ; below Ty .*8 Therefore, the existence of the istry of Education, Culture, Sports, Science, and Technology,
crystallographic domains is irrelevant for the coexisting twoJapan.
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FIG. 5. Constanthiw=1 meV scan(a) along the (h,
—2h,0) direction and(b) along the (1,0) direction atT=40 K.
The horizontal bar in@) represents the instrumental resolutidn.
dependence ofc) the intrinsic peak widthk, obtained from the
constantiw=1 meV scans the along (1h,—2h,0) direction, and
(d) the relaxation ratd’ ¢ obtained from the consta@z(l,0,0)
scans shown in Fig. 3. Lines are explained in the text.
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