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On Daniel’s mind?

W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Balents,   
Annual Review of Condensed Matter Physics 5, 57 (2014). 
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4d/5d transition metal compounds

At last – spin and orbital  
degrees of freedom truly entangle!
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spin-orbit entangled Mott insulators

Why are these spin-orbit entangled j=1/2 Mott insulators interesting?

B.J. Kim et al. PRL 101, 076402 (2008)
B.J. Kim et al. Science 323, 1329 (2009)

Sr2IrO4

(Na,Li)2IrO3 
RuCl3 

H2LiIr2O6 
Cu2IrO3 

…

exhibits cuprate-like magnetism 
superconductivity?

exhibit Kitaev-like magnetism 
spin liquids?

G. Jackeli and G. Khaliullin, PRL 102, 017205 (2009) 
J. Chaloupka, G. Jackeli, and G. Khaliullin, PRL 105, 027204 (2010)
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edge-sharing
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Kitaev materials – really?

J. A. SEARS et al. PHYSICAL REVIEW B 91, 144420 (2015)

0

0.01

0.02

χ
(e

m
u/

m
ol

)

0 100 200 300
Temperature (K)

0

200

400

600

χ-1
(m

ol
/e

m
u)

χab

χc

χc
-1

χab
-1

(a)

(b)

χave
-1

FIG. 1. (Color online) (a) Temperature dependence of magnetic
susceptibilities with a field of 0.5 T applied parallel to the c axis and
within the ab plane. Inset shows a photograph of a typical single
crystal sample used in our studies. (b) Inverse susceptibility in both
directions. Also plotted is the inverse of powder average susceptibility
χave ≡ (2χab + χc)/3.

measurement system (PPMS) with fields up to 14 Tesla.
Specific heat measurements were also carried out using the
PPMS in zero applied field. Neutron diffraction measurements
were carried out using the multiaxis crystal spectrometer
(MACS) [40] and the BT-7 triple axis spectrometer at the NIST
Center for Neutron Research (NCNR). The measurements
on MACS were conducted using a collection of 35 single
crystal samples mounted together with a mosaic width of about
10 deg and total mass of 62 mg. Incident neutron energy was
5 meV, and the sample was mounted in the (H0L) plane. The
BT-7 data were collected using a similar crystal array of 60
crystals, with a mass of 70 mg. The incident neutron energy
was 14.7 meV, and measurements were conducted in both the
(H0L) and (HHL) planes. Throughout this paper we use the
hexagonal notation of a = 5.96 Å and c = 17.2 Å [31].

The temperature dependence of the magnetic susceptibility
measured with a 0.5 Tesla field is shown in Fig. 1(a). Here
we use the notation χc to denote susceptibility measured
with field applied perpendicular to the honeycomb plane, and
χab for susceptibility measured with in-plane field. The χab

data exhibit a peak around 15 K, in agreement with earlier
reports on powder samples [37,38]. The susceptibility is highly
anisotropic; χab is almost an order of magnitude larger than
χc at low temperatures. The Curie-Weiss temperatures also
differ significantly in the two directions. In Fig. 1(b) the
inverse susceptibility data are fitted with Curie-Weiss behavior

above 200 K. The Curie-Weiss temperatures are "c ≈ −145 K
and "ab ≈ 68 K. The effective paramagnetic moments in-
ferred from the Curie constant fit of the susceptibility are
µeff ≈ 2.0µB and µeff ≈ 2.3µB for χab and χc, respectively.
These values for paramagnetic moments are consistent with
earlier reports, and are larger than the spin-only value of
1.73µB for the low-spin state (S = 1/2) for Ru3+, which
probably indicates a significant contribution from the orbital
moment. Although the Curie-Weiss temperatures obtained
in our study are different from the values reported earlier,
when we fit the powder average [χave ≡ (2χab + χc)/3], we
obtain Curie-Weiss temperature of about 40 K, more in
line with earlier studies [37,38]. The observed anisotropy
of Curie-Weiss temperature has an interesting implication in
view of the J -K-# model. According to the high temperature
expansion formula introduced in Ref. [19], the Curie-Weiss
temperature anisotropy satisfies ("c − "ab)/("c + 2"ab) =
#/(3J + K). Since we find "c ≈ −2"ab, and we assume
that # is not infinitely large, we can estimate that J ∼ −K/3
in this compound. This is quite different from Na2IrO3, for
which #/(3J + K) ∼ −0.3 [19,21]. We also note that the
susceptibility anisotropy of α-RuCl3 is opposite to that of
Na2IrO3; that is, χab < χc in Na2IrO3.
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FIG. 2. (Color online) (a) Detailed view of low temperature
region of the parallel and perpendicular susceptibilities shown in
Fig. 1(a). χc values are multiplied by 10 to fit on the same scale.
Also shown is the temperature dependence of heat capacity. (b) The
nonmonotonic part of the heat capacity, obtained by subtracting a
smooth polynomial background [i.e., the solid line in (a)] from the
raw data. The entropy change %Sm was obtained by integration:
%Sm =

∫ T

0 (%Cp/T )dT .
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Candidate materials tend to exhibit magnetic ordering at low T.
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Spin liquids?!
Something interesting happens for RuCl3 in a magnetic field.Symposium on Novel Quantum States  

in Condensed Matter 2017 (NQS2017) 
8-10 November 2017 
YITP, Kyoto University 

Half-integer thermal Hall conductance  
in a Kitaev spin liquid 

− Evidence for chiral Majorana edge current −

Yuichi KASAHARA 
Department of Physics, Kyoto University
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FIG. 1. (color online) (a) Temperature dependence of the spe-
cific heat, plotted as Cp/T , of ↵-RuCl3 for di↵erent magnetic
fields up to 9 T k ab. (b) As before, but showing the magnetic
contribution to the specific heat after phonon subtraction on
a log-log scale, for details see text.

plement [31] for the magnetic characterization. Specific-
heat measurements were performed on a single crystal
(m ⇠ 7 mg) between 0.4 K and 20 K using a heat-pulse
relaxation method in a Physical Properties Measurement
System (PPMS, Quantum Design), in magnetic fields up
to 9 T parallel to the ab plane.

Results: The low-T specific heat Cp/T as a function
of temperature in di↵erent applied fields is shown in Fig.
1(a). The zero-field curve reveals the good quality of the
sample, with a single magnetic transition at TN = 6.5 K
determined from the peak position. By applying a mag-
netic field the peak becomes broader and the transition
temperature is gradually suppressed. Finally no thermal
phase transition is detected for fields higher than 6.9 T,
i.e., magnetic LRO disappears.

In order to extract the magnetic contribution to the
low-T specific heat, the data were analyzed by subtract-
ing the lattice contribution from the experimental Cp(T )
data by measuring the non-magnetic structural analog
compound RhCl3 in pressed polycrystalline form. The
di↵erence of mass and volume between the Rh and Ru
compounds was accounted for by scaling the experimen-
tal specific heat curve by the Lindemann factor [32],
which was found to be 0.98. With the aim of ruling
out possible errors due to non-perfect sample coupling
during the measurements, the phononic contribution was

FIG. 2. (color online) Exponential fit of CmagT in order to
extract the excitation gap for magnetic fields (a) 5 T µ0H 
6.8 T and (b) 7 T  µ0H  9 T. The data at 6.8 T cannot be
meaningfully fit by an exponential, i.e., the gap is too small.

also calculated for RhCl3 by density-functional theory,
see supplement [31]. This approach confirmed that the
phonon subtraction based on the experimental data is
consistent with the theoretical calculations for T � 1 K.

The temperature dependence of the calculated mag-
netic contribution to the specific heat is shown in Fig.
1(b). In the lowest-T region, T  3 K, an increase of
Cmag/T with the applied field could be observed up to
µ0H = 6.8 T. Increasing the field even further, the op-
posite behavior is revealed: the magnetic contribution
starts to decrease with field up to the highest field of 9 T.
Hence, low-T entropy accumulates around 6.8� 7 T. Re-
markably, around 6.9 T the magnetic specific heat dis-
plays an approximate power-law behavior between 0.4
and 2.5 K, with Cmag / T

x with x ⇡ 2.5. Together,
these observations imply the existence of a field-induced
QCP [33, 34] at µ0Hc ⇡ 6.9 T.

Excitation gap: The lowest-temperature data away
from the QCP, with a gradual suppression of Cmag(T ),
indicate the opening of a magnetic excitation gap, Fig.
1(b). The simplest model of a bosonic mode with gap �
and parabolic dispersion in d = 2 predicts that Cmag /
exp[��/(kBT )]/T , see supplement [31]. According to
this, the experimental CmagT data were fitted to a pure
exponential behavior in order to extract the energy gap.
The results are shown in Fig. 2.

Two key observations are apparent: First, the data
below about 1.5 K indeed show an exponential suppres-
sion of Cmag, and the corresponding gap is minimal near

Y. Kasahara et al., Nature 559, 227-231 (2018)

A. Banerjee et al., npj Quantum Mater. 3, 8 (2018)
A. U. B. Wolter et al., PRB 96, 041405(R) (2017)

half-integer quantized
thermal Hall effect
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Kitaev spin liquids

magnetic field effects

Ciarán Hickey
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Kitaev model

gapped spin liquid

gapless spin liquid
Majorana metal

Kz
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Kx

Kx + Kz + Ky =  const.

KzKy

Kx

Represent spins in terms of  
four Majorana fermions

S�
i = i ci c

�
i
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Kitaev spin liquids

Kitaev spin liquids are textbook examples of Z2 spin liquids. 

gapped spin liquid

gapless spin liquid
Majorana metal

Kz

Ky

Kx

Kx + Kz + Ky =  const.

KzKy

Kx

For strong magnetic fields, this picture no longer holds.  
The Kitaev model exhibits a gauge transition to a U(1) spin liquid.

Z2  SL U(1) SL polarized
h
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Kitaev model – magnetic field effects
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present MC results in the small α region, which strongly
supports that Tc estimated from the anomaly inCv is indeed
the critical temperature between the low-T QSL and high-T
paramagnet. Meanwhile, in the limit of α → 3=2, by using
the perturbation expansion in terms of Jz=J, we find that Tc
is scaled by J4z=J3 [18]. The dashed lines in Figs. 3(a) and
3(b) represent the fitting of MC data by this asymptotic
scaling. It also well explains the MC data, supporting the
phase transition at Tc.
Figure 3(c) summarizes the MC estimates of Tc in the 3D

plot. In the entire parameter space, the low-T QSL is
separated from the high-T paramagnet by the thermody-
namic singularity at Tc. There is no adiabatic connection
between the two states, and the transition always appears
to be continuous within the present calculations. These are
in sharp contrast to the situation in conventional fluids
where liquid and gas are adiabatically connected with each
other beyond the critical end point in the phase boundary
of the discontinuous transition. Thus, the thermodynamics
of the QSLs is not understood by the conventional theory
for liquids.
Interestingly, thevalue ofTc becomesmaximumatα≃ 1:

the QSL phase is most stable against thermal fluctuations

in the isotropic case. The bond-dependent interactions
in the Kitaev model compete with each other; it is not
possible to optimize the exchange energy on the x, y,
and z bonds simultaneously. The frustration becomes
strongest at α ¼ 1. Hence, interestingly, our MC results
in Fig. 3(c) show that the frustration tends to stabilize the
QSL against thermal fluctuations. This frustration effect
is opposite to that on conventional magnetically ordered
states where frustration suppresses the critical temperatures.
In the vicinity of α ¼ 1, the ground state is the gapless

QSL. By decreasing α, the ground state changes into the
gapped QSL at the quantum critical point at α ¼ 3=4, as
shown in Fig. 1(c). However, Tc changes smoothly around
α ¼ 3=4, as shown in Fig. 3. Also, we find no singularity in
the T dependence of Cv around α ¼ 3=4 within the present
precision, except for Tc [e.g., see Fig. 4(a)]. In the low-T
limit, however, there should be some anomaly in Cv,
reflecting the change of low-energy excitations. The results
suggest that such anomaly will happen to be seen at much
lower T than 10−4.
Now let us discuss the reason why the specific heat Cv

exhibits two peaks. We show the T dependence of the
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FIG. 2 (color online). (a) Temperature dependence of the
specific heat in the isotropic case with Jx ¼ Jy ¼ Jz ¼ 1=3
(α ¼ 1). (b) The enlarged view in the vicinity of the low-
temperature peak. The calculations were performed for the
systems on the hyperhoneycomb lattice with N ¼ 4L3 spins
up to L ¼ 6. The inset in (b) shows the peak temperature T 0

c of the
specific heat as a function of the inverse of the system sizeN. The
dotted line represents the linear fit for the three largest N.

T

T c
T c 1.5

1.0
0.75

0.0

Paramagnetic
 phase

Quantum

phase
 spin liquid

1.00.0

 10-7

 10-6

 10-5

 10-4

 10-3

 10-2

 0.0  0.5  1  1.5

 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0.006

 1.0  0.5  0.0

 0.000

 0.001

 0.002

 0.003

 0.004

 0.005

(a)

(c)

(b)

Jx=0, Jy=0, Jz=1

Jx=1, Jy=0, Jz=0

Jx=0, Jy=1, Jz=0

FIG. 3 (color online). Finite-temperature phase diagram of
the 3D Kitaev model. (a) Cut of the phase diagram along the
α and α0 axes shown in the insets. Log-scale plot for (a) is shown
in (b). The solid (dashed) line is the α dependence of Tc obtained
by the perturbation expansion in terms of J=Jz (Jz=J), where
J ¼ Jx ¼ Jy. (c) 3D plot of the phase diagram in the whole
parameter space. The base triangle represents the ground state
phase diagram shown in Fig. 1(c).
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Kitaev unHiggsed!

Synopsis: for strong magnetic fields, the Kitaev model exhibits  
                 a Higgs transition to a gapless U(1) spin liquid.

Represent spins in terms of complex fermions S↵
i = f†

i,µ�
↵
µ⌫fi,⌫

F. J. Burnell and C. Nayak, 
PRB 84, 125125 (2011)

Kitaev SL gapless SL polarized
h

�v

�f

E
vison gap

fermion gap

confinement 
transition

gapped 
topological SC

gapless 
Fermi surface

gapped
trivial insulator

fermions

Z2 (Higgsed) U(1) U(1) [confined]gauge field

Higgs transition à la Metlitski et al., PRB 91, 115111 (2015)
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Stability of U(1) spin liquid
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Summary C. Hickey and ST 
arXiv:1805.05953

Kitaev spin liquids are textbook examples of Z2 spin liquids. 

H = �

X

��bonds

K� S�
i S

�
j �

X

i

h · Si

<latexit sha1_base64="NhBkZ+mZc3CY8Z7h50428XoZBAQ="></latexit><latexit sha1_base64="NhBkZ+mZc3CY8Z7h50428XoZBAQ="></latexit><latexit sha1_base64="NhBkZ+mZc3CY8Z7h50428XoZBAQ="></latexit><latexit sha1_base64="NhBkZ+mZc3CY8Z7h50428XoZBAQ="></latexit>

For AFM Kitaev couplings and strong magnetic fields,  
a Higgs transition to a gapless U(1) spin liquid occurs.

The U(1) spin liquid is probably the generic high-field phase, and  
parent phase to the KSLs, but also all kinds of magnetic order.
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