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Rustaveli: 
Spending on feasting and wine is better than hoarding our 
substance.  That which we give makes us richer, that 
which is hoarded is lost.



This talk

1. Unusual excitations: bound states in a 1d 
antiferromagnet: 𝛼-Na0.9MnO2 

2. Literally exciting excitations in an antiferromagnet 
subjected by strong optical fields
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Na0.9MnO2

Mn3+ S=2 spins
anisotropic 

triangular lattice

Quasi-1d:

J1 = 6.2meV

J2 = 0.77meV

TN=45K



Na0.9MnO2

Minimal model: 1d S=2 chain with weak Ising anisotropy

J1 = 6.2meV

H =
X

n

⇥
J1Sn · Sn+1 �D(Sz

n)
2
⇤
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D=0.2meV

“Exciting” to find anything surprising in this very simple semi-classical ordered system



Na0.9MnO2

Mn3+ S=2 spins

anisotropic 
triangular lattice 

INS: 
• transverse mode, gap = 6.4meV 
• longitudinal mode, gap = 11.0meV

magnon bound state?



non-linear sigma model
• Semiclassical large S description

D=0: Haldane gap

D>𝛥H :  AF order 
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Anisotropy gap 

PHASE DIAGRAM OF THE ANISOTROPIC SPIN-2 XXZ . . . PHYSICAL REVIEW B 87, 235106 (2013)

two phases. If the inversion symmetry is broken, the order
parameter is set to 0.

The field theory describing the XY phase is that of a free
boson φ. The XY order parameter, which has a “stiffness” that
determines the energetic cost of modulating φ, is parameter-
ized here by the Luttinger parameter K . Within the XY phase,
K ! 0.5, and the exponents for the correlation functions varies
continuously, including one with a powerlaw decay,

⟨S+
mS−

n ⟩ ∼ |n − m|− α(#,D2,D4), (42)

with correlation length ξ1. The exponent α(#,D2,D4)
varies slowly over the XY phase and S±

n = Sx
n ± iS

y
n . The

⟨Sz
mSz

n⟩ correlation function is exponentially decaying, with
correlation length ξ0.33 In some parts of the XY phase, the
Sz correlation function becomes a power law, while the S±

is exponentially decaying. For the parameters, we focus on
# > 0,D2 ! 0, it is always the S± correlation function (42)
that is relevant. The excitation spectrum is gapless and the
central charge in the entire XY phase is c = 1, implying that the
entanglement entropy SE diverges throughout the XY phase.

Phase transitions. The AFM ↔ EH phase transition is
second order, except far away from the Heisenberg point
where it turns first order. It is characterized by a continuous
vanishing of the magnetic order parameter of the AFM
phase and a diverging correlation length and entanglement
entropy connected by c = 1/2. The first-order transition is
very different from the other phase transitions considered
here. It does not have a critical behavior, no divergence in
SE , ξ , or F , and the critical parameters c and K are zero.
However, it is characterized by a discontinuous slope of the
ground-state energy, from the crossing of two energy levels,
and a discontinuous jump in the magnetic order parameter. The
AFM ↔ OH phase transition behaves in a similar way with
the same characteristics along with a vanishing string order
parameter of the OH phase.

The EH ↔ OH transition is a Gaussian transition described
by a conformal field theory with central charge c = 1. In
addition, the string order parameter (41) vanishes continuously
and OI changes abruptly when entering the EH phase.

The phase transitions discussed so far are between gapped
phases and the observables obtained from the DMRG output
normally give a distinct signature at the transition. Transitions
into the gapless XY phase are generally numerically more
demanding. Neither the EH nor the XY phase have an order
parameter with a nonzero value in the thermodynamic limit,
but transitions from the OH phase can, in principle, be
determined from the vanishing of the string order parameter.
Instead, one needs to rely on the characteristics of the transition
itself, which is of Berezinskii-Kosterlitz-Thouless (BKT)
type.64,65 As the stiffness weakens, at a critical value of the
Luttinger parameter K = 0.5 vortices in the φ field unbind,
the system becomes disordered and K renormalizes to zero. At
the BKT transition K = 0.5, however, logarithmic corrections
to scaling are expected due to the presence of a marginal
operator, which makes the transition difficult to study with
finite size (or, with iDMRG, finite χ ) techniques. By measuring
the Luttinger parameter K and the central charge c, the BKT
point can be determined by a sharp drop in K at the value
K = 0.5 and a sharp drop in c from 1 (XY) to 0 (EH).
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FIG. 12. (Color online) AFM ↔ EH phase transitions. (a)–(c)
Example of a second-order phase transition. Data away from the
Heisenberg point as a function of D2 (# = 1,D4 = 0), see Fig. 3.
(a) The magnetic order parameter |⟨Sz

n⟩| of the AFM phase. (b) The
entanglement entropy SE . (c) The ξ0 correlation length. (d) Example
of a first-order phase transition. Data along the line D2 = 3.95 − D4

at # = 4.5, see Fig. 14(a). The magnetic order parameter |⟨Sz
n⟩| (black

symbols) and the ground-state energy EGS + 4 (red symbols) are
plotted.

B. Results

The results presented below were all obtained with the
iDMRG algorithm described in Sec. IV. We used a wide variety
of bond dimensions 50 " χ " 1600, see each specific data set
below. The effective correlation length obtained at criticality
is ξχ # 6000.

1. AFM ↔ EH

An example of data used to obtain the AFM ↔ EH phase
boundary is presented in Fig. 12. The local magnetization
| ⟨Sz

n⟩ | is obtained from Eq. (13), the entanglement entropy
SE from Eq. (6), the correlation length ξ from Eq. (15), and
the ground-state energy EGS is defined in Sec. IV D. The
location of the second-order phase transition in (a)–(c) shifts
with increasing χ and approaches the value DAFM− EH

2 (# = 1,
D4 = 0) = − 0.0046 ± 0.0003 in the infinite bond dimension
limit (χ → ∞). However, both this shift and the scaling region
(as defined in Fig. 11) are much smaller than the narrow width
of the EH phase around the Heisenberg point. This phase can
hence be detected even with small χ . Note, though, that the
shift of the phase transition location is large enough to give,
at certain values of D2, an increasing |⟨Sz

n⟩| with decreasing
χ , instead of the decreasing trend normally expected in the
scaling region.

At # ≈3.8 (for D4 = 0), the transition turns first order. In
this case, the transition location is obtained from the kink in
the ground state energy EGS and the discontinues vanishing of
the magnetic order parameter, see Fig. 12(d). All data are well
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spin-wave theory (perturbative NLsM) valid

g~1/S
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Spin waves: 𝜙4 theory
• Expand NLsM n̂ = (�1,�2,

q
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• Dimensionless units
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attractive 𝜙4 term NLsM interactions

dominates for k<<m



𝜙4 theory to QMs
• Complex scalar boson LE = @⌧ �̄@⌧�+ @x�̄@x�+m2�̄�
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• Delta function attraction

• First quantization
uab = uba = �1/S
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~Lieb-Liniger model
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Bound states
• Identical interactions (integrable)

H =
nX

i=1
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“droplets”



Bound states
• Identical interactions (integrable)
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Ultra-fast Manipulation of 
Quantum Matter
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Third, alongside purely fundamental interests, the properties-
on-demand strategy is pertinent in the quest to create devices based 
on new physical principles. For example, few-cycle optical pulses 
allow one to modulate the conductivity even in wide-bandgap insu-
lators (Fig. 1c). Another actively pursued direction is to exploit 
anomalously strong responses to weak stimuli that are inherent to 
quantum materials. Fashioning a Mott transistor17,18 is one exam-
ple of this concept. Memory effects rooted in electronic/structural 
phase separation19 and/or electronic correlations are closely related 
to quantum materials; memory effects are essential for the solid-
state implementations of biologically inspired circuits20 and may 
also facilitate energy-efficient computing. Yet another control route 
is provided by the Berry phase that underpins the tuning of topo-
logical conducting channels7,8,21. The same physics is essential for 
optical control of the valley degree of freedom in quantum materials 
with hexagonal lattices22, including graphene and transition metal 
dichalcogenides (TMDs). Likewise, the chirality of both electronic 
and photonic23,24 effects in quantum materials can be manipulated: 
chiral currents and propagating chiral hybrid light–matter modes 
known as polaritons can benefit from topological protection against 
backscattering25–27. Berry phase effects also underlie the phenom-
enon of ‘shift currents’—an optically induced charge separation 
arising from asymmetry in the electronic wavefunctions—which 
provides a new paradigm for designing high-performance opti-
cal-frequency conversion and photovoltaic materials28,29. Recent 
studies of transition metal monopnictide-based Weyl semimetals 
(discussed in ‘Topological phenomena under control’) that exhibit 
the requisite band topology have revealed giant second-order non-
linear optical responses30,31. Another promising device concept is an 

optically pumped low-threshold laser based on a monolayer of the 
prototypical TMD material WSe2

32. Other emerging applications are 
discussed in the companion Review by Tokura et al.33.

Ways and means of quantum control
In this section, we survey state-of-the-art methods (Fig. 2) that can 
be used to fine-tune a quantum material through its free energy 
landscape and briefly discuss the types of quantum phases that are 
accessible.

Static external perturbations. These offer the most controlled 
means of property tuning since thermal equilibrium is maintained 
throughout the process. Hydrostatic pressurization, typically applied 
using diamond anvil cells, is one approach that is commonly used 
to increase the orbital wavefunction overlap between neighbouring 
sites in a crystal, in turn increasing the ratio of kinetic (inter-site 
charge hopping) to potential (on-site Coulomb repulsion) energy. 
Pressure is often exploited to continuously tune a material across 
the Mott insulator-to-metal or even superconductor34 phase bound-
ary, which can be accompanied by an orders of magnitude resistivity 
change (Fig. 3a).

Heterostructuring. A large number of material parameters can 
be tuned by static perturbation of two-dimensional systems based 
on mechanically exfoliated nanoflakes or layer-by-layer epitaxy. 
Heterostructures offer pathways to induce energy gaps in the elec-
tronic structure by superlattice modulation, magnetic/superconduct-
ing proximity effects35,36, or even to generate giant pseudomagnetic 
fields (>300  T) with substrate defects all giving rise to striking 
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Couple to electrons Couple to phonons?

How about spins?



Sr2IrO4

Square lattice antiferromagnet Strong SOC

Good venue for light-spin interactions



Ultrafast experiments
Gufeng Zhang et al, Averitt group, UCSD, in preparation

Kerr angle ~ magnetization
“Resonant” versus 

“non-resonant”



Phenomena
1.3 𝜇m 9 𝜇m

• Oscillation frequency 0.57THz = 2meV independent of 
details of pump: intrinsic magnon energy  

• Pumping much more efficient for 9micron light.

𝜃K =.24 mrad mJ-1 cm2𝜃K =.029 mrad mJ-1 cm2
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Questions 
• What is the magnon oscillation and why is it visible?   
• How is the magnon excited by sub-gap light?



Phenomena

m

θ

types of twin (T) domains. The deformation is accompa-
nied by magnetic birefringence between the f111g plane
and the h111i direction. NiO is a charge-transfer insulator
with a 4 eV band gap. The intragap optical transition in the
midinfrared to visible region is ascribed to the d-d tran-
sitions of the Ni2þð3d8Þ electrons [20].

A NiO single crystal grown by the floating-zone method
was polished into (111)-oriented platelets with lateral di-
mensions of a few millimeters and a thickness of
’100 !m. To obtain T domains of 0.1–1 mm, the platelets
were annealed in an argon-oxygen mixture with small
oxygen partial pressure at 1400 $C [21]. Four types of T
domains were distinguished in the cross-Nicol configura-
tion [22]. For the pump-probe measurement, we selected a
single T domain with the (1!11) plane different from the
sample surface (111), as shown in Fig. 1(a).

The temporal evolution of the polarization rotation and
transmission was measured at 77 K with a pump-probe
setup with no external magnetic field [Fig. 1(b)]. Linearly
polarized light from a Ti:sapphire laser with a wavelength
of 792 nm, a pulse width of 120 fs, and a repetition rate of
1 kHz was used as the probe. Circularly polarized optical
pulses with a wavelength of 1280 nm, generated by an
optical parametric amplifier, were used as the pump. The
pump and probe beams were incident at 7$ and 0$, respec-
tively, and focused onto the sample surface to spot sizes of
about 100 and 40 !m, respectively. The pump fluence was
10 mJ=cm2, which corresponds to the absorption of about
one photon per 104 Ni2þ ions. The transmitted probe beam
was divided into two orthogonally polarized components

for obtaining the polarization rotation and the transmission
change.
To clarify the spin-related contribution, we examined the

response after photoexcitation with different time delays.
Figures 2(a) and 2(b) show the polarization rotation and the
transmission change, respectively, versus the time delay
between the probe beam and the pump beam. The inset in
Fig. 2 shows the polarization rotation of the probe beam
near zero delay. Here the signal is compared for "ðþÞ and
"ð%Þ polarized pump beams at fixed laser fluence. In
Fig. 2, two processes can be distinguished: (1) a fast
(quasi-instantaneous) change of the polarization rotation
within the time of the pulse action (inset) and (2) damped
oscillations of the polarization rotation which persists for
much longer times (upper frame).
In regime (1), for short time delays (&1 ps), the rotation

exceeded 20 mrad when the pump and the probe beams
overlapped temporally. The full width at half maximum of
the signal was about 200 fs, which reflects the duration of
the pump and probe pulses. In regime (2), damped oscil-
lations of the signal were observed at times longer than
10 ps. For both time intervals, the sign of the signal
changes with reversal of the pump helicity, which is a clear
indication of the nonthermal origin of the effect. Note the
significant difference in the amplitude of the rotation angle
observed at these two time scales (&0:2 and &1 ps) that
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FIG. 1 (color online). (a) Geometry of the experiment. The
(111) direction coincides with the normal to the sample; the
(1!11) direction (x axis), y axis, and z axis, respectively, are the
hard, medium, and easy axes for the T domain of our measure-
ment (red triangle). (b) Schematic diagram of the experimental
setup. (P: polarizer; WP: Wollaston prism; GI: gated integrator).

(c),(d) Schematics of the oscillations of vectors ~l and ~m (blue and
red arrows, respectively) for the out-of-plane and in-plane modes
of the spin oscillations.

FIG. 2 (color online). Time-resolved (a) polarization rotation
and (b) transmission change in NiO (111) for pump helicities
"ðþ;%Þ. Pump wavelength: #e ¼ 1280 nm; probe wavelength:
#p ¼ 792 nm.

PRL 105, 077402 (2010) P HY S I CA L R EV I EW LE T T E R S
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c.f. T. Satoh et al, 2010 - NiO
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Questions 
• What is the magnon oscillation and why is it visible?   
• How is the magnon excited by sub-gap light?



Magnons
• Gross features: square lattice Heisenberg antiferromagnet

in the strong SOC limit, on which a novel platform for high
temperature superconductivity (HTSC) may be designed.

In the last few years, RIXS has become a powerful tool
to study magnetic excitations [11]. We report measurement
of single magnons using hard x rays, which has comple-
mentary advantages over soft x rays, as detailed later on.
The RIXS measurements were performed at the 9-1D and
30-ID beam line of the Advanced Photon Source. A hori-
zontal scattering geometry was used with the !-polarized
incident photons. A spherical diced Si(844) analyzer was
used. The overall energy and momentum resolution of the
RIXS spectrometer at the Ir L3 edge (! 11:2 keV) was
! 130 meV and "0:032 !A#1, respectively.

As shown in Fig. 1(b), Sr2IrO4 has a canted antiferro-
magnetic (AF) structure [8], with TN ! 240 K [12].
Although the ‘‘internal’’ structure of a single magnetic
moment in Sr2IrO4, composed of orbital and spin, is dras-
tically different from that of pure spins in La2CuO4, a
parent insulator for cuprate superconductors, the two com-
pounds share apparently similar magnetic structure.
Figures 2(a) and 2(b) show the dispersion and intensity,
respectively, of the single magnon extracted by fitting the
energy distribution curves shown in Fig. 3(a) [13]. We
highlight three important observations. First, not only the
dispersion but also the momentum dependence of the
intensity show striking similarities to those observed in
the cuprates (for instance, in La2CuO4) by inelastic neutron
scattering [14]. This provides confidence that the observed
mode is indeed a single magnon excitation [15– 18]. Using
hard x-ray RIXS allows mapping of an entire Brillouin
zone within only a few degrees of 90$ scattering geometry
so that the spectrum reveals the intrinsic dynamical struc-
tural factor with minimal RIXS matrix element effects.
Second, the measured magnon dispersion relation strongly
supports the theories predicting that the superexhange
interactions of Jeff ¼ 1=2 moments on a square lattice
with corner-sharing octahedra are governed by a SU(2)
invariant Hamiltonian with AF coupling [2,10]. Third,
the magnon mode in Sr2IrO4 has a bandwidth of
& 200 meV, as compared to & 300 meV in La2CuO4 [14]
and Sr2CuO2Cl2 [19], which is consistent with energy
scales of hopping t and on-site Coulomb energy U in
Sr2IrO4 being smaller by roughly 50% than those reported
for the cuprates [10,20,21].

For a quantitative description, we have fitted the magnon
dispersion using a phenomenological J-J0-J00 model [22].
Here, the J, J0, and J00 correspond to the first, second, and
third nearest neighbors, respectively. In this model, the
downward dispersion along the magnetic Brillouin zone
from ð!; 0Þ to ð!=2;!=2Þ is accounted for by a ferromag-
netic J0 [14,22]. We find J ¼ 60, J0 ¼ #20, and J00 ¼
15 meV. The nearest-neighbor interaction J is smaller
than that found in cuprates by roughly 50%. The fit can
be improved by including higher-order terms from longer-
range interactions, which were also found to be important

in the case of Sr2CuO2Cl2 [19]. However, here we do not
pursue this path because, as we show below, another kind
of magnetic mode in Sr2IrO4, which is not present in
cuprates, may affect the magnon dispersion.
Characterizing the magnon mode is important because it

strongly renormalizes the dispersion of a doped hole or
electron and is believed to provide a pairing mechanism for
HTSC. We now show that Sr2IrO4 supports an exciton
mode, which gives access to the dynamics of a particle
propagating in the background of AF ordered moments
even in an undoped case. Figures 3(a) and 3(b) show the
energy loss spectra along high symmetry directions. No
corrections to the raw data, such as normalization or sub-
traction of the elastic contaminations, have been made.
Another virtue of using hard x ray is that, by working in
the vicinity of 90$ scattering geometry, elastic (Thompson)
scattering can be strongly suppressed. In addition to the
low-energy magnon branch () 0:2 eV), we observe high-
energy excitations with strong momentum dependence
in the energy range of 0:4 & 0:8 eV. This mode is
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FIG. 2 (color online). (a) Blue dots with error bars show the
single magnon dispersion extracted by fitting the energy loss
curves shown in Fig. 3(b) [13]. The magnons disperse up to
! 205 meV at ð!; 0Þ and 110 meV at ð!=2;!=2Þ. The solid
purple line shows the best fit to the data with J ¼ 60, J0 ¼ #20,
and J00 ¼ 15 meV. (b) Momentum dependence of the intensities
showing diverging intensity at ð!;!Þ and vanishing intensity at
(0,0). The inset shows the Brillouin zone of the undistorted
tetragonal (I4=mmm) unit cell (black square) and the magnetic
cell (blue diamond), and the notation follows the convention for
the tetragonal unit cell, as, for instance, in La2CuO4.
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RIXS: J. Kim et al, PRL 2012

bandwidth ~ 200meV

ℏ𝜔=2meV

Magnon is a very low energy feature



Anisotropy
Unit cell doubled by octahedral rotation
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Spin wave theory
• Holstein-Primakoff S+ = Sz � iSy =
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(⇡/2, ⇡/2) (⇡/2, ⇡/2)(0, 0) (⇡, ⇡)(⇡, 0) (⇡, 0)
k
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E
k
/J

S

Heq = H(0)
eq + H(2)

eq + H(4)
eq + O(1/S)

Ecl Esw magnon interactions

H
(2)
eq =

X

k

Ek ↵
†
k↵k

out of plane mode.  Gap ~ 30meV! Too big to be the 
oscillating magnon

gapless Goldstone mode of in-plane rotations



In-plane anisotropy
• Even weaker effect gives tiny gap to in-plane magnon
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FIG. 4. (a) Magnetization as a function of temperature along
[1 0 0] (black) and [1 1 0] (red), taken at H = 0.3 T. (b) Magne-
tization as a function of magnetic field for [1 0 0] (black) and
[1 1 0] (red), taken at T = 5 K. Inset: detailed measurements
for di↵erent field angles from [1 0 0] to [1 1 0] every 11.25�, fo-
cusing in the region where the biggest e↵ect due to anisotropy
is seen.

Another contribution to anisotropy comes from the
anisotropic interlayer interaction [42]. This can be writ-
ten as a 41 symmetry allowed Hamiltonian:

H
(2)
ani =

X

hiji

±�c

�
S
a
i S

a
j � S

b
iS

b
j

�
(4)

where hiji run over first nearest-neighbors in adjacent

layers and H
(2)
ani changes sign depending on the direction

of the bond [see Fig. 5(b)]. This term lifts the degeneracy
between uudd and uddu and accounts for the observed
magnetic structure: for the domain with the pseudospins
mostly along b-axis, uddu stacking is favored, whereas
for the domain with the pseudospins mostly along a-axis,
uudd stacking is preferred [Fig. 1(c)].

In the model put forward by recent theoretical
work [43], the coupling of the pseudospins to the lattice
is responsible for the alignment of the moments along
the crystallographic a or b directions, and gives rise to
in-plane anisotropy, as depicted in Fig. 5(c). It takes the

FIG. 5. An illustration of possible mechanisms for anisotropy.
(a) bi-axial in-plane anisotropy K4 shown as purple ellipses,
(b) anisotropy in the out-of-plane nearest neighbor coupling
(grey ellipses) connecting pseudospins in two neighboring lay-
ers (red and black) and (c) anisotropy �1 (blue ellipses) due to
coupling of the pseudospins to the orthorhombically deformed
lattice.

form:

Hsp�lat =
X

hiji

�1 cos 2✓
�
S
x
i S

y
j + S

y
i S

x
j

�

� �2 sin 2✓
�
S
x
i S

x
j � S

y
i S

y
j

�
, (5)

where x and y denote the directions along the Ir-O bonds,
�1 and �2 are the energy scales of the pseudospin-lattice
coupling to distortions along [1 0 0] and [1 1 0] respec-
tively, scaled by the elasticity parameters and the square
of the ordered moment. We note that while Hsp�lat pre-
serves the four-fold symmetry per se, it leads to an or-
thorhombic distortion below TN , and thus generates a
uniaxial two-fold anisotropy [43]. A special feature of
this model is that the magnetic anisotropy potential is
a function of the moment direction itself [via angle ✓ in
Eq. (5)]. This is markedly di↵erent from the conven-
tional, constant anisotropy terms K4 and �c discussed
above.
We have calculated the ground state configuration in

an applied magnetic field and magnetization curves for
the anisotropic Hamiltonians discussed above. Figure 6
shows the results for (a) a biaxial anisotropy [Eq. (3)],
(b) an anisotropy in the interlayer coupling [Eq. (4)],
(c) a phenomenologial uniaxial anisotropy of the form
�K2 cos 2✓, and (d) an anisotropy due to spin-lattice cou-
pling following Eq. (5), for a set of parameters (indicated
in the caption) that best matches the data at T=5 K.
These di↵erent types of anisotropies are schematically
shown in the inset of each figure.
In Fig. 6(a), we consider the case for bi-axial

anisotropy. When the field is applied along the a-axis, in
the favorable domain having moments along the b-axis
as discussed above, the magnetization increases almost
linearly at first, followed by a sudden jump to saturation
at some critical field, as the net moments snap to the
a-axis by the biaxial anisotropy. For field applied along
the [1 1 0] direction, it takes much higher field to saturate
the magnetization as the field has to overcome the biax-
ial anisotropy. However, it is important to note that a
jump in the magnetization occurs at a lower field along
the hard axis because there is an intermediate uurr phase

Porras et al, 2019

H̃JT = �
X

hiji

Sx
i S

x
j � Sy

i S
y
j

argue due to lattice distortion induced by 
spin order

𝚪~6𝜇eV (!) !0 ' 8S
p
�J ~2meV 

Oscillation matches in-plane magnon.



Magnetization oscillation
• Q: Why does Kerr angle oscillate if magnon is in-plane??

~Si =

0

@
(�1)iS

(�1)iu(xi )
m(xi )

1

A

In-plane spin rotation out of plane torque

dSz
i

dt
= hx

i S
y
i � hyS

z
i
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@tu = ��1m

@tm = � u

m =
p

S/2
�
a+ a†

�u =
p
S/2 i

�
a� a†

�m

u

staggered

staggered

uniform uniform magnetization oscillates out of 
phase with in-plane angle u 

relation to magnons

slow modes - hydrodynamic 
equations valid even when 

magnons scatter 



Pumping
• Strategy: light creates source terms for EOM

@tu = ��1m

@tm = � u

+hm(t)

+hu(t)
effective fields drive during pump pulse

m(t)

tp

h
m(t+p ) ' h̄utp

@tm(t+p ) ' h̄mtpdecay/relaxation negligible 
during pump

effective initial conditions

Theory: include light-matter interaction and 
integrate out higher energy modes to obtain hm, hu



Coupling to E-field
• Assumption: E-field of light dominates.  Strong time-

reversal-symmetry constraints 

• General symmetry allowed couplings
T : ~E ! ~E , ~S ! �~S HE ⇠ g E↵S�
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microscopic calculations confirm these terms

staggering due to 
octahedral rotations 

important!

Katsura, Nagaosa, Balatsky, PRL 2005 

 Bolens, PRB 2018 

 



Bosons
• Holstein-Primakoff: 

HE = Eµ(t)
⇥
�1,µ

A  A + �2,µ
A,B  A B + �3,µ

A,B,C  A B C + O(1/S0)
⇤

 k = (ak, a
†
�k)

T

⇠ Re
�
Eµei!t

�
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Floquet drive

in the strong SOC limit, on which a novel platform for high
temperature superconductivity (HTSC) may be designed.

In the last few years, RIXS has become a powerful tool
to study magnetic excitations [11]. We report measurement
of single magnons using hard x rays, which has comple-
mentary advantages over soft x rays, as detailed later on.
The RIXS measurements were performed at the 9-1D and
30-ID beam line of the Advanced Photon Source. A hori-
zontal scattering geometry was used with the !-polarized
incident photons. A spherical diced Si(844) analyzer was
used. The overall energy and momentum resolution of the
RIXS spectrometer at the Ir L3 edge (! 11:2 keV) was
! 130 meV and "0:032 !A#1, respectively.

As shown in Fig. 1(b), Sr2IrO4 has a canted antiferro-
magnetic (AF) structure [8], with TN ! 240 K [12].
Although the ‘‘internal’’ structure of a single magnetic
moment in Sr2IrO4, composed of orbital and spin, is dras-
tically different from that of pure spins in La2CuO4, a
parent insulator for cuprate superconductors, the two com-
pounds share apparently similar magnetic structure.
Figures 2(a) and 2(b) show the dispersion and intensity,
respectively, of the single magnon extracted by fitting the
energy distribution curves shown in Fig. 3(a) [13]. We
highlight three important observations. First, not only the
dispersion but also the momentum dependence of the
intensity show striking similarities to those observed in
the cuprates (for instance, in La2CuO4) by inelastic neutron
scattering [14]. This provides confidence that the observed
mode is indeed a single magnon excitation [15– 18]. Using
hard x-ray RIXS allows mapping of an entire Brillouin
zone within only a few degrees of 90$ scattering geometry
so that the spectrum reveals the intrinsic dynamical struc-
tural factor with minimal RIXS matrix element effects.
Second, the measured magnon dispersion relation strongly
supports the theories predicting that the superexhange
interactions of Jeff ¼ 1=2 moments on a square lattice
with corner-sharing octahedra are governed by a SU(2)
invariant Hamiltonian with AF coupling [2,10]. Third,
the magnon mode in Sr2IrO4 has a bandwidth of
& 200 meV, as compared to & 300 meV in La2CuO4 [14]
and Sr2CuO2Cl2 [19], which is consistent with energy
scales of hopping t and on-site Coulomb energy U in
Sr2IrO4 being smaller by roughly 50% than those reported
for the cuprates [10,20,21].

For a quantitative description, we have fitted the magnon
dispersion using a phenomenological J-J0-J00 model [22].
Here, the J, J0, and J00 correspond to the first, second, and
third nearest neighbors, respectively. In this model, the
downward dispersion along the magnetic Brillouin zone
from ð!; 0Þ to ð!=2;!=2Þ is accounted for by a ferromag-
netic J0 [14,22]. We find J ¼ 60, J0 ¼ #20, and J00 ¼
15 meV. The nearest-neighbor interaction J is smaller
than that found in cuprates by roughly 50%. The fit can
be improved by including higher-order terms from longer-
range interactions, which were also found to be important

in the case of Sr2CuO2Cl2 [19]. However, here we do not
pursue this path because, as we show below, another kind
of magnetic mode in Sr2IrO4, which is not present in
cuprates, may affect the magnon dispersion.
Characterizing the magnon mode is important because it

strongly renormalizes the dispersion of a doped hole or
electron and is believed to provide a pairing mechanism for
HTSC. We now show that Sr2IrO4 supports an exciton
mode, which gives access to the dynamics of a particle
propagating in the background of AF ordered moments
even in an undoped case. Figures 3(a) and 3(b) show the
energy loss spectra along high symmetry directions. No
corrections to the raw data, such as normalization or sub-
traction of the elastic contaminations, have been made.
Another virtue of using hard x ray is that, by working in
the vicinity of 90$ scattering geometry, elastic (Thompson)
scattering can be strongly suppressed. In addition to the
low-energy magnon branch () 0:2 eV), we observe high-
energy excitations with strong momentum dependence
in the energy range of 0:4 & 0:8 eV. This mode is
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FIG. 2 (color online). (a) Blue dots with error bars show the
single magnon dispersion extracted by fitting the energy loss
curves shown in Fig. 3(b) [13]. The magnons disperse up to
! 205 meV at ð!; 0Þ and 110 meV at ð!=2;!=2Þ. The solid
purple line shows the best fit to the data with J ¼ 60, J0 ¼ #20,
and J00 ¼ 15 meV. (b) Momentum dependence of the intensities
showing diverging intensity at ð!;!Þ and vanishing intensity at
(0,0). The inset shows the Brillouin zone of the undistorted
tetragonal (I4=mmm) unit cell (black square) and the magnetic
cell (blue diamond), and the notation follows the convention for
the tetragonal unit cell, as, for instance, in La2CuO4.
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• Cannot excite single magnon due to momentum conservation 
• Two magnon process is resonant: generates pairs with k and -k

?? How is k=0 magnetization created? 



Formalism
• Non-equilibrium Keldysh method: evolve both bra and ket

| (t)i = U(t,�1)| (�1)i
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hO(t)i = h (1)|U(�1, t)OU(t,�1)| (�1)i
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• Keldysh contour

Z =

Z
D[a+, a�] exp(iS)

S =
X

s=±
s

Z
dt

(
X

i

ās,i i@tas,i �H[{ās,i , as,i}]

)

t=-∞

t=-∞
t=+∞

path integral over 
doubled fields



Formalism
• Non-equilibrium Keldysh path integral

HE = Eµ(t)
⇥
�1,µ

A  A + �2,µ
A,B  A B + �3,µ

A,B,C  A B C + O(1/S0)
⇤

E 𝜓
= + + + …

• Now integrate out “fast” fields: internal lines

= +

=0 leading diagram



Formalism
• Non-equilibrium Keldysh path integral

HE = Eµ(t)
⇥
�1,µ

A  A + �2,µ
A,B  A B + �3,µ

A,B,C  A B C + O(1/S0)
⇤

E 𝜓
= + + + …

• Now integrate out “fast” fields: internal lines

= +

=0 leading diagram

involves boson interactions!



Physical picture
• Step 1:
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photon generates coherent pairs

• Step 2: Interaction “proximitizes” low 
energy condensate = magnons

k
-k

0
(⇡/2, ⇡/2) (⇡/2, ⇡/2)(0, 0) (⇡, ⇡)(⇡, 0) (⇡, 0)

k

0

1

2

3

4

5

E
k
/J

S



Results
• Effective fields given by loop integrals

h ⇠
Z

d2k EµĒ⌫
X

�,�0=±1

�2,µ�3,⌫

⌦+ �Ek + �0EQ�k + i⌘

dissipative virtual

⇠ �(⌦� Ek � EQ�k) ⇠ P

� � Ek � EQ�k
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separates into:



Results
• Effective fields given by loop integrals
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separates into:

• Structure of contributions to effective fields
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Results
• Effective fields given by loop integrals
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Results
• Effective fields given by loop integrals
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• Structure of contributions to effective fields
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Results
• Effective fields given by loop integrals
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 (𝜙=𝜋/4) “inverse Faraday effect”



Prior approach to Inverse 
Faraday effect

• Derived effective thermodynamic potential

F ⇠ �ijkMi (0)Ej(!)Ek(�!) hie↵ = � @F
@Mi (0)

= �ijkEj(!)Ek(�!)

really correct for low frequency magnetization (not short pulse)

• Carried out for quantum mechanical few-level system

Purely virtual excitations

• Our results treat general many body situation with fast 
dynamics and both real and virtual excitations



Results
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• Effective fields maximized when light is near peak of two-
magnon DOS

Significant enhancement still possible!
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• Effective fields maximized when light is near peak of two-
magnon DOS

Dominant chiral intensity: 
magnetization of opposite sign 

for two circular polarizations 

Gufeng Zhang et al



Future directions
• Experimental test of frequency dependence.  Many other 

materials applications. 

• Extension to T>0 

• Extension to non-collinear magnets: much larger anharmonic 
effects 

• Topological effects: Pump/probe of Dirac/Weyl magnons, 
analogies to topological effects in SHG? 

• Ultrafast dynamics of quantum spin liquids without magnons?



Recap

• Theory of light-induced magnetization 
oscillations in an antiferromagnet, with 
direct application to Sr2IrO4
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Figure 3: Figure made with old bin size of
Kbin = 0.01 r.l.u.

Figure 4: Figure made with old bin size of
Kbin = 0.01 r.l.u.

2

• Semiclassical Heisenberg chain with weak 
anisotropy has many bound states 
described by bosons with delta-function 
attractions

R.Dally et al, Nat. Comm. (2018)


