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Abstract:

The phenomenon of Bose-Einstein condensation (BEC) takes many different guises in nature ranging from superfluidity

in liquid helium and ultracold atomic gases to superconductivity in metals. An analogy is also found in magnetic insulators,

in which a quantum phase transition takes place as magnons condensate. A well-known example is the BEC of triplons in

a dimer system TICuCI3 induced by tuning the boson density using magnetic field, providing a connection between

complex quantum properties of matter and BEC. Recently, a novel type of BEC of spin-orbit excitons has been proposed in

Ca2Ru04. Using the unpolarized neutron scattering measurements, we have observed a dispersive magnon branch (up to 41 meV) with a
gap of 12 meV along the [HOO]-direction in Ca2RuO4. In addition, an almost non-dispersive magnon branch has also been observed at
~42 meV, which appears to be arising from the longitudinal magnetic fluctuations. Aim of the proposed experiment is to separate the
spectra of transverse and longitudinal magnetic fluctuations by the polarized inelastic neutron scattering measurements.
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Condensed-matter analogs of the Higgs boson
in particle physics allow access to its behavior
in varying symmetry and dimensionality’ . Ev-
idence for the Higgs mode has been reported in a
number of different settings, including the ultra-
cold atomic gas’ , disordered superconductor? ,
and dimerized quantum magnet’ . However, the
dynamics of the Higgs mode in low dimension re-
mains unclear due to the lack of a suitable ma-
terial system coupled to a direct experimental
probe. Here, we discover and study the Higgs
mode in a two-dimensional antiferromagnet us-
ing spin-polarized inelastic neutron scattering.
Our spin-wave spectra of Ca;RuQO, directly reveal
a well-defined longitudinal Higgs mode, which,
however, at the wavevector of the minimum en-
ergy gap quickly decays into transverse Gold-
stone modes. Through a complete mapping of
the transverse modes in the reciprocal space, we
uniquely specify the minimal model Hamiltonian
and describe the decay process. Our result estab-
lishes the first condensed matter system to study
the detailed dynamics of the Higgs mode in two
dimension.

For a system of interacting spins, the amplitude fluctu-
ation of the local magnetization—the Higgs mode—can
exist as a well-defined collective excitation near a quan-
tum critical point (QCP). We consider here the mag-
netic instability driven by intra-ionic spin-orbit coupling,
which tends toward a nonmagnetic state through com-
plete cancellation of orbital (L) and spin (S) moments
when they are of equal magnitude’ ¥ ? . Specifically,
we investigate the magnetic insulator CasRuQy, a quasi-
two-dimensional antiferromagnet’ with nominally L=1
and S=1 (Fig. 1). Because the local symmetry around
the Ru(IV) ion is very low’ ? (having only inversion
symmetry), it is widely believed that the orbital mo-
ment is completely quenched by the crystalline electric
field” * * ? | which is mostly contributed by the com-
pressive distortion of the RuOg octahedra along the c-
axis, parametrized by A. In the absence of orbital mo-
ment, the nearest-neighbor magnetic exchange interac-
tion is necessarily isotropic, which would be manifest as
the Heisenberg dispersion relation of the spin wave. Any
deviation from it implies an unquenched orbital moment,
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FIG. 1. Crystal, magnetic, and electronic structures of
CazRu0Oy4. CazRuOy4 crystallizes in the orthorhobmic Pbca
space group, a distorted variant of the layered pervoskite
structure with a quasi-two-dimensional square lattice. The
distortion involves 2% compression of the RuOg octahedra
along the c-axis, and their rotation and tilting about the same
axis. (m,m) magnetic order develops below Ty ~ 110 K with
the moment (orange arrow) aligned approximately along the
b-axis. The compressive distortion of the RuOg leads to the
splitting A between the orbitals of zy and yz/zz symmetry.
If A is much large than the spin-orbit coupling (\), the orbital
degrees of freedom is completely quenched and S =1 Heisen-
berg magnet is obtained. In the other limiit A <\, a sin-
glet ground state is stablized, which is non-magnetic. These
two distinct magnetic phases have excitation spectra qualita-
tively different from each other. See Fig. S1 and Fig. S2 for
the evolution of the electronic structure and the spin-wave
dispersions in between these two limiting cases.

the magntitude of which will determine the extent of the
relevance of CagRuQy4 to the Higgs physics.

Our comprehensive set of time-of-flight (TOF) inelastic
neutron scattering (INS) data over the full Brillouin zone
(Fig. 2a) shows that the transverse spin-wave dispersion
qualitatively deviates from that of a Heisenberg antifer-
romagnet. In particular, the dispersion has the global
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FIG. 2. Spin-wave dispersion strongly deviating from
the Heisenberg model. a, TOF INS spectra along high
symmetry directions (see Fig. S3 for more details). The dot-
ted lines are from panel b for direct comparison between
theory and experiment. b, The excitation spectra of the
model in eq. (1) calculated with the parameters E ~25meV,
J>~58meV, e~4.0meV, a«=0.15, and A,~2.3meV. The
spectra were convoluted with Gaussian function of 2.5 meV
full-width half-maximum to account for the instrument energy
resolution. Transverse and longitudinal modes are labeled as
“T” and “L”, respectively. T’ mode arises from back-folding
of the T mode by the magetic (,7) scattering. The intensities
in panel a and b are in the same arbitrary units.

maximum at g =(0,0), in sharp contrast to a Heisenberg
antiferromagnet having a minimum there (Fig. 1). This
is a clear manifestation of orbital magnetism?® * 7 , which
leads us to consider the other limit of strong spin-orbit
coupling described in terms of a singlet and a triplet sep-
arated in energy by A (Fig. 1). In this limit, the ground
state is nonmagnetic with zero total angular momentum,
and therefore a QCP separating it from a magnetically
ordered phase is in principle expected. In reality, this
QCP can be pre-empted by a Mott transition or ren-
dered a first-order transition by, e.g., coupling to the lat-
tice, but for our purpose it is sufficient if the system is
reasonably close to the hypothetical QCP.

To assess the proximity to the QCP and the possi-
bility of finding the Higgs mode, we first reproduce the
observed transverse spin-wave mode by applying the lin-
ear spin-wave theory’ ? to the following phenomenologi-
cal Hamiltonian obtained from symmetry considerations,
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FIG. 3. Identification of the magnetic modes with
polarized INS and their comparison to model cal-
culation. Imaginary part of the dynamic spin susceptibil-
ity obtained by normalising the INS spectra measured at a,
q=(0,0) (Fig. S5) and b, q= (w,7) (Fig. S6) with respect to
the orientation factor and the isotropic form factor for Ru™
(Fig. S4). Blue (red) symbols indicate in-plane (out-of-plane)
polarized magnetic intensities. Solid symbols show data with
the background removed by taking the difference between two
spin-flip channels, and open symbols show data from a single
spin-flip channel.

written as:
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Here, S denotes the pseudospin with entangled spin and
orbital degrees of freedom as required by the sizable
spin-orbit coupling manifest as the anomalous spin-wave
dispersion. This model includes single-ion anisotropy
(E and €) terms induced by tetragonal (z | ¢) and or-
thorhombic (x || @) distortions, correspondingly, as well as
the XY-type exchange anisotropy (« > 0) and the bond-
directional pseudodipolar interaction (A); note that its
sign depends on the bond. Also symmetry allowed
but neglected are the Dzyaloshinskii-Moriya interaction
(which can be gauged out by a suitable local coordi-
nate transformation) and further-neighbor interactions.
These coupling constants are determined by fitting the
model to the measure spectra (provided in the caption
of Fig. 2). We stress that this model gives the unique
minimal description of the system, which we also derive
explicitly starting from the microscopic electronic struc-

ture.
Our calculation (Fig. 2b) predicts in this parameter



regime an intense Higgs amplitude mode, which heralds
a proximate quantum critical point.

Armed with the specific guidance, we pursue the Higgs
mode using spin-polarized INS, using the scattering ge-
ometry that maximizes the neutron cross section for
the Higgs mode. We use the standard XYZ-difference
method to filter out all non-magnetic and incoherent
scattering signals and to resolve three polarizations of
the spin wave: the Higgs amplitude mode, or the longi-
tudinal mode (L) oscillates along b crystallographic axis,
and the transverse Goldstone modes (T and T’) along
a and ¢ axes. Because our sample mosaic consisting of
~100 crystals is “twinned”, i.e., approximately half of
them are rotated 90° about the ¢ axis with respect to
the other half, we can only distinguish between the in-
plane (ab) polarized mode and out-of-plane (¢) polarized
mode. However, this is sufficient to identify the Higgs
mode.

Figure 3a shows the measured (symbols with error
bars) and calculated (solid lines) dynamical susceptibil-
ity at @=(0,0). We observe three peaks in total as ex-
pected, but not all of them were clearly seen in the TOF
data because of different optimal scattering geometries
they appear in. The highest-energy peak at ~52 meV is
unambiguously identified as the Higgs mode by its mag-
netic and in-plane-polarized nature, because the second
in-plane-polarized mode of lower energy at ~45 meV has
already been identified as the T mode (Fig. 2). Further,
the data is in excellent accord with the model calculation,
which has no adjustable parameter after fitting to the dis-
persion of the T mode. The intensity ratio between the L
and T modes is about 0.55+0.11, which is a quantitative
measure of the proximity to the QCP (Fig. S7), at which
the distinction between the L and T modes vanishes and
their intensity becomes identical.

Having established the existence of the Higgs ampli-
tude mode, we now look at its long-wavelength behavior.
It is at the ordering wave vector where the stability of
the Higgs mode critically depends on the dimensionality
of the system. In three dimension, earlier INS studies
on a dimerized quantum magnet have established a well-
defined Higgs mode? , which was then used to study its
critical behavior across a QCP? . In sharp contrast, our
in-plane polarized spectrum measured at q = (7,7) shows
only one clear peak for the T mode at ~14 meV, followed
by a broad distribution in the energy range 20-50 meV
of magnetic intensities, which are well outside of the er-
ror bar from zero intensity. The Higgs mode has decayed
to the extent that its trace is barely visible even in the
spin-polarized INS spectrum.

However, it is also known that the response of the
Higgs mode strongly depends on the symmetry of the
probe being used. Therefore, its rapid decay in the longi-
tudinal susceptibility measured by INS is not to be taken
as conclusive of its instability in two dimension. In fact,
it has been shown in other two-dimensional systems, such
as the disordered superconductor’ and superfluid of cold
atom gas’® , that the Higgs mode is clearly visible in the

scalar susceptibility with its characteristic ~w? depen-
dence of its onset in the energy spectrum. Indeed, theory
predicts that the Higgs mode in the longitudinal suscepti-
bility quickly loses its coherence by decaying into a pair
of Goldstone modes’ , which results in an infrared di-
vergence in two dimension and renders the Higgs mode
elusive.

Conversely, the INS spectrum q= (7,7) encodes de-
tailed information on the decay process of the Higgs
mode that are not available from other measurements.
To model the decay process, we go beyond the harmonic
approximation to include the coupling of the longitudinal
mode to the two-magnon continuum. The solid lines in
Fig. 3 shows the result of the final calculation, which gives
an excellent description of the data both at g=(0,0) and
q=(m,m); the decay process is kinematically restricted
away from the ordering wave vector, and the Higgs mode
is well identified at g =(0,0).

Intriguingly, we encounter a rather unusual situa-
tion where even all the transverse modes are massive
(gapped), as a result of orthorhombic symmetry of the
crystal structure parameterized by e. This finite trans-
verse gap cuts off the infrared singularity and the spec-
tral weight piles up at a finite energy. We illustrate this
point in Fig. 4 by simulating the change in the longitu-
dinal spectrum as the system approaches the QCP. At
q=(m,m), the decay of the Higgs mode into a pair of
minimum-energy transverse modes is still the dominant
channel, which generates a ‘resonance’ at the twice the
energy of the gap. This resonance steals much of the
spectral weight from the longitudinal mode obscuring its
feature especially near the QCP. When € is set to zero,
we recover the infrared divergence (dotted lines). As the
system moves away from the QCP, the longitudinal mode
progressively hardens and becomes weaker, and its spec-
tral weight spans a larger energy range. The spectral evo-
lution at g =(0,0) shows this trend with the decay pro-
cess suppressed; the Higgs mode remains a well-defined
excitation far way from the QCP although its intensity
quickly diminishes.

At this point, it is uncertain if the decay process con-
sidered above fully describes the dynamics. It is con-
ceivable that the Higgs mode can also decay into other
vortex-like excitations in two dimension. Now that we
have established a two-dimensional material system, fu-
ture studies can further reveal its details. In particular,
it would be interesting to compare the results presented
herein with the spectra from resonant inelastic x-ray scat-
tering, which can in principle access both the scalar and
longitudinal susceptibility. Finally, it is interesting to
note that the Higgs boson in particle physics is detected
through its decay products, such as a pair of photons,
W bosons, Z bosons, or leptons; and, in fact, the Higgs
boson is established through the decay rates and branch-
ing ratio of these processes, which have been calculated
to very high precision. Our study represents the first
step toward a parallel development in condensed matter
physics.



