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The Hall effect usually occurs in conductors when the Lorentz force acts on a charge current
in the presence of a perpendicular magnetic field. Neutral quasi-particles such as phonons and
spins can, however, carry heat current and potentially exhibit the thermal Hall effect without
resorting to the Lorentz force. We report experimental evidence for the anomalous thermal
Hall effect caused by spin excitations (magnons) in an insulating ferromagnet with a pyrochlore
lattice structure. Our theoretical analysis indicates that the propagation of the spin waves is
influenced by the Dzyaloshinskii-Moriya spin-orbit interaction, which plays the role of the vector
potential, much as in the intrinsic anomalous Hall effect in metallic ferromagnets.

E
lectronics based on the spin degree of free-

dom (spintronics) may lead to develop-

ments beyond silicon-based technologies

(1); spintronics avoids the dissipation from Joule

heating by replacing charge currents with currents

of themagneticmoment (spin currents). Phenomena

such as the spin Hall effect (generation of a trans-

verse spin current by a longitudinal electric field) in

metals and semiconductors have therefore recently

attracted much attention (2). However, some dis-

sipation is still inevitable because the spin current in

these conducting materials is carried by electronic

carriers. In this sense, achieving spin transport in

insulating magnets may be more promising.

In magnetic insulators, the spin moments are

carried by magnons, which are quanta of mag-

netic excitations. A fundamental question for the

magnon spin current is whether it exhibits the Hall

effect, which is usually driven by the Lorentz

force; therefore, charge-free particles (such as pho-

tons, phonons, and magnons) may be expected not

to lead to it. However, in ferromagnets the Hall

effect proportional to the magnetization—termed

the anomalous Hall effect—can be driven by the

relativistic spin-orbit interaction and does not

require the Lorentz force (3). Moreover, the Hall

effect of photons (4–6) and that of phonons (7–9)

have been already predicted and experimentally

observed. However, the Hall effect of magnons,

which is relevant to spin-current electronics, has

presented an experimental challenge.

We report the magnetic and thermal-transport

properties of an insulating collinear ferromagnet

Lu2V2O7 with a pyrochlore structure. Figure 1A

shows the vanadium sublattice in Lu2V2O7, which

is composed of corner-sharing tetrahedra. This

structure can be viewed as a stacking of alternat-

ing Kagomé and triangular lattices along the [111]

direction. Spin-polarized neutron diffraction sug-

gests that the orbitals of the d electron are ordered

so that they all point to the center of mass of theV

tetrahedron (10); calculations have shown that a

virtual hopping process to the high-energy state

stabilizes the ferromagnetic order of the V spin in

this orbital-ordered state (10). In the pyrochlore

structure, because the midpoint between any two

apices of a tetrahedron is not an inversion sym-

metry center, there is a nonzero Dzyaloshinskii-

Moriya (DM) interaction

HDM ¼ ∑
〈ij〉

D
→

i j
: ðS→i " S

→

jÞ

whereD
→

ij andS
→

i are, respectively, the DMvector

between the i and j sites and theV spinmoment at

site i. As shown in Fig. 1B, the DM vector D
→

ij is

perpendicular to the vanadium bond and parallel to

the surface of the cube indicated by gray lines,

according to the crystal symmetry. Even starting

from the perfectly collinear ferromagnetic ground-

state spin configuration, theDM interaction affects

the spin wave and gives rise to the thermal Hall

effect as discussed below.

The magnetic, electric, and thermal properties

of Lu2V2O7 are illustrated in Fig. 2. The spon-

taneous magnetization M emerges below Curie

temperature TC = 70K (Fig. 2A). Figure 2B shows

the magnetization curves along various magnetic

field directions at 5 K. The magnetization saturates

at relatively low field (less than 1 T), and the sat-

urated magnetization is isotropic and almost co-

incides with 1 bohr magneton (mB), indicating the

collinear ferromagnetic state with spin S = 1=2
above the saturation field. The resistivity increases

rapidly with decreasing temperature T (Fig. 2C).

The longitudinal thermal conductivity (11) mono-

tonically fallswith decreasing temperature (Fig. 2D).

The magnitude is small as compared with usual in-

sulators but comparable with similar orbital-ordered

materials (12). According to theWiedemann-Franz

law, the electric contribution of thermal conduc-

tivity is less than 10−5W/Km below 100 K. There-

fore, the heat current is carried only by phonons

and magnons in this temperature region. From

the analysis of the magnetic field variation of the

thermal conductivity (13), we estimate the mean

free paths of phonons and magnons (lph and lmag,

respectively) at 20 K as lph = 3.5 nm and lmag =

3.6 nm. Because the obtained lph and lmag are

much larger than the V-V distance (0.35 nm), the

Bloch waves of phonons and magnons are well

defined at least at 20 K.

The thermal Hall effect (the Righi-Leduc ef-

fect) is usually induced by the deflection of elec-
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Fig. 1. The crystal structure of Lu2V2O7 and themagnon Hall effect. (A) The V sublattice of Lu2V2O7, which is
composed of corner-sharing tetrahedra. (B) The direction of the Dzyaloshinskii-Moriya vector D

→

i j on each
bond of the tetrahedron. The Dzyaloshinskii-Moriya interaction D

→

i j ⋅ (S
→

i " S
→

j) acts between the i and j sites.
(C) The magnon Hall effect. A wave packet of magnon (a quantum of spin precession) moving from the hot
to the cold side is deflected by the Dzyaloshinskii-Moriya interaction playing the role of a vector potential.
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tronic heat current by themagnetic field inmetallic

materials. Because the heat current in the present

material is carried only by phonons and magnons

and not by charge-carriers, any observed thermal

Hall conductivity would provide evidence for the

Hall effect of phonons and/or magnons. Our mea-

surements of the thermal Hall conductivity are

presented in Fig. 3. Below TC = 70 K, the signal is

well resolved, whereas it is quite small above 80K.

The magnitude of the thermal Hall conductivity

has a maximum at around 50 K. Similar to the

magnetization, the thermal Hall conductivity steep-

ly increases and saturates in the low–magnetic field

region. Thus, what is presently observed in the heat

transport is not the normal Hall effect proportional

to the magnetic field strength but the anomalous

(spontaneous) Hall effect affected by the spontane-

ous magnetization. However, the thermal Hall con-

ductivity gradually decreases with magnetic field

after saturation in the low-temperature region; this

can be explained by the magnon gap induced by

the magnetic field as discussed below. Figure 4A

shows the temperature dependence of the sponta-

neous thermal Hall conductivity (the thermal Hall

conductivity just above the saturation field) for

magnetic field || [100], [110], and [111]; it is inde-

pendent of the field direction within the error bars.

The thermal Hall effect caused by phonons

has been reported in Tb3Ga5O12 (7) and ex-

plained by the spin-phonon interaction (8, 9). The

intrinsic mechanism in (8) does not depend on

the magnon population. The mean free path of

phonons is expected to increase with magnetic

field as a consequence of reduced scattering by

magnetic fluctuations. Therefore, our observation

of the decrease of the thermal Hall conductivity

in the high-field region cannot be explained in

terms of the phonon mechanism. On the other

hand, the reduction of the magnon population, as

reflected by the behavior of the specific heat

under the magnetic field (13), will diminish the

magnon contribution of the thermal Hall conduc-

tivity. In the mechanism based on the scattering

of phonons by spins (9), the thermal Hall angle

kxy/kxx is anticipated to be proportional to the

magnetization, such as in the case of Tb3Ga5O12

(7). For Lu2V2O7, kxy steeply decreases with in-

creasing temperature around TC, faster than the

magnetization decreases (Fig. 4B), which con-

tradicts the scenario of the phononHall effect. On

the other hand, magnons propagate in terms of

the exchange interaction (Eq. 3), and therefore

the magnon picture cannot be valid in the mag-

netic field–induced spin-polarized state above TC.

Hence, the temperature dependence can be ex-

plained in terms of the magnon Hall effect.

We next turn to the quantitative calculation of

the thermal Hall effect in Lu2V2O7. This material

Fig. 2. Magnetic, electric,
and thermal properties of
Lu2V2O7. (A) Temperature
dependence of magneti-
zation at the magnetic
field H = 0.1T along the
[100] direction. (B)Magne-
tization curves at T = 5 K
for H || [100], H || [110],
andH || [111]. (C) Temper-
ature variation of resis-
tivity r. (D) Temperature
variation of longitudinal
thermal conductivity kxx.
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Fig. 3. Magnetic field
variation of the ther-
mal Hall conductivity
of Lu2V2O7 at various
temperatures. The mag-
netic field is applied
along the [100] direc-
tion. The solid lines are
guides to the eye.
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Fig. 4. (A) Temperature dependence of the spon-
taneous thermal Hall conductivity (the thermal Hall
conductivity just above the saturation field) for H ||
[100], H || [110], and H || [111]. The thick dashed
line is a guide to the eye. (B) The thermal Hall angle
kxy/kxx plotted against the magnetization (M). For
Tb3Ga5O12 (dashed line), the value of kxy/kxx divided
by the magnetic field H is taken from (7), and the
magnetic susceptibility (M/H) is estimated from the
magnetization curves in (18). The thick solid line is a
guide to the eye. (C) Magnetic field variation of the
thermal Hall conductivity at 20 K for H || [100]. The
red solid line indicates the magnetic field depen-
dence given by the theory (Eq. 4) that is based on the
Dzyaloshinskii-Moriya interaction.
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is a ferromagneticMott-insulator, and the spin-1/2

V4+ ions form a pyrochlore lattice (Fig. 1A). The

effective spin Hamiltonian describing this system

is given by

Heff ¼ ∑
〈ij〉

h

−JS
→

i ⋅ S
→

j þ D
→

ij ⋅ ðS
→

i " S
→

jÞ
i

−

gmBH
→

⋅ ∑
i

S
→

i ð1Þ

where –J is the nearest-neighbor ferromagnetic

exchange, and the last term is the Zeeman cou-

pling with an external field H
→

. The DM interaction

does not disturb the perfect ferromagnetic align-

ment of the spins along the direction of a weak

external magnetic field H
→

because the sum of the

DM vectors on the bonds sharing the same site is

zero. Because we are interested in the low-

temperature regime T << TC, the interactions be-

tween magnons are neglected. Therefore, we

consider the Bloch state of a single magnon

jk→〉 ¼ 1
ffiffiffiffi

N
p ∑

i

eik
→

⋅ R
→

iji〉 ð2Þ

where in state ji〉 the spin at site i is pointing

opposite the H
→

direction with all the other spins

aligned with theH
→

direction. The matrix element

corresponding to the transfer of magnons reads as

〈ij−JS→i ⋅ S
→

j þ D
→

ij ⋅ ðS
→

i " S
→

jÞj j〉
¼ 〈ij− J

2
ðSþi S −

j þ S −
i S

þ
j Þ þ

iDij

2
ðSþi S −

j − S −
i S

þ
j Þj j〉¼ −

J
∼

2
eifij ð3Þ

where ST is the operator that increases or de-

creases the spin component along the direction

n
→¼ ðnx,ny,nzÞ ¼ H

→

=jH→j, Dij ¼ D
→

ij ⋅ n
→

, and

J
∼
eifij ¼ J þ iDij. Thus, the DM interaction acts

as a vector potential fij and serves as the “orbital

magnetic field” for the propagation of magnons.

The spin-wave Hamiltonian becomes just a tight-

binding Hamiltonian on a pyrochlore lattice with

phase factors. Thanks to the different types of

loops in the unit cell of the pyrochlore lattice, the

orbital magnetic field avoids the cancellation and

gives rise to the Hall effect (14).

The formula for the thermal Hall conductivity

kab of the magnon systemwas derived in (14). In

the low-temperature region, the dominant contri-

bution to kab comes from the lowest magnon

band and smallk because of the Bose distribution

function. Retaining only the first-order terms in

the DM interaction, the analytic expression for

the anomalous thermal Hall conductivity due to

magnons is obtained as (13)

kabðH ,TÞ ¼Fab

k2BT

p3=2ℏa
2þ gmBH

2JS

# $2

"
ffiffiffiffiffiffiffiffi

kBT

2JS

r

Li5=2 exp −
gmBH

kBT

# $& '

ð4Þ

with the polylogarithm Lin(z) given by LinðzÞ ¼
∑
∞

k¼1

zk

kn
: Here, a is the lattice constant, and Fab ¼

−eabgngD=ð8
ffiffiffi

2
p

JÞwith the totally antisymmetric

tensor eabg, and D ¼ jD
→

ijj. In Fig. 4C, we show

the fitting of the data at T = 20 K to this ex-

pression with JS = 8Ds/a
2, where Ds is the spin

stiffness constant obtained from the analysis of

specific heat shown in (13). Therefore, the only

parameter is the ratio of DM interaction strength

D to the exchange coupling J. The agreement

between experiment and theory is obtained for

D/J = 0.32; this is a reasonable value for transition-

metal oxides. In the spinel-type antiferromagnet

CdCr2O4, for example, D/J has been estimated

as 0.19 from the measured pitch of the spiral

spin structure and ab initio calculations (15);

this is of the same order of magnitude as our

result.

We have observed the magnon Hall effect

in the ferromagnetic insulator Lu2V2O7. Other

than the spontaneous spin current relevant to

electronic polarization (16), the magnon spin

current in insulating materials has rarely been

discussed (17). The observation of the Hall ef-

fect of the magnon spin current may lead to appli-

cations of spin transport in magnetic insulators.
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Single-Crystal X-ray Structure of
1,3-Dimethylcyclobutadiene by
Confinement in a Crystalline Matrix
Yves-Marie Legrand, Arie van der Lee, Mihail Barboiu*

Cyclobutadiene (CBD), the smallest cyclic hydrocarbon bearing conjugated double bonds,
has long intrigued chemists on account of its strained geometry and electronic instability, but
the parent compound and its unperturbed derivatives have thus far eluded crystallographic
characterization. In this work, we immobilize a precursor, 4,6-dimethyl-a-pyrone, in a
guanidinium-sulfonate-calixarene (G4C) crystalline network that confines the guest through a
combination of CH-p and hydrogen-bond interactions. Ultraviolet irradiation of the crystals
transforms the entrapped 4,6-dimethyl-a-pyrone into a 4,6-dimethyl-b-lactone Dewar intermediate
that is sufficiently stable under the confined conditions at 175 kelvin to allow a conventional
structure determination by x-ray diffraction. Further irradiation pushes the reaction to completion,
enabling the structure determination of 1,3-dimethylcyclobutadiene Me2CBD. Our data support
experimental observation of square-planar (Me2CBD

S) and rectangular-bent (Me2CBD
R) geometries

in the G4C host matrix. The hydrogen-bonded, dissociated carbon dioxide coproduct interacts more
strongly with Me2CBD

S than with Me2CBD
R.

C
yclobutadiene (CBD)—an unsaturated

molecular ring of four carbon atoms, each

capped by a single hydrogen atom—has

intrigued chemists for the better part of a century

(1–8). There is tremendous geometric strain as-

sociated with squeezing olefinic carbons down
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