Vacancy Spectroscopy of Non-Abelian Kitaev Spin Liquids
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Spin vacancies in the non-Abelian Kitaev spin liquid are known to harbor Majorana zero modes, potentially
enabling topological quantum computing at elevated temperatures. Here, we study the spectroscopic signatures
of such Majorana zero modes in a scanning tunneling setup where a non-Abelian Kitaev spin liquid with a finite
density of spin vacancies forms a tunneling barrier between a tip and a substrate. Our key result is a well-defined
peak close to zero bias voltage in the derivative of the tunneling conductance whose voltage and intensity both
increase with the density of vacancies. This “quasi-zero-voltage peak” is identified as the closest analog of the
zero-voltage peak observed in topological superconductors that additionally reflects the fractionalized nature of
spin-liquid-based Majorana zero modes. We further highlight a single-fermion Van Hove singularity at a higher
voltage that reveals the energy scale of the emergent Majorana fermions in the Kitaev spin liquid. Our proposed
signatures are within reach of current experiments on the candidate material a-RuCls.

Introduction.—The non-Abelian Kitaev spin liquid [1] is a
topologically ordered magnetic insulator that hosts nonlocal
fractionalized excitations, including Ising anyons with Majo-
rana zero modes attached to them. Like in topological super-
conductors [2, 3], the non-Abelian particle statistics of such
Majorana zero modes may enable intrinsically fault-tolerant
topological quantum computation [4, 5]. Remarkably though,
in promising candidate materials of the non-Abelian Kitaev
spin liquid, such as a-RuCls [6-14] under an in-plane mag-
netic field [15-30], the relevant gap is expected to be much
larger, thus potentially allowing topological quantum compu-
tation at elevated temperatures above 1 K.

In topological superconductors, Majorana zero modes are
bound to localized defects like nanowire end points [31-33]
or magnetic vortex cores [34-36], and their standard signa-
ture is a zero-voltage peak in the tunneling conductance [2, 3],
as measured by scanning tunneling microscopy (STM). In the
non-Abelian Kitaev spin liquid, the Ising anyons supporting
Majorana zero modes can also be bound to pointlike defects
such as nonmagnetic spin vacancies [37—41], which can be in-
troduced in controlled concentrations into candidate materials
like a-RuCl3 [42-45]. It has also been recently demonstrated
that the magnetic excitations of monolayer a-RuClj can be ef-
fectively probed by inelastic electron tunneling spectroscopy
where a magnetic insulator forms a tunneling barrier between
two metallic electrodes [46, 47]. Nevertheless, while related
inelastic STM setups with the non-Abelian Kitaev spin liquid
acting as a tunneling barrier [48] have been theoretically stud-
ied to understand signatures of chiral edge modes [49], bare
Ising anyons [50-52], and even isolated pairs of spin vacan-
cies [53], it is not yet clear whether the zero-voltage peak as
the standard signature of Majorana zero modes has any direct
analog in the context of spin liquids.

In this Letter, we answer this question in the affirmative by
studying the inelastic STM response for a finite concentration
of spin vacancies in the non-Abelian phase of the exactly solv-
able Kitaev honeycomb model [1]. Our main result is that the

derivative of the tunneling conductance, dG /dV = d21/dV?,
through a spin vacancy in the non-Abelian Kitaev spin liquid
contains a well-defined peak close to zero bias voltage V' = 0
whose characteristic voltage and intensity both increase with
the vacancy concentration n,. This “quasi-zero-voltage peak”
corresponds to the simultaneous excitation of two low-energy
fermion modes formed by Majorana zero modes attached to
the spin vacancies. While the increase in the peak voltage at
a larger vacancy concentration (i.e., smaller average distance
between vacancies and, hence, Majorana zero modes) directly
carries over from topological superconductors [54], the cor-
responding increase in the peak intensity is a fundamentally
new feature reflecting the fractionalized nature of spin-liquid-
based Majorana zero modes. We further demonstrate that the
controlled introduction of such Majorana zero modes through
spin vacancies unveils a single-fermion Van Hove singular-
ity in the STM response of the non-Abelian Kitaev spin lig-
uid, confirming the existence of emergent fermion excitations
and revealing their characteristic energy scale. The details of
the local spin dynamics underlying the STM response are dis-
cussed in a companion paper [55].

Scanning tunneling formalism.—We consider the setup in
Fig. 1(a) where a non-Abelian Kitaev spin liquid with site di-
lution (i.e., a finite concentration of spin vacancies) forms a
tunneling barrier between a metallic STM tip and a metallic
substrate [48—53]. The Hamiltonian of the system is given by
H= Htip + Hsub + Hxitaev + Htunnel, Where
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are free-electron Hamiltonians for the tip and the substrate, re-
spectively, Hkitaev 1S the spin Hamiltonian of the site-diluted
Kitaev spin liquid (to be specified later), while

Htunncl = Z Tﬂy(r) éLMépy + H.c. (2)
kppv

describes the tunneling of electrons between the tip and the
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FIG. 1. (a) Inelastic STM setup for probing local spin dynamics in-
side the site-diluted Kitaev spin liquid. (b) Bound-flux sector of the
site-diluted Kitaev model characterized by flux expectation values
Wp = +1 (white) and W), = —1 (gray). Thick lines denote strings
of bonds (jk). with gauge fields wu(;ry, = —1 that pairwise con-
nect plaquettes p with fluxes W), = —1. (c) Dangling bond fermions
Z)? associated with broken bonds around a spin vacancy and the cor-
responding matter fermions c; coupled to them by the third term of
Eq. (8). (d) Dangling spin components 55 = il;‘j* c; that fractionalize
into dangling bond fermions 13? and matter fermions c;.

substrate through the spin liquid as a function of the tip posi-
tion r. The tunneling matrix element can be written as

Tw,(r) = Z {Tgu(r - rj) + 75 - Tm/(r - rj)} ) 3)

J

where & is the spin at location r; inside the spin liquid, while
19, and T,,,, = [T7,, T

puvor +pvo

ij] are generally given by [52]

TSV(I” - rj) =T(r - rj) 7705;w7 “4)
T;?V(r - rj) = T(I’ - rj) [7717—/(;1/ + 72 (TEV + T,L?J{l/ + ij)]

with a = z,y, z and the Pauli matrices 7%¥*. The real O(1)
coefficients 7 1 2 depend on microscopic details [52], and the
overall tunneling amplitude through site j of the spin liquid is
T(r —rj) = tiip(r — r;) teun/U, where U is the charge gap
of the spin liquid, and ¢}, (£sup,) is the hopping amplitude be-
tween site j and the tip (substrate). Since the tip is atomically
sharp, ¢4, decays exponentially with the distance |r — r;| be-
tween the tip and the given site 5. Without affecting our main
results, we set 7o = 0 in the rest of this work [49].

In the presence of a bias voltage V' between the tip and the
substrate, the resulting tunneling current / can be computed
via Fermi’s golden rule. Assuming constant densities of states
Dyip, and Dy, for both the tip and the substrate, the differen-
tial conductance G(V') = dI/dV at zero temperature can be

written as (see the SM [56] for detailed derivation)

27’(’62 eV
G(V) = 7Dtistub [Kelastic +/0 dw Kinelastic(w)]

h
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in terms of an elastic and an inelastic component. The kernel
of the inelastic component takes the form [56]

Kinetastic(w) = 2017 Y T(r —1;) T(r — r3) S5 (w),
jk «
(6)

where the sum in « runs over z, y, z, and S;‘kﬁ (w) is the con-
nected dynamical spin correlation function:

S?kﬁ(w)
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Therefore, the derivative of the tunneling conductance at finite
voltage, dG(V)/dV = d?I/dV? « Kipelastic(€V), is sensi-
tive to the local spin dynamics of the site-diluted Kitaev spin
liquid at a given frequency w = eV.

Site-diluted Kitaev spin liquid.—We introduce a finite con-
centration of nonmagnetic spin vacancies into a non-Abelian
Kitaev spin liquid by removing the spins &; from a set of ran-
domly selected vacancy sites j € V. For the remaining sites,
we take the simplest possible exactly solvable Hamiltonian,

Hiitaer = —J E ofop — K E aﬁazalﬁ—h E of,
(Jk)a (Gkl) ap JED,
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where D, is the set of sites connected to a vacancy site by an
a bond (jk), and (jkl)ap is the path consisting of the bonds
(jk)o and (Kl)s with (af7) being a general permutation of
(zyz). The first term represents the pure Kitaev honeycomb
model [1], and the remaining terms describe a magnetic field
that breaks time-reversal symmetry. The second term pertur-
batively incorporates a small magnetic field in the bulk of the
spin liquid while preserving the exact solution of the pure Ki-
taev model [1]. At each site 5 € D, however, the a compo-
nent of the magnetic (i.e., Zeeman) field can also be directly
included, as seen in the third term of Eq. (8), and the resulting
Hamiltonian is still exactly solvable [39, 53, 55]. In contrast,
the other components of the Zeeman field enter the Hamilto-
nian perturbatively via the second term of Eq. (8).

This distinction can be understood by employing the stan-
dard four-Majorana representation of the spins, o = ibj'c;,
with the local parity constraint b} b? bic; = 1[1]. In terms of
the Majorana fermions b7 and ¢;, the first two terms of Eq. (8)
read ¢.J E{jk)a U(jk) o CiCk and ik Z(jkl)@g u<jk>au<kl>ﬂcjcl,
where u;xy, = ibjby = *1 are conserved quantities. There-
fore, one obtains a quadratic hopping problem for the matter
fermions c; that move in the presence of static Zy gauge fields
U(jk), - Including a Zeeman field o ibj c; at a generic site j,



the corresponding gauge field vy, is then no longer a con-
served quantity because the bond fermion b§' anticommutes
with it. For a site j € D,, however, there is no gauge field
u(jk), because the site k& € V is removed. Instead, i)? = b}
is a “dangling” (unpaired) bond fermion [see Fig. 1(c)] that
does not appear in the first two terms of Eq. (8) at all. There-
fore, the Zeeman fields o iI;;“cj in the third term of Eq. (8)

simply incorporate the dangling bond fermions ?)? into the
quadratic hopping problem for the matter fermions c¢;. Note
that, in the rest of this wprk, we use a tilde to distinguish the
dangling bond fermions b$ and the dangling spin components

&;* = igj“cj associated with them [see Fig. 1(d)].

The elementary excitations of the Hamiltonian Hxitaeyv in
Eq. (8) are the matter fermions c¢; (which include the dangling
bond fermions 5;") and the Z, gauge fluxes around the pla-
quettes p of the lattice: W, = [] 5 ) t(jry. = £1. For
the clean model without any vacancies, the ground state is in
the zero-flux sector [1, 57] where W, = +1 for all p. In the
site-diluted model, however, if the vacancy concentration and
the magnetic field are sufficiently small, the ground state be-
longs to the bound-flux sector [37—41, 55] where W, = +1
for the elementary hexagonal plaquettes but W,, = —1 for the
enlarged vacancy plaquettes formed by three hexagonal pla-
quettes around each vacancy site [see Fig. 1(b)]. In turn, each
plaquette with W,, = —1 corresponds to a non-Abelian Ising
anyon [1] that supports a localized Majorana zero mode in the
hopping problem of the matter fermions. Therefore, the intro-
duction of vacancies can stabilize Majorana zero modes in the
ground state of the non-Abelian Kitaev spin liquid.

Local spin dynamics.—The tunneling conductance through
the site-diluted Kitaev spin liquid depends on the dynamical
spin correlation function S;X,f (w) in Eq. (7). This quantity can
be written in the Lehmann representation as

SiP(w) = (Q]09]9)(D]0}|2) (w + Eo — Es),  (9)
D

where |Q2) is the ground state of Hkitaey in Eq. (8) with en-
ergy Eg, while |®) are excited states with energies Eg. For
generic sites j and k, the relevant excited states contain a pair
of flux excitations, and Sjakﬁ (w) can be computed following
Refs. [58-61]. For j € D, and k& € Dg, however, the rele-
vant excited states |®) only contain two matter-fermion exci-
tations, and the matrix elements <<I>|5§‘|Q> and <<I>|c~7,f |Q) of
the dangling spin components 5§ = z'l;;?‘cj and &f = u}fj Cx
become standard four-fermion expectation values. The details
of computing S;‘kﬂ (w) are described in the SM [56].

Results and discussion.—Figure 2 shows the derivative of
the tunneling conductance, dG/dV o Kipelastic(€V), as ob-
tained from Eqs. (6) and (7), against the inelastic energy trans-
fer w = eV into the site-diluted Kitaev spin liquid. Without
affecting our main results, we assume that the STM tip is di-
rectly above a vacancy site [see Figs. 1(a,d)] and that, due to
the atomically sharp nature of the tip, the only contributions
to the tunneling conductance are from the three neighboring
sites 7 = 1,2, 3 [see Fig. 1(d)] with identical tunneling ampli-

tudes T'(r — r;). To obtain a typical result at a finite vacancy
concentration 1% < n, < 4%, we also perform a disorder
average over all randomly positioned vacancies in a 40 x 40
system and over 500 disorder realizations with different ran-
domly selected vacancy positions.

The disorder-averaged derivative of the tunneling conduc-
tance shown in Figs. 2(a,b) can be interpreted as the sum of
two components, “bulk” and “dangling”, that are plotted in
Figs. 2(c,d) and 2(e,f), respectively. To understand these com-
ponents, we first recognize from Eq. (9) that ST (w) is only
nonzero for ;7 = k among the sites j, k = 1,2, 3 surrounding
each vacancy because o{', 5|€2) belong to mutually distinct
flux sectors. Hence, we can use Eq. (6) to write the disorder-
averaged derivative of the tunneling conductance as

dG(V) EA—
T x> Y 5 (eV) (10)

= 6§bulk(ev) + 3§dangling(ev)a

where the two symmetry-inequivalent disorder-averaged spin
correlation functions,

Spulk(w) = 5% (w) (J & Da),

- e (1D
Sdangling(w) = S]Qja (w) (] S Da)7

involve non-dangling and dangling spin components, respec-
tively, and the overline means disorder average. We note that
further sites beyond j = 1, 2, 3 do not support dangling spin
components and would only contribute to St (w).

The distinct structures of the bulk and dangling components
can be understood by referring to the Lehmann representation
in Eq. (9). In the bulk spin correlation function Sy, (w), each
of the relevant intermediate states |®) contains a pair of flux
excitations at neighboring plaquettes [see inset of Fig. 2(d)],
like in the clean model [58-61]. Hence, Spuik(w) largely fol-
lows the spin correlation function of the clean model [see inset
of Fig. 2(c)], exhibiting a finite flux gap, a strong peak above
the flux gap, and a diffuse continuum at higher energies [62].
In the dangling spin correlation function gdanghng (w), how-
ever, the intermediate states |®) do not contain any flux excita-
tions [see inset of Fig. 2(f)]. Thus, gdangling(w) is only sensi-
tive to correlations involving matter fermions c¢; and dangling
bond fermions EJ”‘ in the bound-flux sector [55].

Specifically, the structure of Sgangling (w) [see Figs. 2(e,0]
reflects the spectrum of the quadratic fermion problem for c;
and l;?, which is schematically shown in Fig. 2(g). Below the
delocalized (“bulk’) fermion modes inherited from the clean
model, there are two bands of localized modes induced by the
vacancies with an energy gap in between. Whereas the higher
band largely consists of bulk matter fermions c¢; trapped by va-
cancies [55], the lower band directly results from the dangling
bond fermions and is of mostly l)‘f character. Thus, recalling
a5 = ig?‘cj, the intermediate states |®) with the largest ma-
trix elements (®[55'[€2) in Eq. (9) contain one fermion from
a lower localized mode and one fermion from either a higher
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FIG. 2. (a,b) Disorder-averaged derivative of the tunneling conductance against the bias voltage for vacancy concentrations 1% < n, < 4%
in the entire voltage range (a) and at low voltages (b). The two insets emphasize specific voltage ranges. (c-f) Disorder-averaged bulk (c,d) and
dangling (e,f) spin correlation functions against the energy transfer for vacancy concentrations 1% < n, < 4% in the entire energy range (c,e)
and at low energies (d,f). The insets of (c) and (e) show the zero-momentum spin correlation function and the matter-fermion density of states
in the clean model, respectively, while the insets of (d) and (f) depict the relevant spin components and the flux sectors of the corresponding
intermediate states |®) in Eq. (9) with flux expectation values W, = +1 (W, = —1) marked by white (gray). Note that the insets of (d) and
(f) have two and zero flux excitations with respect to the bound-flux sector [see Fig. 1(b)], respectively. Panels (a-f) are all based on Eq. (8)
with £ = 0.02J and h = 0.05J, involve disorder averaging over 500 realizations in a 40 x 40 system, and use the same color scheme for 7.
(g) Schematic energy spectrum of the quadratic fermion problem involving the matter fermions c; and the dangling bond fermions b5 with

dominant ¢; (ZN)?) character marked by shading (no shading). The peak energies in (f) are given in terms of the fermion energies €

localized mode or a bulk mode. The strong peak at w ~ 0.2J
[see Fig. 2(f)] can then be attributed to two localized fermion
excitations (one from the higher and lower bands each), while
the continuum at 0.2J < w < 6J [see Fig. 2(e)] corresponds
to one bulk excitation as well as one localized excitation from
the lower band. Since such a localized excitation costs almost
no energy (less than 0.1.J) and the bulk excitation is inherited
from the clean model, the intensity of the continuum largely
follows the single-fermion density of states in the clean model
[see inset of Fig. 2(e)] with a pronounced Van Hove singular-
ity at w = 2J [63]. This result is remarkable because the mat-
ter fermions are fractionalized excitations and no local probe
can directly couple to a single one of them.

Nevertheless, the most intriguing feature of Sqangling (w) is
the low-energy peak at w < 0.05.J whose energy and inten-
sity both increase as the vacancy concentration is tuned from
1% to 4% [see Fig. 2(f)]. This peak corresponds to two local-
ized fermion excitations from the lower band and is relatively
weak because both fermions are of mostly b7 character and
their product has little overlap with 65" = 2'53‘“0‘7-. Moreover,
due to the Pauli exclusion principle, the peak intensity is only
nonzero if two distinct fermion excitations have finite weight
on the same site j, which in turn requires hybridization be-
tween dangling bond fermions 5;’ at different sites j. Though

each vacancy has three l;jo“ fermions connected to it, the hy-
bridization between them is weak due to the large distance
around the vacancy [see Fig. 1(c)]. However, as the vacancy
concentration increases, the 5}’ fermions connected to differ-

(1,2)

ent vacancies can also start hybridizing. Therefore, by recog-
nizing that 5? fermions are at exactly zero energy without any
hybridization between them, we can immediately understand
why the energy and the intensity of the low-energy peak both
increase with the vacancy concentration n.,.

From a more universal perspective, the dangling Majorana
fermions 133?‘ can be interpreted as Majorana zero modes. The
existence of a low-energy peak and the n, dependence of its
energy then reveal the presence of Majorana zero modes [54],
while the n,, dependence of the peak intensity reflects that Ma-
jorana zero modes in spin liquids are fractionalized particles
such that they can only couple to a local probe if they are close
to each other. Moreover, the direct observability of the single-
fermion density of states is enabled by the presence of local-
ized Majorana zero modes costing zero energy. This universal
perspective also makes it clear that our results apply to site-
diluted Kitaev spin liquids beyond the exactly solvable model
in Eq. (8) [e.g., in the presence of non-Kitaev interactions]
because an Ising anyon in a non-Abelian Kitaev spin liquid
necessarily has a Majorana zero mode bound to it [64]. At the
same time, the n, dependence of the low-energy peak directly
reflects fractionalization and is thus inconsistent with conven-
tional magnons. We finally emphasize that, while dG/dV in
Figs. 2(a,b) is largely dominated by Sy (w) in Figs. 2(c,d),
the key features in Sgangling (w), including the single-fermion
Van Hove singularity and the n.-dependent low-voltage peak,
are clearly visible in dG/dV [see insets of Figs. 2(a,b)].

Summary.—We considered the inelastic STM response of a



non-Abelian Kitaev spin liquid containing a finite concentra-
tion of vacancies that forms a tunneling barrier in between a
STM tip and a metallic substrate. We identified a well-defined
peak close to zero bias voltage (eV < J) in the derivative of
the tunneling conductance, dG/dV, whose voltage and inten-
sity both increase with the vacancy concentration, and inter-
preted this “quasi-zero-voltage peak”™ as a universal signature
of spin-liquid-based Majorana zero modes. Further, we found
a single-fermion Van Hove singularity at eV =~ 2. that con-
firms the presence of emergent Majorana fermions and reveals
the magnitude of the Kitaev interaction strength J [65].
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