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The thermal conductivity of the magnetically frustrated, ferroelectric YMnOj; exhibits an isotropic
suppression in the cooperative paramagnetic state, followed by a sudden increase upon magnetic
ordering. This unprecedented behavior without an associated static structural distortion probably
originates from the strong dynamic coupling between acoustic phonons and low-energy spin fluctua-
tions in geometrically frustrated magnets. The replacement of magnetic Ho for Y at the ferroelectrically
active site results in an even larger effect, suggestive of the strong influence of multiferroicity.
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A multiferroic is a material that possesses both ferro-
electricity and magnetism. These properties are thought
to be nearly mutually exclusive. In fact, multiferroics are
a very rare occurrence [1]. Hexagonal YMnO; is one of
the most well-known examples of multiferroics. The
ferroelectric (FE) transition occurs above 900 K, and
antiferromagnetic (AF) order has been observed at
~70-80 K. Mn>" (S = 2) spins interact antiferromag-
netically within the hexagonal layers of the structure,
indicating that the magnetism is geometrically frustrated
(GF). Thus, YMnO; is a unique GF multiferroic. The
coexistence of novel magnetism and ferroelectricity is
suggestive of a peculiar interaction between the spin and
lattice degrees of freedom, the understanding of which
remains an open problem.

The possibility of coupling between magnetic and FE
order has stimulated a renewed interest in the hexagonal
manganites. While various crystallographic, optical, and
magnetic structural studies have been performed to inde-
pendently understand the FE and magnetic properties
[2—4], less progress has been made to understand their
interrelation. Some hint for this coupling has been found
through measurements of the dielectric constant [5],
which has been confirmed on YMnO; single crystals
[6]. Nonlinear optical and reflectance measurements
have revealed more detailed information about the spin-
lattice interaction, yet the strength of this interaction
remains uncertain [7,8]. Because of the unusual sensitiv-
ity of GF materials to slight perturbations [9], the cou-
pling between GF magnetism and ferroelectricity could
be dramatically enhanced.

We have discovered striking evidence for dynamic
spin-lattice coupling in YMnO; through measurements
of the thermal conductivity («). Our results show a large
increase in « both in the ab plane and along the ¢
direction of YMnO; below the Néel temperature Ty
which we have associated with the decrease of acoustic
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phonon scattering by low-energy spin fluctuations.
Identical experiments on HoMnOj;, for which the non-
magnetic Y>"ion is replaced with magnetic Ho’" at the
ferroelectrically active crystallographic site, show an
even larger suppression of k in a much wider T range,
further suggesting the influence of ferroelectricity.

Single crystalline YMnOj; was grown using the floating
zone method, and polycrystalline specimens were syn-
thesized using the standard solid-state reaction. x(T) was
measured using the steady state method and heat capacity
C(T) was measured using a relaxational method in
a Quantum Design Physical Property Measurement
System from 2-300 K. Magnetic susceptibility (y) was
measured using a Quantum Design SQUID magnetome-
ter in a field of 2 kOe. The dielectric constant & was
measured using an LCR meter at a frequency of 1 kHz
with an excitation of 1 V.

k(T) displayed in the upper panel of Fig. 1 is directly
compared with y and C in the bottom panel. The corre-
lation between the thermal and magnetic properties is
evident. At high T, « in the ab plane and the ¢ direction
shows a relatively weak T dependence. x(T) drops gradu-
ally as 7 is lowered but then undergoes a sharp increase at
the onset of AF order (Ty = 75 K), in direct correlation
with features in y and C. A second transition in y was
observed at 40 K (likely a Mn spin reorientation), but had
no reproducible connection to any «(7T) feature. Upon
application of magnetic field, H = 90 kOe [displayed as
k(0 kOe)-k(90 kOe) with open symbols in Fig. 1], the
high-T'" k remained the same, while at low 7, a small
H-induced suppression was observed that was slightly
larger for k, relative to k,,. Evidently, the magnitude
of « above Ty is considerably suppressed. The Curie-
Weiss temperature @y, inferred from 1/ y, was approxi-
mately 650 K so that Oy /Ty ~ 8.7, demonstrating
the presence of geometrical frustration [6]. In GF mag-
nets, strongly interacting spins fluctuate cooperatively for
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FIG. 1. .Upper panel: x(T) measured for the different crystal
directions in single crystal YMnO; at 0 kOe. The symbols
represent the difference: kg o — Koo xoe along the ab plane
(open squares) and the c¢ axis (filled circles) and show the
negligible H dependence of this effect. Lower panel: y(T)
measured at 2 kOe for the different crystal directions. C(T)
measured at 0 kOe. The observed sharp feature in « at Ty is
coincident with features in y and C.

Ty <T < Ocy due to the enormous ground state degen-
eracy [10]. As discussed later, heat is carried solely by
acoustic phonons in this material, which are in turn
strongly coupled with these spin fluctuations.

We were able to model the effect on « due to spin
fluctuations present above Ty in YMnOj; using diffusive
neutron scattering measurements [11,12]. Such experi-
ments yield an estimate for the appearance of ‘static”
(on the time scale of ~107!! sec) short-range order (SRO)
and confirm the presence of low-energy spin fluctuations
well above Ty. The upper panel of Fig. 2 displays the
magnetic correlation length £(7) and normalized inten-
sity 1(T)/I(300 K) determined from the width and the
area of the diffuse scattering peaks, respectively [11]. The
analysis results are presented in the bottom panel of
Fig. 2. First, the Debye-Calloway model for the lattice
k was fit to our experimental data, shown as dashed and
solid lines, respectively [13]. For clarity, only the fit for
K. 1s shown, but similar results were also obtained for
K,4p- In this model, we accounted for the effects of dis-
locations, point defect, phonon-phonon, and boundary
scattering [14]. This model fits our data well at low T,
but clearly fails at high T [15]. From kinetic theory, the
phonon scattering rate is of the form nyv,o, where o is
the scattering cross section, v, is the speed of sound,
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FIG. 2. .Upper panel: Magnetic correlation length &(T) de-
termined from diffuse scattering observed in the neutron
powder diffraction. Inset: Typical data set at 80 K showing
the diffusive scattering peak along with the sharp nuclear
Bragg peaks. Lower panel: The solid line indicates the mea-
sured k.(T) of YMnOj. The dashed lines represent two separate
fits to k., assuming only phonon interactions. The open squares
represent our model for the effect of spin fluctuations on «. The
agreement of this model with the data is successful above Ty.
For T < Ty, this model is not expected to be valid.

and n is the density of scatterers [16]. As a simplified
model for phonon scattering by spin fluctuations, we let
o = m(£/2)%: spherical objects of average size £ present a
o independent of phonon wavelength A,. This geometri-
cal approximation is only valid in the short wavelength
limit A, < & [17]. The scatterer density was given by
ny = N[I(T)/I1(300 K)], where N is the only adjustable
constant. The expression N[I(T)/1(300 K)]v,m(£/2)* was
combined with the phonon scattering rates of the previous
phonon fit.

The inclusion of this magnetic scattering rate is dis-
played as solid symbols in the lower panel of Fig. 2. The
prefactor N was adjusted to fit the observed magnitude of
k(75 K); the entire magnetic scattering T dependence was
assumed to originate from &(7) and I(T). Despite the
simplicity of this model, the « data have been reproduced
well. Below Ty, this model fails, since the approximation
breaks down as A, increases and as long range order sets
in. N was found to be ~0.6 X 10** m~3, corresponding to
a mean spacing between magnetic scattering centers of
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~118 A at 75 K, consistently larger than the measured
£(75 K) ~ 35 A. The mean free path, [ = (nyo)”', in-
ferred from this fit was ~417 A at 75 K. This model
indicates that magnetic objects of size & act like phonon
scattering centers, probably then associated with an in-
homogeneous strain field to incident lattice waves. These
magnetic objects correspond to short-range, slowly fluc-
tuating spin correlations associated with the spin liquid
state.

In order to explore a possible connection between our
observations and ferroelectricity, we have repeated our «
measurements for isostructural HoMnOs. Replacing the
nonmagnetic Y3 ion with Ho** (§ =2, L = 6,/ = 8)on
this ferroelectrically active site might lead to a further «
suppression. The upper panel of Fig. 3 shows «,;, and «,
for HoOMnOj; as compared to YMnOj5. At high 7, HoMnO;
shows a similar weak T dependence, and overall lower
magnitude as compared with YMnOj3. As for YMnOs, «,.
shows a higher overall magnitude than «,,. Below Ty,
indicated by C(T) measurements, « for both crystallo-
graphic directions shows a much smaller increase and is
further suppressed for HoMnO; compared to YMnOs;.
The sharp features in « and C at ~72 K and ~5 K
correspond to Mn and Ho AF ordering [18,19]. An in-
crease in « is observed along both crystal directions upon
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FIG. 3. .Upper panel: Open symbols represent «(T) for
HoMnOj; along the ab plane and the c¢ axis. Substituting
magnetic Ho®>" for nonmagnetic Y>" on the ferroelectrically
active crystal site results in a x suppression over a much wider
T range compared to YMnO; (solid lines). Lower panel:
Features in « are coincident with those in C/T (solid line)
and the dielectric constant &(T), at Ty for Mn and Ho.
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Ho spin ordering. These features are also coincident with
anomalies in & as for YMnO; at Ty [5,6,19] that might
correspond to changes in the FE polarization. This is
indicative of an interesting coupling between magnetism
and ferroelectricity [19,20]. Intriguingly, there is an addi-
tional feature in C and & between the T of Mn and Ho.
This is likely a Mn spin reorientation, however, there is
no associated change in « at this transition. Our results
are suggestive of a deeper connection with multiferroicity
to the behavior we have observed.

Finally, we present, in Fig. 4, k and y measurements on
two well-known isostructural variants of YMnOs:
LuMnO; and ScMnO; [4,6,21]. All show the coexistence
of ferroelectricity and frustrated magnetism. As evident
in Fig. 4, k of polycrystalline Y, Lu, and ScMnOj; increase
anomalously at Ty in correlation with y. However, this
feature is greatly smeared out. This smeared behavior and
the rather low absolute magnitude of x probably result
from a finite grain size, grain boundaries, or poor crys-
tallinity. That this behavior can be seen in polycrystals
greatly facilitates the study of this phenomenon in mate-
rials where crystal growth may be difficult or impossible.

The behavior of the «k we have observed in YMnOj is
fascinating and utterly different from that of conventional
magnetic/nonmagnetic insulators. Several possible sce-
narios can be ruled out for the large x suppression at
T > Ty. High-resolution neutron diffraction measure-
ments have discounted the effect of any type of static
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FIG. 4. .k(T) and x(T) of three different isostructural multi-
ferroic hexagonal manganites. Each polycrystalline sample
shows a strikingly similar enhancement in the thermal con-
ductivity below Ty.

177202-3



VOLUME 93, NUMBER 17

PHYSICAL REVIEW

week ending

LETTERS 22 OCTOBER 2004

structural anomalies near or at Ty [4]. Inelastic neutron
scattering experiments have also shown YMnO; to be
magnetically quasi-two-dimensional [22], so that any
2D magnon k must be anisotropic in this material, while
our measurements show that both «,;, and «, undergo the
same sharp rise at Ty.

The origin of a strong dynamic scattering mechanism
of acoustic phonons may be understood as a consequence
of GE In the regime Ty < T < QOc¢y, the strongly inter-
acting spin system fluctuates between energetically
equivalent configurations within the ground state mani-
fold that become suppressed upon 3D ordering. If the spin
system can couple to phonons, e.g., through exchange
striction, then this scenario may be considered as an
extreme form of critical spin scattering of phonons near
a magnetic transition [23]. Such a critical scattering effect
is seen in simple antiferromagnets in a very narrow T
window near Ty [23,24]. Our measurements show a «
suppression in a very wide 7 region, up to at least 300 K,
followed by a large increase below T where fluctuations
start to disappear. Our simplified model suggests that
spin-correlated regions in the high-7 dynamic spin liquid
state lead to a nanoscale inhomogeneous strain that scat-
ter acoustic phonons.

These considerations suggest an unusual character of
the spin-phonon interaction that may be associated with
multiferroicity. An appreciable scattering of acoustic pho-
nons by spin fluctuations may be generic in geometrically
frustrated magnets [25]; however, the simultaneous pres-
ence of ferroelectricity could have important consequen-
ces for the spin-lattice interaction.
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