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Probing two-dimensional single-layer quantum magnets remains a significant challenge. In this Letter,
we propose exploiting tunneling spectroscopy in the presence of magnetic impurities to obtain information
about the magnon dispersion relations in analogy to quasiparticle interference in nonmagnetic materials.
We show that this technique can be used to establish the dispersion relations even for frustrated magnets,
where the presence of an impurity generally leads to a nontrivial spin texture. Finally, we consider the
problem of establishing Chern magnon bands in 2D magnets showing how tunable impurities allow one to

probe the nature of the surface states.
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One of the most exciting recent developments in magnet-
ism is the fabrication of truly 2D magnets on nonmagnetic
substrates, opening up the possibility of both engineering
and exploring novel exotic and interesting low-dimensional
collective phenomena. Notable examples include twisted
bilayer graphene, which under certain circumstances
becomes insulating with spontaneous ferromagnetism
and Chern bands [1-3], and the chromium trihalides that
are insulating honeycomb ferromagnets [4-7]. With
advances in materials science, there appear to be excellent
prospects for the proliferation of engineered few-layer
magnetic materials with many different kinds of magnetic
ions arranged on various lattices and substrates.

A pressing challenge in this area is to develop new
techniques to probe such systems. Examples include mag-
netometry using nitrogen vacancy centers—which has poten-
tial as a probe of magnetic structures and low energy magnetic
dynamics [8], mesoscopic Hall currents for the uniform
susceptibility [9], and electron magnetic chiral dichroism
to probe magnetic structures at the atomic scale [10]. In this
Letter, we propose using impurity-induced magnon interfer-
ence tunneling spectroscopy to probe the magnetic properties
of 2D materials, as a solution to the long-standing problem of
characterizing magnetism in these materials.

Scanning tunneling microscopy (STM) is a well-
established technique to probe local charge and spin
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properties. In recent landmark work, the viability of
STM to observe magnetic excitations has also been
successfully demonstrated [11-13]. In many electronic
materials, it is possible to infer nonlocal charge properties
by measuring the spatial response to isolated impurities.
This technique, called quasiparticle interference (QPI), has
also been used to obtain crucial information about elec-
tronic correlations [14—16].

Here, we show that the magnetic analog of QPI—
magnon interference tunneling spectroscopy—can be used
to study isolated magnetic layers on conducting substrates
through the magnetic scattering of tunneling electrons by
impurities. In particular, this technique can provide
momentum- and energy-resolved information about mag-
nons in ordered two-dimensional magnets.

The Letter is organized as follows. We first outline the
proposed experimental configuration and give an expres-
sion for the tunneling conductance due to inelastic scatter-
ing from magnons together with an explanation of the
underlying assumptions.

We then turn to the modeling of an impurity in an
otherwise undisturbed 2D lattice of magnetic ions and study
its STM interference pattern in real and momentum space.
We illustrate how interference effects can be used to infer
magnon dispersion relations in various cases, including
(i) single-band unfrustrated magnets, (ii) multiple-band
unfrustrated magnets with touching points, and (iii) frustrated
magnets with multiple bands, where the magnetic ground
state itself is destabilized in the vicinity of the impurity [17].
Finally, we show the potential of engineered impurity
scattering to probe properties of Chern magnon bands.

Tunneling of electrons through a magnetic layer.—
Before considering the effects of impurities, we consider
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FIG. 1. Normalized cumulative density of states (DOS) (left
axis) and normalized inelastic tunneling conductance G/G,
(right axis) plotted as a function of bias voltage V for the
Kitaev-Heisenberg model with € = z/2 and h =4.5 and the
STM with a/4 = 1. The dashed line shows the inelastic con-
ductance with both single- and two-magnon continuum contri-
butions taken into account. The top inset shows the dispersion
relations along the indicated high symmetry directions in recip-
rocal space; dashed lines indicate the band edges. The bottom
inset shows a schematic of a STM setup. Arrows show the various
tunneling processes.

the setup shown in Fig. 1 (lower inset) featuring a STM tip
over an insulating magnetic layer mounted on a conducting
substrate. The tip is positioned laterally at r; with vertical
distance d; just above a magnetic layer and vertical
distance d, between the layer and the substrate.

We are interested in the tunneling conductance originat-
ing from inelastic scattering from localized moments when
a bias voltage V is applied between the tip and the substrate.
Similar situations were considered in Refs. [18-25].

Hybridization between local moments and conduction
electrons can alter the nature of the magnetic layer in
several ways. For example, it may destroy the insulating
nature of the monolayer. We focus on cases where the
charge gap in the insulating layer is much larger than the
magnetic energy scale. Even where the layer is metallic,
there may be magnetic order in the ground state, though
analysis of this scenario is beyond the scope of this Letter.
When the hybridization is perturbative in nature, the
magnetic couplings in the layer will depend, in general,
on the presence of the proximate conductor—for example,
through Ruderman-Kittel-Kasuya-Yosida couplings that
can be understood within our approach. The effects of
the substrate may be more severe: for example, under
different conditions the layer may undergo charge dispro-
portionation. Our calculation can, in principle, be adapted
to the case where magnetic order coexists with charge
ordering. For illustration, we consider here various
exchange models and evaluate the dynamical structure
factor (DSF) within spin wave theory [26].

We further consider the tip and the substrate to be
wideband metals with a constant density of states. This
approximation is appropriate in a typical situation where
the magnetic energy scales are small as compared to
electronic scales.

Under these assumptions, the leading contribution to
the tunneling conductance may be computed within a
strong coupling perturbation theory and within linear
response [26]. The tunneling conductance is

A%
= —Z(|r,,—r [+[7,=rr]) ¢ Taa
G(V) =Gy e Hrrrli A dwEQ:Sr,/,,,(w), (1)

J
Traly,

where Za SZZr}b (60) = (1/277) fdk Za ZZ(k’ C()) X
e~™®ury) p,, r) are the primitive lattice sites on the
magnetic layer; r,, r, denote basis vectors for the sub-
lattices and r;, =r; +r,. S%(k, w) is the a spin compo-
nent of the momentum-energy-dependent DSF [26]. G, is a
number that is proportional to exp[—2(d; + d,)/d], where
d and A are, respectively, vertical and lateral tunneling
lengths assumed to be the same for tunneling from the
magnetic layer to both the substrate and to the tip. Within
linear spin wave theory, the DSF has a single-magnon
contribution coming from the transverse spin components
within the local quantization frame, while a two-magnon
contribution arises from the longitudinal component
[26,28]. In the above discussion, we have focused, for
simplicity, on the case where the STM tip is unpolarized.
When, instead, it is spin polarized, one gains additional
information about the components of the dynamical struc-
ture factor as discussed further in the Supplemental
Material [26] (Sec. 1.2).

Figure 1 shows the conductance and cumulative density
of states as a function of voltage for the honeycomb lattice
with Kitaev exchange couplings and with moments polar-
ized perpendicular to the plane by an external magnetic
field [29]. This model has two dispersive magnon bands at
finite energy, as shown in the upper inset of Fig. 1. The
inelastic component of the conductance is zero up to the
voltage corresponding to the base of the lowest magnon
band. Then, the tunneling conductance increases as more
scattering channels become available at higher energies.
The band gap is visible as a plateau in the conductance. The
tunneling conductance plateaus again above the maximum
energy of the highest magnon band. In short, the on-site
tunneling supplies information about the magnon cumu-
lative density of states and reveals the presence of band
gaps. Further examples are discussed in the Supplemental
Material [26] (Fig. S2).

As one is usually interested more in the density of states
than in the cumulative density of states, it is convenient to
consider the differential conductance G(V + V) — G(V)
for different on-site positions where o6V is a current
averaging window.
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The calculations discussed so far are based on single-
magnon inelastic scattering. However, the spin correlator
contains contributions from multimagnon scattering events.
In the Supplemental Material [26], we examine the role of
two-magnon scattering that, to leading order in 1/S, comes
from the S° operator in the quantization frame. The two-
magnon states form a continuum in momentum and energy
leading to further scattering channels that increase the
conductance (Fig. 1). This contribution can, in principle,
obscure the presence of band gaps in the single-magnon
band structure [26].

The method is inherently energy resolution limited, as
the narrower the energy window, the longer averaging
times must be to overcome the temperature varying current
noise. A rough benchmark is an O(1) meV resolution at
4.2 K [30]. Recent experiments on bilayer Crl; [11] at
300 mK, where shot noise is expected to be the principal
contribution to current fluctuations, reveals that a sizable
inelastic tunneling signal can be obtained that is plausibly
attributable to magnons. Since O(10-100) meV magnetic
energy scales are not uncommon, one may expect to resolve
details of the local magnetic density of states in many 2D
magnetic materials.

Impurity scattering and QPI for magnons.—In conven-
tional QPI, the breaking of translational invariance in the
vicinity of spatial disorder leads to a tunneling conductance
with a spatial dependence that is tied to the electronic band
structure. Here, in order to uncover more detailed infor-
mation about the magnetic excitations in 2D magnets, we
propose exploring the inelastic tunneling conductance in
the vicinity of on-site disorder in the magnet. In the
following, we consider the case where single vacancies
are present in an otherwise pristine lattice of magnetic ions,
though similar considerations hold for any type of pointlike
disorder, such as interstitial magnetic ions. We distinguish
between two main cases: unfrustrated and frustrated mag-
netic interactions. An example of the former is the square
lattice antiferromagnet. Such models have the feature that
the magnetic ground state is stable to the presence of
impurities. In contrast, magnetic frustration destabilizes the
magnetic structure around impurity sites.

Square lattice antiferromagnet.—We consider first the
unfrustrated case and, in particular, the Néel ordered square
lattice Heisenberg antiferromagnet. This model has linearly
dispersing Goldstone modes at the zone center and zone
corners. Because the moment orientation is undisturbed
when a single magnetic site is removed, one may obtain the
local dynamical structure factor (LDSF) exactly. This can
be done by writing the linear spin wave Hamiltonian as
H = Hy+ V, where H, is the spin wave Hamiltonian for
clean system and V is the impurity contribution. The
single-particle Matsubara Green’s functions, in terms
of the Holstein-Primakoff bosons for the full problem
G(iw,), satisfy a Dyson equation G(iw,) = Gy(iw,) +
G(iw,)Vy(iw,) that can be solved numerically exactly

based on analytical Green’s functions Gy (i®,,) for the spin
wave theory in the absence of impurities [26]. In the above
formulas, we use bold to indicate that the Green’s functions
and potential V are matrix value with indices referring to
lattice sites and number conserving and nonconserving
terms in the Holstein-Primakoff bosons (see Supplemental
Material [26] for further details). With G(iw,,), one may
evaluate the conductance in Eq. (1) to leading order
because, for the problems we shall consider using this
approach, 57 (w) = St (@) = —(1/m)Im[Gre ()],
where G,(w) is the retarded single-particle Green’s func-
tion in terms of Holstein-Primakoff bosons [26]. Further
assuming 1/a < 1, the differential conductance 9,G(V)
becomes proportional to the LDSF.

In Fig. 2 (left panel), the LDSF is plotted at fixed energy
w/4JS = 0.875, where 4JS is the magnon bandwidth. The
ripples extending out from the impurity correspond to the
momentum space pattern in the middle panel. Further
energy slices are shown in the Supplemental Material
[26]. In real space, as the energy increases from zero,
roughly circular waves emanate from the impurity with
decreasing wavelength as the voltage increases [see
Figs. S5(a) and S5(b) in the Supplemental Material
[26] ]. These have a direct interpretation in terms of the
linearly dispersing Goldstone mode. In the corresponding
Fourier transformed pattern, the differential conductance
has rings around the (0,0) and (=, 7) points with radius
kmax = 2w/v, where v is the velocity of the mode. At
higher energies, the magnon band flattens out and more
scattering channels open up [26] with the result that (i) the
real space pattern evolves from circular waves at low
energies to a C, symmetric pattern at higher energies
and (i) the Fourier transformed pattern acquires much
richer features at higher energies than at lower energies.
Nevertheless, these patterns have a direct interpreta-
tion in terms of the joint density of states p(q,®) =
[ d*k/(27)*6(w — €,,4)8(w — €) plotted in the rightmost
panel. The resemblance between the Fourier transform of
the constant energy local Green’s functions and the joint
density of states (JDOS) holds for all energies [26],
highlighting the importance of the scattering of two
magnons on a constant energy surface e = €xy, [26].
The band structure can, in principle, be inferred from
experimental data by parametrizing the joint density of
states.

Honeycomb lattice ferromagnet.—FExact calculations of
this kind can also be carried out for the two-band
honeycomb lattice ferromagnet. In this model, the two
bands are connected by Dirac points at K and K’ points.
Results are shown in the Supplemental Material [26].

QOPI with magnetic frustration.—As a final example, we
carry out a full calculation of the tunneling conductance on
a finite periodic slab for the Kitaev-Heisenberg model [with
0 = (z/2)] in a magnetic field. Because the model is
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FIG. 2. Effect of a single impurity on the square lattice antiferromagnet at energy w/4JS = 0.875. Left: the local dynamical structure
factor on each site at fixed energy for a 2 x 50 x 50 site slab computed using the 7" matrix approach. This is proportional to the
differential tunneling conductance at fixed voltage in the limit where tunneling can only occur directly to the site beneath the tip. Middle:
the Fourier transformed real space pattern. For comparison, we show the joint density of states (right). In the latter plot, for clarity,

intensity has been truncated at the zone centers.

frustrated, the presence of an impurity destabilizes the
polarized state locally. The ground state texture is one
where the moments acquire transverse components that
wind around the impurity. The sense of the winding
depends on the distance from the impurity and the decay
length scale of the texture is related to the inverse magnon
gap that can be controlled by a uniform magnetic field.
Despite the destabilization of the ground state and finite
size effects, the differential tunneling conductance remains
in close correspondence with the joint density of states
computed from the bulk band structure (see Fig. 3 [26]).

Topological magnon bands.—The XKitaev-Heisenberg
model on the honeycomb lattice in the polarized phase
has two magnon bands carrying Chern number =1
[29,31,32]. Nontrivial band topology of this type implies
the presence of chiral magnon edge states. Detecting these
edge states is a challenge for experiment because the modes
are microscopic—in the sense of an atomically small length
scale binding them to the edge—and also because the
modes carry no charge and have energy scales significantly
below electronic energy scales.

Edge modes are detectable, in principle, as an in-gap
contribution to the differential conductance when the tip is
positioned at the edge [24], although there may be
contamination from magnon continua or bound states.
Since the system is translationally invariant parallel to a
straight edge, the contribution to the tunneling coming from
the edge modes is uniform in that direction. An important
question is whether tunneling spectroscopy assisted by
impurity scattering can be used to establish the chirality of
in-gap modes or that they are topologically protected.

We return to the situation where a vacancy is present in
the bulk focusing now on the in-gap region. One may
loosely view the vacancy as a hole carrying protected
chiral edge states that is shrunk down to atomic

proportions. In this limit, the edge states on facing surfaces
interact but, instead of destroying the edge modes com-
pletely, bound impurity states remain within the bulk gap
[Fig. 4(d)]. Such localized in-gap states appear as jumps in
the conductance at discrete in-gap voltages when the tip is
placed close to the impurity. The presence of such bound
states has been argued to be a diagnostic of topological
bands, at least when the hopping amplitudes are spatially
homogeneous [33,34].

We now consider the QPI pattern found from the
tunneling conductance around an impurity for different
impurity positions with respect to a boundary. As discussed
above, the QPI pattern in momentum space roughly reflects
the joint density of states computed from the band structure
in the translationally invariant system apart from the
presence of the in-gap impurity bound states.

Inspection of the spectrum of the model with impurity
close to, but not at, the boundary in a slab calculation
reveals that the nearly flat bound impurity modes hybridize
with the edge modes leading to avoided crossings over

kxa

FIG. 3. Magnon QPI results for the spin polarized Kitaev
honeycomb model with a single vacancy and w/KS = 1.6. Left:
the Fourier transform of the differential conductance, computed
with 6V = 0.1, on the periodic 21 x 21 slab. Right: the joint
density of states. The bands extend from 1.0 to 5.0 in these units.
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FIG. 4. Calculations for honeycomb Kitaev-Heisenberg model
with @ = z/2 and magnetic field 7 =5 perpendicular to the
honeycomb plane. (a) Hybridized in-gap magnon states in the
presence of a defect in an intermediate position close to the edge
(full band dispersion in the Supplemental Material [26]).
(b) Renormalized states for a defect at the edge. (c) Local
dynamical structure factor for a case with a defect in the bulk
(orange) and for a defect hybridizing with the boundary states
(blue). The enlargement shows the interference fringe and the
inset shows the JDOS. The sites are in units of primitive lattice a;
along the periodic direction, centered in the defect. (d) DOS for
the bulk without defect (pink) and with a defect in the bulk (blue).
The two arrows highlight the localized bound states in the gap.

narrow energy ranges [Fig. 4(a)]. This leads to the follow-
ing picture for the tunneling conductance as the voltage is
swept through the in-gap region. For Chern bands support-
ing a single chiral edge mode, the joint density of states has
a single peak at ¢ = 0, so one should expect a spatially
uniform, or trivial, QPI pattern in real space around an
impurity except close to the hybridization energies, even
though there are tunneling contributions originating from
the edge modes. Over the narrow energy window where
hybridization occurs, scattering is possible between the
admixed impurity and edge state modes leading to a
broadening in the joint density of states that may be
observed as a long wavelength spatial modulation in the
conductance parallel to the edge [Fig. 4(c)]. Altogether, this
provides evidence for the chirality of the edge modes.

If the vacancy lies directly at the boundary, thereby
locally roughening the edge, the topological nature of the
bands implies that chiral surface states must be present.
The principal difference between the case with and without
the impurity is that the velocity of the chiral modes is
renormalized [Fig. 4(b)]. The robustness of the edge modes

to the presence of disorder constitutes further evidence that
the boundary modes are protected by the bulk topology.

Summary and outlook.—In this Letter, we have proposed
a method to probe 2D magnets mounted onto conducting
substrates using a variant of QPI from quenched disorder
through the inelastic scattering of tunneling electrons from
magnons. We have shown that this method has the potential
to provide detailed energy- and momentum-resolved infor-
mation about the magnon spectrum that can be used to
understand the material microscopically. It also allows one,
in principle, to probe interfacial magnetism in unprec-
edented detail, including the dispersion relations of topo-
logical magnon surface states. In addition, magnon QPI
could perhaps be used in tandem with higher energy probes
such as angle-resolved photoemission spectroscopy to
understand better the interplay of surface magnetism
and electronic structure [35]. Ultimately, the power of
the approach discussed here will have to be settled in the
laboratory and we hope that this Letter will help inspire the
first magnon QPI experiments.
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