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Time-reversal symmetry breaking and spontaneous
Hall effect without magnetic dipole order

Yo MachidalT, Satoru Nakatsuji', Shigeki Onoda?, Takashi Tayama17L & Toshiro Sakakibara'

Spin liquids are magnetically frustrated systems, in which spins are
prevented from ordering or freezing, owing to quantum or thermal
fluctuations among degenerate states induced by the frustration.
Chiral spin liquids are a hypothetical class of spin liquids in which
the time-reversal symmetry is macroscopically broken in the
absence of an applied magnetic field or any magnetic dipole long-
range order. Even though such chiral spin-liquid states were pro-
posed more than two decades ago'~, an experimental realization
and observation of such states has remained a challenge. One of the
characteristic order parameters in such systems is a macroscopic
average of the scalar spin chirality, a solid angle subtended by three
nearby spins. In previous experimental reports, however, the spin
chirality was only parasitic to the non-coplanar spin structure
associated with a magnetic dipole long-range order or induced by
the applied magnetic field* ', and thus the chiral spin-liquid state
has never been found. Here, we report empirical evidence that the
time-reversal symmetry can be broken spontaneously on a macro-
scopic scale in the absence of magnetic dipole long-range order. In
particular, we employ the anomalous Hall effect*'" to directly probe
the broken time-reversal symmetry for the metallic frustrated
magnet Pr,Ir,0;. An onset of the Hall effect is observed at zero
field in the absence of uniform magnetization, within the experi-
mental accuracy, suggesting an emergence of a chiral spin liquid.
The origin of this spontaneous Hall effect is ascribed to chiral spin
textures®>'>"?, which are inferred from the magnetic measurements
indicating the spin ice-rule formation'*".

The time-reversal symmetry (TRS) in equilibrium is one of the most
fundamental symmetries in physics, and can be spontaneously broken
by a phase transition in macroscopic systems. A typical example is a
magnetic phase transition at which spin dipole moments form a long-
range static configuration as in ferromagnets. Nevertheless, the source
of the broken TRS is not restricted to conventional magnetic long-
range order (LRO). Any product of an odd number of spins that is odd
under the time-reversal, as is the spin itself, may become the primary
yet hidden order parameter that breaks the TRS. The simplest but
nontrivial product of this kind is the scalar spin chirality', which
is the solid angle subtended by three neighbouring spins, K, = §; *
§; X S (Fig. 1a). This raises an intriguing possibility of chiral spin
liquids’. In this type of spin-liquid states, the TRS is broken sponta-
neously and macroscopically, for instance, by a LRO of scalar chirality,
while the spin dipole moments are neither long-range-ordered nor
frozen because of geometrical frustration of magnetic interaction.
Despite intensive studies over decades, an experimental realization
and observation of such chiral spin-liquid states remains a challenge.

A crucial step towards the observation is to find an appropriate
experimental probe for this macroscopically broken TRS in the
absence of magnetic dipole order. Neutron or X-ray scattering
experiments can visualize a long-range magnetic structure when

spins are essentially ordered. However, it is usually difficult to extract
the scalar spin chirality ;. reliably unless the spins are long-range-
ordered®. In metallic magnets, on the other hand, a promising probe
is available: the anomalous Hall effect (AHE)*'', which is the spon-
taneous Hall effect at zero applied magnetic field.
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Figure 1| Chiral spin state and pyrochlore lattice. a, Scalar spin chirality
made of three non-coplanar spins on a triangle: i = S; * §j X Sy (thick
yellow arrow). The counterclockwise rotation (thin yellow arrow) indicates
the order of spins in rj. b, 2-in, 2-out’ configuration of four <111> Ising
spins on a tetrahedron. ¢, Pyrochlore lattice formed by Pr’* ions, which is an
alternating stack of kagome (corner-sharing triangles) and triangular layers
along the [111] direction. Under zero field, Pr 4f moments with an effective
size of pegr= 2.7up per Pr atom most probably form the 2-in, 2-out’
configuration as denoted by three red arrows and one blue arrow on each
tetrahedron. Application of the field B along the [111] direction flips the
moments shown as blue arrows and stabilizes the ‘3-in, 1-out’ (‘1-in, 3-out’)
configuration formed by four red arrows. d, Chiral antiferromagnetic spin
configuration with zero magnetization as a possible snapshot in the TRS-
broken phase (T = T =< Ty) at zero field. The black arrows denote the
translation vectors. Red and blue arrows indicate <111> Ising spins having
a component parallel and another opposite to the field direction,
respectively. e, Scalar spin chirality made of three neighbouring spins along a
hexagon, k', on a kagome layer and the sum, 6«’, over the edges. The sum for
each hexagon is also shown for the chiral antiferromagnetic state in d, which
has a nonvanishing uniform component in the antiferroic background.
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Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagnetic metals can be captured by the band-intrinsic mech-
anism™®'®. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase'® because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a real magnetic field B. Thus,
it causes the AHE characterized by a finite Hall conductivity oy at B= 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B=0, is not
restricted to the magnetization, but to the macroscopically broken
TRS", which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE*>'>'**, as indeed has been
observed in Nd,Mo,0; (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase’ by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
ofboth magnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr,Ir,O; above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is induced by melting ofa
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments®' were stronger than in dipolar spin-ice systems'*"”.

The pyrochlore iridate Pr,Ir,O; has an antiferromagnetic Curie—
Weiss temperature @y =~ —20K, mainly due to the correlations
among <111 > 4fIsing magnetic moments of Pr*" ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and ¢)***. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state”>. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (uSR)*>** signals strong geometrical frus-
tration'®. Only a spin freezing is observed in the magnetic suscepti-
bility below T¢= 0.3 K, which is two orders of magnitude lower than
|Ow|=20K (ref. 22) (Fig. 2a). Therefore, below |Oyl, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tr= 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity o5(T) (defined
in the figure caption) measured atalow field of 0.05 T applied along the
[111] direction. The zero-field-cooled and the field-cooled data of
oy(T) and thus the Hall resistivity py(7) (Supplementary Fig. 1)
bifurcate at Ty = 1.5K, a temperature which is nearly an order of
magnitude higher than Ty~ 0.3 K, although the longitudinal conduc-
tivity a(T) (Fig. 2b, inset) and resistivity p(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in oy(7)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of oy due to a domain formation, we have per-
formed field sweep measurements up to 7 T at various temperatures.
Corresponding to the above bifurcation found in oy4(7), the field
dependence of ay(B) for B||[111] at T< Ty = 1.5 K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr,Ir,0,. a, Temperature dependence of the Hall conductivity
oy (left axis) and the direct-current susceptibility y = M/H (right axis)
under a magnetic field of B = 0.05T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by oy = — py/

(pu” + p?), where py is the Hall resistivity and p is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denote Ty; = 1.5 K and T = 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity gi3(B = 0)
(left axis) and remnant magnetization M(B = 0) (right axis) at zero field,
obtained after a field sweep down from 7 T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity ¢ = 1/p under

B =0.05T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. ¢, Temperature dependence of
the nonlinear susceptibility y; (Supplementary Information) (left axis), and
magnetic specific heat C,, (right axis) under zero field, adapted from ref. 22.

remnant Hall conductivity at B= 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (~10 >ug) at T< Ty, and only a
small hysteresis at T<T; (Fig. 3b, inset). Our observations on
ou(B=0, T) and M(B = 0, T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales Ty and Ty Upon cooling, the TRS is broken spon-
taneously and macroscopically at Ty without any apparent LRO of
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Figure 3 | Field dependence of the Hall conductivity and magnetization of
Pr,Ir,0, along the [111] field direction. a, Field dependence of the Hall
conductivity gy at 0.06 Kand 0.5 K. b, Field dependence of the magnetization
Mat 0.06 Kand 0.5 K (left axis) and its derivative dM/dB at 0.06 K (right axis).
The dashed line represents the metamagnetic transition field B, ~ 2.3 T. The
inset to a shows low-field gy at fixed temperatures (0.06, 0.5 and 0.7 K). The
green data points are taken at 0.7 K. The inset to b shows low-field M at fixed
temperatures (0.06 and 0.5 K). The arrows in the insets and in panel a indicate
up and down field sweep sequences. ay;(B) at 0.06 K (blue data points in
a) shows a non-monotonous field dependence: first a pronounced hysteresis
100}) around B = 0 between the up-sweep o;"P(B) and the down-sweep

u " "(B), then a peak formation at B, =~ 0.5 T, then a kink due to the
metamagnetlc transition at B= B.=~ 2. 3 T, and finally a sign change around
5T. The remnant Hall conductivity ¢i;(B = 0) amounts to 10 Q 'em™,
which is comparable to that for the ferromagnet Nd,Mo,0; (ref. 5). The size
of the hysteresis, that is, 05"P(B) — o 1% (B), decreases with field and
vanishes at B = B, indicating that the 2-in, 2-out’ state causes the hysteresis.

magnetic dipole moments, which is followed by spin freezing at a lower
temperature T; found in y(T). This probably indicates the emergence
of a TRS-broken spin-liquid phase caused by LRO or freezing of
higher-order degrees of freedom than spin-dipole moments, for
instance, the spin chirality.

We have also found solid evidence for the 2-in, 2-out’ magnetic
correlations (Fig. 1b) of Pr 4f <111> moments, which can be
induced by a ferromagnetic interaction between them. Figure 3b
shows the magnetization M(B) for fields applied along the [111]
direction. In contrast with M(B) at 0.5 K, a small step feature is found
at 0.06 K. This anomaly is more clearly observed as a kink in the
derivative with respect to the field (Fig. 3b). At a lower temperature
of 0.03 K, a hysteretic step is seen in M(B), indicating a first-order
metamagnetic transition (Supplementary Fig. 2, inset). In contrast,
magnetization curves for fields along the [100] and [110] directions
show neither an anomaly nor a hysteresis, just a smooth increase
with field (Supplementary Fig. 2). The metamagnetism found only
for the [111] direction indicates a ferromagnetic coupling between
the nearest-neighbour Pr moments, and thus the transition between
the low-field 2-in, 2-out’ state and the high-field ‘3-in, 1-out’ state
(Fig. 1c), as observed in dipolar spin-ice systems™.
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Here, an analogy with dipolar spin-ice systems is very useful. For
the spin ice, the magnetization M. just below the metamagnetic
transition ﬁeld B. and the effective nearest-neighbour ferromagnetlc
coupling ]ﬁc f can be estimated using effective moment size pgrand B,
(Supplementary Information)'**. Our estimate of M. = 0.9 per Pr
atom is close to the observed value M. = 0.8 per Pr atom (Fig. 3b).
In addition, ]ﬁ is found to be about —1.4K for Pr,Ir,O, which is
close to the temperature (~2 K) where a peak is seen in the magnetic
specific heat C,, as in spin-ice systems'* (Fig. 2c). Around this tem-
perature, the nonlinear magnetic susceptibility y; also exhibits a steep
negative increase, and saturates to a large negative value at lower
temperatures. This is also consistent with ferromagnetic correlations
due to ]ffeff% —1.4K (ref. 26) (Fig. 2c). Therefore, we conclude that
the 2-in, 2-out’ configurations have the largest amplitude in the state
at T=|J;*". On the other hand, there exist striking differences from
dipolar spm—ice systems. The Curie-Weiss temperature Oy is not
ferromagnetic as in Dy,Ti,0; (ref. 14), but antiferromagnetic as in
Tb,Ti,O5 (ref. 27), suggesting the quantum melting of spin ice*"** or
contributions of more-distant-neighbour couplings®. In addition,
the magnetic dipole interaction is an order of magnitude smaller
for Pr’" (~0.1K) than for Dy3+ (~1K) of the dipolar spin-ice
system Dy,Ti,O; (ref. 14), and hence it can be even smaller than
the f~fexchange interaction, which can be ferromagnetic and contain
nontrivial quantum aspects.

Now, we mention a close relationship between the macroscopic
TRS-breaking and the local 2-in, 2-out’ spin correlations. The onset
temperature Ty =~ 1.5 K almost coincides with the effective ferromag-
netic coupling |J; eff\ =~ 1.4 K. Furthermore, the hysteresis observed in
oy asa function of field disappears at the metamagnetic critical field B,
at which a sizeable fraction of the 2-in, 2-out’ configurations are
transformed into the ‘3-in, 1-out’ configuration (Fig. 3a and b).
Therefore, it is natural to expect that the macroscopically TRS-broken
state found for Tf = T'= Ty consists of 2-in, 2-out’ configurations for
each tetrahedron and simultaneously has a non-zero macroscopic
average of some sort of spin chirality.

Although the 2-in, 2-out’ state made of four Ising spins locally
possesses a scalar chirality, it is not trivial to determine whether a
macroscopic chiral state with a zero net Pr moment can be con-
structed using these local 2-in, 2-out’ units. Here, we show that it
is indeed possible by giving a specific example in Fig. 1d. In this
configuration, the spatial average of the chirality defined on each
triangle (Fig. 1a) vanishes. However, the chirality k" along the hexa-
gon (Fig. le) produces a nonvanishing uniform component in an
antiferroic background, suggesting a macroscopically broken TRS.
Similar chiral spin configurations having the same uniform chirality
<x'> can also be obtained by *=120° rotations (for example, about
the origin O in Fig. 1d) and/or by translation. There are even more
complicated long-period structures having the same sign of <x'>.
We note that the ordered spin-ice state'** can be ruled out, because it
does not break the TRS macroscopically and so it does not produce
the AHE at zero magnetic field.

Next, we demonstrate that a chiral spin configuration such as is
shown in Fig. 1d actually gives rise to a finite anomalous Hall con-
ductivity gy. We take a tight-binding model for the t,, manifold
associated with Ir 5d conduction electrons that are subject to an
appreciable spin-orbit coupling and an antiferromagnetic Kondo
coupling to Pr 4f Ising moments (Supplementary Information).
The intrinsic anomalous Hall conductivity*'®"” around the [111]
axis, oy = (0 + 0y, + 020/ 3, is obtained through, for instance:

Oxy = — ¢ ,[(2 )3 Zf(gnk)b (l)

with —ethe electronic charge, ¢, the band dispersion, and fthe Fermi
distribution function. Here, the Berry-phase curvature is obtained as:

bnk = Vk X A,k (2)

©2010 Macmillan Publishers Limited. All rights reserved
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from the Berry-phase connection a,j = i{u|Vi|ux) for the Bloch
wavefunction |u,x) At zero field, the theory gives a small but finite
value oy =0.2Q "' cm ™, in qualitative agreement with the experi-
ment. However, the experimental value of the nontrivial AHE in the
TRS-broken phase steeply increases below Ty to a much larger value
than this simple band-intrinsic result. This enhancement of 633 may be
attributed to ferromagnetic fluctuations, which were not taken into
account in the above calculation.

We note that the Berry-phase curvature b, also produces a uni-
form orbital magnetization density owing to the circulating orbital
motion of conduction electrons. However, given the present experi-
mental results showing zero total magnetization, this orbital mag-
netic moment could be too small to detect or could be cancelled by
the contribution from the spins. Indeed, for the configuration shown
in Fig. 1d, both the orbital and the spin magnetic moments are
calculated as ~10~®uy per PrirOs 5 unit (Supplementary Informa-
tion) which are much smaller than the present experimental accuracy
for magnetization measurements.

In fact, the absence of both magnetic dipole LRO and spin freezing
above T¢in the thermodynamic and 4SR measurements suggests that
spin-ice states with a uniform chirality component such as the one
shown in Fig. 1d should become dynamic at T= T¢ in Pr,Ir,0,,
forming a three-dimensional chiral spin-liquid state. In this system,
quantum fluctuations should be enhanced compared with dipolar
spin-ice systems, reflecting the small moment size, and may give rise
to quantum entangled spin-ice states’"*®. The above configuration,
having a uniform component of the chirality k', yields a finite oy
through the Kondo coupling to the Ir 5d conduction electrons, so all
the symmetry-related states with the same chirality have the same oy.
Even though some other chiral 2-in, 2-out’ configurations should be
superimposed to form the chiral spin liquid, g}y does not vanish as
long as this spin liquid state has a uniform chirality.

Important issues to be clarified are the spatial and dynamical
profiles of the spin and the chirality. In a chiral spin-liquid state,
the chirality may form either a LRO or a frozen state to break the
TRS in a macroscopic scale below Ty. This could involve a small
internal field created by the chiral spin texture and/or the orbital
motion of itinerant electrons, though it has not been detected in
the susceptibility and uSR measurements down to Ty The experi-
mental determination of the magnetic and chirality correlations in
the TRS-broken phase for Ty= T'= Ty is left for future studies.
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