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Detecting symmetry fractionalization in gapped quantum spin liquids by magnetic impurities
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We study the Kondo effect of spin-1/2 magnetic impurities in gapped Z, spin liquids on two-dimensional
lattices. We find that if the impurity is placed at a high-symmetry location, a nontrivial spinon fractionalization
class of the impurity site symmetry group will necessarily lead to a non-Kramers doublet in the Kondo screening
regime, protected by associated crystalline symmetries. This is in sharp contrast to a featureless screening
phase in the usual Kondo effect. We demonstrate this symmetry-protected topological degeneracy by an exactly
solvable model and by the large-N theory. Based on this effect, we discuss how thermodynamic measurements
in the limit of dilute magnetic impurities can be used to detect symmetry fractionalization in gapped Z, spin

liquids.

I. INTRODUCTION

Quantum spin liquids (QSLs) [1-3] have attracted much
interests in the past few decades due to its exotic proper-
ties transcending the Landau scheme of symmetry breaking.
In particular, the presence of anyons which obey fractional
statistics[4], is among the most exciting manifestations of the
topological order and long-range entanglement in QSLs[5, 6],
with potential applications in topological quantum computa-
tions [7]. A number of QSL candidate materials with vari-
ous crystalline symmetries have been discovered experimen-
tally [3, 8-10].

Meanwhile, there is a gap between theoretical diagnosis
and experimental measurements to identify QSLs. On one
hand, various theoretically computable quantities has been
proposed to sharply characterize topological orders, such as
the topological entanglement entropy[11, 12] and modular
matrices[13, 14]. On the other hand, most existing exper-
iments aim at ruling out long-range orders in the low tem-
perature, deterred by the difficulty of directly probing unique
features of QSLs. In particular, compared to gapless U(1)
spin liquids with clear signatures in inelastic neutron scat-
tering (INS) [15] or thermal transport [3, 8], a gapped sym-
metric QSL is more featureless and harder to detect ex-
perimentally. While the long-range entanglement and frac-
tional statistics, as a definitive character of topological or-
ders, is difficult to access experimentally, the fractional sym-
metry quantum number[16] (formally known as symmetry
fractionalization[5, 17-20]) of anyons provide extra features
to characterize and identify the topological order, which is
usually easier to probe experimentally. In the well known
example of fractional quantum Hall effects (FQHEs), in-
deed the fractional charge is experimentally observed in the
nineties, much earlier than the recently confirmed fractional
statistics[21]. One question arises naturally: can symmetry
fractionalization be experimentally detected as a direct evi-
dence for a QSL state?

For gapped QSLs, which is the focus of this work, there
are two major challenges to experimental detection of frac-
tionalization. First of all, the fractionalized excitations such
as spinons are charge neutral, therefore insensitive to charge
transport probes which played a crucial role in identifying
fractionalization in FQHEs[21]. Secondly, a gapped sym-

metric QSL usually has no features both in the bulk and
on the boundary, making it very hard to access experimen-
tally. This is unlike the U(1) spin liquids, whose gapless
excitations can be probed by INS in the case of emergent
photons[15], or thermal transport in the case of spinon Fermi
surfaces[3, 8]. Is it possible to experimentally identify a
gapped QSL? Previously, INS spectroscopy has been pro-
posed to exhibit features of fractional statistics[22] and spinon
symmetry fractionalization[5, 23]. In this work, we look into
magnetic impurities and Kondo effects in gapped QSLs, and
show that they can provide distinct thermodynamic signatures
of symmetry frationalization in QSLs, in the Kondo screening
regime.

The Kondo effect in QSLs has previously been studied both
in theories [24-31] and in experiments [32—-34], focusing on
gapless QSLs. In this paper, we explore the Kondo effect in
gapped Z, QSLs. Similar to the distinctions between Kondo
effects in metals and in insulators (with a vanishing density of
states), the Kondo effect in gapped Z, QSLs differs qualita-
tively from gapless QSLs. In particular, due to the energy gap
for spinon excitations, there is a finite threshold of Kondo cou-
pling strength to screen the magnetic impurity[35—40]. Most
remarkably, we find that when a half-integer-spin impurity
is placed at a high-symmetry location in the crystal hosting
a gapped Z, QSL, the Kondo screening phase will feature a
non-Kramers doublet localized at the impurity site, protected
by fractionalized crystalline symmetries in the Z, QSL. This
symmetry protected degeneracy lead to distinct signatures in
the thermodynamics, such as specific heat, which can serve as
“smoking gun” evidence for symmetry fractionalization in a
gapped QSL. This phenomena is demonstrated by an exactly
solvable model and large-N parton mean-field theory, which
agree with each other.

II. MAIN RESULTS

We first present the major results in Fig. 1 and TABLEs
I-III. Consider a gapped symmetric Z, spin liquid on a two-
dimensional lattice, whose Hilbert space consists of a spin-
1/2 (or a Kramers doublet) on each lattice site. A spin-1/2
magnetic impurity located at certain high-symmetry position
of the lattice can be used to diagnose the symmetry fractional-
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FIG. 1: High-symmetry impurity sites that can be used to
detect the symmetry fractionalization of spinons in a gapped
symmetric Z, spin liquid, on the (a) square, (b) kagome and

(c) triangular lattices in two dimensions.

ization class[17-19] of the Z, spin liquid phase. Specifically,
when such a magnetic impurity is coupled symmetrically to
the Z, spin liquid, in the Kondo screening regime, there may
or may not be a two-fold degeneracy (a non-Kramers doublet)
protected by the crystalline symmetry of the impurity site, de-
pending on the fractionalization class of spinons in the Z, spin
liquid.

Fig. 1 illustrates the three lattices enumerated in this work,
i.e. the square, kagome and triangular lattices. In the pres-
ence of S O(3) spin rotational symmetry, the classification of
symmetric Z, spin liquids on these lattices[41, 42] are sum-
marized in TABLE I-1II. A part of the symmetry fractionaliza-
tion data can be detected by presence/absence of non-Kramers
doublets for Kondo-screened magnetic impurities located at
different high-symmetry sites, such as a plaquette center, a
nearest-neighbor link center, or on a mirror plane.
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TABLE I: All gapped Z;, spin liquids of spin-1/2’s on the
square lattice (G = p4m X ZZT ), characterized by 26
fractionalization classes[41, 42], and their realizations in the
Schwinger boson[43] and Abrikosov fermion[5]
representations. 3 of the 6 independent Z, invariants can be
detected by magnetic impurities located at A, B and C sites
in Fig. 1(a).

In a gapped system with a vanishing density of states, a
finite Kondo coupling strength is required to enter the Kondo
screening regime[35-40], where the system typically reaches
a featureless paramagnetic ground state. The proposed non-
Kramers doublet protected by crystalline symmetries at the
impurity site of the Z, spin liquid is therefore a striking and
unusual phenomenon. Below we describe the physical picture
behind this observation.

A gapped Z, spin liquid hosts three types of anyons (or
superselection sectors): bosonic spinon e, vison m, and their
bound state € = e X m known as a fermionic spinon[47]. In a

Algebraic identity |w € H*(G, A)| w[43] | wf[5] |Impurity site
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TABLE II: All gapped Z, spin liquids of spin-1/2’s on the
kagome lattice (G = pbmm X Z;r ), characterized by 23
fractionalization classes[41, 42], and their realizations in the
Schwinger boson[44] and Abrikosov fermion[45]
representations. 1 of the 3 independent Z, invariants can be
detected by magnetic impurities located at A site in Fig. 1(b).
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TABLE III: All gapped Z, spin liquids of spin-1/2’s on the
triangular lattice (G = pbmm X Z;r ), characterized by 23
fractionalization classes[41, 42], and their realizations in the
Schwinger boson[44] and Abrikosov fermion[46]
representations. 1 of the 3 independent Z, invariants can be
detected by magnetic impurities located at A site in Fig. 1(c).

symmetric Z, spin liquid on a lattice with an odd number of
spin-1/2’s in each unit cell, spinons e and € must carry spin-
1/2 each, while vison m is spinless[48]. As a result, when a
spin-1/2 magnetic impurity is coupled to such a Z, spin liquid,
to reach a spin-singlet ground state, it can only be screened by
a spinon e or €. The same conclusion holds if we replace spin-
1/2 by a Kramers doublet with 72 = —1 in the argument.

In the presence of crystalline and time reversal symme-
tries, different gapped Z, spin liquids are distinguished by
their symmetry fractionalization classes, classified by 2nd
group cohomology H*(G,A), where the symmetry group
isG = SG X ZZT (SG being the space group), and A =
Z,; X Z; is the fusion group of Abelian anyons in the Z, spin
liquid[17]. Thanks to the SO(3) spin rotational symmetry,
the vison fractionalization class is uniquely fixed on the three
lattices[49, 50], leading to the classification shown in Table
[-11[41, 42], characterized by projective representations of
G carried by spinons. Consequently, the singlet bound state
formed by the impurity spin and the screening cloud of spinon
can carry a projective representation of the impurity site sym-
metry group. This leads to the non-Kramers degeneracy at the
impurity site, protected by both crystalline and time reversal
symmetries.

There are two types of impurity sites of particular inter-
ests to this work: (i) the impurity site lies at the intersection
of two mirror planes, such as site A and C in Fig.1; (ii) the
impurity site lies on a mirror plane, such as site B in Fig.
1. In case (i), since the two mirror symmetries M, and M,
commute in the Hilbert space of the impurity spin, if they
anticommute on the spinon screening the impurity spin (i.e.
wym, m,/Wm,m, = —1), the bound state of impurity spin-1/2
and spinon will carry a projective representation of the site



symmetry group G, = Zéw* X Zéw"’, leading to a 2-fold de-
generacy protected by the mirror symmetries. On the other
hand, if the two mirror actions commute on the spinon (i.e.
wm m,/wym,m, = +1), the bound state will carry a linear
representation of the site symmetry and hence no degener-
acy in the screening regime. In case (ii), the impurity spin-
1/2 on a mirror (M,) plane carries a projective representation
(M, 7)? = —1. If the spinon screening the impurity carry a
linear representation with wy 7y = +1, their bound state
forms a A})m]ective representation of the site symmetry group
G, X ZT leading to a 2-fold non-Kramers degeneracy
protected by both mirror M, and time reversal symmetries. In
contrary, if the spinon carries a projective representation with
wm s m7 = —1, the bound state would instead form a lin-
ear representation (M,7)*> = +1 with no degeneracy in the
screened phase. This shows how the response of a Z, spin lig-
uid to impurity spin-1/2’s can diagnose a part of the spinon
fractionalization data in the spin liquid phase, as summarized
in Table I-III.

FIG. 2: An exactly solvable model for a spin-1/2 impurity in
a Z, spin liquid with S U(2) symmetry. The squares on link
centers are qubits in the toric code[47]. Each black dot on a

star/vertex represents a Hilbert space of spin 0@ 1/2. The red

dot denotes the spin-1/2 impurity with a site symmetry

G —Z ><Z "[51].

III. METHODS

We use two methods to demonstrate the symmetry-
protected non-Kramers degeneracy induced by a spin-1/2 im-
purity in Z, spin liquids, in the Kondo screening regime. We
focus on case (i) of impurity site symmetry G, = Zé”" X Z;W ”,
where the impurity spin-1/2 lies at the intersection of two mir-
ror planes M, ,. First we construct an exactly solvable model
by modifying the toric code, to show the exact degeneracy
protected by two mirror symmetries. Next we use the large-N
approach to solve the Kondo problem in a symmetric Z, spin
liquid, and to compute the temperature dependence of ther-
modynamic quantities.

First we present an exactly solvable model illustrated in Fig.

2. The bulk Z, spin liquid is described by:
I:Ibulk == ZAS‘ - ZBp
s P

_ (1
—ZA[(AS; Dps=0+Y ZAS)PS(S = 1/2)]

where A and B, are the star and plaquette operators in Ki-
taev’s toric code[47]. In addition to one qubits on each link,
there is a 3-dimensional Hilbert space of spin 0 & % on each
site/vertex (see Fig. 2). In the limit A > 1, each e and € par-
ticle will carry spin-1/2 of the site/vertex Hilbert space, while
m particles are spinless. The fractionalization class associated

. . . . M, .
with the impurity site symmetry group G, = Zé"* X Zy" is

given by[17]
(4 71 €
Cu.m,  Pum “p,.u,
— = — = +1, - =-1. 2)
Cumm, Cmym, .M,

Next we introduce a spin-1/2 impurity located at the center of
plaquette (1234) in Fig. 2, which is coupled to the bulk spin
liquid as follows:

4
Hipp=J Z S-S imp+E(A) +Az+As+A4—3) +AB,[1234]

i=1
3)
In addition to the usual Kondo coupling J, we also introduce
(i) a Coulomb repulsion E. for spinons, which makes sure the
impurity is screened by one spinon, and (ii) an energy A, cou-
pled to the plaquette opeartor on plaquette [1234], to control
which type of spinons (e vs. €) will screen the impurity spin.
Assuming E. > 1,J, the Kondo screening regime happens
when J > 4/3, leading to 4 degenerate states in the low energy
manifold where a single spinon is located at one neighboring
site (out of 1,2,3,4). When A, < 1, the bosonic spinons cost
less energy and will screen the impurity, and the 4-fold de-
generate can be completely lifted with a unique paramagnetic
ground state without breaking any symmetry[51]. This is con-
sistent with the trivial fractionalization class of e particles in
(2). When A, > 1, however, the fermionic spinons cost lower
energy and are responsible for the Kondo screening. As de-
tailed in supplemental materials[51], the 4-dimensional low
energy space can be split into two doublets, each of which
form an irreducible projective representation of the impurity
site symmetry group G, = Zg/l“ X Z;W"'. As a result, a 2-
fold degeneracy protected by two mirror symmetries M, will
emerge in the Kondo screening regime, as indicated by the
nontrivial fractionalization class (2) of € particles. Therefore
we have demonstrated the correspondence between nontrivial
fractionalization class of spinons screening the impurity, and
protected 2-fold degeneracy in the Kondo screening regime.
Next we use a large-N mean field theory to solve the Kondo
problem in symmetric Z, spin liquids. Both the bulk and im-
purity spins are represented by fermonic partons with § p(2N)
symmetry[52]:
'eh @
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FIG. 3: The temperature dependence of (a) uniform magnetic
susceptibility y(7") and (b) entropy S (T") contributed by
Kondo impurities in different regimes: the unscreened regime
of free moments at the impurity sites (green), the Kondo
screening regime in Z, spin liquids with a trivial (blue) vs.
nontrivial (red) spinon fractionalization class. The
calculations are performed for two distant impurities with

site symmetry G = Zéu" X Z;W " on a 20 x 20 lattice[51].

with 1 < a,b < N. They reduce to the familiar S U(2) spin-
1/2 case when N = 1. The model consists of a Z, spin liquid
in the bulk described by parton mean-field ansatz of S p(2N)
partons

N
Hpur = Z Z Ji,jwf’Tui,jlﬂ? + h.c. (3)

a=1 i

where we denote y¢ = (cj’T,cﬂ)T, and the Kondo coupling
between a S p(2N) impurity spin and its neighboring spins:

Hipp = Z %ij” -8+ %(s?b - sbe Y2 (6)
imp)

As detailed in supplemental materials[51], the bulk parton
ansatz can be exactly realized in solvable models in anal-
ogy to Kitaev’s honeycomb model[53], and choosing differ-
ent link parameters {u;;} can lead to either trivial or nontriv-
ial fractionalization classes for fermionic spinons {¢/¢}, with
MxMyM;lMy‘ = +1. A self-consistent mean-field calcu-
lation, which becomes exact in the large N limit, reveals a
Kondo screening phase separated from the unscreened phase
by a Kondo temperature Tx(J), for Kondo couplings beyond
a finite threshold J > J.[51]. In the Kondo screening regime
with T < Tg(J), while the trivial fractionalization class
M xMyM;lMy’ !'= +1) shows a unique paramagnetic ground
state, the nontrivial fractionalization class (M xMyM;IM}T 1=
—1) exhibits two degenerate ground states which cannot be
mixed by any local perturbations preserving mirror symme-
tries M, ,[51]. This again demonstrated our conclusion, that
a nontrivial spinon fractionalization class will lead to symme-
try protected zero modes localized at high-symmetry impurity
sites.

IV. EXPERIMENTAL IMPLICATIONS

The large-N mean field theory also allows us to predict dis-
tinct experimental signatures of the anomalous Kondo screen-

ing phase described above. The temperature dependence of
uniform magnetic susceptibility y(7') and the entropy S(T) =

fOT @dr are shown in Fig. 3. The shown impurity contri-
bution shown in the figure susceptibility y(7') and specific
heat C,(T'), by subtracting the bulk contribution of Hamil-
tonian Hp, from the total amount of Hp,y + Hj,,. Three
different regimes can be differentiated from each other by in-
specting the susceptibility and entropy (by integrating the spe-
cific heat) at low temperatures: (i) In the unscreened regime,
the magnetic impurity behaves as a free moment, leading to
x(T) ~ 1/T and a finite entropy of kg In2 per impurity, col-
ored green in Fig. 3. (ii) In the Kondo screening regime,
for Z, spin liquid with trivial fractionalization class, Kondo
screening leaves a unique paramagnetic ground state below
the Kondo temperature, and therefore exponentially decaying
thermodynamic responses y(7), C,(T) ~ e /%7 as colored
blue in Fig. 3. (iii) A Z; spin liquid with a nontrivial fraction-
alization class, on the other hand, features a symmetry pro-
tected non-Kramers doublet (2-fold degeneracy) localized at
each impurity site in the Kondo screening regime. As a result,
while the susceptiblity vanishes exponentially at low temper-
atures y(T) ~ ek there is a low energy entropy of kpIn2
per impurity below the Kondo temperature, as colored red in
Fig. 3. The sharp differences between the three scenarios pro-
vide clear experimental features to detect a gapped Z, spin
liquid with a nontrivial symmetry fractionalization class for
spinons.

Theoretically we only discussed the case of isolated impuri-
ties in the large-N self-consistent mean-field theory described
earlier. In real materials, we expect our predictions in Fig. 3 to
hold in the case of dilute magnetic impurities, where the aver-
age distance r between neighboring impurities is much larger
than the bulk correlation length ¢ of the gapped spin liquid. In
this case, the splitting of the symmetry protected zero modes
localized at impurity sites will be small ~ Je~¢"/¢, where Cy
is a constant of order one. This will lead to a peak in specific
heat at low temperature T ~ Je~C0/%,

V. CONCLUDING REMARKS

In this work, we show that when magnetic impurities with
half integer spins are coupled to symmetric Z, spin liquids in
an isotropic magnet with S U(2) symmetry, a spinon will form
a singlet bound state with the impurity in the Kondo screening
regime. This bound state will feature a symmetry protected
2-fold degeneracy, if the spinon fractionalization class of the
impurity site symmetry is nontrivial, therefore leading to a
non-Kramers doublet localized at the impurity site. We fur-
ther show that this local degeneracy in the Kondo screening
regime can be distinguished from other scenarios by the low
temperature behaviors of magnetic susceptibiltiy and specific
heat, hence unveiling a new way to detect symmetry fraction-
alization in QSLs.

In the future, it will be insightful to apply the new angle
proposed in this work to examine the candidate materials of
QSLs, where magnetic impurities are known to exist at high
symmetry sites e.g. in Herbertsmithite[54]. Theoretically, this



work also provides a new idea to probe fractionalization in
models of strongly correlated electrons, by studying the im-
purity problem e.g. using numerical methods.
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Supplemental materials

Appendix A: A brief review of symmetry fractionalization in Z, spin liquids

Below we provide a brief summary on the classification of gapped symmetric Z, spin liquids on the square lattice, with a
single spin-1/2 on each site.

Most generally, given a topological order described by a unitary modular tensor category C, a G-symmetry enriched topolog-
ical (SET) phase is mathematically classified by symmetry action p : G — Aut(C), and twisted group cohomology (H/f(G, A)
where A represents all Abelian anyons in category C[17-19]. In the special case where symmetries do not permute different
anyons in C, different SET phases are classified by group cohomology H?(G, A), which characterizes the symmetry fractional-
ization in the SET phase[17]. Physically, the localized symmetry {U,|g € G} on the anyons form a projective representation[5]
of the symmetry group G:

UgUh = wg,hUg,h, Wg e A. (Al)

Acting on anyon a, the product of U, and U}, actions differ from Uy, action by a U(1) phase given by the braiding phase between
anyon a and Abelion anyon w, ;:

a _ S a,wgﬁh

=5 e U(1) (A2)

w

where S, is the modular S matrix of topological order C.

1. Square lattice

As illustrated in Fig. 4, the space group symmetry p4m of the square lattice is generated by translation 7', site-centered 4-fold
rotation C4 and mirror reflection o. All other symmetry elements can be generated by them, for example in Fig. 4

T, = C4T1C;, (A3)
M, = To, (A4)
R, = 0Cy, (AS)

M, = C4M,C; . (A6)

The full symmetry group is the product of space group symmetry pdm, time reversal symmetry Z7 , and the spin rotational
symmetry S O(3). On a square lattice of spin-1/2’s, the symmetry action of spin rotations is fixed by the symmetry and Hilbert
space in a relatively simple fashion: e and € particles each carry spin-1/2, while m particles carry spin-0. We consider the rest of
the symmetry group G = p4m X ZZT , where the symmetry fractionalization classes of Z, spin liquids are classified by 2nd group
cohomology

HXG, A =7, x Z,) = [H*G, Z»)] (A7)

Here A is the fusion of Abelian anyons in a Z, spin liquid. Each one of the two [w] € H (G, Z,) classes can be viewed as the
classification for symmetry fractionalization on a specific anyon, for example [w°] for bosonic spinon e and [w®] for fermionic
spinon €. The associated symmetry fractionalization class for the vison m = e X € can be obtained by the fusion rule:

Wy = W e ,wi(gh), ¥ g heG. (A8)

where [w;(g, h) = =1] are a set of twist factors determined by the symmetry group and the underlying topological order.

As shown in Table IV, the different cohomology classes of H*(G,Z>) = (Z,)' are characterized by 10 different Z,-valued
invariants[17]. Naively, there will be 20 independent Z, invariants, 9 for bosonic spinons [w°] and 10 for fermionic spinons
[w€]. Luckily, as we will see below, the S O(3) spin rotational symmetry and spin-1/2 Hilbert space fix 14 of them and reduce
everything to only 6 independent Z, invariants[50], summarized in Table IV.

First, similar to the S O(3) spin rotational symmetry, the time reversal symmetry action is fixed by the Hilbert space: e and €
are Kramers doublets with 72 = —1, while each m is a spin-0 particle with 72 = +1[17]. Secondly, the S O(3) spin rotational
symmetry completely fix the vison fractionalization class [w™][49], as shown in Table I'V. This means only the fermionic spinon
fractionalization class [w€] is labeled by independent invariants, and it fully determines the bosonic spinon fractionalization class
[w®] by fusion rule (A8). Finally, for a gapped Z, spin liquid, the spin-1/2 Hilbert space per site further fixes (M7)? = wyg ys =
—1 on spinons e and €, as long as the reflection plane M crosses an odd number of sites per unit cell[41, 42]. A similar conclusion



My

A \‘ny =0C4

7
s
’
s
’
,
s

Sy,

2

|
|
I
T
|
|
I
I
|
|
|
|
7

,
, I
4 |

,

. |
. |
- |
|
|
|
I
|
|
|
|

—>T1

FIG. 4: Space group symmetries of the square lattice.

Algebraic identities | [w] € H’ 2(G,A)| w43] w[5] w™[49]| Twist factor w,[17, 50]
72 Wy -1 -1 1 1
T\TT;'T;' o (—1 My -1 1
o? W (=1)P4 Mo 1 -1
(ocT) WoT 0T -1 oo = =1 1 1
(M,)? Wiy M, (=1)ypaep Do Nxpx 1 -1
(M, T)? R (G Vi B e T i/ 1
(Cy0)? WeyoCaor (=1)pare NoTlocy 1 -1
(Cao T )2 WC,0T ,ChoT -1 —NoNoTNocyNc, 7 = -1 1 1
MoM;'o™! e (- Mapy 1 -1
€7y W(CH2T (Ca*T -1 ~Mc, = ~1 -1 -1

TABLE IV: The classification of gapped Z, spin liquids of spin-1/2’s on the square lattice, characterized by 6 independent
Z,-valued invariants[41, 43], and their realizations in the Schwinger boson[43] and Abrikosov fermion[5] representations.

can be made for a 2-fold rotation (or inversion) /; centered on a lattice site (with a spin-1/2 on it): (1,7 )2 = wrg g = —1 for
an arbitrary anyon carrying spin-1/2[41, 42]. For fermionic spinons, this means 1, = 1757, ¢, = 1c,7> and nj¢c, = 1. Therefore
we reach the 6 independent Z, invariants[41] summarized in Table 1.

Below we make a few comments on the relation between different algebraic identities in the cohomology class, to elaborate
on how Table I is obtained from Table IV. First, for elements w € H?*(G, Z,), we have

W(CPT(CaPT = WCa2(CPWT.T (A9)
hence the identity (C4)* = e does not give rise to an extra invariant beyond Table IV. For spinons, this also indicates that

e,€ —_
Dy = 1 (A10)

Another algebraic relation is that
WM.M, W11,

= Ha)c 2 (Cy)? (Al 1)
WO, T, (C4)*,(Cs)

(23

(Coricoy = 1o we therefore have

and hence MXM),M;IM; !"does not give rise to a new invariant. For spinons with w

e,
Cmom, @71,
e,€ —  ee
Wy,m,  “r1

(A12)

as reported in Table I.



FIG. 5: Space group symmetries of the kagome and triangular lattices.

2. Kaogme and triangular lattices

Algebraic identities | [w] € H(G, A)| w44] we[45] w™[49]| Twist factor w,[50, 55]

72 Wy -1 -1 1 1
T\T,T;'T;! % (=17 Mo -1 1
(R, WR, R, (=12 Noloce 1 -1
RT)? WR,TRyT -1 —NeNo7NocsNcer = —1 1 1

(R? WR, R, (=1)yp2rrs Ne 1 -1
RT)? WR.T R T -1 —Nollor = —1 1 1
M.R,M;'R;" ij—ﬂ’; 1 Matlcgloc, = 1 -1 -1

TABLE V: The classification of gapped Z, spin liquids of spin-1/2’s on the kagome lattice, characterized by 3 independent
Z»-valued invariants[41, 42], and their realizations in the Schwinger boson[44] and Abrikosov fermion[45] representations.

Similar to the case of spin-1/2’s on the square lattice, one can also classify symmetric Z, spin liquids of spin-1/2’s on the
kagome and triangular lattices. Here we briefly review the classification results reported previously in Ref.[41, 42].

In the case of spin-1/2’s on the kagome lattice, the space group is p6mm, generated by translation 7', hexagon-centered 6-fold
rotation Ce and mirror reflection Ry. The other symmetries shown in Fig. 5 can be generated as follows:

Ty = CsT Co', (A13)
R, = (Co)’Ry, (A14)
M, = TiR.. (A15)

We consider the symmetry group G = pbmm X ZZT in addition to S O(3) spin rotational symmetry. The 2nd group cohomology
has H?*(G, Z,) = (Z,)" different classes (see the 7 rows in Table V), naively leading to (Z,)'* different fractionalization classes.
For spin-1/2’s on the kagome lattice with the S O(3) spin rotational symmetries, again we can fix many of the cohomology
classes and reduce the final classification to only 23 = 8 distinct symmetric Z, spin liquids[41, 42]. They are characterized by
three Z,-valued invariants, as summarized in TABLE V.

In particular, since both reflection planes R, (see Fig. 5) cross one site per unit cell, we have

e,€ e,€ 1

WrrRrRT = YRTRT T T (A16)



for bosonic spinon e and fermionic spinon e. Meanwhile, since reflection planes M, = TR, and R, intersect at one site, we have

we,e
e =+l (A17)

We M,
for both e and m. As a result, for the two reflections plane R, and Ry, using the following identity

WMm.R, _ WM.R, WTT,

(A18)

WR,, M, WR, M, WT,T,
we have

(X3 :
@y R, W7

(A19)

e.€
Wrom, YT

as reported in Table II.

Algebraic identities |[w] € H*(G,A)| w[44] w[46] w™[49]| Twist factor w,[50, 55]
Vi Wrs -1 -1 1 1
TszTl_sz_l :)2—2 =D M2 -1 1
0—2 Weor (_ 1 )Pz No 1 -1
(0-‘7-)2 WoT 0T -1 “NoNloT = -1 1 1
R? WRR (=1)r2*rs TNoce 1 -1
(RT ) WRT RT =1 | NocsNorncer = -1 1 1
oRo'R™! ﬁ 1 NoTlcglocs = 1 -1 -1

TABLE VI: The classification of gapped Z; spin liquids of spin-1/2’s on the triangular lattice, characterized by 3 independent
Z,-valued invariants[41, 42], and their realizations in the Schwinger boson[44] and Abrikosov fermion[46] representations.

In the case of the triangular lattice, the space group is still p6mm with the same G = pbmm X Z'ZT . The spin-1/2’s however are
located at different Wyckoft sites compared to the kagome lattice. As shown in Fig. 5, the space group is generated by translation
T,, site-centered 6-fold rotation C¢ and mirror reflection R. The other symmetries in Fig. 5 can be generated as

o = (Ce)’R, (A20)
T, =0T0", (A21)
M, =T T)R. (A22)

Completely in parallel to the kagome lattice case, one can show the H?*(G,A) = (Z,)'* cohomology classes summarized
in Table VI can be reduced to 2° distinct symmetric Z, spin liquids, by requiring a spectrum gap and S O(3) spin rotational
symmetry[41, 42]. They are listed in Table III. In particular, following the group cohomology identity:

WoM, WgRr WT,\T,

= . (A23)
wM).,a' wR,o‘ sz,T]
we have
e,€ e.€
w 79 )
oM, .1,
e —  ee (A24)
Wy o Y
as reported in Table II1.

Appendix B: Exactly solvable model

We use an exactly solvable model with spin-1/2 spinon excitations to illustrate the symmetry protected non-Kramers doublet
localized at the impurity, in the Kondo screening phase. The model is based on Kitaev’s toric code on the square lattice, with
four types of topological excitations, including the trivial sector 1, bosonic spinon e, vison m, and fermionic spinon € = exXm. To
incorporate the S U(2) symmetry, we revise the toric code to construct a Z, spin liquid where e, € excitations each carry spin-1/2.
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FIG. 6: An exactly solvable model for a spin-1/2 impurity in a Z, spin liquid with S U(2) symmetry. The squares on link
centers are qubits in the toric code[47]. Each black dot on a star/vertex represents a Hilbert space of spin 0 @ 1/2. The red dot

denotes the spin-1/2 impurity with a site symmetry G, = Zé”" X ZM"', which is coupled to four neighboring spin-1/2’s.

The Hilbert space of our model consists of two parts in the bulk, as shown in Fig. 6. Each squares on link center represents a
qubit interacting with each other as in the toric code[47]. Each black dots on the vertices stands for a three dimensional linear
space constructed as spin 0@ 1/2. This Hilbert space allows us to attach a spin 1/2 to each e particle on the vertex. In the ground
state, every vertex spin is in the spin-0 state, but if there is a e excitation on a vertex, the vertex state is switched into spin-1/2.
The red dot represents a spin-1/2 impurity interacting with four nearest spin-1/2’s.

To be more specific, the model is

N Ag+1 1-A;
A== A= By~ 3 AT D ps =0+ Eo2p 5 = 172) B1)
s P s

where s means star (or vertex) and p means plaquette on the square lattice of solid lines. A, and B, are corresponding star term

and plaquette term in the toric code[47]:
A, = ]_[a;, B, = ]—[ o (B2)
JES Jjep

The second part of Hamiltonian describes the coupling between spins and the toric code model. We assume A > 1. P,(S = 0)
means projection operator on vertex s into S = 0 subspace if A; = 1 or no e excitation. Otherwise, if A; = —1, the § = 1/2
subspace has a lower energy because of the A term. Note the difference between capital P, S and p, s. They have very different
meanings here.

The S U(2) symmetry is implemented in the Hilbert space of spin 0 & 1/2 on each vertex. The model shares the same ground
state as toric code where all vertex spins are in the spin-0 state. If we choose a very large A > 1, the low energy excitations are
spin-0 m particles, and e, € particles each carry spin-1/2. This model preserves two mirror symmetries M, M, shown as dotted

line in Fig. 6. The symmetry fractionalization class regarding the site symmetry G, = Zéw * X Zéw " is given by[17]

= =], = (B3)
My M, My, M My M,

In other words, only the fermionic spinon € has a nontrivial fractionalization class associated with two mirror symmetries M, ,.
The coupling between impurity and bulk also preserves S U(2) symmetry. To start, we couple the spin-1/2 impurity to the
four nearly spin-1/2 degrees of freedom in the bulk with antiferromagnetic Heisenberg terms:

Hinp=J )" ;- Simy (B4)

(i,imp)
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where i is summed over four spins closest to the impurity. When J is positive, impurity couples to bulk spins antiferromagneti-
cally. The full Hamiltonian is

H= ﬁbulk + I:Iimp (BS)

Now we study the ground state with an impurity. When J is small, the impurity spin remains an unscreened spin-1/2, and
the decoupled bulk stays in the original ground state as the toric code. This is the unscreened phase. When J > 8/9, the system
enters into a new phase where H;,, is minimized. Since the impurity attracts four spin-1/2 e particles around it, this is an
overscreened phase.

|Goverscreened? = le1, €2, €3,€4) ® S 10 = 3/2,54=2, Simp = 1/2> (B6)

Here, e;,i = 1---4 means four e particles on vertices 1 - - - 4. There are two good quantum numbers to label the ground state: S4
denotes the total spin of four spin 1/2, §,,, means the total spin of the whole system.

In order to achieve a Kondo screening phase with a paramagnetic ground state, we add another coupling to the impurity
Hamiltonian:

H;,, = Hip + Ec(A + Ay + Az + Ay = 3)? (B7)

where A; denotes the vertex term (B2) on vertex i. The second term can be viewed as a Coulomb repulsion of strength E, > 0
for spinons near the impurity site, since (A; + A, + A3 + A4 — 3)? is minimized when there is no e particles or only one e particle.
Let’s assume E > 1,J. When J > 4/3, in the ground state the impurity spin-1/2 favors to form a singlet bound state with one e
particle from the bulk, which also brings a spin-1/2 at one neighboring site of the impurity.

1Gi) = le) ® (| Tidimp) = | LiTimp)) (B8)

Here i can be 1---4. | 1T;) means the vertex i is in the spin-up state in the 3-dimensional space. The ground state is four fold
degenerate. In particular, if we choose the following gauge

le2) = oyler), les) = o 0050er),  lea) = oyler) (B9)

the four degenerate states transform under crystal symmetries as follows:

001 0
. 010 0 _
G 2 ¥, UM G, UM,) = L oo 0 = U N(Co)UM,)U(Cy), (B10)
00 0 B,[1234]
10 0 0
M, 00 0 1
G; - UM, Gy, UM, = ’ Bl
G — Z;UMIG)), UMy =] - B,[1234] 0 ®ib
01 0 0
010 0
‘. 001 0
G oG, U BI2
Gy = 2, UCIG. UCD=1 0 0 p 11234) e
100 0

where Cy is the 4-fold rotation around the plaquette center (i.e. the impurity site). We have defined the Z,-valued variable:
B,[1234] = (Ep[1234]) =(0]0},05,0%,05,10) = +1 (B13)

where |0) is the ground state of the bulk model (B1), and f?p[1234] is the plaquette term for the plaquette including sites 1,2, 3, 4.
It is instructive to work in the basis of Ceigenstates and we shall follow this strategy in the following calculations.

In the case of B,[1234] = +1, the C, eigenstate |n) with eigenvalue ¢/ is given by
1<
n=0.1.2.3)= 5 > "VG)) (B14)

1
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In this case both |z = 0) and |n = 2) states are invariant under M, , operations and hence can be the unique ground state of the
system. For example, to select [n = 0) = ;|G )/4 as the unique ground state, we can add the following perturbation

AHpp = =V 31GiXGis1| + h.c.
=-VYLi, 05 i1 ® LA Tibimp 0ie1) = 1 LiTimp Qe DA Tivt dimp Oil = {Lis1 Timp Oil) + hr.c. ] (B15)
which is symmetric w.r.t. all site symmetries at the impurity site. In the presence of this term, in the Kondo screened phase, the
system will have a unique paramagnetic ground state with no protected degeneracy at the impurity site.

In the case of B,[1234] = —1 which implies one m particle present in the plaquette, on the other hand, the anyon screening
the spin-1/2 impurity is not e, but instead a fermionic spinon € = e X m. This can be achieved by adding one extra term to (B7)

H! =H, +A-B,[1234] (B16)

imp imp

When A, > 1, the ground state of the impurity Hamiltonian would favor the low energy fermionic spinon € over bosonic spinon
e, and therefore screen the impurity spin-1/2 by one € particle. We can similarly label the 4 ground states in the low-energy
manifold of the full Hamiltonian Hy,; + H! as

imp
1G> =l ® (| Tilimp) = | LiTimp)) (B17)

Choosing the same gauge, their symmetry transformation laws still follow Eqgs. (B10)-(B12). If we label them in the basis of Cy4
eigenstates

Cyl£1) = eiiﬂ/4| £1), |£1)= eii"“|G2>ii|G2)42'€ii3"/4|G3)+\G4>; (B18)

. +i3r/4 - +in/4
Cyl+3) = etz3n/4| +£3), |+3)=¢ \G2>+lle>2+e G3)+1Ga) (B19)

Each of the two doublets, i.e. | + 1) (or | = 3)) forms a 2-dimensional irreducible projective representation of the site symmetry

group G4 = Zé”" X Z,". In particular, in the doublet | + 1) with Cy eigenvalues e*"/*_ the two mirror actions are represented by
Pauli matrices:

ENUM| £ 1) = -0y, (ENUM,)| £ 1) = 0. (B20)

Similarly, in the doublet | + 3) with C4 eigenvalues e*37/4

(3NUM)| £ 3) = -0y, (£3|UM,)| £3) = -0y, (B21)

, the two mirror actions are represented by Pauli matrices:

Indeed M, and M, operations anticommute with each other in each doublet pair, consistent with the fractionalization class
(B3) of fermionic spinon € in the toric code. As a result, any symmetry-preserving local Hamiltonian cannot lift this two-fold
degeneracy, which is protected by two mirror symmetries M, ,.

Appendix C: Large-N theory and thermodynamics

To further illustrate the effect of nontrivial symmetry fractionalization classes on Kondo impurity problem in Z, spin liquids,
from the perspective of parton construction[41], we construct a large-N model for the Kondo impurity problem in a symmetric
Z, spin liquid. We then carry out large-N mean-field calculations to obtain the phase diagram, and the temperature dependence
of thermodynamic quantities including the specific heat (and hence entropy) and uniform susceptibility.

We start from a solvable model similar to Kitaev’s honeycomb model [53] for the bulk Z, spin liquid, where the exact spectrum
of the system is given by parton mean-field ansatz under different Z, flux configurations. In these models, the fractionalization
class [w] € H?(G, z,) of fermionic spinons € manifest itself as a projective symmetry group (PSG)[5] of the symmetry group
G carried by fermionic partons. This model is defined on the square lattice and can support gapped Z, spin liquid ground states
with either nontrivial or trivial PSGs of fermionic partons (or spinons). The model is not exactly solvable anymore after the
impurity spin is added and coupled to the bulk, but we can still obtain analytical results in large-N limit.

1. Single impurity in the S U(2) parton construction

The parton construction of quantum spin liquids[5] provides another aspect to look at the Kondo effect in Z, spin liquids.
We consider a square lattice with a spin-1/2 on each site. In the S U(2) parton (or slave particle) construction, spin 1/2 can be
represented by a doublet of fermions {c7, ¢} on each site with the single occupancy constraint c'T"cT + cIc 1 = 1[5]. In this way,
the physical spin state can be obtained by projecting a many-fermion state into the physical spin Hilbert space, by enforcing the
single-occupancy constraint on each site. Below, we use the S U(2) parton construction on the square lattice, as shown in Fig.7,
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FIG. 7: (Left) A spin-1/2 impurity at a plaquette center on a square lattice, preserving two mirror symmetries M, . (Right) The
spectrum of the parton BdG Hamiltonian with a nontrivial PSG (C1), where two mirror symmetries enforce a pair of zero
modes on an even by even square lattice. Among the 4 many-body states obtained by filling the two zero modes, only the both
filled and the both empty states are physical, corresponding to the unscreened phase with a free spin at the impurity site.

to clarify the physical reason behind the symmetry protected non-Kramers doublet localized at the impurity site, in the Kondo
screening phase.

In the parton construction, in order to obtain a symmetric spin state, the fermion state only needs to be invariant under
symmetry up to a gauge transformation. In other words, the fermions preserve a projetive symmetry group (PGS), which is an
extension of the physical symmetry group by an invariant gauge group (IGG)[5]. The IGG is Z, in our case of Z, spin liquids.
Specifically, we consider two mirror symmetries M,, M,, which always commute with each other in the physical spin system.
However for fermionic spinons with a nontrivial fractionalization class, they satisfy the following PSG:

M MMM = () (C1)

where N is total fermion number operator. In contrast, for a Z, spin liquid with a trivial fractionalization class, the fermionic
spinons satisfy M, M,M;'M;" = 1.
Due to S U(2) spin rotational symmetry, a quadratic mean-field ansatz for a symmetric Z, spin liquid has the following form[5]

H= Z Ji,j(pjui,jl//j + h.c. (C2)
iJ

where we defined 2-component fermions ; = (¢, CI)T. The particle-hole pair y.p with energy E and —E always appears
together in the spectrum of the parton BdG Hamiltonian in the Nambu basis, as guaranteed by time reversal symmetry 7 or spin
rotational symmetry ¢, Both 7~ and ¢ symmetries map ¢ to (c|, —ch = Ty, therefore mapping a mode yz to y' ..

Now we place a spin-1/2 impurity to one plaquette center (see Fig.7) and couple it to neighboring spins. Similar to bulk
spin-1/2’s, the impurity spin-1/2 can also be represented by a doublet of fermions. We consider a N X N square lattice with
N = even, and one impurity at the center the torus. Together with the impurity site, overall there is an odd number of spin-1/2s,
and 2(N? + 1) energy levels in the spectrum of the BAdG Hamiltonian.

In the case of a nontrivial fractionalization class with M, M, M M = (=1)" each energy level in the spectrum of the parton
BdG Hamiltonian must be at least 2-fold degenerate, forming a two dimensional projective representation of mirror symmetries
Zéw*‘ X Zéw"". Here we discuss two different scenarios, corresponding to the unscreened phase and the Kondo screening phase in
the parton construction.

First, if the mean-field ansatz (including impurity) preserves mirror symmetries M, , mentioned above, there must be a pair of
zero modes in the parton BdG spectrum. This is because the each energy level must be 2-fold degenerate due to PSG (C1), and
therefore any particle-hole symmetric spectrum must have N? negative energy levels, N2 positive energy levels, and 2 degenerate
zero modes, as shown in Fig.7. Naively there are four degenerate many-body ground states, because those two zero modes can
be either filled or empty, as shown in Fig. 7. Both filled or both empty in the Nambu basis corresponds to unscreened free spin
T or | state, while filling only one zero mode leads to paramagnetic ground states. Here due to the single occupancy constraint
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on each site, the physical Hilbert space must have an odd number of fermions on a lattice with an odd number of sites, and
hence an even particle number in the Nambu basis. As a result, only the both filled and the both empty states are physical, and
adiabatically connected to the free spin state where partons on the impurity site do not couple to bulk partons in the BdG ansatz.
This corresponds to an unscreened phase with a free spin on the impurity site.

The second scenario is when the parton BdG spectrum is gapped because the mean-field ansatz around the impurity site
spontaneously breaks the mirror symmetries, even though the bulk spin liquid preserves both mirrors. In this case, due to lack
of mirror symmetries in the full BAG ansatz, there should be N2 + 1 negative levels, and N2 + 1 positive ones, and the BdG
spectrum is gapped with a unique many-body ground state. This corresponds to the Kondo screening phase with paramagnetic
ground states. Here we need to consider the two symmetry-breaking mean-field ansatz |A;) and |A;) related by mirror operation
M, (or My). As illustrated in Fig. 10. One can show that due to nontrivial PSG (C1), quantum tunneling between these two
states are forbidden by the mirror symmetries, leading to a 2-fold degeneracy that cannot be lifted by any symmetry-preserving
local Hamiltonian. This exactly corresponds to the mirror symmetry protected non-Kramers doublet at the impurity site, in the
Kondo screening phase. More details will be discussed later in the self-consistent calculations of the S p(2N) model.

For Z, spin liquid with a trivial spinon PSG, i.e. when M XM),M;IM; ! = 1 for partons, the symmetry fractionalization of €
particle is trivial. In this case, the BdG spectrum is generically gapped with N? + 1 positive and negative levels. The unique
ground state preserves both mirror symmetries and is a paramagnet, corresponding to a usual Kondo screening phase, with no
symmetry protected degeneracy. This physical picture based on S U(2) parton construction will be manifested in more detail
soon in the large-N S p(2N) model.

Up to this point, we have only discussed a single spin-1/2 impurity on a lattice with an even number of spin-1/2s. In this
situation, in fact, the Kondo screening phase will also excite another delocalized spinon in the bulk, when one spinon is localized
at the impurity site to form a singlet bound state with the impurity. In a realistic finite size calculation, to achieve a paramagnetic
ground state, we always consider two high-symmetry impurity sites, separated from each other by a largest distance. In this
case, there will be one non-Kramers doublet at each impurity site, in the Kondo screening phase.

2. The S p(2N) model

The full Hamiltonian of the large N theory contains the bulk Z, spin liquid and an impurity coupled to bulk.
H = Hp + Himp (C3)

As shown in Fig. 8, on each site of the two-dimensional square lattice, we define a physical “spin” (more precisely, a qudit)
composed of 2N fermions and 4 Majorana fermions with a total fermion parity constraint shown below. We have 4 Majorana
operators ¢, where i labels lattice sites and @ = 1 - - - 4 labels four species of Majorana fermions on the same site. We also have
N flavors of spin-1/2 complex fermions cf , where i labels lattice sites, @ =T, | labels spin and a = 1--- N labels flavor. The
aforementioned constraint is that the total fermion parity on each site is even:

4
l—[ yw(_l)Zﬁ,vzl(ﬂf}ﬁf,]fu) -1 (C4)

a=1

The solvable model is illustrated in Fig. 8. On each site blue circle represents spin, four small dots represent four Majorana
operators and the big dot at the center represents 2N fermions. Coupling between Majorana operators happens between neigh-
bour sites as shown by solid lines in the Figure. We label two Majorana fermions which forms a dimer between neighboring
sites 7, j as Y and Y, wh defined

»Jjasy; " and y;"7, where we define

ai,i+x)=1 pGi+x) =3
a(i,i+y) =2 pGi+y) =4

ai,i-®=3 BGIi-% =1 (C5)
aGi,i-9H =4 pGi-9 =
The solvable Hamiltonian for the bulk Z, spin liquid is
Hyuw = 1 ) (el ¢ + ief ey + hc)
)
HO L dgleilchy +eifed +he) (C6)

j=iE23+29

+A Z Cchw +g Z O j2llivz ivgaplivees,ivslive,i
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FIG. 8: An illustration of the solvable S p(2N) model of a Z, spin liquid. Each blue circle represents a physical spin composed
of four Majorana operators (small black dots) and 2N complex fermions (big black dot). They live on a square lattice, with the
two mirror symmetries shown by dashed lines. Red dot denotes the impurity and it only couples to the four nearest spins.

The first term is the nearest neighbour coupling of physical spins, where #; ; is a conserved quantity (vector potential of the
emergent Z, gauge field) of this Hamiltonian, defined as[53]

ui,j — i')/?(i’j))/j(i’j) (C7)

Here a(i, j) and B(i, j) are two functions of two nearby sites i, j defined previously. The second term with strength ¢ is inter-
action between 4th nearest neighbours. To construct this interaction terms we also use i; ; for two sites i, j that are not nearest
neighbours. We construct it by multiplying a series of connected nearest neighbor u; js. For example, we define

Wi 425425 = Ui e Uis 2 ix 28 Uis 25,1428+ Uid2549,i428+25 (C8)

We can also change all + sign to — sign before % or § in the equation above to define u;;_o¢.25, U;iv25-29 and u;;_»3_25. The third
term represents for the onsite pairing. The fourth term with a positive g > 0 selects the flux around each plaquette in the ground
state. It is assumed to be much larger than the other 3 terms to make sure that  flux has the lowest energy.

This Hamiltonian preserves time reversal symmetry 7. Time reversal symmetry does not change ¥{" and it is represented as
7 = io®K on the fermions, where o2 is Pauli matrix of spin index and K is the complex conjugation operation. Translational
symmetries T, T, and link centered mirror symmetry M,, M, (labeled in Fig. 8) act conventionally on the lattice site indices
and do not act on the spin indices.

Since the link variables {il; ;} commute with each other and Hamiltonian, they can be diagonalized simultanenously and fixed
to u; j = £1. In the absence of vison excitations, in the ground state with a  flux per plaquette, the effective Hamiltonian of the
bulk for the complex fermions is described by

Hpu = Z Ji,jlﬁ,TMi,j!ﬁj + h.c. (€9
i,j

where
Uiz = itt°
. i, 0
Uijvy = I(=)1T
e (C10)
Ml",' = AT f

_ .3
Ujjr23+25 = 1T

Here, we defined y; = (c;y, cj l)T[S] to write Hp,; in a more compact form. Parameters are chosen as = 0.5,A = 2,¢# = 0.5 to
obtain a gapped Z, spin liquid.
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For the quadratic mean-field ansatz of fermionic partons, symmetries are realized projectively by a PSG[5]. More precisely,
each symmetry is implemented together with a gauge transformation on the partons

Gr(x,y) = (=)™
Gr,(x,y)= (=), Gr,(xy) =1 (C11)
Gu,(x,y) = (=)', Gu(x,y) = (=)

where (x,y) € Z2 labels a site on the square lattice. It is easy to verify that
M MMM = -1 (C12)

This implies a nontrivial fractionalization class (or PSG) of the mirror symmetries M, for fermionic spinons e in the Z, spin
liquid, which plays an important role in the Kondo effect.

For comparison, we can construct another model with a trivial PSG (fractionalization class) of mirror symmetries for fermionic
spinons. Its Hamiltonian has the same form as Eq. C9 and C15, but with a different bulk mean field ansatz

Uijep = T
2 3

Ujjivy = DT +HT

(C13)
Uj; = ATl
Uijssey = 1T :

Its PSG is trivial for all space group symmetries. The following parameter set t; = t, = 0.5, = 0.2, A = 0.5 yields a gapped Z,

spin liquid.

Next, we consider adding the impurity spin and how it is coupled to the bulk spin liquid. We make use of the S p(2N) model
discussed in Ref.[52] with S U(2) gauge structure. This non-Abelian gauge structure makes it possible for the partons on the
impurity site to satisfy PSG relation C12. The S p(2N) impurity spin is represented by N flavor spin 1/2 fermions f¢ with the
following constraint

ffi=N
Jalg€ap = (C14)
Ja akf €ap =

where a = 1--- N labels the flavor index and o =T, | labels the spin index. Repeated indices are summed over in Eq. (C14)

following the Einstein convention. € is antisymmetric tensor.
The coupling between the impurity and bulk Z, spin liquid is

Hinp = ) NS"” Sty + 33 S“b Sk )? (C15)
(jiimp)
where sp(2N) spin S ion the bulk is defined as[52]
a 1 a
gabt = (c Tci’ + c Cl) §abi = E(CT cl; - chcf) (C16)
and the impurity spin S;,,, is defined as
a 1 at T ra T T pra
Simp = 5+ KD Shy = —(ff‘f{’ -1 (C17)

(J, imp) denotes the 4 nearest neighbors j to the impurity site, i.e. impurity is on the center of plaquette with those 4 spins on the
corner, as shown in Fig. 8.

Here, we introduce the J’ term to address a technical issue. With only the J term, the mean field saddle points will be highly
degenerate, which means infinitely many different mean field ansatz share the same ground state energy, an artifact of the J only
mean-field theory. The introduction of J’ term reduces this infinite degeneracy to a finite fold. This technique is introduced in
Ref.[56]. Following the standard procedure, we first perform a Hubbard-Stratonovich transformation on the J’ term and write
Hamiltonian in the basis of fermions as[52]

JA+20;0'/T) f ur aqt ,
Hipp = — Z —](Tli bb ¥ obb ) J(D? C18)

AN J.imp /lmp+ijme]1mp
(jsimp)
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Where,
)?m — Tfa + cana (C19)
Jimp T = 1T B
Winp = i = €Y (€20)

Then, we do Hubbard-Stratonovich transformation to get mean field quadratic Hamitonian and ignore fluctuation of mean field,
the Hamiltonian can be written as

lmp Z -J N(I)2 (lvmj,impl2 + NIXj,imp|2)
(jimp) (C21)

J ~aat
4 Y} I+ 2(1) J /1(77; zmpr]j imp Xj,imp)(j’,'mp +h.c)

Note that our convention is a bit different from Ref.[56]. For simplicity, we define J = J /1 + 2®;J’/J. Because of the constraint
(C14) on the impurity site, we add Lagrangian multipliers a* = a' + ia® and a3. Since the fluctuation can be ignored in the large
N limit, we have

Himp = ) =T N®3 + (N|n,,m,,|2+zvm,m,,|>
(jiimp)

J at rat at pat at ra at pa
- Z(nj,imp(cﬁfl _cjlfT )+Xj,imp(chfT +lefl) +h.C.)
a ra — raty pat 1 at ra at ra
ra [+ a f a1 (C22)

, J
= ). -INOY+ SN Gl i)
(iimp>

+ (‘/’ uj lmpl/’zmp + h. C) + lﬁzmp i .l//;lm]r

Here, we use the notation in Ref.[5]

¥ .
Xj imp TI.IJWIP
!

jimp —X jimp

(C23)

Ujimp =

Combined with the bulk Hamiltonian (C9), we have a quadratic Hamiltonian of fermionic partons. We need to find the mean
field saddle point solution for y, 7 and d that extremizes the free energy. In this case, a saddle point is found where the energy is
the minimum w.r.t. y, 7 and the maximum w.r.t. @ and ®. We obtained the saddle point solution by the gradient descent method.

3. Large-N mean field solutions

Now we discuss the results of our large N mean-field calculations. The result is not sensitive to parameter J’ and we fixed it
to be J* = 1.2J. The realistic situation of a spin-1/2 impurity added to a square lattice of spin-1/2’s is just the N = 1 case of
the S p(2N) model solved here. The main result of interest here, i.e. a symmetry protected non-Kramers doublet localized at the
impurity site, is qualitatively the same for different N € 2Z + 1. Therefore we expect the same observable features of large N
results to also apply to the more realistic situation.

As shown in Fig. 9, the J — T phase diagram features two phases separated by a Kondo temperature Tx(J): (i) the unscreened
phase where the magnetic impurity behaves as a free magnetic moment, at a high temperature T > Tk(J), and (ii) the Kondo
screening phase where the magnetic impurity is screend by spinons, at a low temperature 7' < Tx(J). Note that the Kondo
screening phase only happens when the Kondo coupling J is larger than a finite threshold J,. ~ 5, as expected for Kondo effects
in a gapped bulk[35—-40]. The criteria for the Kondo screening is the magnitude of mean-field parameters |y| and ||. When both
parameters are zero, there is a free spin at the impurity site, pointing to the unscreened phase. When the mean-field parameters
become nonzero, the impurity becomes a part of the bulk spin liquid, with a gapped spectrum for the full Hamiltonian. This
corresponds to the Kondo screening phase.
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FIG. 9: The phase diagram of isolated Kondo impurities in a Z, spin liquid with a nontrivial PSG. There is a Kondo
temperature T'x(J), denoted by the blue line, which separates the unscreened phase at high temperatures and the Kondo
screening phase at low temperatues.

In the Kondo screening phase, we obtain two saddle point solutions that minimize the free energy:

UL 1) imp = uyit”
_ M. W
u(z,l),,-,,,p = $IT - %T
u u
Mmoo M (C24)
V2 V2
U2y imp = UIT"

a=art'

U.2y,imp = —

and

U yimp = ——=T + —=T

U@, 1),imp = U1T
3
U.2),imp = U1T (C25)
up 5 up 3
U2 imp = —=T + —T
V2 V2
a=—art

where (x,y) with x,y = 1,2 labels the four neighboring spins closest to the impurity. #; and a; are two positive numbers that are
functions of J and T. We label there two mean-field ansatz A; and A,. They are related by mirror symmetries M, and M,, as
illustrated in Fig. 10. The gauge transformation associated with M, and M, m the bulk are shown in Eq. (C11). On the impurity
site, the gauge transformations associated with the two mirrors are Gy, = it> and Gu, = —it3.

On a square lattice of N? sites (N= even) and 1 impurity spin, with an odd number of fermions due to on-site constraint (C14),
due to the nontrivial PSG in (C1), M, and M, operators anticommute with each other in the two mean-field ground states |A;)
and |A;)[41]. Since the two mean-field states are related by mirror symmetry M, (or M,), as shown in Fig. 10, the representation
of the two mirror symmetries in this two-dimensional space must have the following form in the basis of (|A;), |A2))7:

R(M,) = oy, R(M}) = eiqja-_y (C26)

by a proper gauge choice, where o, ; are the Pauli matrices. As a result, any local perturbation H preserving M., symmetries
must have the following form:

(AlHIA;}) = hoy (C27)
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In other words, the two mean-field states form a projective representation of the impurity site symmetry group G, = Zé”'* X Z;W Y,
analogous to the exactly solvable model discussed previously in section B. This means the 2-fold degeneracy between saddle
point solutions |A;) and |A,) cannot be split by any symmetry-preserving local perturbations. For example, we have explicitly
checked that in our case

Al Y S Simplaz) =0 (C28)

(jpimp)

As a result, for a Z, spin liquid with a nontrivial symmetry fractionalization class, the Kondo screening phase is characterized
by a symmetry protected non-Kramers doublet at the impurity site.

a) e

My My

Y \
) e Ay

FIG. 10: Illustration of symmetry acting on ground states. |A}),|A,) mean two states corresponding to two mean-field ansatz.

To compare, we also consider the case of a bulk Z, spin liquid with a trivial PSG, shown in Eq. (C13), where M, and M,
commute with each other when acting on a single parton operator. The unscreened phase is still featured by y = n = 0, leaving
a free spin at the impurity site. Meanwhile, in the Kondo screening phase, there is a unique mean-field ansatz as a gapped
symmetric ground state. The associated mean-field ansatz is

. 0

U@ 1y,imp = UIT
_ -0
U@,1),imp = UIlT

UQt 2yimp = —tit° (C29)

. 0
U@2),imp = —UILT

a= (1]7’1 + a27'2 + (1373

where parameters u;,a;,i = 1 --- 3 are functions of 7, J. This mean-field ansatz is invariant under both mirror symmetries as we
choose gauge transformations Gy, = 1,Gy, = —1 on the impurity site. This unique paramagnetic ground state distinguishes
itself from the 2-fold degeneracy in the case of a nontrivial PSG, because here there is no local degeneracy protected by mirror
symmetries.

4. Thermodynamic quantities

We perform a self-consistent mean-field calculation in the large N limit, on a square lattice of 20 x 20 sites. To avoid an extra
spinon lurking in the bulk, we consider two magnetic impurities separated by a largest distance (d = 10 V2) between each other.
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FIG. 11: The temperature dependence of (a) uniform magnetic susceptibility y(7) and (b) entropy S (T") contributions from
Kondo impurities in different regimes: the unscreened regime of free moments at the impurity sites (green), the Kondo
screening regime in Z, spin liquids with a trivial (blue) vs. nontrivial (red) spinon fractionalization class. The calculations are
preformed on a 20 x 20 square lattice with 2 spatially separated magnetic impurities.

In Fig. 11, we show the thermodynamic quantities from the mean-field calculation to illustrate the experimental implications
of the anomalous Kondo effect discussed above.

The uniform magnetic susceptibility y(7) behaves as 1/T for free spins, and therefore y - T approaches a constant at low
temperatures in the unscreened phase. In the Kondo screening regime, however, y(7') decays exponentially as ~ e~*/%T below
the Kondo temperature Tx(J), where A is the spin gap of the system. Since the ground states always feature a finite spin gap for
both the case of a trivial and that of a nontrivial PSG, the susceptibility can only differentiate unscreend phase from the Kondo
screening phase, but cannot differentiate a trivial PSG from a nontrivial one.

On the other hand, the specific heat C,(T), or the entropy

T
S(T)=f @df (C30)
0

at low temperatures can measure the density of states at a low energy, and can be used to differentiate a trivial PSG from a
nontrivial one. To be precise, in the unscreened phase, each impurity site with a free moment contribute a kgIn?2 at a low
temperature. Meanwhile, in the Kondo screening regime, for a trivial PSG, the system is gapped everywhere, leading to an
exponentially vanishing specific heat and entropy. This is in sharp contrast to a nontrivial impurity, where each impurity site
features a symmetry-protected 2-fold non-Kramers doublet, and contributes a kg In 2 entropy at low temperatures.

In reality, in a quasi-2d material with a dilute concentration of impurities satisfying p&> < 1, where p is the impurity density
and ¢ is the correlation length, we expect the observable signatures discussed above to remain valid. In particular, there will be a
low temperature peak in the specific heat at T ~ Je~“0/¢ VP where Cy is a constant of order one. The entropy plateau will persist
between this low temperature scale and the Kondo temperature 7k (J).
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