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Quantum criticality and sequential destruction of spin-orbital Kondo entanglement
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Electronic localization-delocalization has played a prominent role in realizing beyond-Landau
metallic quantum critical points. It typically involves local spins induced by strong correlations.
Systems that contain local multipolar moments offer new platforms to explore such quantum crit-
icality. Here, we use an analytical method at zero temperature to study the fate of an SU(4)
spin-orbital Kondo state in a multipolar Bose-Fermi Kondo model, which provides an effective de-
scription of a multipolar Kondo lattice. We show that a generic trajectory in the parameter space
contains two quantum critical points, which are associated with the destruction of the Kondo en-
tanglement in the orbital and spin channels respectively. Our asymptotically exact results reveal a
global phase diagram, provides the theoretical basis for the notion of sequential Kondo destruction,
and point to new forms of quantum criticality that may still be realized in a variety of strongly

correlated metals.

I. INTRODUCTION

Simple metals such as copper and aluminum are well
described in terms of weakly correlated itinerant elec-
trons. In a wide range of strongly correlated metals,
the electrons’ Coulomb repulsion are comparable to or
larger than their bandwidth. As a result, local degrees
of freedom emerge as a part of the building blocks that
determine the low-energy physicsl. A prototypical case
is the magnetic heavy fermion metals, which feature
many quantum phases2 . Here, local spins arise from
the strongly correlated 4 f-electrons. Their entanglement
with the background conduction electrons gives rise to
the SU(2)-symmetric Kondo effect”, whose destruction
corresponds to a localization of the 4 f-electrons and is
a model case for beyond-Landau quantum critical points
(QCPs)8HL3,

The combination of the strong correlations, large spin-
orbit coupling and suitable crystalline symmetry can also
produce multipolar moments. Because they couple with
each other and with conduction electrons in new ways,
these multipolar systems not only provide a setting to
demonstrate the robustness of the notion that local de-
grees of freedom influence metallic quantum criticality,
but also allow for the realization of even richer forms of
QCPs. For the Kondo effect per se, various kinds of local
degrees of freedom have led to a variety of Kondo states
relevant to multipolar heavy fermion metals™ 2L multi-
orbital iron-based compounds?*25  synthetic systems
such as ultracold atoms?® and mesoscopic deviced2? 29,
and other correlated setting

Experimentally, there is a growing list of heavy fermion
metals in which the role of multipolar degrees of free-
dom has been explored on their quantum criticality ™34,
These include Pr(TM)3Alyg(TM = Ti, V), which have
non-magnetic doublets in the ground-state manifold=536,
PrOs4Sby2, which involves field-induced local quadrupo-
lar moments*38 and YbRusGey, which hosts quasi-
degenerate spin and higher-rank moments3%40,

Of direct interest to us is Ces3PdsgSig, which has re-

cently been investigated as a function of a non-thermal
control parameter (magnetic field * 2. The results show
two stages of Kondo-destruction quantum criticality. In
this system, the 4 f electrons form a total angular momen-
tum J = 5/2 state whose six-fold degeneracy is further
split as dictated by the point-group symmetry*3. What
lies in the ground-state manifold is the I's quartet?®
which can be represented in the pseudo-spin & and
pseudo-orbital 7 bases (see Appendix). The competition
between the Kondo entanglement in the I's-manifold and
the associated RKKY interactions may therefore be re-
sponsible for this sequential Kondo destruction.
Extensive efforts have already been devoted to the
study of multipolar Kondo effects per se, as already de-
scribed. What the experimental developments call for is
the understanding of the competition between the mul-
tipolar Kondo couplings to the conduction electrons and
collective fluctuations of the multipolar moments, a topic
that has remains largely unexplored. The striking ex-
perimental observations in CezPdsgSig motivate a well-
defined theoretical question: what is the generic type of
QCPs that result from this type of competition? The
minimal model of interest, put forward in Ref.41] is
the spin-orbital entwined multipolar Bose-Fermi Kondo
model (BFK) illustrated in Fig.[1]} It is an effective model
that emerges in the extended dynamical mean field the-
ory of the multipolar Kondo lattice (see Appendix). The
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model involves the local degrees of freedom, containing
both the spin o and the orbital 7 components, which
are coupled to the fermionic and bosonic baths. The
former couplings describe the (fermionic) Kondo effect,
while the latter describes the collective fluctuations as-
sociated with the RKKY interactions. An earlier study
using a continuous-time quantum Monte Carlo method
indicated split quantum phase transitions*. The nu-
merical study left open the question of whether a generic
tuning trajectory leads to split transitions or whether it
could also involve a one-stage transition.

In this work, we study the multipolar Bose-Fermi
Kondo model at zero temperature. By using a Coulomb-
gas representation of the Bose-Fermi Kondo model, we
carry out analytical renormalization-group (RG) calcu-
lations that are controlled by an expansion in terms of a
small quantity e (defined in Eq.. Our asymptotically
exact theory is able to uncover a global phase diagram at
zero temperature, which reveals the mechanism for the
sequential Kondo destruction and shows that it appears
for any generic trajectory in the phase diagram.

A. Summary of the main result

To summarize our result more specifically, we visualize
it in terms of an overall phase diagram presented in the
Jo2-9r» Parameter space, as illustrated in Fig.[2] Here,
Jdo» and g, are the couplings of the local multipolar mo-
ment to the bosonic fields in the spin and orbital chan-
nels, respectively. The fermionic Kondo couplings that
are kept fixed.

Our main results are as follows:

e In the special case with the spin and orbital bosonic
couplings being equal, g,, = g,., we identify a crit-
ical fixed point that is accessible by the e-expansion.
This critical point, marked by the red point in
Fig.[2l describes a one-stage transition for the de-
struction of the SU(4) spin-orbital Kondo effect.

e We find the anisotropy between these two bosonic
couplings are relevant in the RG sense. This implies
that the one-stage Kondo-destruction cannot de-
scribe the quantum phase transition along a generic
trajectory in the phase diagram.

e Moreover, we are able to determine the complete
phase diagram asymptotically exactly, as shown
in Fig.2] This is made possible by realizing
that all the phase boundaries meet at the equal-
bosonic-coupling critical fixed point, near which
the run-away RG flows are still small within the
e-expansion. It is further substantiated by a more
comprehensive RG analysis presented in Appen-

dices and (D).

The global phase diagram implies two stages of Kondo-
destruction QCPs for any generic tuning trajectory at
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FIG. 2. The global phase diagram of the model , presented
in the go,.-g-. parameter space for fixed Kondo couplings.
Here, KD and KS refer to the phases with Kondo-destruction
and Kondo screening, respectively, whereas o and 7 refer to
spin and orbital, respectively. The black arrows mark generic
trajectories in the parameter space that correspond to the
tuning of a non-thermal physical control parameter. The
global phase diagram implies two-stages of Kondo destruc-
tion along any generic tuning trajectory.

zero temperature, one each in the spin and orbital chan-
nels despite their entwining in the Hamiltonian. This
is illustrated by the sequence of quantum phase transi-
tions along the solid black lines in Fig.2] As such, our
asymptotically-exact results provide the theoretical basis
for the notion of sequential Kondo destruction that has
been implicated by the experiments in CezPdsgSig and
the associated numerical studies*t. Given the various
forms of multipolar and related Kondo effects 415427429
our results open the door towards new forms of quantum
criticality that may still be realized in a rich variety of
strongly correlated metals.

The rest of the paper is organized as follows. In Sec. [[I]
we specify the spin-orbial-entwined Bose-Fermi-Kondo
model. Sec. presents the RG analysis in a fine-tuned
case, which sets the stage for the analysis in the generic
cases that is given in Sec. [[V] The resulting global phase
diagram is presented in Sec. [V] We relegate the addi-
tional details of the model to Appendices and ,
and the description of a comprehensive RG analysis to

Appendices and @

II. MODEL AND SOLUTION METHODS

In this section, we specify the model and describe the
setup for our asymptotically exact analysis.



A. The multipolar Bose-Fermi Kondo model

The multipolar Bose-Fermi Kondo model is given by
the following Hamiltonian:

Hprx = Ho+ Hko+ Hpk - (1)

Here, Hj is the non-interacting part for the conduction
electron ¢, ;o and the bosonic baths ¢k,q (where k =
o, T, M):
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To set up controlled RG calculation, we introduce an
expansion parameter e, which is defined through the
bosonic spectral function Wy:

2

SO0 (w = W) + 6 (w+ W) = (ff) w|' < sgnw |
q 3)

with 0 < € < 1, and for |w| < A, which specifies a high-
energy cut-off scale.

The fermionic Kondo coupling between the local mul-
tipolar moment and conduction electrons is as follows:

HK,O = [Joar . Ec + JTF 7_—‘c + 4J1\/[ (6:7, & 7_:) : (6:0 ® 7_-,0)} )

(4)
where & (7) and &, (7.) are the spin (orbital) operators of
the single impurity and the conduction electron, respec-
tively. The spin and orbital operators of the conduction
electrons are defined as:
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Here, we use «, 8 and 4, j to denote the spin and orbital
indices, respectively. Thus, 5,5 and t_;j are Pauli matri-
ces in the spin and orbital subspaces, respectively. For
the fermionic Kondo Hamiltonian alone, the anisotropy
in the couplings is generically unimportant as the sys-
tem restores the SU(4) symmetry in the Kondo-entangled
ground state®. We have therefore chosen the bare Kondo
Hamiltonian to be SU(2) symmetric in the spin as well as
in the orbital sector, with an overall SU(2)®SU(2) sym-
metry. The full renormalized Kondo Hamiltonian
for the later RG analysis is shown in Appendix (|C|).

Finally, the coupling between the local multipolar mo-
ment and the bosonic bath is given by:

HBK = gazgz¢az + gTZTZ¢TZ + 9m (Uz & Tz) (bm ) (6)

where (5,1 = Zq (an,q + i)ﬂf’_q> with k = o, 7, m. We fo-
cus on the Ising-anisotropic case for the couplings in both
the spin and orbital channels (g,, and g., respectively)
as well as for the spin-orbital mixed coupling (g, ).

The BFK model HBFK is mapped from a multipo-
lar Kondo lattice model that contains a lattice of local
levels with a four-fold degeneracy by the scheme of ex-
tended dynamical mean field theory*>*“Z,

B. Setting up the RG analysis

In spite of the entwining of the spin and orbital de-
grees of freedom, we are able to establish results that are
asymptotically exact and with a simple structure. In this
subsection, we set the stage to tackle this rich problem
using the (asymptotically exact) RG approach. Further
details can be found in the Appendix.

First, our goal is to study the generic phase diagram in
the g,.-g,. parameter space. In other words, we fix the
fermionic Kondo couplings and vary ¢,, and g,,. For this
purpose, it suffices to keep the mixed bosonic coupling
gm = 0. A non-vanishing but small g,, does not modify
the structure of the phase diagram, as we show in Ap-
pendix (E)). To proceed, we use a bosonization approach
to represent the BFK model in terms of a Coulomb
gas, from which a controlled RG calculation based on an
expansion in e is possible?8 59,

Second, the Ising couplings of Hpg @ break not only
the SU(4) symmetry but also the smaller SU(2)xSU(2)
symmetry. While the Kondo couplings in H respect the
SU(2)xSU(2) symmetry, under the RG flow these cou-
plings will generically become spin anisotropic. It turns
out that one needs to consider five types of Kondo cou-
plings. Together with the spin and orbital Ising couplings
9o and g, of Hgpg @, the total number of RG coupling
constants is seven. The large number of the RG charges
makes it a challenge to determine the overall RG flow
structure. We are able to accomplish this goal by ana-
lyzing the problem in several steps.

Crucially, we take the first step to be a fine-tuned tra-
jectory in the phase diagram. Recall that the g,.-¢,.
parameter space is of our interest. For clarity, we visu-
alize this parameter space in Fig. which marks the
relevant phases. The fine-tuned trajectory we focus our
initial analysis on corresponds to identical couplings to
the bosonic baths in the spin and orbital sectors. It goes
along the diagonal in the g,.-g,, space, and is marked
as trajectory “I” in Fig. The result of the analysis
on this fine-tuned trajectory provides a anchoring point,
which allows us to determine the sequence of quantum
phase transitions along generic trajectories of the phase
diagram.

We note that it is possible to rigorously establish the
phase diagram, F ig. through a comprehensive RG
analysis without taking the fund-tuned trajectory “I” as
the starting anchoring point. This is described in Appen-
dices and @ We choose to present the step-by-step



analysis here in the main text, given that it reveals the
underlying physics in a considerably more transparent
way.

III. QUANTUM PHASE TRANSITIONS:
FINE-TUNED CASE

We now turn to the RG calculation of the spin-orbital
coupled Bose-Fermi Kondo model . As outlined in
the previous section, we will start from trajectory ”I”
of Fig which corresponds to the fine-tuned case of
equal bosonic couplings in the spin and orbital channels,
Jor = gr»- We demonstrate a critical point (marked by
the red solid point in Fig that is accessible by an
e-expansion in our RG analysis. It describes a direct tran-
sition from the spin and orbital Kondo-destroyed (KD)
phase to the fully ( spin or orbital) Kondo-screened (KS)
phase. It will be shown in the next section that, by ana-
lyzing the vicinity of this critical point, we can determine
the structure of the overall phase diagram.

As we have mentioned, generally the total number of
coupling constants is seven. However, under the trajec-
tory ¢g,» = gr» = g, some of the coupling constants are
irrelevant, or can be combined due to the symmetry con-
straint, and thus the numbers of relevant RG equations
(the B functions) is substantially reduced. We leave the
details in appendix [D 2] and only show the final reduced
[ functions:

d
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where y o< J,, = J- flips either spin or orbital indices,
M o g2, = g2, = g% and y; o Jy is the part of the
Kondo coupling Jj; that flips both the spin and orbital
indices (See Eq. in appendix . Note that we can
set Jo1 = J,1, given that we are considering a path in
the parameter space that preserves the symmetry o <> 7.

From these reduced [ functions (7)), we

identify a  critical  point  (yf,y*, M*) =

—14TF12e V —14+12e+vVIF126 54TF12 \ ~ (0 Ve 1)
12 ) 6v2 ) 6 = 79

(up to the order y/€). This fixed point has one relevant
direction with the scaling dimension V2¢ and separates
the spin and orbital KD phase (y; — 0,y — 0, M — 00)
from the SU(4) KS phase (y; — 00,y — oo, M — 0)*L,
The RG flow structure of the reduced S functions
is plotted in Fig. For latter convenience, we name
SU(4) KS phase as K3, and the critical point (the red
dot in Fig. as R1.

Because R1 is accessible by the e-expansion, we can
address what happens in the vicinity of this fixed point.
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FIG. 3. (a) Trajectories in the parameter space of the BFK

model 7 marked as “I”-“III”, along which the RG anal-
yses are carried out in steps. The labels “G”, “K17, “K2”
and “K3” describe the RG fixed points for the corresponding
phases. (b) RG flow diagram of the reduced (3 functions ,
where ¢ = go> = g-.. “R1” marks the unstable fixed point
that captures the transition along the fine-tuned trajectory
“I” of (a).

We will show in the next section that any small asymme-
try between ¢,, and g, around R1 is relevant in the RG
sense. As a result, the direct phase transition between
spin and orbital KD phase and SU(4) KS phase is fine-
tuned. In other words, this direct transition occurs at a
point in the parameter space — the red dot in Fig.[3(a)|
and — instead of through a boundary line.

For our analysis, one feature of the fixed point R1
plays a crucial role. While the fixed-point value for the
RG charge M is O(1), the values for the RG charges (the
fugacities) y; and y are of order /e. Because of this fea-



ture, the quardratic-in-y, terms in the beta-functions of
the fugacities turn out to be unimportant for both RG
flow structure and the leading order of the scaling dimen-
sions. The same conclusion is also seen in the scaling
dimensions of the RG variables near R1; to the leading
non-vanishing order in €, they are the same regardless
of whether the quardratic-in-y, terms are kept in the
beta-functions of the fugacities. In the next section, we’ll
see how this allows us to determine the overall structure
of the phase diagram by expanding the RG equations
around the fixed point R1. In particular, it allows us
to carry out a complete analysis of the quantum phase
transition along trajectory “III”, which otherwise would
have been much harder to achieve.

IV. QUANTUM PHASE TRANSITIONS:
GENERIC CASES

So far we have considered the case of equal bosonic
couplings in the spin and orbital channels, i.e., g5, =
gr» = g. However, these two couplings are generically
different. Thus, we have to determine the quantum phase
transitions along trajectories away from the diagonal in
the g,.-g-» parameter space. We find that there are two
sets of trajectories, which are marked by “II” and “III”
in Fig. We describe our analyses of these two case

in turn.

A. Transition to spin or orbital Kondo-entangled
phase

We next consider the transition between the spin and
orbital KD phase and the spin or orbital KS phase. Im-
portantly, we do so by starting from the RG trajectory
around the critical point R1 where g,, = g;, = g* be-
tween the spin and orbital KD and the SU(4) KS phases.
As we have just alluded to, around R1, any small asym-
metry between g,, and g, is relevant with the scaling
dimension v/2¢(up to the order y/€) in RG sense,.

Suppose we slightly increase the coupling constant g, ,

Fl ——

7 KS, 0 KD

o KD, r KD

R1

FIG. 4. The schematic RG flow structure of the phase tran-
sition between the orbital and spin KD phase and the spin KS
phase denoted as G and K1, respectively. Around the multi-
critical point R1, once the g, is slightly enlarged, the RG
trajectory will flow toward F1, which is the generic critical
point separating G and K1.

while keeping all the parameters fixed. In other words,
now g,» > gr» = g*. The RG trajectory will flow towards
go» — 00. We can then vary g,, to map out the RG flow.

The corresponding trajectories in the phase diagram
are denoted as arrow (II) in Fig.[3(a)l Along this trajec-
tory, the reduced § functions are:

dy -
dMe
TR (e —4y3) M°

where yo o« J,, flips only the orbital indices, and
M? x g2,. Again, we leave the details of the deriva-
tion in Appendix

From the reduced g functions (8)), one can identify an-
other critical fixed point (y3, M7*) = (é, 1). This fixed

point has one relevant direction with scaling dimension
V2 (up to the order /) and separates the spin KS phase
(yo — 00, M? — 0) from the spin and orbital KD phase
(y2 = 0, M7 — c0).

The schematic RG flow structure is shown in Fig.[4]
where the spin and orbital KD phase and the spin KS
phase, denoted as G and K1, respectively, are separated
by the critical point denoted as F1. Based on this RG
structure, we establish the transition between the spin
and orbital KD phase and the spin KS phase. By apply-
ing a precisely parallel analysis, we establish the phase
transition between spin and orbital KD phase and the
orbital KS phase; we name the associated critical point
as F2.

B. Transition between spin or orbital KS phase
and SU(4) KS phase

We have so far analyzed the transitions out of the spin
and orbital KD phase. This phase can transit into the
spin or orbital KS phase without fine-tuning the param-
eters. It can also transit into the SU(4) KS phase by
fine-tuning the parameters.

Because the spin or orbital KS phase and the SU(4)
KS phase correspond to different stable strong coupling
fixed points, there must be other generic critical points
that separate them. These generic critical points describe
the phase transition between the spin or orbital KS phase
and the SU(4) KS phase, as shown in the phase diagram
trajectory denoted as the dashed arrow (III) in Fig.|3(a)|
In this section, we would like to finally establish the tran-
sition between the spin or orbital KS phase and the SU(4)
KS phase, which correspond to the trajectories (III) in
Fig.

Again, we focus on the RG trajectory around the crit-
ical point R1 where ¢g,, = ¢g., = g* between the spin
and orbital KD and SU(4) KS phases. If we keep every
parameters fixed but just slightly decrease the coupling
constant g,,, that is, g,. < g-.» = g*, then the RG tra-
jectory will flow toward to g,, — 0. We can then vary



gr» to explore the RG trajectory. The corresponding tra-
jectories in the phase diagram are denoted as the arrow
I in Fig.[3(a)]

However, unlike R1 and F1, the real locations of the
X1 is harder to identify directly from the S functions.
To proceed, we exploit the property of the critical point
R1 that we alluded to earlier: Here, all of the fugacity
y ~ /e around R1. Near R1, one can thus neglect the
higher order terms of /€ in the 5 functions of the fugacity
(See Appendix for more details), and in the end the
final reduced 8 functions are

dy

dl = (]‘ 7MT)y1
d
=My ©)
dMT™
dl = (6_4?4% —42/%) M7

where y3 o< J;] .
From the reduced f functions @[), one can identify a

critical line (yi,y3, M™) = (a, 7”_2“2, 1) where a is a

constant, which separates the spin and orbital KS phase
from the spin KS phase and corresponds to the critical
point X1 in Fig.with scaling dimension v/2¢. By a par-
allel analysis, the transition between the spin and orbital
KS phase and the orbital KS phase can also be estab-
lished.

V. PHASE DIAGRAM AND THE SEQUENTIAL
KONDO DESTRUCTION

Based on the above, we have established the global
phase diagram, which is shown in Fig.[2] This phase dia-
gram is also seen through a complete RG flow, Fig.
which combines the RG flows along the various trajec-
tories we have described in the previous sections. [A
complementary, and more comprehensive, way of deriv-
ing this complete RG flow is given in Appendix @] We
summarize the characterization of the various phases and
their transitions as follows:

e The boxes K1-K3 are different kinds of strong
Kondo coupling fixed points, and the box G is the
spin and orbital KD fixed point. These fixed points
are all stable according to the § functions ,
and thus describe phases of matter.

e The red box R1 is a multi-critical point between
the spin and orbital KD phase and SU(4) KS phase
since there are two relevant directions around it.

e The blue boxed F1-F2 are generic critical point
separating different types the spin and orbital KD
phases to either spin or orbital KS phases.

e Because the strong Kondo coupling fixed points
K1, K2, and K1 are stable fixed points, t they

K1 K2

7 KS, o KD / \ o KS, 7 KD
G
o KD, 7 KD
FIG. 5.  The schematic structure of the fixed points and

the relative RG flow of the BFK model 7 as derived from
the RG analysis. Here KS and KD is the abbreviation for the
Kondo-screened and the Kondo-destroyed fixed point, respec-
tively. The boxes K1-K3 are different kinds of strong Kondo
coupling fixed points, and the box G is the spin and orbital
KD fixed point. The red box R1 is a multi-critical point be-
tween spin and orbital KD phase and SU(4) KS phase. The
blue boxed F1-F2 are generic critical point separating differ-
ent types the spin and orbital KD phases to either spin or
orbital KS phases. Because the strong Kondo coupling fixed
points K1, K2, and K3 are stable fixed points, they are sep-
arated by the generic critical points, denoted as orange boxes
X1 and X2.

are separated by the generic critical points X1 and
X2. The generic critical points X1 and X2 con-
trol the critical phenomena of the trajectories III

in Fig.

The solid black arrows in Fig.[2l marks the generic tun-
ing trajectories in the zero-temperature phase diagram.
Along each of such trajectories, two-stages of Kondo de-
struction take place, each characterizing a QCP in the
spin or orbital channel. This asymptotically exact re-
sult provides a firm theoretical basis to understand the
field-induced quantum phase transitions that have been
experimentally observed in CezPds(Sig.

VI. SUMMARY AND OUTLOOK

In this work, we have performed a detailed
renormalization-group analysis of a spin-orbital-entwined
Bose-Fermi-Kondo model, which is mapped from a mul-
tipolar Kondo lattice model. We are able to determine
the global phase diagram at zero temperature, which re-



veals the mechanism for the sequential Kondo destruction
and shows that it appears for any generic trajectory in
the phase diagram. As such, our results provide a firm
theoretical basis for understanding the surprising exper-
imental results in the heavy fermion metal Ce3PdogSig.
More generally, our work elucidates the quantum crit-
icality in spin-orbital-coupled heavy fermion systems.
Our results also make it clear how multipolar degrees of
freedom, which entwine different types of quantum num-
bers such as spins and orbitals, allows for new types of
Kondo-driven quantum criticality. Because the coopera-
tion of strong correlations, large spin-orbit coupling and
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crystalline symmetry represents a robust means to create
varied local degrees of freedom, our study opens up a new
avenue to design novel types of beyond-Landau quantum
criticality.

Appendix A: The case of Ce3Pd2Sig

In CesPdySig, every Ce3t ion contributes one localized 4f electron. Because of the strong spin-orbit coupling, the
spin and orbital degree of freedom of the 4f electron are coupled to together into a total angular momentum J = 5/2
state that has six-fold degeneracy and hence supports not only dipole moment but also higher-order multipolar
moments. Such six-fold degeneracy is split into a I's quartet and a I'; doublet due to the crystal field effect??. The
analysis of temperature dependent inelastic neutron scattering and entropy data also revealed that the I's quartet
is the true ground state for the local levels*®, which can be represented in the pseudo-spin & and pseudo-orbital 7
notation as:

5 5 1 3
1 5 5 3
z:1§z:_1: 7Jz:7 7'],2__7
1
z:_]-; z:]- = |Jz =3
ro= Lo = 1) = |/ = 1)
r = —Lio, = —1) = |/, = )
Tz = 702 = =Ty

The I's systems comprise dipoles, quadrupoles, and octupoles, all of which are irreducible representations of the
O}, group of the cubic lattice. Both dipolar (magnetic) and quadrupolar order (and likely even octupolar order) may
arise via the RKKY interaction between the local multipolar moments®3.

Applying a magnetic field leads to a sequence of two QCPs, which are associated with the magnetic and quadrupolar
degrees of freedom respectively*l. Across each QCP, a jump of the Hall coefficient is found based on extrapolation of
its isothermal dependence to the zero-temperature limit#l. Each jump implicates a destruction of Kondo effect and
the concomitant electronic localization-delocalization phase transition at zero temperature.

Appendix B: Multipolar Kondo lattice model

To demonstrate how multiple stages of Kondo destruction can arise without fine-tuning the parameters, we start
from a multipolar Kondo lattice model that contains a lattice of local levels with a four-fold degeneracy which can be
expressed in term of spin & and orbital 7 operators:

Higr, =H.+ H;+ Hg. (Bl)

The first part H. = ) GEUTCL*UTCEJT defines the kinetic energy of the conduction electrons, and the second part
Hy describes the RKKY interaction among the I's local levels. For the purpose of convenience and demonstration,
we choose H; as the Ising type:



Hi =3 [I5oio) + Iminy + 1 (of © ) (o @ 77)] (B2)
j
where, &, 7, and ¢ ® 7 express the spin and orbital operators and their tensor product, respectively, and I7,, I7. I

170 i3 Tig
are the corresponding coupling constant. Note that here the English letter ¢, j are indices for sites. The Hamiltonian

is essentially the Ising anisotropic version of the Kugel-Khomskii model.
The final part Hg is the Kondo coupling between the local levels and their conduction-electron counterparts:

Hi =) [JoGi Gie + Iy T+ 4I01 (61 © 7)) - (Fie @ Fi )] (B3)

?

where the antiferromagnetic Kondo coupling J, > 0 with k = o, 7, M, respectively, describe the interaction of the
local levels &, 7, and ¢ ® T with the conduction-electron counterparts.

The multipolar Bose-Fermi Kondo model Hppx (]T[) is mapped from the multipolar Kondo lattice model Hg,
under the extended dynamical mean field theory®®™7, In this procedure, all the sites except for a local impurity are
traced out, and the effect of the RKKY interactions between the local multipolar moments is to act effectively as a
self-consistent bosonic bath that, along with the self-consistent fermionic bath, are coupled to the local impurity.

Appendix C: Derivation of the Coulomb gas action and RG equations

As we mentioned in the main text, because of the Ising-type couplings

HBK = goz02¢oz + gTZTZ¢TZ (Cl)

, the whole Bose-Fermi Kondo model (1f) breaks not only the SU(4) symmetry but also the SU(2)xSU(2) symmetry.
Therefore, to perform the RG calculation, one need to reduce the symmetry in the Kondo part Hx and introduce
much more Kondo couplings. To our purpose, the model with the minimal number of parameters that we need to
consider is:

Hprx = Ho+ Hi o + Hpg (C2)

where Hj is the non-interacting part for the conduction electron ¢, ;o and the bosonic bath g;w(ff =o,7,m), and the
Kondo coupling Hg , is
Hg o = Joy07°07 + Jpi (6508 + YY) + Joum?77 + Jrn (7578 + 7Y7Y)
+4Jm1 [(Uz ® T2) (02 @ Tz), + (02 @ Ty) (02 @ Ty), + (0y @ Ta) (0y ®T2), + (0y ® Ty) (0y ® Ty)c]
+ 49 [(O'Z ®Tz) (02 R Ts) .+ (0. @7y) (0. ® Ty)c] + 4T3 [(az ®7:) (02 ®T2) .+ (0y @ T2) (0y ® TZ)C]
+4Jma[(0: @ 72) (0. @ 72),]

(C3)

with J,, = Jys and J.; = Jye. Note that compared with the coupling with bosnic bath @, we had already set
gm = 0 in the coupling . In Appendix We will also show that a non-vanishing but small g,, does not modify
the structure of our phased diagram based on the RG analysis.

Note that, without the bosonic coupling @, both the Hamiltonia and admit only a SU(4) Kondo-screened
fixed point. In addition, as we will see, tuning the bosonic coupling ((C1) breaks the SU(4) Kondo-screened fixed point
directly down to either a spin or orbital SU(2) Kondo-screened fixed point. Therefore, one should expect that how
the bare Kondo couplings deviate from the SU(4) symmetric case does not really matter, and the RG analysis of the
model captures the generic phase diagram of model .

For the Ising-type bosonic coupling, to perform a controllable RG calculation, one need to map the Bose-Fermi
Kondo model into a Coulomb gas type model?34%, The first step to decompose the above Hamiltonian Hgrg into
the part Hy that is diagonal in the space of the single impurity states |o) ® |7), and the other part H; that is not:

Hprx = Hp + Hy (C4)

where Hp is diagonal in the space of the single impurity states |o) ® |7). We use the notation |m) = |ia) to denote a
single impurity state with the orbital ¢ = 1,2 and the spin o =7, ]. Therefore,

Hp = Hplm)(m| (C5)



Then we rewrite H,, in term of the projection operators X,,,, = |m)(m| = |ia)(icl, so that:

Hpy = Em+ Y Vichen + Y Excl orn+ > Wy ((bj,)q g+ O, ¢T,q)
n k.n q

+ Z F;n ((bo'z,q + (bZ'z,fq) + Z F‘rm (d)TZ,q + (b:rrz,fq)
q q

where
o 1
Via = Z (Jaz +Jr + JM4)
— 1
‘/1'2(3 = Z (JTZ - Joz - JM4)
-1 (C7)
V;Zo(zl = 1 (Joz - Jrz - JM4)
- 1
V;Zo(zl = _Z (Jaz +Jr - JM4)
and
F;T = Yoz
Fit = —g,
o =9 (C8)
F—,—a =0rz
F'?a = —Grz
Here we use the over-line symbol to denote the complement of the spin or orbital index.
On the other hand, the flipping part is defined as:
Hy =Y Q(m,n) (C9)
m#n
where
@ (m,m) = [m)(m|Hg|n)(n| (C10)
describing the process of flipping from the single impurity state |n) to |m). Specifically,
Q (io, i) = Janicl_cialia)(idl
1
Q (ia,i@) = 5 (Jou — Jus) cl_c;, lia) (ia| + 5 (Joi + Jus) clcialic) (ial] = Jo 1 clzeialia) (ia] (C11)

. I~ 1 . =y . s
(Jr1i — Jm2) a;,racia|za><la| + 3 (Jri + Jn2) &;[acm|za><za| = JTJ_ajacm\z(x)(zM

DO = N

Q (i, ia) =

since J,, = Jyg and J- | = Jpo.
Since Hp is diagonal in the single impurity states, after tracing out these local states, the partition function can
be expanded in H¢, and the results is:

e B Tit1 T2
Z:Z/O dTn.../O dTi.../O dleA(m;Tn,...,Tl) (C12)
n=0 m

Here the transition amplitude is defined as:

A(m; T, o) = ()" > /DCD¢exp [—Hpm (B —71)] Q' (m,my) x ...

, (C13)
X exp [=Hyp, ., (Tiy1 — 73)] Q" (mig1,m;) exp [~ Hypy, (7 — Ti—1)] X ...

x exp [—Hp, (r2 = 11)] Q' (m2, m) exp [~ Hp71]
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where
Q' (miy1,m;) = (miy1|Hylmy) (C14)
, which can be separated as:
(m|Hyln) = yp, , 0" (m,n) (C15)
with
Yinia = JM1
, 1
Yiaia = 5 (J 1+ JMS) Jo1
1
Vi = 3 (Jrr +JImz2) = Jr1 (C16)
/, - = Ci,cia
O;’a,ia CiaCia
O;a,ia = G;racza

Now we can trace out the conduction electron by using the bosonization technique. For our single impurity problem,
we only need to consider the s-wave component:

1 .
Cia (#) = ——=¢ 0ia(®) (C17)

The projected Hamiltonian thus transforms into:
db, Z m m
< dz ) Fo (¢UZ + ¢”Z _‘1) Z Fr (¢Tz et ¢” _‘1) (C18)

where E!. = E,, + AE,,, po is the bare conduction electron density of state, and (555 is the phase shift from the
scattering potential:

571
H,=H.+H, +H, +E, +
¢ ¢ ZMO

5i = tan™! (wpovm = tan™! [ T2 (Jou 4 Joz + Jara)]
L (JTZ - Jcrz - JM4)}
(Jcrz - J’TZ - JM4)}

(fg =tan~ (ﬂ'poV’“) = tan~* {—T (Jor + Jrz — JM4)}

519 — tan™! (mpoVid') = tan™ [

4
o [ 220
4

i

. (C19)
5l = tan™! (7rp0Vm

The history dependent potential is treated then through introducing a canonical transformation at each imaginary
time:

Us = exp (zi@) (C20)

The potential after the canonical transformation is time-independent because of the property:

5 db
5z H, = 21
UsHUs = + — P (C21)

We also introduce a similar canonical transformation to the bosonic degree of freedom,

UWa,m = exp (Z ((baz q ¢gz —q))
q

UWr,m = exp (Z F ((b'rz,q ¢rz q))
q

(C22)



with the property:

o,m

Uy Hy Uw,, =Hy +> F& (%z,q +ol._ q)

UJ/-V Hd’—rUW-r,m = H¢-r + Z Frm (¢TZ q + (b‘rz, q)

T, m
q

The transition amplitude now reduce to:

. _ / / ’
A(mv Tn, "'7Tl> =Z. E : Ympgr,an " Ymipr,mg

!/
xexp |—FE), (11 — Tn) ZEm or (Tig1 — i)

My 1=Q1=1,M2,...Mpy_1

n—1

X (O (Myg1, M) (Tn) - O( it1, M) (74) ...O0 (ma,my) (11))

X (By (Mpg1, M) () .
X (Br (Mpy1,mp) (Tn) -

Here, for the bosonic part

T) BT( 7;+1,mi) (7—7,)
..BT (mi+1,mi) (Tl)

i

B, (i1, M;) (1) = UWU,,WHUJVU,W (7i)
By (mis1,mq) (1) = Uw, .., Ul (73)

, the correlation function can be reduced into

(By (Mpg1,mn) (7n) .. By (ma,m1) (1)) = U, . UJVW

oMy

Mg +11M4

= <H exp (‘ Z FVVq (¢az,q ¢az 7q) (Tz)>>

and similarly

{exp ZC 7;) exp (Ag) |)

(Br (mipt1,mp) (Tn) ... Br (M2, ma) (1))

sz+1m1
= UWT,miJrl Wr m, = Hexp W ((bTZ,q (b‘rz, q) ( ) >
q
(exp ZC (ri —75)exp (AEg) |)
where
F(;I-)'L71+17n1, — F;ni+1 _ F;}’Ll
F:"LiJrlmi F;"i-*—lmj
Co(ri=m) =) 2 exp (=W (75 — 7))
q q
and

MG 1My Mit1 m;
FT i — F'r i FT i

F;ni+1 mi F;"j-%—lmj

W

Cr(ri — 1) = exp (=W, (15 — 7))
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(C23)

(C24)

(C25)

(C26)

(C27)

(C28)

(C29)



with

K
> exp (W) = 5
q

On the other hand, for the conduction electron part
O (mi+1, ml) (Tz) = exp (HCTZ') O (mi+1, mz) exp (—HC’TZ')

Here,

O(mi+17ml = <HU5n 1) m ml (HU53>
and for different channels, they are:

za 204 HU]’B HUUB

o §io @ i ia gl sia i@
ZGXP[<5“’—’O‘—1>9M+<%— m)gm <5m_ wz)gm (m—m—i-l)@m]
iy iy v v iy v . Vi i

O (i, ia) = H UPel cin H Ulie

JB JB
[/ gia gia gia  gia sia gia gia o
— exp ((Za _ g _1> 0,0 + (m _ za_|_1> i + (m _ za) o + (m _ M) gia]
e Y ™ ™ ™ ™ Y Y
O (i, ia) = Uijfcgacl H U:jﬁ
iB JB
[ [ sie §ic sia i gia gl sia i@
= exp (m_m_1>9m+<m_ “">9m <m_m+1 O + 2o~ Cia ) g
Y T ™ ™ T T ™ ™

We can rewrite these term as:

O (m,n) = exp [z Z ef,mé'r}

After all of these, the partition function is mapped into:

B=¢o 4r Ti+1=80 Jr. T2—Eo dr
— = .. .. — S(T1, ..., Th
-3 2 L% /g o[ el s mnn)

n=0Mp41=M1=m,m2,...Mn_1 0 0 £o

with a Coulomb gas type action:

Tig1 — Ti
S(T1y ey Tn) = — zjlnymimh.+1 + thiﬂ%
i i

Ti— Ts
j 7
+ E [Kmi-,mj + Kmi+1qmj+1 - sz‘,mj+1 - sz‘+17m_7’] In 50
i<j
T T €
o o _ o Jg " _
- z : |: mi,mj + Mmz+17m]+l - Mmi’mj+1 Mmi+1,mj:| |:( 50 ) 1:|

i<j

T T T 7—‘7 _Tl ‘
_Z{ m“mj—i—M Mit1,m 41 MmLmJH M L+1,m4} |:( & ) _1:|

1<J
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(C30)

(C31)

(C32)

(C33)

(C34)

(C35)

(C36)
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where h,,, < E/, & is the ultraviolet cutoff, and

Ym,n y;n,né-o
1 N
Kmy" 75 (emn)
o _1 (an)2 (037)
m,n 9 o
q
1 2
M7 - _ - o
m,n 9 ( T )

By following these definitions, for the Bose-Fermi Kondo model (C2) the non-vanishing fugacity y, , and stiffness
Koy My, ,, and My, are:

Yinja = Y1 = Sodm
Yiayia = Y2 = SoJoL
Yinia = Y3 = SoJr1L
=-Ki1=—f1(Joz, Jrzs Jua

i,

( )
Kia,ia = _K2 = _f2 (JO'Z7 JTZ7 JM4> (038)
Kia,ga =—-K3= _f3 (ch, Jrz, JM4)
M7, o= MG, iz =-M7=-T(c)g;.
MiTa,fE = Mz"rozﬂoe =-M"=-T (6) 972'2

where I' (€) is a e dependent O(1) constant. The explicit expression of K7 5 3 is complicated but unnecessary, and can be
derived from Eq. (C33)), where the phase shifts are known in Eq. (C19). The only few things that matter are that they
depend only on indices-preserving coupling J, . - a4, and the range of their bare value is f1 2.3 (Joz, J7z, Jara) € (0,3).

For the Coulomb gas action (C36]), the associated B equations can be derived through a conventional

manner®H05254 a4 it turns out:
dyl o T
a =(1—-Ki—M7—=M")y1 + 2y2y3
d
% =(1— Ky — M%)y +2y1y3
d ,
% =(1—-K3—M7")ys +2y12
dK;

- = —2y7 (2K1) — 293 (K1 + Ky — K3) — 2y3 (K1 + K3 — K>)
(C39)

dK
WQ = 2y} (Ky + K1 — K3) — 293 (2K>) — 2y3 (K + K3 — K1)
% _ 2 _ _ 2 _ _ 2

dl = 2y1 (Kg —|— K1 KQ) 2y2 (Kg + K2 K1) 2y3 (2K3)
dM?

= (e —4yi — 4y5) M°

dl
dM7 B

o = (e — 4yt —4f) M

Appendix D: RG analysis and the generic phase diagram

In this section, we give a detailed RG analysis of the 8 functions (C39)). We will identify the fixed points of the g
functions ((C39) by using € as the control parameter. The relative stability of these fixed points are analysed through
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the eigenvalues and eigenvectors of the matrix:

OBy, OBy, 9By; OBy OBy, OBy OBy OBy,
Oy Oya Oys 0Ky OKo OK3 oOM©“ OMT™
OBy OByy OBy  OByy  OByy OBy, OBy, OBy,
Oy Oya Oys 0K, 0K OK3 oMe° OMT™
16) OBys 16) IByg o) IByg 9By 9By 0PBys 9PBy; 0PBys
oy1 O0y2 0ys 0K, OKo OK3 oMe oM™
9Pk, 9Pk, IPr, IBx, OBr, OBk, IBKr, OBk,
_ Oy Oya Oys 0K, OKo OK3 oM OMT™
W= 86y1<2 aﬁ‘% 8522 OBy OBry OBry OBr, OB (D1)
9K, O0Ks 0K, 0M° oM
35yK3 35yK3 35yK3 0fKry OBkr; O9Bkr; OBk; 0Bk,
oy1 Oya oys 0K, OKo OK3 OM©° OMT™
OBy OBy OBme OBme OBume IBumo  OByo Pue
oy1 0y2 0ys 0K 0K 0K3 oM©e oM™
9Bmr  9Bmr  OBmr  IBmrT 8’8M§ 9Bmr  9BmT  9BmT
oY1 Oya Jy 0K, OKo OK3 OM© OMT™

3

We will also illustrate the generic phase diagram Fig. based on our RG analysis.

1. RG analysis

In the € expansion, the € serve as a small control parameter. We will express the fixed point in term of the € up to
the leading order y/e. By solving the zeros of the 8 functions (C39)), the fixed points can be identified:

R1: y1:0,y2:y3:§, Ki=Ky=K3=0 M =M =1

/e (D2)
R2: ylzga y2:07 93:07 K2:K3a Kl :0, M+ M =1
where the RG trajectory around R2 can flow toward R1. Other fixed points includes
\/E o T
E]-:y1:07y2:73y3:07K1:K3aK2:03M :13M =0 (D3)
and
E2:yle,ygzO,ygzg,Klsz,ngO,M”zO,MT:I (D4)

, and both of the fixed points E1 and E2 are unstable and the RG trajectory around them can flow toward R1 and
R2. Finally, there is a unstable fixed points

E3: y1y=y2=ys=0, M°=M"=0 (D5)
We will ignore this fixed point in the following, since it is the most unstable fixed points.
Among the fixed points listed in the Eq. the fixed point R1 is the most stable one. However, the fixed

point R1 is actually still not a generic critical point, since there are two relevant directions #; » around it. The first
one is:

B= g LIS e (D6)
2\/§y2 2\/593

which has the associated eigenvalue scaling dimension v/2¢ and can flow toward either the orbital KS fixed point:

<
o

K1: ygﬁoo,ylzygz(),Klngng, MUZO, M™ — oo
or spin KS fixed point:
K2: ygﬁoo,ylzygz(), K1:K2:K3:0, MU%OO, M™ =0

On the other hand, the second relevant direction is(we express each non-vanishing coefficients up to the leading

order \/e):

. \/ 1 .
U2 y1+ —— o4+ ——=fg — M7 — M" D7
2f 2v2 (b7)
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which has associated scaling dimension \/ﬂ(up to the leading order 4/€) and flows toward either the strong coupling
SU(4) Kondo-screened(KS) fixed point

K3: y1,y2,ys > 00, K1 =Ky =K3=0, M =M" =0
or the spin and orbital Kondo-destroyed(KD) phase
G:y1=yo=y3=0, M° 500, M™ = 0

The stability of the strong coupling fixed points K1, K2, K3, and G can be studied through the stability matrix
W . This analysis shows that the fixed points are stable against other small perturbations and thus characterize
the phase of matter. Accordingly, there should be other generic critical points separate these phases. Since there are
two relevant directions around R1, there should be four generic critical points separating these phase.

Moreover, besides flowing toward to R1, K1, K2 and G, by exploring the relevant direction around the fixed
point E1 one can also checks that the RG trajectory around it can also flow toward M™ — oo( M7 — o0), and thus
approach to:

F1: y1:O, y2=§7y3:0, K1:K2:K3:0, MUZL M™ —

For the F1, except the § function dM7/dl, other § functions remain zero. As a result, F1 corresponds to a fixed
point at the large M7 regime. By study the nearby RG trajectory through the matrix W in Eq. , one can
conclude that fixed point F1 actually corresponds to a generic critical point separate the spin and orbital KD phase
G and the orbital KS phase K1.

Similarly the RG trajectory around E2 can flow toward:

F2: y1:0, yQZO, y3=§, K1:K2:K3=0, MTZL M — oo

which is a generic critical point between the spin and orbital KD phase G and the orbital KS phase K3.

The whole RG flow structure is summarized in Fig.[§| of the main text, where the blue boxes are the critical points
F1-F2 corresponding to the phase transitions from spin and orbital KD phase to spin or orbital KS phases. One
can see that the spin and orbital KD phase G can transit to different kinds o f strong Kondo coupling fixed points
K1, K2, and K3. Note that because the fixed point R1, denoted as the red box in Fig.[5] is not a generic but a
multi-critical point, the phase transition between spin and orbital KS phase K3 and spin and orbital KD phase G
should be a fine-tuned one. Again, since the Kondo screened fixed points K1, K2, K3 are stable fixed points, there
should be some generic critical points (denoted as the orange boxes X1 and X2 in Fig. separating them, even
though their exact directions is unknown in this scheme unlike the generic critical point F1 and F2. Based on the
whole RG flow structure Fig. the generic phase diagram is sumarrized in Fig. Note that in Fig. we neglected
the fixed point R2, E1, E2 | and E3 since these fixed points do not influence the RG structure. We present the
relative RG flow structure among the fixed points R1, E1, F1, K1, and G in Fig. @

We emphasize that the RG flow structure Fig. is rigorously derived through the matrix W (D1). However, due
to the huge number of the coupling constants, it is not easy to visualize the full RG flow structure. In the following,
we are going to elaborate these results in a reduced but more transparent and visible way.

2. Transition to the SU(4) Kondo-screened phase

To illustrate the transition between the spin and orbital KD phase to the SU(4) KS phase, we choose to scan the
RG flow structure by taking g,. = g,. = g, which corresponds to the trajectory denoted as the arrow (I) in Fig.|3(a)|

Since along this direction, the S functions (C39|) are invariant under o <> 7, one can set y» = y3 = y and
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o KD, 7 KD i 7 KS, o KD

LRt

E1

FIG. 6. The relative RG flow structure among the fixed points R1, E1, F1, K1, and G.

Ky = K3 = K. The 3 functions (C39)) thus can be reduced to:

%z(l—Kl—QM)y1+2y2

%:(1—K—M)y+2y1y

L= 9 (2K — 497 (K) (D8)
% = —2¢% (K,) — 4y (2K) + 2% (K)

%: (e —4yi —4y*) M

Note that the fugacity y; flips both spin and orbital part, while the fugacity y flips only the spin or orbital index.
As a result, the 8 functions of y; and y involve y? and vy, respectively.

From the 8 functions one can see that the coupling constant K; flows to 0 no matter the initial values, and
thus the g functions can be further reduced into:

% =(1—-2M)y +2°
%=(1—K—M)y+2y1y
dK (D9)
o —4y* (2K)
% = (e—4y%—4y2)M
and again, K — 0 no matter the initial values, so in the end we derive the reduced g functions Eq. (7):
% =(1-2M)y +2°
WMyt (D10)
% = (674y%f4y2)M

From these reduced [ functions (D10, we identify the generic critical point (yf,y*, M*) =
1 yTTTee A — Vitize ATT2¢ \ . " .
( LSS 121“26, Hlsf/g 1+126, 5t éﬂze = (0,%,1) up to the order y/e. This critical point corresponds to

the critical point R1 in Fig. and separates the spin and orbital KD phase from the SU(4) KS phase.
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3. Transition to spin or orbital Kondo-screened phase

Here we aim to illustrate the transition between the spin and orbital KD phase and the spin or orbital KS phase.
We firstly focus on the RG trajectory around the critical point R1 where g,, = g-. = ¢* between the spin and orbital
KD G and SU(4) KS phases K3.

As mentioned, any small asymmetry between g,, and g,, around R1 actually is relevant in RG sense. Suppose
we keep every parameters fixed but just slightly increase the coupling constant g, that is, g,. > g, = g*, then the
RG trajectory will flow toward to g,, — co. We can then vary g.. to explore the RG trajectory. The corresponding
trajectories in the phase diagram are denoted as the arrow (II) in Fig. Around this trajectory, according to the
[ functions , y1 and y3 must both flow to 0 and both are irrelevant since g,, — co. The § functions can thus
be reduced into:

% =(1-Ky— M%)y

% = —2y3 (K1 + K> — K3)

2 = 93 0) (D11)
% = —2y5 (K3 + K> — K1)

djc‘ga = (e —4y3) M°

by which one can see that Ky — 0, and again the 8 functions can be further reduced into:

dy -
dilz =(1-M?)ys
dK
Wl = —2y5 (K1 — K3)
e (D12)
- = —295 (Ks - Kl)
dM° -
di = (e — 4y§) M

From the reduced g functions (D12)), one can immediately conclude that the K; and K3 flow to the fixed point
K, = K3 = k;, where k;, is a constant. As a result, the final reduced S functions are indeed Eq. , from which one

can find a generic critical point (y5, M7*) = (%, 1) with the scaling dimensions 2/e (v/e + 8+ €) = v/2¢ (up to

the order 1/€) that corresponds to the fixed point F2 in Fig. and separates the spin and orbital KD phase from the
spin KS phase. The RG flow diagram of the reduced S functions on the J,1 — g, plane is shown in Fig.

o KS
Jo'J_ M7 KD

s

FIG. 7. RG flow diagram of the reduced S functions on the J,1 — go» plane.

g,.
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4. Transition between spin or orbital KS phase and SU(4) KS phase

Finally, we would like to establish the transition between the spin or orbital KS phase and the SU(4) KS phase,
which correspond to the trajectories III in Fig. As discussed in the main text, because the strong Kondo coupling
fixed points K1, K2, and K3 are stable fixed points, there should be other generics critical points, denoted as orange
boxes X1 and X2, separating them.

Again, we focus on the RG trajectory around the critical point R1 where ¢,, = g,, = ¢* between the spin and
orbital KD G and SU(4) KS phases K3. If we keep every parameters fixed but just slightly decrease the coupling
constant g, that is, g,. < ¢gr» = g%, then the RG trajectory will flow toward to g,, — 0. We can then vary g,,
to explore the RG trajectory. The corresponding trajectories in the phase diagram are denoted as the arrow (III)
in Fig. As we will see later, the assumption that g,, — 0 is legitimate since g,, is generally irrelevant around
9oz = 0.

However, unlike R1 and F1, the real locations of the X1 is hard to identify directly from the g functions .
To proceed, we exploit one more property of the critical point R1, that is, y1 ~ 0, y2.3 ~ % around R1. Near the
vicinity of R1, one can thus neglect the higher order terms of /€ in the 3 functions . To simplify the analysis,
we also set the new variables:

U3:K1+K2—K3
UQ:K1+K37K2 (D].?))
up = Ko+ K3 — K3

, under all of these conditions the the § functions (C39) then become:

dy1 U2 us
21— (1
dl (

a5 -3

Wty

dl 2 2
d
%z—4(y%+y§)u3 5
dUQ 2 2 ( 14)
a —4 (yi +ys> Ug
d
% =—4 (y% +y§> Uy
dM?°
= (e =y — 4y3) M°
dM™
i (e — 4y? —4y§) M7

by which one can see that ui, us, and uz are generally irrelevant and flow to zero, and thus the resulting S functions
are

dyy
dl

dyz _
dl Y2

=(1-M")y

d
W (- M) (o15)

dMe
dl

dMT
dl

= (e —4dyi — 4y3) M°

= (e—4dyf —4y3) M~

From the reduced § functions (D15]), one can immediately conclude that yo — 0o, and thus M7 is indeed irrelevant
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around M? — 0. The final reduced S functions are

dy

dl = (1_M7)y1
d
= -M)y (D16)
dM™
o = (e —dui —agg) M7

from which one can identify a critical line (y7,y5, M™) = <a, 7”*24“2, 1) where a is a constant, which has one relevant

direction with the associated scaling dimension v/2¢ and separates the spin and orbital KS phase from the spin KS
phase and corresponds to the critical point X1 in Fig. The RG flow diagram of reduced S functions is plotted
in Fig . By a parallel analysis, the transition between the spin and orbital KS phase and the orbital KS phase can
also be established.

Jo)

+/SU4) KS
Jin

-

O'KS 7 KD

g..

FIG. 8. RG flow diagram of the reduced S functions (D16)).

Appendix E: RG analysis with a small cross-product term g,

In this section, we aim to study the stability of the phase diagram Fig. under a small cross-product term
gm (0 ® T.) @, through RG analysis. In other words, we derive the 8 functions of the Bose-Fermi-Kondo model
Hpprg where the coupling with the bosonic bath is modified as:

HBK = gazaz¢az + gTsz¢Tz + 9m (Uz & Tz) ¢m (El)
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After mapping the model into a Coulomb-gas type action, one can derive the 8 functions:

% =(1—-Ky —M° — M)y, + 2y2y3

% =(1—Ky— M7 — M™)ys + 20193

% =(1—-Ks—M" — M™)ys + 2y192

dK, 2 2 2

— = 21 (2K1) — 205 (Ko + K> — K3) = 2053 (K1 + K3 — KO)

% = 2% (Ko + K1 — K3) — 2y3 (2K>3) — 243 (Ko + K3 — K)) (E2)
% = 2y} (K3 + K| — K3) — 2y3 (K3 + Ko — K1) — 293 (2K3)

di\ga = (e —4yi —4y35) M°

di\gr = (e—4yf —4y3) M™

djglm = (e—4yi —4y3) M™

where M™ =T (¢) ¢2,.
Since our purpose is only to study the stability of the phase diagram Fig. under small g,,, we only need to
check the § function:

dMm™
— = (e — 4y§ — 4y§) M™ (E3)

by which one can see only the spin and orbital KD fixed point G is unstable against a small M™(and thus g,,),
while the KS fixed point K3, spin or orbital KS fixed points K2 and K1, the generic critical points F1, F2, and the
multi-critical point R1, are stable against a weak coupling constant g,,.

As a result, the structure of the the phase diagram Fig. remains unchanged, except now the spin and orbital
KD phase correspond to the fixed point:

G:y1=y2=y3=0, M° - 00, M™ — 00, M™ — o0

instead of G.
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