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Metallic spin liquid has been reported in several correlated metals, but a satisfactory theoretical description is
not yet available. Here we propose a potential route to realize the metallic spin liquid and construct an effective
Z, gauge theory with charged fractionalized excitations on the triangular Kondo lattice. This leads to a Z,
metallic spin liquid featured with long-lived, heavy holon excitations of spin 0 and charge +e and a partially
enlarged electron Fermi surface. It differs from the weak-coupling FL* state proposed earlier and may be viewed
as a fractionalized heavy fermion liquid. Our theory provides a general framework to describe the metallic spin

liquid in frustrated Kondo lattice systems.
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I. INTRODUCTION

Quantum spin liquid (QSL), characterized by topological
orders and fractionalized excitations, is usually expected in
frustrated spin systems and has attracted tremendous interest
in past decades [1,2]. Its counterpart in metals, dubbed the
metallic spin liquid, is less explored despite that experimental
signatures were found in, e.g., the heavy fermion compounds
CePdAl [3,4], PrIr,O7 [5,6], LiV,04 [7], and the organic
material k-(ET)4Hg,g0Brg [8]. A candidate description of
the metallic spin liquid was proposed previously on Kondo
lattices and given the name fractionalized Fermi liquid (FL*),
where the QSL is weakly coupled to conduction electrons
[9,10]. As a result, the Fermi surface only contains conduc-
tion electrons (small) and the spin liquid part is essentially
untouched [9-11]. It is in sharp contrast to the heavy Fermi
liquid (HFL) in the strong-coupling limit, where the Fermi
surface is large and contains both conduction electrons and lo-
cal spins due to the Kondo screening. This raises the question
concerning how the FL* and HFL states are connected with
increasing Kondo coupling [12—-14] and if there may exist a
metallic spin liquid beyond such a weak-coupling description.

Some insights may be borrowed from the cuprates [15]. In
a slightly doped Mott insulator, it was proposed [16] that a
conduction hole can combine with a spinon to form a spin-
less charged particle called a holon [17], which is physically
related to the Zhang-Rice singlet formed due to the Kondo
coupling between doped holes on the oxygen p orbitals and
the copper spins [18]. Ideas based on such spin-charge frac-
tionalization were extensively investigated in theory [19-21]
and explored in experiment [22-24]. In the Kondo lattice,
holon may also be formed as a quasi-bound state of bosonic
spinon and conduction hole [25]. A recent large-N mean-field
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calculation predicted that the holons can have a dispersion
once nonlocal spatial correlations are correctly included [12].
This leads to an intermediate holon state connecting the weak-
coupling FL* and the strong-coupling HFL, but it is not clear
if holons can survive against gauge fluctuations.

In this work, we elaborate on this idea by considering the
simplest gapped two-dimensional QSL, the Z, short-ranged
resonating valence bond state, and develop an effective gauge
theory of the holons on a triangular Kondo lattice. We go
beyond the mean-field calculations and demonstrate the holon
stability against Z, gauge fluctuations. Our calculations reveal
a Z, metallic spin liquid with mobile, heavy, long-lived holon
excitations and a partially enlarged electron Fermi surface,
which may be viewed as a fractionalized heavy fermion liquid
(FHF) differing from the usual QSL and the weak-coupling
FL*. Our method provides a general framework to study
metallic spin liquid on frustrated Kondo lattices.

II. METHOD

We start with the Kondo-Heisenberg model on a triangular
lattice

H=tY chjaatIx) Si-si+Jy Y 8;i-S;. (1)

(ij)ea (i)

where the conduction electron c¢;,, has a spin index («) and
a channel index (a =1, ..., K), s; is its spin density, and S;
describes the local spin. Jx and Jy are the antiferromagnetic
Kondo and Heisenberg coupling constants, respectively. The
Schwinger boson representation states S; = 1 3", 8 b 0upbip,
where bja creates a bosonic spinon with the local constraint
nf’ = Za bjab,-a = 25 [26]. The Kondo screening is perfect at
large Jx by choosing K = 2 [27].

The Z, QSL is the ground state of the Sp(N)
extension of the Heisenberg Hamiltonian at small
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k = 2S§/N denoting strong quantum fluctuations [28]. It
can be obtained by decomposing the Heisenberg term,
]HS,' . Sj d Za[(Aijsgn(a)bmbj,,a — Fijbj-abjot) + C.C.] +
2N(|A;j1* — T31*)/Ju, where a = %1, ..., £N is the spin
index, and A;; and I';; are two auxiliary fields describing the
spinon pairing and hopping amplitudes, respectively [29-31].
The local constraint is imposed by a Lagrange multiplier A,.
The fluctuations of these fields introduce a U(1) gauge field
coupled to the spinons [28]. On a triangular lattice, the spinon
pair condensate reduces U(l) to Z, at low energy via the
Higgs mechanism [28].

The holons are described by a fermionic auxiliary field y;,
and emerge from the Kondo coupling between spinons and
conduction electrons via a Hubbard-Stratonovich transfor-
mation, JxS; - §; &> —= Zaa ! Ciaa Xia + C.C.F 3, I Xial* /I
[12,31-37]. We have eventually an interacting system con-
sisting of spinons, holons, and conduction electrons (see
Appendix A for more details)

L=Lc+Ly+Ly+ fZ(b,aczaaxla+CC) )

wa

where £, = Zkaa c:;w(fir + €x)Ckaa gives the electron dis-
persion, £, = Y . |xial*/Jx is the holon action, and L,
describes the Z, QSL with bosonic spinons.

III. RESULTS AND DISCUSSION

A. Large-N solution

We first focus on the uniform mean-field solution as-
suming A; 1, = Ao, ['jj4; =T, and A; = Ao, where n =

(1, 0), (—%, i%é) are three unit vectors. This describes the
“zero-flux” state of the triangular lattice Heisenberg model
at small « [30]. Upon increasing k, the spinons condense on
the corner points of the hexagonal Brillouin zone, leading to
the 120° Néel order [28,30]. The electron-spinon-holon vertex
leads to the following self-energy equations [12,36]:

2p(p, ivy) = _ﬂ_v ch(p K, iv, — iw)Gy (k, iwyp),

2 (P iw,) = ﬁ—v > ek — p.ivy — iw,)Gy(k, iv),  (3)
kil

where g. is the bare Green’s function of conduction electrons
and G, and G, are the full Green’s functions of spinons
and holons. The self-energy of the conduction electrons is
proportional to 1/N and vanishes in the large-N limit. Using
the fast Fourier transform, we are able to solve the above
self-consistent equations efficiently in real space as described
in Appendix B, and predict a dispersive holon band that is
impossible in the local approximation [33—-35], which is the
key for the occurrence of the metallic spin liquid.

Figure 1(b) shows the large-N zero-temperature phase dia-
gram in terms of « and Tx /Jy, where Tx = Dexp(—1/p.Jk)
is the single ion Kondo temperature, with D = —6¢ and p,
denoting the electron bandwidth and its density of states at
the Fermi energy. There are three transition lines separat-
ing four phases: the fractionalized Fermi liquid (FL*), the
fractionalized heavy fermion liquid (FHF), the heavy Fermi
liquid (HFL), and the antiferromagnetic (AFM) state with an
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FIG. 1. (a) Schematic diagrams showing different paramagnetic
phases on a frustrated Kondo lattice upon increasing Kondo coupling
between conduction electrons (top layer) and local spins (bottom
layer). From left to right: the weak-coupling fractionalized Fermi
liquid (FL*), the strong-coupling fractionalized heavy fermion (FHF)
liquid, and the heavy Fermi liquid (HFL). (b) The large-N phase
diagram of the triangular lattice Kondo-Heisenberg model. AFM
denotes the 120° Néel order. (c) Spin susceptibility at the ordering
wave vector Q = ﬂ:( ) and the holon Fermi volume V/ as
functions of Tx/Jy for k = 0.1. (d) The holon Fermi surfaces in
the FHF state at different Ty /J; marked by A-D in (c). The yellow
arrows mark the direction of expansion of the holon Fermi pockets
with increasing T /Jy.

ordering wave vector Q = :i:(zf, f}) corresponding to the

120° Néel order. The FL* and HFL states can be understood
from the Heisenberg and the Kondo limits, respectively. The
first has a small electron Fermi surface weakly coupled to a
Z, QSL [9], while the second has only electron excitations
with a large Fermi surface, as illustrated in Fig. 1(a).

For small «, these two states are separated by an inter-
mediate state where spinons combine with conduction holes
to form heavy holons with fermionic statistics, as shown in
Fig. 1(a). An alternative view (from the large-U Anderson
lattice) is that the renormalized heavy f-holes are fractional-
ized into bosonic spinons and fermionic heavy holons, hence
the name fractionalized heavy fermion liquid. Both spinons
and holons are minimally coupled to a Z, gauge field and
are propagating particles due to the deconfinement of the
gauge theory. The dispersive holon band allows us to define
a gauge-invariant Fermi Volume,VFXS = % Zk 9[—J,’§(k)’1],
where J¢(k) = [1/Jx + ReX, (k, 0)]7! is the renormalized
Kondo coupling inversely proportional to the holon disper-
sion. Upon increasing T /Jy, the holon band evolves from
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FIG. 2. (a) A log-log plot of the holon self-energy —ImX, (w) at
k = 0.15 showing linear-in-w behavior at the AFM QCP (T /Jy =
0.229) and w? behavior inside the FHF (Tx/Jy = 0.23 ~ 0.31).
(b) The w dependence of —ImX, (w) at the FHF-HFL and FL*-
FHF transition points for x = 0.05. The dashed line denotes the
” behavior. (c) A color-coded plot of 9 In[—ImX, (w)]/9Inw on
the w ~ Tx/Ju plane for k = 0.15. (d) An illustration of the holon
stability within the FHF phase: a holon at the Fermi energy (Er)
cannot decay into a conduction hole and a gapped spinon at low
temperature.

above to below the Fermi energy as shown in Appendix C,
accounting for the stability of Kondo singlet formation. Its fi-
nite bandwidth inevitably leads to 0 < V% < 1 and the holon
Fermi surface as shown in Fig. 1(d). A generalized Luttinger
sum rule requires that the electrons have a partially enlarged
Fermi surface with NV¢g = n. + VFXS [38]. The FL*-FHF and
FHF-HFL transition lines are determined by the deviation of
the holon Fermi volume from 0 and 1, respectively, as denoted
in Fig. 1(c).

The partial enlargement of the electron Fermi surface and
the deconfined spinons and holons indicate that the Kondo
effect exists in an incomplete and nonlocal fashion, described
by the scattering process Jg(r; — ri)c;aﬁbjﬁb:faciaa [12,31].

Intuitively, one can view the holon x; ~ 3", b ciz as half
a Kondo singlet whose presence also requires the fractional-
ization of magnons (S — bj. Tbi 1)- In a three-impurity Kondo
model, we assigned such a nonlocal Kondo effect to the term
cj;aaﬁcj,g -(Si x S;) [31], which emerges under the renor-
malization group flow and becomes strongly enhanced in
certain intermediate parameter regions. Similarly, the FHF
phase also occurs here within an intermediate range of Tx /Jy,
bridging the weak-coupling FL* and the strong-coupling HFL.
as illustrated in Fig. 1(a).

The holons may dissipate through the decay process x ;; —
Ciaa + bfa as reflected in its self-energy. Figure 2(a) shows a
log-log plot of —ImX, (w) at small frequency for ¥ = 0.15,
where %, () = % >k 2y (k, ) is the momentum-averaged
self-energy. We find —Im>, (w) o w” with p ~ 1 at the AFM
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FIG. 3. Feynman diagrams giving rise to the effective Hamilto-
nian Eq. (4) of the Z, gauge theory.

boundary, but p = 2 at low frequencies deep inside the FHF
phase. Approaching the FL* or HFL phase boundaries, p also
deviates from 2, as shown in Fig. 2(b) for x = 0.05, possi-
bly associated with the Lifshitz-type transitions of the holon
band at these two boundaries. Figure 2(c) is the color-coded
plot of 9 In[-ImX, (w)]/dInw on the w ~ Tk /Jy plane for
k = 0.15. A clear dome of p = 2 suggests that holons are
well-defined (long-lived) quasiparticles at low-energy scales
in the FHF. At the perturbative level, this can be understood
from the absence of phase space for holons to decay into con-
duction holes and gapped spinons, as illustrated in Fig. 2(d).
To be more precise, our full self-consistent calculations reveal
highly damped spinons with a pseudogapped density of states
within the FHF phase (see Appendix C) pp(w) & @, which
then indicates —ImX, (w) ~ 7 p. [, dzpy(z) x w*. The FHF
phase is, therefore, a metallic spin liquid featured with spin-
charge fractionalization and scattering between electrons,
holons, and damped spinons. At the AFM quantum critical
point (QCP), the spinon gap vanishes, resulting in strong
holon dissipation and the p &~ 1 strange metal behavior, a
typical phenomenon when Fermi surfaces are coupled to crit-
ical bosonic modes associated with some magnetic instability
[39].

B. Z, gauge theory

The Z, gauge fluctuations are associated with the dy-
namical sign changes of the auxiliary fields, A;; = AoZ;;,
I';j = ToZ;;, with Z;; = £1 being the Z, gauge field. The
model is invariant under the gauge transformation b;, —
bia0i, Xia = XiaGi» Zij —> Z;joioj, with 0; = £1. For small «
above the AFM phase, the mean-field solution always satisfies
Lo > (Ao, Ip), as can be seen from the x = 0 limit where the
spinons become exactly local (Ag = I'g = 0) [12]. This sug-
gests a perturbative expansion in terms of Ay and I'y, which
can be done by perturbatively integrating out the spinons with
a nonzero gap Ag. Since we are mostly interested in the holon
dynamics under the gauge fluctuations, it is also helpful to
integrate out the conduction electrons. At zero temperature,
this procedure does not lead to divergences, reflecting the
stability of holons as shown in Appendix D.

The most important Feynman diagrams are listed in Fig. 3,
which give rise to the following effective Hamiltonian
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(see Appendix D for a detailed derivation):

Hes = _gZXij + €y Z Xi Xia + fZZin;Xja
(ij) ia (ij)a
k> [1zi-¢> [[2i+. @

A ijen O ijed

where X;; (Z;;) is the Pauli matrix of x (z) component. We
scaled the holon field by its quasiparticle residue, so that x;, in
Eq. (4) is a canonical fermion operator. The term —gX; j comes
from the dynamical term (0.Z;; )? in the path integral gener-
ated by the diagram Fig. 3(a), and tends to flip the Z; ; fields
[40]. The second and third terms are generated by Figs. 3(b)
and 3(c), respectively. The second line of Eq (4) contains
all possible interaction terms of the form Z: jZ ik - ..Z;;, where
the links (ij, ..., i) form a closed loop. They are generated
by diagrams like Figs. 3(d) and 3(e), so that larger loops
are associated with higher powers of Ay and I'y and can be
safely neglected. The parameters in Eq. (4) are related to the
microscopic parameters through

1 5 D _
g= —e*NAg/(“?J), €, X — —pcIn—, focT,
€ Jx Ao
[yA2 1 5 0 )
= —2N R K' = NFAO(AO —4Tg), (5)
0 0

where € is the small discrete time slice of the path integral
determined by the high-energy cutoff. The onsite energy of
holons (¢,) decreases monotonically with increasing Jx and
becomes negative at Jx > p. In %, or equivalently, Tx > Ag.
This means the energy gain of forming a Kondo bound state
(Tx) overcomes its least energy cost (the spinon gap Ag). The
holon bandwidth is proportional to I'y, which also monotoni-
cally decreases with increasing Tx /Jy and eventually vanishes
deep inside the HFL.

The confinement-deconfinement transition of the Z, gauge
theory is determined by the competition between the energy
gain of bond flips (g) and the energy cost of producing vison
excitations with [;; jec Zij = —1, where C is any closed loop
enclosing a vison core [20,41]. Ignoring the matter fields
Xia» Creating a pair of well-separated visons costs an amount
of energy E, = 4K + 12K’, which decreases with increasing
Tx/Ju as shown in Fig. 4(a) for k = 0.05 by substituting
our mean-field solutions into Eq. (5). By contrast, g is ex-
ponentially suppressed at small Tx/Jy due to the relatively
large Ag, but becomes large (~¢~') due to the vanishingly
small Ay inside the HFL. For E, > g, the visons are expelled
and the ground state can be well described by the mean-
field solution with finite Ay and I'g. This is the deconfined
phase with propagating fractional excitations. In the opposite
limit £, < g, visons proliferate (condense) and Vs ; fluctuates
strongly, leading to the confinement of spinons and holons
[20,40].

The number of total Z, charges at each site is then nf’ =
2S in the FL* phase, but becomes nib +nf =25+ K in the
HFL state due to the full occupation of the holon band. Hence
an important difference of the intermediate FHF metallic spin
liquid from a neutral QSL is that its Z, charge density varies
upon tuning Tk /Jy. It introduces different Berry phases as a
vison adiabatically moves around a site i and returns to its

@ 1 ox10°

0.8

0.15 0.20 0.25

T/l

NA/
AVAYA

FL* FHF HFL
g< Ev | |

> 9> E,

FIG. 4. (a) Comparison of E, = 4K + 12K’ and g as functions of
Tk /Ju. Their values are obtained using Eq. (5) with N =2 and € =
0.1. The inset shows a configuration with a pair of separated visons,
where Z;; = —1 (1) on the green (black) bonds and the blue “x”
represents the vison cores. (b) Different paramagnetic phases upon
tuning T /Jy, or equivalently, g/E,. For 2§ = K = 1, the number of
background Z, charges at each site is 1 in the FL* phase and 2 in the
HFL phase, corresponding to the odd- and even-Z, gauge theories,
respectively.

original position as illustrated in Fig. 4(b) [41]. The final state
of such a process is different from the initial one by a gauge
transformation, b, — —bia, Xia —> —Xia» Zij — —Zij for j €
NN(i), where NN(i) stands for the nearest-neighbored sites
of i. This leads to a Berry phase factor G; = (—1)"*" . For
S =1/2 and K = 1, one has G; = —1 in the FL* phase but
G; = 1 in the HFL phase, corresponding to the odd- and even-
Z, gauge theories, respectively [20,42,43]. We thus identify
the HFL as the confined phase of an even-Z, gauge theory.
Upon increasing Tx /Jy, the transition from the odd-Z; to the
even-Z, theory can happen either through a single QCP with
a Fermi surface jump as in the ¥ = 0 limit, or an intermediate
phase with noninteger holon filling.

IV. CONCLUSION

We constructed a strong-coupling theory of the Z, metal-
lic spin liquid and identified it as a fractionalized heavy
fermion (FHF) liquid. The FHF metallic spin liquid shares
some similarities with the algebraic charge liquid proposed
earlier for the pseudogap region of cuprates [21]. The al-
gebraic charge liquid also has fermionic holon excitations,
but coupled to a U(1) gauge field. The holon Fermi surface
may not be directly measured via the angle-resolved photoe-
mission spectroscopy (ARPES), but its gauge-invariant Fermi
volume should, in principle, contribute to quantum oscillation
or Hall measurements [21]. Like the algebraic charge liquid,
the FHF could be a parent state for other instabilities such
as holon superconductivity or holon charge density wave.
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The former may provide additional pairing channel for heavy
fermion superconductivity, while the latter breaks the transla-
tional symmetry and may be identified as the partial Kondo
screening phase studied in Refs. [44,45]. Moreover, important
features in the usual QSL systems may also be considered in
our theory to give rise to other interesting consequences in the
metallic spin liquid [46]. More investigations are needed to
elaborate on these possibilities.
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APPENDIX A: LARGE-N SELF-CONSISTENT EQUATIONS

To derive the large-N action of the triangular lattice Kondo-
Heisenberg model, we first use the SU(2) Schwinger boson
representation to rewrite the Kondo and Heisenberg terms as
follows:

HK =JKZS“si

Jx S §
Z buxcl‘mctﬁa i~ T CiwaCiaas

Hy =JHZSi-Sj

(i)

Z(bmb abj.ﬁb ab}a I Bbisbi_p).
(ij)

(AD)

where & = sgn(«), and some unimportant constants were
dropped. The second term of Hx can be absorbed into the
definition of the electron chemical potential. Upon Hubbard-
Stratonovich transformations, the above interaction terms can
be decomposed as

Hyg — Z <blaczaaX1a +c.c. + _|X1a| )

ia

Hy — Z (Z( blbl A
(ij) o

— bl bl +coc.

4 2 2
+ — (A" = IT;19) ). (A2)
Ju
We then extend the number of spin flavor from 2 to N and
rescale the coupling constants and the holon field through
Jx — %VJK, Jy — 1%/‘]”’ Xia = \/Lﬁx,‘a to allow for a large-
N expansion. We then obtain a Sp(N)-invariant Lagrangian
L=L + EX + Ly + Lin with

|Xia|2
ACc = chaa(af + Ep)cpaav EX = Z s

J
paa ia K

Lin = f > (b}, Ciaa Xia + C.C.),

ioa

Zb' (3 + 1)bia
+ Z(ab]a WA — bl b T+ )
—ZSZA + —Z(lAUI2 ITi;1%).  (A3)
(ij)
The partition function
Z = /D[c, b, x,h A, Tle~ i 472 (A4)

faithfully represents the original Kondo-Heisenberg model if
all the functional integrals are performed exactly.

Atlarge N, one can replace the functional integrals over A;,
Ajj, and I';; by their saddle point values. One then obtains the
following action in the Fourier space:

S == (ion — €)ChyuCpaa — Y _(iVn — £p)b}, bpa
pa

paa
—i Y abpab_p_ahy+cc.
po
+— ! Zb Ckaa Xp—k,a T+ C.C. +Z|Xpu| + So
N PR
(A5)
where Sy = NﬂV[6(A(2) — Fg)/JH — Mok ], and we used the

simplified notation p = (p, iw,). The bare dispersions on the

triangular lattice are €p = 2t&, — u, &p = Ao — 2I0&p and

V3py
2

hy = Aofzp, with &, = cos p, + 2 cos
fp Dx
5 sin R

cos & and hp =

sin p, — 2 cos The electron band has an energy

range [—-D — u, D/2 — p] with D = —6¢. For simplicity, we

choose t = —1/6 and p = 0 so that D = 1 is our energy unit.
The full Green’s functions for spinons and holons are

Gy(p. ivy) = 7P, —vn)
T (s iva)ys(—p, —ive) — 42
. 1
Gy (p, iw,) = (A6)

—J¢' =2, (p,iw,)’

where y,(p, iv,) = iv, — gp — Zp(p, iv,), and the self-
energies are given by Eq. (3) of the main text. These
equations can be derived rigorously from the Luttinger-Ward
functional [38] or the Dyson-Schwinger equations [35] at
large N.

The Green’s functions are solved under three constraints
corresponding to the minimization equations d9F/dig =
dF/0Ay) = 0F /0Ty = 0, where F is the free energy. These
constraints are

—1
= 3 Z Gb(Pa ivn)a
BY

31 h
Ju BV 4 v, iv)yp(—p, —ivy) — 4R

6y 1
- =25 2_ &G, iva).
BV ; ’

T (A7)
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FIG. 5. The spinon gap (E;) as a function of « in the Heisenberg
limit (Jx = 0). L = 63, 90, and 120 are the lattice sizes. The dashed
line is a fitting of the gap in the paramagnetic phase, which extrapo-
lates to the critical point k. = 0.21 for infinite lattice size. The inset
shows the spinon dispersion at x = 0.13.

In practice, we combine the last two equations of Eq. (A7)
to completely eliminate Jy from the constraints. In this
way, one can choose Ap as an input parameter and solve
only two constraints to obtain Ay and I'y. The value of Jy
should be determined by Eq. (A7) after self-consistencies are
achieved. However, naively using Jy as a tuning parameter
may lead to artificial first-order transitions, a known pathology
of the Schwinger boson large-N theory [47]. Fortunately, this
problem can be cured by adding an extra biquadratic spin in-
teraction term —¢Jy Y (W) S;-S j)2 to the original Heisenberg
Hamiltonian [12,33], which amounts to modify the Heisen-
berg coupling and turn the artificial first-order transitions into
continuous transitions.

In the Heisenberg limit (Jx = 0), the electrons completely
decouple with the spinons, so that the spinon self-energy
vanishes. The spinon Green’s function then reduces to

. —iv, — &p
G ’ n = . . ’
w0 ) = vy — a) — 4

which gives the bare spinon dispersion E, = | /eg — 4hy. The
constraints are simplified to the following equations:

1 ES
2K=—Z g—pcothb—l ,
1% - E} 2

(A8)

6 1 ]712 ES
— == Z —2 coth h,
Ju % - EP 2

12, -1 &p BE,
=— ) & 2coth—2—1). A9
Tn Vv Xp:S”<E; ) (49)

For fixed Jy = 1 and different values of «, one can then
solve Eq. (A9) to obtain the spinon dispersion. As shown
in Fig. 5, the spinon has a gap at small «, which decreases
monotonically at increasing «, and eventually becomes gap-
less at some critical value k., leading to a quantum phase
transition from a gapped spin liquid to an antiferromagnetic
order through the spinon condensation. Our calculation gives

L-1

(2n,273)

FIG. 6. The Brillouin zone (red) and the real space sample (right)
used to perform the fast Fourier transform.

a critical k. = 0.21, larger than the «. = 0.17 obtained in
Ref. [28], which used only one auxiliary field A;;. Using two
auxiliary fields has been shown to describe the frustrated spin
systems better [29]. In fact, it is physically reasonable that «,
of the triangular lattice is larger than that of the square lattice
(k. = 0.197) due to geometric frustrations.

APPENDIX B: NUMERICAL METHODS

To perform numerical calculations, we choose the
diamond-shape Brillouin zone instead of the hexagonal one
as shown in Fig. 6. The Brillouin zone is discretized as

_ 2mn

ke = X :2n(2m+n)’

5 n,m
L Y V3L
(B

where L (chosen as 72 in our calculations) is the sample size.
Since the lattice coordination in real space is specified by
r= (- 1,@) with i, j =0,...,L — 1, we can write the
Fourier transform of any function G(r) as follows:

1 .
Gr)= — G(k)ekT
VBz. JkeBZ
2 L71 j 2m+n 3j
R
872/v/3 V3L
1 L—1 , N
= = Y Guel T =6, ). (B2)
=0

The inverse Fourier transform is defined as

L—1
Gun = ), Gli. e TEH ), (B3)
i, j=0
Equations (B2) and (B3) can be performed efficiently using
the fast Fourier transform (FFT) algorithm.
To solve the self-consistent equations, we first write the

self-energy Eq. (3) of the main text into the real frequency
space

— d
Z(p, @) = 7K > / ;an(zngc(p —k 2+ )
k

x ImG, (k, —z) — G, (k, v — 2)Img.(p — k, 2)].

115135-6



Z, METALLIC SPIN LIQUID ON A ...

PHYSICAL REVIEW B 106, 115135 (2022)

1 dz B
ZX(pv a)) = v Z/ ;[nB(Z)gC(k —pP,z— Cl))
k

x ImGy(k, z) — np(2)Gp(k, @ +2)

x Img.(k —p, 2)], (B4)

where ng(z) and np(z) are the bosonic and fermionic dis-
tribution functions. After Fourier transform, the momentum
convolutions in Eq. (B4) become direct multiplications in the
coordinate space

dz
Zp(r, ) = —« / ;np(z)[gc(r, 7+ )

x ImG, (r, —z) — G, (r, ® — 2)Img.(r, 2)],

d
5, w) = / “lnp(ge(-r 2~ )

x ImGy(r, ) — np (2)Gp(r, w + 2)Img.(—r, 2)].
(B5)

In each iteration step, we first use FFT to transform the spinon
and holon Green’s functions obtained from the last step to
the real space, then substitute them into Eq. (B5) to calculate
y(r,w) and X, (r, w), and finally use the inverse FFT to
transform them back to the momentum space. The lattice
symmetry can be utilized to further reduce the computational
efforts.

APPENDIX C: SPINON AND HOLON SPECTRA

Here we provide additional information for the spinon and
holon spectra. As shown in Fig. 7 for k = 0.1 and different
values of Tx/Jy, the spinons are gapped in the FL* and the
HFL states, but become gapless within the FHF state where
pp(w) exhibits a linear-in-w behavior at low energy, indicating
highly damped spinons from scattering with electrons and
holons. At the FHF-AFM QCP, p,(w) develops a é-like peak

at zero energy due to the spinon condensation at the K point,
as shown in Fig. 7(b).

Figure 8 shows the evolution of holon band from above
to below the Fermi energy upon increasing T /Jy, a general
feature of the Kondo lattice. The band is empty in the FL* state
and fully occupied in the HFL state. In between, as the holon
band crosses the Fermi level, its Fermi surface first emerges at
the M point, then gradually expands to the entire Brillouin
zone, and eventually vanishes at the I point. Approaching
the FHF-HFL boundary, the band becomes extremely narrow,
indicating an increasingly heavy effective mass of the holons.
The bands in Figs. 8(b) to 8(e) give rise to the holon Fermi
surfaces shown in Fig. 1(d) of the main text. The partial filling
of the holon band distinguishes the FHF state from the FL*
and HFL states.

APPENDIX D: DERIVATION OF THE Z, GAUGE THEORY

To consider the Z, gauge fluctuations above the mean-field
solutions, we substitute A;; = AgZ;; and I';; = ['gZ;; into the
original Lagrangian

L=l +adcraa + Y bl (0 + 20)bia

kaa i
| Xial® 6NV 5 o
E —— —25VA —(A; =T
+ — JK 0+ JH ( 0 0)
+ ! E bT Ciaa Xia +c.c.
VN “

iaa

+ Y Zj(@b,bi_, Ao — bl,bjTo +c.c.). (D)
(ij)e

In principle, there is also a time component Z, gauge field
associated with the fluctuation of A;, corresponding to the term
b:fa(rmH)Zi'”‘m“bm(rm), where 7, is the discretized imagi-
nary time. However, one can always choose a gauge so that

(a) FL* ()  FHF-AFM
3 0.04 15
L 0.03 o)
2 0.02 &g 30.02 &
€L
! 0.01 =S [/
L 1 0 1 1

0
T 0.000 0.001 0.002 0.003
(O]

K M

© FHF

0
" 0.000 0.001 0.002 0.003
®

K M

r

FIG. 7. The spinon spectra and its density of states for kx = 0.1 and different values of Tx /Jy:

(c) 0.27 (FHF); (d) 0.33 (HFL).

(d)

00
r

®

0
' 0.00 0.01 0.02 0.03
(O]

(a) 0.123 (FL*); (b) 0.153 (FHE-AFM QCP);
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-0.002

-0.005
r KM r r

FIG. 8. The holon spectra for k = 0.1 and different values of Tx/Jy: (a) 0.123 (FL*);

KM r T

K M r

(b) 0.138; (c) 0.206; (d) 0.245; (e) 0.304; (f) 0.33

(HFL). The white dashed line denotes the Fermi level. The corresponding holon Fermi surfaces of (b)—(e) are shown in Fig. 1(d) of the main

text.

z" M1 — 1 for all i and m. Our goal is to obtain an effective

theory describing the holons and Z, gauge field. For this pur-
pose, we integrate out both spinons and conduction electrons
in the partition function

Z = /D[c, b, x,Z]e” I 4L /D[X,Z]e—seﬂ'. (D2)

The integration can be done perturbatively by treating the
second line of Eq. (D1) as interacting vertices with small
parameters 1 /«/]V, Ao, and T'y. The leading-order terms
of S are generated by the Feynman diagrams listed in
Fig. 3 of the main text. As an example, here we com-
pute the first diagram of Fig. 3, which involves the vertex
Sa = j—% Z(ij)nl(x &b;a(vn)b;_a(vl — v,)Z;i(v;) and its com-
plex conjugate. We have

(5250 = 220 > Ziw)Zi(—w)
(ijynla
5 (bi,—a (Vi = v} _o (v = vi)) (bja ()b, (1)

=2NA} szi(Vl)Zji(_W)
(ij)

1 Z 1 1
X - . . .
B - vy —iv, — Ag iv, — Ao
1 4+ 2ng(Xo)

= ZNAO szl(vl)zjl( W)—_l\)l’
(ij)

(D3)

where ng(Ag) = 0 at zero temperature since Ay > 0. The long
time dynamics can be obtained by a small frequency expan-

oA L
sion 5= ~ 5 (1 +

_ NA2 p 1
SaSpy) = —2 dr( 7% — —(8,Z;)*). (D4
( A A) )\0 %):/0 T( Ji 4)%( T jl)) ( )

. -
v .
e T 32 ), which leads to

Note that foﬂ dtZ;;0.Z;; = _/0/3 dt(9:Z;;)Z;; = 0 vanishes,
and Zfi =1.

The final effective action is obtained as

Ser = / A EBCEED WHURLS
0

(ij)

+fZZjiX;;Xja -K Z ZijZjZyi — K’
(ij)a (ijken

X Z ZiiZiZuZyi+--- |, (D5)

(ijkD)ed

where

NA}
4z’

s:

1 1 1 np(ek)
(-
X K K 0 — €k

nr(€x)

1
z, =y
* VXk:(ék—)no)2

~

T ik-(ri—r;) r AZ

_ 20 Z nr(ex)e . K=-2N 0Aj
ZXV K (ek - )‘0)

= NiAz(A (D6)

= ?»3 5

0~ 41%),

and the holon field was scaled by its quasiparticle residue
as Xia = Xia /\/Z . In our calculations, the typical values of
Ao and Ty range from 1073 to 1073, while A is the order
of 1072 and does not vary too much as one changes T /Jy.
For N = 2, this leads to a broad range of £ from the order of
unity to 107*, while K and K’ are typically less than 107>.
Note that the integration over conduction electrons gives rise

to momentum sums like Y %, where n is a positive
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integer. These sums are always finite since only negative e
are involved at zero temperature while 1y > 0. For example,

we have
I Z nr(€k) pe(€)
)»0 — €k

0 n
/ de
-D )\0 — €

D+ i

0 D
X Pc In X P In )\_v (D7)
0

where we used D > A.

Since the continuous time derivative of a discrete field is
not well defined, d;Z;; must be viewed as a finite difference
[Zji(ty + €) — Zji(ty)]/€. The discrete time slice € corre-
sponds to the least time required for A;; to tunnel from one
minimum (Ag) to the other (—Ay), and is simply regarded
as a high-energy cutoff of our effective action. For small e,
the dynamical term £ (9, Z j,»)2 is equivalent to the Hamiltonian
—gX;; with g = €' exp(—4£ /e) [40], thus leading to the ef-
fective Hamiltonian Eq. (4) of the main text.
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