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The electronic structure of Sr2 RuO4 is investigated by high angular resolution ARPES at several incident photon energies. We address the controversial issues of the Fermi surface (FS) topology and the
vanpHovepsingularity at the M point, showing that a surface state and the replica of the primary FS due
to 2 3 2 surface reconstruction are responsible for previous conflicting interpretations. The FS thus
determined by ARPES is consistent with the de Haas –van Alphen results, and it provides additional
information on the detailed shape of the a, b, and g sheets.
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Angle-resolved photoemission spectroscopy (ARPES)
results could be reconciled by assuming that the feature
has proven itself to be an extremely powerful tool in studydetected by ARPES at the M point was due to a surface
ing the electronic structure of correlated electron systems.
state (SS). Recently, two possible explanations were proIn particular, in the case of the high-temperature superconposed. First, the evHS at the M point could be only slightly
ductors, it has been very successful in measuring the suabove EF (e.g., 10 meV), so that considerable spectral
weight would be detected just below EF [10]. Alternaperconducting gap, determining the symmetry of the order
tively, ARPES could be probing ferromagnetic (FM) corparameter, and characterizing the pseudogap regime [1].
relations reflected by the existence of two different g-FS
On the other hand, one of the fundamental issues, namely,
(holelike and electronlike, respectively, for majority and
the determination of the Fermi surface (FS) topology, has
minority spin directions), which might have escaped debeen controversial, as in the case of Bi2 Sr2 CaCu2 O8 , raisintensity plot I!k, v" alonging
G-M-G
and M-X [panels
(a) and
(b),
respectively].
Panel
EF intensity
doubts concerning
the reliability
of the
ARPES
results.
tection(c):
in dHvA
experiments [11]. Second, the surface
ern recorded at the end of the
FS
mapping.
All
data
were
taken
at
10
K
on
Sr
RuO
cleaved
atas180
K. by low-energy electron diffrac4
A similar controversy has also plagued the fermiology of 2 reconstruction
detected
Sr2 RuO4 . In this context, the latter system is particution (LEED), which has been proposed to be indicative of

spin-orbit effects are strong
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We present a first-principles study of spin-orbit coupling effects on the Fermi surface of Sr2 RuO4 and
Sr2 RhO4 . For nearly degenerate bands, spin-orbit coupling leads to a dramatic change of the Fermi surface
with respect to nonrelativistic calculations; as evidenced by the comparison with experiments on Sr2 RhO4 ,
it cannot be disregarded. For Sr2 RuO4 , the Fermi surface modifications are more subtle but equally
dramatic in the detail: Spin-orbit coupling induces a strong momentum dependence, normal to the RuO2
planes, for both orbital and spin character of the low-energy electronic states. These findings have
profound implications for the understanding of unconventional superconductivity in Sr2 RuO4 .
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the Fermi sea, it came as a surprise that band theory—
The emergence of unconventional superconductivity in
Sr2 RuO4 from a rather conventional Fermi-liquid-like
within an approach equivalent to that used for Sr2 RuO4 —
state has attracted the attention of numerous theoretical
failed badly in describing the Fermi surface of Sr2 RhO4 , as
and experimental studies of this and related materials.
determined to a high degree of precision by both ARPES
Although Sr2 RuO4 is isostructural with the high-Tc super[10,11] and dHvA experiments [12].
conducting cuprates, there seems to be little doubt that the
The subject of this Letter is to understand the reason for
normal state is well described by a Fermi liquid, with a
this discrepancy. It has been suggested that the failure of
Fermi surface obtained from density-functional theory
DFT in the case of Sr2 RhO4 is a consequence of many(DFT) band-structure calculations [1,2] which agrees
body interactions [10,11]. This seems, however, an unwell with experimental determinations. The Fermi surface
likely scenario since, on general grounds, many-body efof Sr2 RuO4 has been measured with several techniques
fects are expected to be of the same magnitude in Sr2 RhO4
with an unprecedented accuracy: de Haas–van Alphen
and Sr2 RuO4 . Indeed, as confirmed by experimental deter(dHvA [3]), Shubnikov–de Haas [4], low- and high-energy
minations of mass enhancement [3,10] and quasiparticle
angle-resolved photoemission spectroscopy (ARPES
dispersion [8,10], the renormalization parameters are
[5,6]), and Compton scattering [7] data are all available
closely comparable for the two compounds and, at most,
for this compound and give a consistent outcome. The
would suggest slightly larger renormalization effects for
FIG. 1 (color online). (a),(b) LDA Fermi surface of Sr2 RhO4 and (c),(d) Sr2 RuO4 ; (e)–(h) kz electronic dispersion for the Sr2 RuO4
agreement
of these experiments with calculations seems
Sr2 RuO
will
electron
correlations
4 . We
cuts highlighted in (c),(d) by solid green bars. Calculations were performed
without
SOC
(topshow
panels)that
and with
SOC (bottom
panels). are not
satisfactory,
but it isARPES
not a Etrivial
result,
if
one
recalls
the
the
main
driving
force
here;
instead,
the
problem
can be
The gray-scale
-intensity
maps
are
here
reproduced
from
(a),(b)
Kim
et
al.
[11]
and
(c),(d)
Damascelli
et
al.
[5].
F
large many-body renormalization of the band dispersion
well understood by taking into account the interplay be-

and many-body effects ?
the self-energy can modify the Fermi surface
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magnetic phase, indicating that the occupied orbital remains
the one that diagonalizes the crystal-field matrix; i.e., in the
magnetic phase there is no sizable change of orbital5,19 due to
superexchange.

Hhyb =
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Because of D4h site symmetry, the Ru t2g states split into an
eg doublet ðxz; yzÞ and a b2g singlet ðxyÞ, with on-site
energy εxz ¼ εyz and εxy , respectively. LDA yields
εxz ¼ εxy þ εCF with εCF ∼ 120 meV. The SO parameter
λz couples the orbital jyziσ to the orbital jxziσ ; instead, the
term λxy couples the jxyiσ state to the jyzi−σ and jxzi−σ
orbitals. LDA yields λz ∼ 102 meV and λxy ∼ 100 meV,
i.e., 15% smaller than the value 130 % 30 meV estimated via spin-resolved photoemission spectroscopy [26].
The LDA tetragonal anisotropy δλ ¼ λz − λxy, is tiny,
δλ ∼ 2 meV. The terms U mm0 pp0 are elements of the
screened Coulomb interaction tensor. For a free atom
the Coulomb interaction tensor for d states can be
written in terms of the three Slater integrals F0 , F2 ,
and F . For t states the essential terms [38] are the

effective crystal-field
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effective spin-orbit coupling
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Sr2RuO4: DMFT calculations
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effects of spherical Coulomb terms
•

O(3) Coulomb tensor enhances crystal-field splitting
• this

shrinks β sheet and enlarges γ sheet

• better
•

β sheet and worse γ sheet

O(3) Coulomb tensor enhances spin-orbit coupling
• improved agreement along 𝛤-M
• further
• very

shrinks β sheet and enlarges γ sheet

good β sheet and very bad γ sheet

a crucial mechanism is still missing

is the Coulomb interaction spherical?
the bare Coulomb interaction is spherical
but the screened interaction has the symmetry of the site

Ru D4h
theoretical problems in dealing with these terms:
• need generalized code
• double counting correction
for the latter, we extended the around mean-field approximation

results with D4h terms
main term is ΔU=Uxy,xy-Uxz,xz

cRPA

cRPA value:
J. Mravlje, et al., Phys. Rev. Lett 106, 096401 (2011)

effects of Coulomb tensor
•
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O(3) Coulomb tensor enhances spin-orbit coupling
• improved agreement along 𝛤-M
• further
• very

•
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D4h Coulomb term reduces crystal field enhancement
•

very good β sheet and very good γ sheet

all effects together

Phys. Rev. Lett. 116, 106402 (2016)

implications for superconductivity
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Spin-orbit coupling has been conjectured to play a key role in the low-energy electronic structure of
Sr2 RuO4 . By using circularly polarized light combined with spin- and angle-resolved photoemission
spectroscopy, we directly measure the value of the effective spin-orbit coupling to be 130 ! 30 meV. This
is even larger than theoretically predicted and comparable to the energy splitting of the dxy and dxz;yz
orbitals around the Fermi surface, resulting in a strongly momentum-dependent entanglement of spin and
⃗ i
orbital character in the electronic wavefunction. As demonstrated by the spin expectation value hs⃗ k · s−k
calculated for a pair of electrons with zero total momentum, the classification of the Cooper pairs in terms
of pure singlets or triplets fundamentally breaks down, necessitating a description of the unconventional
superconducting state of Sr2 RuO4 in terms of these newly found spin-orbital entangled eigenstates.
DOI: 10.1103/PhysRevLett.112.127002

After a flurry of experimental activity [1–5], Sr2 RuO4
has become a hallmark candidate for spin-triplet chiral
p-wave superconductivity, the electronic analogue of
superfluid 3 He [6–8]. However, despite the apparent
existence of such a pairing, some later experiments
[9–11] do not fully support this conclusion, as they cannot
be explained within a theoretical model using spin-triplet
superconductivity alone [12]. A resolution might come
from the inclusion of spin-orbit (SO) coupling, which has
been conjectured to play a key role in the normal-state
electronic structure [13] and may be important when
describing superconductivity as well. By mixing the
canonical spin eigenstates, the relativistic SO interaction

PACS numbers: 74.25.Jb, 74.20.Rp, 74.70.Pq, 79.60.-i

binding (TB) modeling of the electronic structure [24],
these results demonstrate the presence of a nontrivial spinorbital entanglement over much of the Fermi surface, i.e.,
with no simple way of factoring the band states into the
spatial and spin sectors. Most importantly, the analysis of
the corresponding Cooper pair spin eigenstates establishes
the need for a description of the unconventional superconductivity of Sr2 RuO4 beyond the pure spin-triplet
pairing, contrary to what is commonly assumed.
In Sr2 RuO4 the calculated effective SO coupling is small
(ζ eff ∼ 90 meV at the Γ point) with respect to the bandwidth (∼3 eV) of the Ru-t2g orbitals, which define the α, β,

Ca2RuO4: origin of metal-insulator transition (x<0.2)

Ca2RuO4: metal-insulator transition
RAPID COMMUNICATIONS

PHYSICAL REVIEW B

VOLUME 60, NUMBER 12

15 SEPTEMBER 1999-II

Destruction of the Mott insulating ground state of Ca2RuO4 by a structural transition
C. S. Alexander, G. Cao, V. Dobrosavljevic, S. McCall, and J. E. Crow
National High Magnetic Field Laboratory, 1800 East Paul Dirac Drive, Tallahassee, Florida 32310

E. Lochner
Center for Material Research and Technology, Florida State University, Tallahassee, Florida 32306

RAPID
COMMUNICATIONS
RAPID COMMUNICATIONS
R. P. Guertin
Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155
!Received 9 June 1999"

R8424
MOTT INSULATING GROUND . . .We report a first-order phase transition at T M !357R8423
K in single-crystal Ca2RuO4, an isomorph to the super-

C. S. ALEXAND

conductor Sr2RuO4. The discontinuous decrease in electrical resistivity signals the near destruction of the Mott
insulating phase and is triggered by a structural transition from the low-temperature orthorhombic to a hightemperature tetragonal phase. The magnetic susceptibility, which is temperature dependent but not Curie-like
decreases abruptly at T M and becomes less temperature dependent. Unlike most insulator to metal transitions,
the system is not magnetically ordered in either phase, though the Mott insulator phase is antiferromagnetic
below T N !110 K. #S0163-1829!99"52536-8$

of

The highly extended d shells of the 4d and 5d transitionferromagnetic coupling exists only below T N !110 K.) We
metal cations in transition-metal oxides !TMO’s" suggest a
propose that the origin of the transition is an energy balancpriori a weaker intra-atomic Coulomb interaction, U, relative
ing tradeoff between the saving of elastic energy as the systo the 3d TMO’s. Within the Mott-Hubbard model this alone
tem transforms from a state of low to higher symmetry at the
would suggest metallic behavior, with U/W"1, W being the
expense of electronic energies from a phase of high resisbandwidth, proportional to the near-neighbor hopping probtance, low entropy to a phase of lower resistance, higher
ability. On the other hand, the extended d shells suggest a
entropy.
robust interaction between d orbitals and nearest-neighbor
The results of x-ray diffraction !lattice parameters", elecoxygen orbitals, and as a result some 4d and 5d TMO’s have
trical resistivity and magnetization are presented as a funca tendency to form structures which are distortions of the
tion of temperature for 70"T"600 K in single-crystal
more ideal generic structure, such as the K2NiF4 structure on
Ca2RuO4, 3,8 which belongs to the layered Ruddlesdenwhich the subject of this report is based. In these cases the
Popper series with a single Ru-O layer in the unit cell. Our
M-O-M bond angle may be considerably less than the ideal
motivation for this study extends from prior work where the
180° and this generally implies insulating behavior because
FIG.of3.
susceptibility
1
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Ca2Magnetic
RuO4 was found
to decrease by andefined
astonish- as M /H for the ab plane
FIG. 2. Electrical
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for bandwidth.
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d-electron
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between these two effects, it is not surprising that
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Detail
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K).
This
suggested
a
rapid
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Ca2RuO4: metal-insulator transition
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what is the nature of the transition?
0<x<0.2, orbital selective transition?
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Abstract. The electronic structures of the metallic and insulating phases of the alloy series Ca2−x Srx RuO4
(0 ≤ x ≤ 2) are calculated using LDA, LDA+U and Dynamical Mean-Field Approximation methods. In
the end members the groundstate respectively is an orbitally non-degenerate antiferromagnetic insulator
(x = 0) and a good metal (x = 2). For x > 0.5 the observed Curie-Weiss paramagnetic metallic state which
possesses a local moment with the unexpected spin S = 1/2, is explained by the coexistence of localized
and itinerant Ru-4d-orbitals. For 0.2 < x < 0.5 we propose a state with partial orbital and spin ordering.
An eﬀective model for the localized orbital and spin degrees of freedom is discussed. The metal-insulator
transition at x = 0.2 is attributed to a switch in the orbital occupation associated with a structural change
of the crystal.
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PACS. 75.30.-m Intrinsic properties of magnetically ordered materials – 75.50.-y Studies of specific
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1 Introduction

nxy=2.0 nxz+nyz=2

The discovery of unconventional superconductivity in
Sr2 RuO4 [1,2] has evoked considerable interest in the electronic properties of ruthenates. Curiously the substitution
of the smaller Ca2+ -ions for Sr2+ -ions does not lead to
a more metallic state but to an antiferromagnetic (AF)
Mott insulator with a staggered moment of S = 1 as expected for a localized Ru4+ -ion which has 4 electrons in

Sr2 RuO4 . At higher Ca concentrations (xc > x > 0.2), the
alloys enter a region with AF correlations at low temperature but still with metallic properties. Insulating behavior
appears only at smaller values of x < 0.2. The challenge
that we address in this paper, is to understand this unexpected and nonmonotonic evolution and in particular the
exotic behavior in the vicinity of the critical concentration
at x ≈ xc .
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Fig. 6. Results of LDA+DMFT(NCA) calculations obtained
within LDA DOS for Sr2 RuO4 . The solid line is the DOS for
xz, yz-orbitals and the dashed line for (xy)-orbital. At U =
1.5 eV the xz, yz-orbitals become localized. At U = 2.5 eV
additionally the localization of xy-orbital occurs. The Fermi
energy is defined to be zero and was adjusted to conserve the
number of particles (4 electrons per site).
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orbital selective transition?
PRL 103, 097001 (2009)
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Observation of a Novel Orbital Selective Mott Transition in Ca1:8 Sr0:2 RuO4
M. Neupane,1 P. Richard,1,2 Z.-H. Pan,1 Y.-M. Xu,1 R. Jin,3 D. Mandrus,3 X. Dai,4 Z. Fang,4 Z. Wang,1 and H. Ding1,4
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2
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3
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4
Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics, Chinese Academy of Sciences,
Beijing 100190, China
(Received 11 December 2008; published 25 August 2009)
We observed a novel orbital selective Mott transition in Ca1:8 Sr0:2 RuO4 by angle-resolved photoemission. While two sets of dispersing bands and the Fermi surface associated with the doubly degenerate dyz
and dzx orbitals are identified, the Fermi surface associated with the wider dxy band is missing as a consequence of selective Mott localization. Our theoretical calculations demonstrate that this orbital selective
Mott transition is mainly driven by the combined effects of interorbital carrier transfer, superlattice
potential, and orbital degeneracy, whereas the bandwidth difference plays a less important role.
DOI: 10.1103/PhysRevLett.103.097001

Ca2!x Srx RuO4 is a fascinating 4d multiorbital system
that exhibits a rich and intricate phase diagram, ranging
from a chiral p-wave superconductor (Sr2 RuO4 ) to a Mott
insulator (Ca2 RuO4 ) [1,2]. Similary to the high-Tc cuprates, the metal-insulator transition under the influence of
electron correlations in the ruthenates is of fundamental
importance and currently under intensive debate. There is
accumulating experimental evidence for the coexistence of
local moments and metallic transport, and heavy fermion
behavior in the region of 0:2 " x " 0:5 [2–4], which is
remarkable because there are no f electrons in this material. To account for the coexistence of localized and itinerant electrons in this region, the scenario of orbital se-

PACS numbers: 74.70.Pq, 71.30.+h, 79.60.!i

1D FS sheets become Mott localized. To check if the
OSMT occurs at a lower Sr concentration, we have conducted ARPES experiments on high-quality single crystals
at x ¼ 0:2, grown by the floating zone technique [4].
Our experiments were performed at synchrotron undulator beam lines (e.g., Wadsworth, U1-NIM, PGM at the
xyCenter, Wisconsin),xz
yz
Synchrotron Radiation
using a Scienta
SES-2002 electron analyzer. The energy and momentum
! !1 , respectively.
resolutions are 10–30 meV and 0:02 A
Samples were cleaved in situ and measured at 40 K in a
vacuum better than 1 % 10!10 torr. The samples have been
found to be stable and without degradation for a typical
measurement period of 48 hours. Precise determination of

n =1.5 n +n =2.5

LDA+DMFT results
PRL 104, 226401 (2010)
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Nature of the Mott Transition in Ca2 RuO4
E. Gorelov,1 M. Karolak,2 T. O. Wehling,2 F. Lechermann,2 A. I. Lichtenstein,2 and E. Pavarini1
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2
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(Received 12 January 2010; published 1 June 2010)
We study the origin of the temperature-induced Mott transition in Ca2 RuO4 . As a method we use the
local-density approximation þ dynamical mean-field theory. We show the following. (i) The Mott
transition is driven by the change in structure from long to short c-axis layered perovskite (L-Pbca !
S-Pbca); it occurs together with orbital order, which follows, rather than produces, the structural
transition. (ii) In the metallic L-Pbca phase the orbital polarization is "0. (iii) In the insulating
S-Pbca phase the lower energy orbital, "xy, is full. (iv) The spin-flip and pair-hopping Coulomb terms
reduce the effective masses in the metallic phase. Our results indicate that a similar scenario applies to
Ca2#x Srx RuO4 (x $ 0:2). In the metallic x $ 0:5 structures electrons are progressively transferred to the
xz=yz bands with increasing x; however, we find no orbital-selective Mott transition down to "300 K.
DOI: 10.1103/PhysRevLett.104.226401
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4 , t4 e0 ) underThe layered perovskite
Ca2mostly
RuO4 (Ru 4d
Because
of the layered
structure, the "xz, yz bandwidth,
2g g by L-Pbca
MIT
driven
to S-Pbca
transition
Wxz=yz , is about one-half of the "xy bandwidth, Wxy .
goes a paramagnetic metal-paramagnetic insulator transiBecause of the structural distortions, the t2g manifold splits
tion (MIT) at TMIT " 360 K [1]. A similar insulator-to-

what is the nature of the transition?
no orbital-selective transition
Evgeni Gorelov

no orbital-selective transition
PRL 102, 086401 (2009)
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Strong Mass Renormalization at a Local Momentum Space in Multiorbital Ca1:8 Sr0:2 RuO4
A. Shimoyamada,1 K. Ishizaka,1 S. Tsuda,2 S. Nakatsuji,1 Y. Maeno,3 and S. Shin1,4
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We have studied the mass renormalization in Ca2!x Srx RuO4 (x ¼ 0:2) using high-resolution angleresolved photoemission spectroscopy. We observed precise band dispersions near the Fermi level (EF ) and
the corresponding Fermi surfaces. A characteristic flat band with #4 meV dispersion accompanying sharp
quasiparticle (QP) peaks shows up in a limited momentum region around (!, 0). The QP peak rapidly
evolves below the crossover temperature T $ ’ 20 K, which agrees well with the mass enhancement
behavior indicated by thermal, magnetic, and transport properties. We discuss the origin of the mass
renormalization in relation to the local flat band at (!, 0) possibly derived from the " (dxy ) band.
DOI: 10.1103/PhysRevLett.102.086401

Single-layered ruthenate Ca2!x Srx RuO4 (0 % x % 2) is
a good class of material for studying Mott transitions in a
multioribital system [1,2]. Most metallic Sr2 RuO4 behaves
as a well-formed Fermi liquid displaying spin-triplet superconductivity [3,4]. Its electronic structure near EF can be
characterized by two quasi-one-dimensional (1D) #=$
bands and a quasi-2D " band, respectively, originating
from dyz;zx and dxy orbitals mixed with O2p orbitals [5,6].
The other end-material Ca2 RuO4 , on the other hand, is a
Mott insulator with antiferromagnetic order [7]. By substituting isovalent Sr for Ca, the Mott-type insulator-metal
transition occurs at x ¼ 0:2 [1,2,8,9]. The metallic phase
on the verge of Mott transition (0:2 % x % 0:5) shows an
anomalous behavior with a Curie-Weiss-like local spin
moment, which does not order to the lowest temperature

PACS numbers: 71.27.+a, 71.38.Cn, 79.60.!i

photoemission spectroscopy (ARPES) studies [19], thus
calling the above OSMT scenario into question. More
recently, several theoretical studies focus on the role of a
" band strongly dependent on Ca doping through the t2g -eg
hybridization [14], or the interorbital charge transfer arising from doping-induced crystal-field splitting [15]. The
theoretical background for this multiorbital Mott transition
system thus still remains significantly controversial.
To evidently discuss the validity of the above scenarios
and clarify the origin of the mass enhancement arising in
this d-electron system, it is essential to directly investigate
the electronic structure around x ¼ 0:2, which is on the
phase boundary of Mott transition. In this Letter, we
present the T-dependent high-resolution ARPES results
on Ca1:8 Sr0:2 RuO4 , which shows a strongly orbital- and

origin of orbital order
L-Pbca to S-Pbca transition
xy

xz/yz

xy4/3xz4/3yz4/3

xy2xz1yz1

no orbital polarization for the L-Pbca structure

…. or, is it ?
PHYSICAL REVIEW B 84, 235136 (2011)

Spin-orbit coupling induced Mott transition in Ca2−x Sr x RuO4 (0 ! x ! 0.2)
Guo-Qiang Liu
Max-Planck-Institut für Festkörperforschung, D-70569 Stuttgart, Germany
(Received 15 June 2011; revised manuscript received 28 August 2011; published 21 December 2011)
We propose a mechanism for the paramagnetic metal-insulator transition in the layered perovskite
Ca2−x Srx RuO4 (0 ! x ! 0.2). The LDA+U approach including spin-orbit coupling is used to calculate the
electronic structures. In Ca2 RuO4 , we show that the spin-orbit effect is strongly enhanced by the Coulomb
repulsion, which leads to an insulating phase. When Ca is substituted by Sr, the effective spin-orbit splitting is
reduced due to the increasing bandwidth of the degenerate dxz and dyz orbitals. For x = 0.2, the compound is
found to be metallic. We show that these results are in good agreement with the experimental phase diagram.
DOI: 10.1103/PhysRevB.84.235136
I. INTRODUCTION
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• Hartree-Fock qualitatively wrong in this case
with a xy-OO ground state, SO decreases the atomic gap

can we explain the magnetic phase?
spin-orbit here crucial

HHubbard model

HHeisenberg-like model

Van-Vleck zero-moment magnetism
vs
local moment paramagnetism

Van-Vleck magnetism?
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Excitonic Magnetism in Van Vleck–type d4 Mott Insulators
Giniyat Khaliullin
Max Planck Institute for Solid State Research, Heisenbergstrasse 1, D-70569 Stuttgart, Germany
(Received 31 July 2013; published 5 November 2013)
In Mott insulators with the t42g electronic configuration such as of Re3þ , Ru4þ , Os4þ , and Ir5þ ions,
spin-orbit coupling dictates a Van Vleck–type nonmagnetic ground state with an angular momentum
J ¼ 0, and the magnetic response is governed by gapped singlet-triplet excitations. We derive the
exchange interactions between these excitons and study their collective behavior on different lattices.
In perovskites, a conventional Bose condensation of excitons into a magnetic state is found, while an
unexpected one-dimensional behavior supporting spin-liquid states emerges in honeycomb lattices, due to
the bond directional nature of exciton interactions in the case of 90# d-p-d bonding geometry.
DOI: 10.1103/PhysRevLett.111.197201

PACS numbers: 75.10.Jm, 75.25.Dk, 75.30.Et

zero local moments

Many transition metal (TM) compounds fall into a category of Mott insulators where strong correlations suppress
low-energy charge dynamics, but there remains rich physics due to unquenched spin and orbital magnetic moments
that operate at energies below the charge (Mott) gap.
Depending on the spin-orbital structure of of constituent
ions and the nature of the chemical bonding of neighboring
d orbitals, the TM oxides host a great variety of magnetic
phenomena [1] ranging from classical orderings to quantum spin and orbital liquids.
In broad terms, the magnetism of localized electrons in
Mott insulators is governed by several factors: intraionic
Hund’s rules that form local spin S and orbital L moments;
spin-orbit coupling (SOC) that tends to bind them into a
total angular momentum J ¼ S þ L; crystal fields which
split d levels and suppress the L moment, acting thereby
against SOC; and, finally, intersite superexchange (SE)
interactions which establish a long-range coherence
between spins and orbitals.
In Mott insulators with d orbitals of eg symmetry, like

Jtot=0 ground state

SOC effects can be realized also in non-Kramers d2 oxides
[13,14] with J ¼ 2.
A conceptually different situation can be encountered in
Mott insulators with TM ions of Van Vleck–type, i.e.,
when SOC imposes a nonmagnetic GS with J ¼ 0 and
the magnetism is entirely due to virtual transitions to
higher levels with finite J. Such ‘‘nonmagnetic’’ Mott
insulators are natural for 4d and 5d TM ions with the t42g
configuration, e.g., Re3þ , Ru4þ , Os4þ , and Ir5þ . These ions
realize a low-spin S ¼ 1 state because of moderate Hund’s
coupling JH (compared to 10Dq octahedral splitting), and,
at the same time, SOC !ðS & LÞ is strong enough to stabilize the J ¼ 0 state gaining energy ! relative to the excited
J ¼ 1 triplet. Since the singlet-triplet splitting for these
ions ! ' 50–200 meV [15,16] is comparable to SE energy
scales 4t2 =U ' 50–100 meV, we may expect magnetic
condensation of Van Vleck excitons. This brings us to
the ’’singlet-triplet’’ physics widely discussed in the literature in various contexts: magnon condensation in quantum
dimer models [17–21], bilayer magnets [22], excitons in

Jtot=1

Jtot=0
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Higgs mode and its decay in a two-dimensional
antiferromagnet
A. Jain1,2†, M. Krautloher1†, J. Porras1†, G. H. Ryu1‡, D. P. Chen1, D. L. Abernathy3, J. T. Park4, A. Ivanov5,
J. Chaloupka6, G. Khaliullin1, B. Keimer1* and B. J. Kim1,7*
Condensed-matter analogues of the Higgs boson in particle
physics allow insights into its behaviour in di�erent symmetries and dimensionalities1 . Evidence for the Higgs mode has
been reported in a number of di�erent settings, including
ultracold atomic gases2 , disordered superconductors3 , and
dimerized quantum magnets4 . However, decay processes of the
Higgs mode (which are eminently important in particle physics)
have not yet been studied in condensed matter due to the lack
of a suitable material system coupled to a direct experimental
probe. A quantitative understanding of these processes is
particularly important for low-dimensional systems, where
the Higgs mode decays rapidly and has remained elusive
to most experimental probes. Here, we discover and study
the Higgs mode in a two-dimensional antiferromagnet using
spin-polarized inelastic neutron scattering. Our spin-wave
spectra of Ca2 RuO4 directly reveal a well-defined, dispersive
Higgs mode, which quickly decays into transverse Goldstone
modes at the antiferromagnetic ordering wavevector. Through
a complete mapping of the transverse modes in the reciprocal
space, we uniquely specify the minimal model Hamiltonian
and describe the decay process. We thus establish a novel
condensed-matter platform for research on the dynamics of the
Higgs mode.
For a system of interacting spins, amplitude fluctuations of the
local magnetization—the Higgs mode—can exist as well-defined
collective excitations near a quantum critical point (QCP). We
consider here a magnetic instability driven by the intra-ionic spin–
orbit coupling, which tends towards a non-magnetic state through
complete cancellation of orbital (L) and spin (S) moments when
they are antiparallel and of equal magnitude5,6 . This mechanism
should be broadly relevant for d 4 compounds of such ions as
Ir(V), Ru(IV), Os(IV) and Re(III) with sizable spin–orbit coupling but remains little explored. We investigate the magnetic

indicator of an unquenched orbital moment. If this moment is
sufficiently strong, it can drive Ca2 RuO4 close to a QCP with novel
Higgs physics.
Our comprehensive set of time-of-flight (TOF) inelastic neutron scattering (INS) data over the full Brillouin zone (Fig. 2a)
indeed reveal qualitative deviations of the transverse spin-wave
dispersion from those of a Heisenberg antiferromagnet. In particular, the global maximum of the dispersion is found at q = (0,0),
in sharp contrast to a Heisenberg antiferromagnet, which has a
minimum there (Fig. 1). This striking manifestation of orbital
magnetism in Ca2 RuO4 leads us to consider the limit of strong
spin–orbit coupling described in terms of a singlet and a triplet
separated in energy by (Fig. 1), which was estimated in earlier
experiments14–16 to be in the range ⇠75–100 meV. In this limit, the
ground state is non-magnetic with zero total angular momentum,
and therefore a QCP separating it from a magnetically ordered
phase is expected as a matter of principle. Although this QCP
can be pre-empted by an insulator–metal transition17,18 or rendered first-order by coupling to the lattice or other extraneous
factors, it is sufficient that the system is reasonably close to the
hypothetical QCP.
To assess the proximity to the QCP and the possibility of
finding the Higgs mode, we first reproduce the observed transverse
spin-wave modes by applying the spin-wave theory19,20 to the
following phenomenological Hamiltonian dictated by general
symmetry considerations:
X
X
X
H =J
(S̃i · S̃j ↵ S˜zi S˜zj ) + E
S̃2zi + ✏
S̃2xi
i

hiji

⌥A

X
hiji

(S˜xi S˜yj + S˜yi S˜xj )

i

(1)
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(d) setting to zero all single-ion anisotropy parameters but Dbb, redefined as Dbb − Daa
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further support for local moments

D4h Coulomb terms and the Mott transition

conclusions Ca2-xSrxRuO4
• x=1 FS: not only SO but also
tetragonal-symmetry
Coulomb terms

•

x<0.2 MIT: mostly driven
by the L-Pbca to S-Pbca
transition

•

spin-orbit is not
driving x<0.2 MIT

• but crucial for magnetism
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