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We propose a generalization of the supersymmetric representation of spins with symplectic sym-
metry, generalizing the rotation group of the spin from SU(2) to SP(N). As a test application of
this new representation, we consider two toy models involving a competition of the Kondo effect
and antiferromagnetism: a two-impurity model and a frustrated three-impurity model. Exploring
an ensemble of L-shaped representations with a fixed number of boxes in their respective Young
tableaux, we allow the system to choose which representation is energetically more favorable in
each region in parameter space. We discuss how the features of these preliminary applications can

generalize to Kondo lattice models.

I. INTRODUCTION AND MOTIVATION

Heavy fermion materials involve a lattice of localized
magnetic moments derived from f-electrons, embedded
in a conduction sea formed principally from delocalized
d-electrons’2. The physics of these materials can be un-
derstood as a consequence of the interplay between two
competing physical processes:

- the Kondo effect, which tends to screen the local
moments to produce a band of heavy electrons, and

- antiferromagnetism, which locks the local moments
together via the RKKY interaction, into a state
with long range magnetic order.

The characteristic scales for these two processes are
Tk NDe_l/poJK, TrRrKY NPOJzzo (1)

where Jg is the strength of the onsite Kondo interaction
between the localized f-electrons and conduction elec-
trons, pg ~ 1/D is the density of states of the conduction
electrons at the Fermi energy and D the bandwidth. The
Kondo temperature, Tk, sets the energy scale for the on-
set of the Kondo effect and consequently the formation
of a coherent heavy Fermi liquid (HFL) while Trxky
defines the energy scale for the onset of magnetic order.

The family of heavy fermion materials provides an im-
portant setting for the study of quantum criticality®*
which develops when a continuous second-order phase
transition is suppressed to absolute zero temperature.
The small characteristic energy scales of these com-
pounds makes them highly tunable, allowing the ready
exploration of the phase diagram as a function of pres-
sure, magnetic field or doping. Superconductivity is of-
ten found in the vicinity of magnetic quantum critical
points (QCP). At temperatures above the quantum crit-
ical point non Fermi liquid (NFL) behavior is observed,
generally characterized by sub-quadratic temperature de-
pendence of the resistivity p and a logarithmic tempera-
ture dependence of the specific heat coefficient v = S~

T
p o T, (a < 2)
1 Ty (2)
g (B,

where Ty is the characteristic scale of the spin fluctua-
tions. For a review of experimental properties of these
materials see Stewart.

One of the central challenges of heavy fermion materi-
als is to understand the mechanism by which magnetism
develops within the heavy electron fluid. Traditionally,
magnetism and heavy fermion behavior have been re-
garded as two mutually exclusive states, separated by
a single quantum critical point. However, a variety of
recent experiments suggest a richer state of affairs, in
particular:

- YbRh5Si; can be driven to a quantum critical point
by the application of magnetic field, where both
the Néel temperature and the Kondo energy scale
appear to simultaneously vanish. However, when
doped, these two energy scales appear to separate
from one-another, indicating that the break-down
of Fermi liquid behavior and the development of
magnetism are not rigidly pinned togetherf-3;

- In the 115 superconductor CeRhlIns there is evi-
dence for a microscopic and homogeneous coexis-
tence of local moment magnetism and supercon-
ductivity under pressure’;

- Neutron scattering experiments observe a par-
tially ordered state in the geometrically frustrated
CePdAl, in which one third of the Ce moments
do not participate in the long-range order, sug-
gesting the development of inhomogeneous Kondo
states!012,

Various phenomenological frameworks have been pro-
posed for the understanding of heavy fermion sys-
tems. The classical framework proposed in the 70’s
by Doniach'®, involves a competition between Tk and
Tri ky determining the ground state to be a heavy Fermi
liquid or magnetically ordered. More recently a new axis
was added to this picture, by the inclusion of geomet-
ric frustration or reduction of dimensionality'*'®. These
two factors contribute towards the suppression of mag-
netism in a different way, if compared to the competition
with the Kondo effect. Also, based on experiments in
several families of heavy fermions, a phenomenological



two-fluid picture was proposed by Nakatsuji and Pines,
with predictive power on the ground state'6:17.
Unfortunately these proposals do not give us infor-
mation about the character of the transition between
the HFL and magnetic phases, and its theoretical de-
scription has remained an unsolved challenge for several
decades. Theoretical proposals based on a spin density
wave description of the QCP'® 20, Kondo breakdown?!,
deconfined quantum criticality??> and local quantum
criticality?® have been suggested, but no one picture is
yet able to fully account for experimental observations.

A. Spin Representations in the Kondo Model

The Kondo lattice Hamiltonian

Hip =Y el oo+ Jx Y Sisi, (3)
ko 4

provides a minimal model for heavy fermion systems.
The first term in Hg, describes a band of conduction
electrons with dispersion €y, Jx is the antiferromagnetic
Kondo coupling between the local moment S; and the
spin of the conduction electron s; at site 1.

The local moments are neutral entities uniquely char-
acterized by their spin quantum numbers. The removal
of the charge degrees of freedom from the Hilbert space
of the localized f-electrons means that spin operators
do not follow canonical commutation relations; conse-
quently, their treatment within a path integral or dia-
grammatic approach is complicated by the absence of a
Wick’s theorem. To circumvent this difficulty, the spin
operator is traditionally factorized in terms of creation
and annihilation operators:

Sag = a:;a[g, (4)

where af,, a, are bosonic or fermionic creation and an-
nihilation operators, respectively, and the indexes «, § =
{1,2} for an SU(2) spin. There are actually sev-
eral such spin representations: the Holstein-Primakoff?4,
Schwinger boson?®, Abrikosov pseudo-fermion?® and the
drone or Majorana fermion?’ representations, among
others.

The physics that each of these representations de-
scribes is profoundly different. For example, the anti-
ferromagnetic (AFM) phase at small Jg is very effec-
tively described by a Schwinger boson representation of
the local moments, with the condensation of the bosons
corresponding to the onset of magnetic order?®2°. By
contrast, the heavy Fermi liquid phase at large Jg is
successfully captured by a fermionic representation of the
spins3Y. We take the view that the success of these two
representations in the different limits is not simply one
of mathematical convenience; rather, it reflects the phys-
ical transformation of both the spin correlations and the
excitations of the local moments: these evolve from col-
lective spin waves to charged heavy fermions. Remark-
ably, experiment indicates that these two phases connect

together continuously via a quantum critical point, sug-
gesting that at quantum criticality the two representa-
tions merge.

In this paper we argue that a full description of heavy
fermion materials requires a methodology that can cap-
ture the transformation in the character of the ground-
state and its spin excitations. This, in turn, leads us to
adopt a supersymmetric representation of the spin3!

Sap = flfs+blbs. (5)

Here, f1, f. and b}, b, are respectively, fermionic and
bosonic creation and annihilation operators. The spin
is supersymmetric because it is invariant under transfor-
mations that take bosons into fermions and vice versa;
these are generated by fermionic operators which will be
introduced in the next section.

One of the challenges of such a factorization, is that it
requires a constraint which guarantees that the physics
lies within the physical Hilbert space32. For example, an
elementary spin S = 1/2 Kramers doublet requires the
constraint Q = ny + ny = 1. Within this constrained
Hilbert space, the most general wavefunction is an en-
tangled product

|¥) = Po(|¥r) @ |Vp)), (6)

where |¥ ) and |U ) are the bosonic and fermionic com-
ponents of the wavefunction, respectively, while Pg is
a Gutzwiller projection operator. This operator can be
written as:

dd; 9. (nn, .
PG = \/Hiﬁelel(n31+nF171). (7)

which imposes the constraint ng; + ng; = 1 at each site
i. The unprojected wavefunction |¢5) describes the for-
mation of long-range magnetic correlations in the form
of a bosonic RVB wavefunction, while |[¢z) captures the
development of Kondo of singlets and the development of
a large Fermi surface of heavy electrons. The Gutzwiller
projection entangles the two components of the wave-
function into a single entity as illustrated in Fig. 1.

FIG. 1. Schematic illustration of a Gutzwiller wavefunction
formed from the projected product of a bosonic RVB wave-
function and a Kondo-screened Fermi liquid, to form an en-
tangled combination of both wavefunctions.



This merged wavefunction has, in principle, the poten-
tial to capture the two-fluid aspect of the heavy fermion
ground-state.

B. Large-N Approach

The absence of a small parameter in the Kondo model
effectively rules out the use of conventional perturba-
tion theory. The alternative approach, followed here,
is the use of a large-IN expansion in which the funda-
mental representations contain N, rather than 2 compo-
nents. In this approach 1/N ~ fg plays the role of syn-
thetic Planck’s constant leading to a controlled mean-
field (“classical”) theory in the large-N limit, with the
possibility of expanding the fluctuations and the con-
straint condition as a power-series in 1/N about the
large-N limit. The simplest generalization takes SU(2)
to SU(N)3338. Written in traceless form the SU(N)
spin is then

Sat ™) = fl s+ bhbs — (np +np)dap/N,  (8)

where o, § € {1, 2, ..., N}. However, in this paper we seek
to extend the supersymmetric description of spins to the
symplectic subgroup SP(N) of SU(N)39 4L

SaE ™ = flps+blbs — aB(f1 3 f o+ gboa). (9)

Here N must be even, while the range of the elemen-
tary spin quantum numbers is a, 8 € {£1, 42, ..., £N/2}.
The tilde notation, employed extensively in this article,
denotes the sign of the index

a = sgn(a), (10)

with the analogous definition for other indexes. This
new spin operator has the symplectic property SS; ) —

fdﬁng,(i\g (and is thus also traceless). The symplec-

tic group SP(N) offers many advantages for condensed
matter physics, allowing for a consistent extension of the
notion of time reversal symmetry to the large-N limit,
which permits one to form singlet pairs of particles that
are absent in the SU(N) generalization®!. This capa-
bility is vital to describe antiferromagnetism and super-
conductivity.

FIG. 2. Showing an L-shaped Young tableau, characterized
by two parameters, the width w and the height h of the
tableau.

Bosonic

LITTTT]  (magnetic)
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[T1]
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FIG. 3. Series of i tableaux in the large-/V limit ranging from a
fully symmetric (top) towards a fully antisymmetric (bottom),
passing through a series of L-shape representations.

The concept of a supersymmetric spin was introduced
in previous studies of impurity Kondo models®!42744, In
the work presented here, we follow the lines of Coleman
et al.3l, with the additional generalization to SP(N),
and discuss the spin representations in terms of Young
tableaux. Young tableaux provide a precise pictorial
rendition of irreducible spin representations: horizontal
Young tableaux label completely symmetric representa-
tions, which are naturally described by bosons, while ver-
tical Young tableaux label completely antisymmetric rep-
resentations, usually described by fermions. The use of
supersymmetric representations lead us to consider the
set of representations characterized by L-shaped Young
tableaux (Fig. 2). These representations are character-
ized by two constants:

- the total number of elementary spins (or boxes) in
the representation @ = h + w — 1, where h and w
are height, and width of the Young tableau, respec-
tively, and

- the asymmetry Y = h — w of the L-shaped Young
tableau, as discussed in Coleman et al.3!.

The asymmetry of the representation is absent in a
physical SU(2) spin-1/2, in which case the Young tableau
is depicted by a single box, but once we enlarge the sym-
metry group of the spin in order to develop a large- N the-
ory, we find a family of representations that range from
a completely symmetric representation, fully described
by bosons, to a completely antisymmetric representation,
described only by fermions, including a whole plethora
of intermediate representations that we refer to as mized
representations, depicted by L-shaped Young tableaux
(see Fig. 3). The possibility of mean-field solutions de-
scribed by mixed representations is interesting as it may
permit the description of new states of matter, including
coexistence of magnetism with superconductivity or with
heavy Fermi liquid phases.



For a given value of N, one needs to decide which rep-
resentation to choose in order to proceed with the calcu-
lations. Traditionally a purely bosonic representation or
a purely fermionic representation is chosen, but the su-
persymmetric approach provides the possibility of con-
sidering an L-shaped representation. To constrain the
problem to such a representation one must fix the val-
ues of Q = Qo and Y = Y} through the introduction of
projection operators into the partition function:

Z = Tr[Pg,.v,e "1]. (11)

Typically, the more negative Y, the more symmetric
the spin representation and the more magnetic the re-
sulting ground-state whereas the more positive Y, the
more antisymmetric the spin representation and the more
Fermi-liquid like the ground-state. To avoid biasing the
physics, we consider a grand-canonical ensemble of rep-
resentations defined by the partition function with indef-
inite asymmetry Y,

Z =Tr[Po,e ] =Y " Tr[Pg,v,e ], (12)
Yo

where now we can identify Pp, with the large-V general-
ization of the Gutzwiller projection operator introduced
in Eq. 7:
P, _ dg’ i0;(npi+nri—Qo)
G = PQO = /Hzﬁe . (13)
This procedure will enable the ensemble to explore
the lowest energy configurations. Another motivation to
work with the constraint that fixes only the total number
of boxes of the representation is the fact that the asym-
metry of the representation appears only in the large-N
limit, so by letting Y run free provides an unbiased way
to take the limit N — 2, as schematically shown in Fig. 3.

C. New features of this work

The large-N limit we now develop places all L-shaped
representations with a given number of boxes on the same
footing, and the asymmetry of the representation can be
thought of as a variational parameter. The character
of the representation (bosonic, fermionic or mixed) will
now be decided by the energetics of the problem. This
will permit us to explore the phase diagram of systems
as heavy fermions, in which the character of the spin
changes from fermionic in the HFL phase towards bosonic
in the AFM region.

Fig. 4 illustrates schematically the evolution of the en-
ergy landscape (energy as a function of ¢g, the number of
fermions in the representation), for three different values
of Tk /Triky- For small Tx /Trxky the energy land-
scape has a minima for gz = 0, which means that the
system prefers to have a bosonic spin representation and
possibly develops magnetic order. Analogously, for large
Tk /TriKy, the energy landscape has a minimum for

- ;V@f ;

Bosonic Mixed

arF

Fermionic
TriTrkky

FIG. 4. Schematic representation of the evolution of the en-
ergy landscape as a function of gr for different values of the
ratio TK/TRKKy.

the maximum value of ¢, indicating a purely fermionic
representation, which would possibly lead to the devel-
opment of a heavy Fermi liquid. For intermediate values
of Tk /Trx ky we find that the representation is mixed,
with an energy minima developing at an intermediate
value of qr so that the minima is a saddle point as a
function of gr. We are thus able to identify two classes
of solution:

- Type I minima, in which the free energy is mini-
mized by a purely bosonic or a purely fermionic
representation, indicating that the original super-
symmetry of the spin is severely broken. In this
case the results of a purely bosonic or fermionic
representations are recovered;

- Type II minima, in which mixed representations
are energetically favorable. These kinds of min-
ima are candidate representations for a two-fluid
picture of heavy fermions. Since the fermionic and
bosonic components of the spin fluid acquire the
same chemical potential, this opens up the possibil-
ity of a new kind of zero mode: a Goldstino, arising
from the zero energy cost of rotations between the
fermionic and bosonic spin fluid.

Other new features of this work are:

- Symplectic Spins: we generalize the rotation group
of the spin from SU(2) to SP(N) for a large-N
treatment?®4!. This guarantees that the spin con-
sistently inverts under time reversal, which confers
various advantages. In particular, it allows the de-
scription of geometrically frustrated magnetism>°
and it permits the exploration of singlet super-
conductivity within the large-N framework. This
is an important advantage over the older SU(N)
construction®'.  Although here, we only explore
two- and three-impurity models, our construction
can be straightforwardly implemented in lattice
models.

- Spatially inhomogeneous representations: We ex-
plore the possibility of solutions which sponta-
neously develop Kondo, or magnetic character at
different sites. Here we are motivated by the



partially ordered phase verified experimentally in
CePdAl.  Fig. 5 represents this kind of solution
schematically in a frustrated triangular geometry:
one of the local moments in the triangle develops
fermionic character, forming a singlet with elec-
trons in the conduction sea, while the other two
local moments have a bosonic representation, form-
ing an antiferromagnetic bond.

f Local moment

‘ . * Conduction electron spin

FIG. 5. Schematic representation of the inhomogeneous solu-
tion for the frustrated triangular geometry.

This paper is organized as follows: in Section II we de-
fine the supersymmetric-symplectic spin, identifying the
gauge group under which it is invariant and discuss the
Casimir for a given irreducible representation. Details on
the derivations are given in Appendix A. In Section IIT
we introduce the path integral formalism for a general
Kondo-Heisenberg lattice model which leads to a mean
field free energy in the large- N limit. In order to develop
an intuition on the new kinds of solutions we are able to
achieve, we apply this formalism to a two-impurity model
in Section IV (details on the calculations are given in Ap-
pendices B, C and D). In Section V we apply the same
formalism to a frustrated three-impurity model and ex-
plore the new symplectic character of the super-spins.
We conclude, discuss the open questions and the connec-
tion to the Kondo lattice in Section VI.

II. SUPERSYMMETRIC-SYMPLECTIC SPINS:
DEFINITIONS AND PROPERTIES

We start defining the supersymmetric-symplectic spin:
Sap = f1fs — GBSL 5f o+ Blbs — aBBL jb_a,  (14)

where f1, f, and b}, b, are respectively, fermionic and
bosonic creation and annihilation operators, with indexes
a,B ={£1,4+2,...,£N/2}, and & = sgn(«a), 8 = sgn(f).
In this form the invertion of the spin under time reversal
is made explicit.

We can write the spin operator more concisely as:

SaB = \IJL'YO\IJB = \i/a\I/g, (15)

by introducing the four component spinor ¥, = Wl g,

Jfa

= ot
o= | e | (16)

(03
abt
which carries the explicit spin index «, and has an im-
plicit super-index which runs from 1 to 4 related to the

supersymmetric and particle-hole character of its entries;
and the matrix

100 0
010 0

=1lo01 0 (17)
000 -1

We shall follow the convention that super-indices are sup-
pressed and fully contracted with one-another in our for-
mulae, unless otherwise stated.

The supersymmetric-symplectic spin defined in Eq. 15
commutes with the following operator bilinears and the
respective conjugates:

9 :Zf(lfaa
fip = blba,
1/;: Zfaffom (18)

a>0

é: Zbléfou
H=> afab_a-

e}

These are therefore generators of the symmetry group of
the supersymmetric-symplectic spin. Note that z@ and 7
are present in the SP(N) but not in the SU(N) gener-
alization of the supersymmetric spin3!.

We can rewrite these operators in the form of Hubbard

operators®® as follows:

Xoo = 1B, (19)
Xiy = (fir —fi5) ;HB), (20)
x - Wt i), (21)
Xeo =9, X =4, (22)

ot 6
Xip= 2= Xoy = — 23
+0 \/5 0+ \/E ( )

A i

n n
X o=-L x, =21 24
0= 0 7 (24)

where Xg9, X++ and X1+ are bosonic Hubbard opera-
tors, while X4 and X+ are fermionic Hubbard opera-
tors. In this form the algebra that these operators follow
can be concisely written as:

[Xab; Xcd]:t = Xad(sbc + ch(sad7 (25)



where the anticommutator, (+), is used when both Hub-
bard operators are fermionic, while the commutator, (—),
otherwise. The Hubbard algebra®® above defines the
SU(2]1) supergroup®. One can explicitly see the SU(2)
subgroup generated by the isospin operators

Uy = (X +X_4)/2, (26)
Uy = —i(Xyo — X_1)/2, (27)
Uy = (Xpq —X-2)/2, (28)

which follow the commutation relation:
(U, ¥;] = i€ Vi, (29)

and are related to the rotation of the fermionic compo-
nents of ¥, ; while Xy defines the generator for the U(1)
subgroup associated with the bosons.

Note that one can perform a super-rotation g taking
U, — gV, which leaves the spin invariant:

Sap = Wi0Ws = WigTv0g¥s (30)
if g satisfies

909 = 0. (31)

The most general transformation g can be constructed
by exponentiation of the generators of the group listed
above. An explicit form for g is given in Appendix A 2.

A. The Casimir

To uniquely characterize an irreducible representation
of SP(N), in principle one needs to define r = N/2 — 1
Casimirs, where r is the rank of the group (the dimension
of the Cartan sub-algebra). In terms of Young tableaux,
one can understand these parameters as the number of
boxes in each row of the tableau (the maximum number
of rows in the Young tableau for SP(N) is N/2). In this
work we restrict our attention to L-shaped tableaux, so
we have the extra information that all the rows below
the first one have no more than a single box. This re-
duces the number of parameters required to define the
representation to two: @, the total number of boxes, and
Y, the asymmetry of the representation, as discussed in
Coleman et al.3!.

From the second Casimir we can identify the quantities
Q and Y. From Nwachuku®”, we can deduce that for an
L-shaped representation in SP(N) the second Casimir
can be written in terms of the width w of the first row
and the height i of the column in the tableau as:

Cy=2(w+h)(N+w—h)+4(h—N/2) -2, (32)
and identifying Q =w+h — 1 and Y = h — w, we have
Co=2Q(N+1-Y), (33)

the details of this derivation are shown in Appendix A 3.

In terms of operators, the second Casimir can be writ-
ten as the magnitude of the spin:

8* =) SapSpa (34)
af
=2Q(N+1-Y)
where:
Q=nr +np, (35)
. Aapteh — 2010 + 27T
V=g — g 4 1 2000200 g

Q

This form is similar to that found for the SU(N) case (see
Appendix A 4 for details of the derivation). Note that in
the lowest weight state |¥g), where ¢|Ug) = n|¥q) =
0|To) = 0, (corresponding to no pairs and to minimizing
the number of fermions) S? = 2(ng +nr)(N —np+np).

We can also write S? in terms of the SU(2|1) Casimir
of the Hubbard operators via the identity:

(N? = 8?)/4 = XopXpa — [Xa0, Xoa] — (X00)?,(37)

with an implied summation over the repeated indices
a, f =+ (See Appendix A5).

III. THE FORMALISM

The main topic of interest in our work is the class of
Kondo-Heisenberg models involving SP(N) spins, inter-
acting via an additional nearest neighbor antiferromag-
netic Heisenberg exchange. These models are written as

H:HC+ZHK(j)+ZHH(i7j) (38)
J (4,5)

where

He = exth,tka (39)
ka

describes a conduction band of electrons of dispersion ey,
where cle creates a conduction electron of momentum k,

spin index «a € {£1,£2,...,£N/2}. The term

Hici) = T3 Sus()35a () (40)
af

describes the Kondo interaction at site j, where S,5(j) =
\Ijja\]:ljlg defines the local moment operator as in Eq. 15
and the conduction electron spin operators are also writ-
ten in symplectic form:

sag(j) = c;acjg — dﬁc}_ﬁcj,a. (41)

The final term describes the Heisenberg interaction be-
tween spins at sites ¢ and j, given by

Hiliof) = 23 Sus@)Saali). (42)
aff



To display the supersymmetric gauge character of the
interactions we now rearrange the order of the opera-
tors. First, using the properties of the symplectic spin,
aBSap = —S_p,—a, the two parts of the electron spin
operator in the Kondo interaction are folded into one as
follows:

= TZ‘P () ¥s(5)ch ¢;sCia- (43)

Next, we super-commute the W field to the right-hand
side of the interaction, rewriting the interaction in terms
of a supertrace,

Hg(j) = QJKZStrK JBCJ6> (cja@ja)} (44)

where we define the supertrace as Str[A] = Ay1 + Ags —
Assz — Ayy and we have used the property that the dot

J

product of two super-spinors ® and X can be rewritten as
a supertrace of their outer-product [®x] = —Str[x®]. No-

tice that v; = (\Iljac;a) and 7; = (c;3¥;3) are four com-
ponent column and row spinors that respectively trans-
form like ¥;, and ¥, under super-rotations.

In a similar fashion, we rewrite the Heisenberg inter-
action as

. Jm = =
Hy(i,j) = W Z ViaVigW;pVa

= Z Str

V5p) (YjaVia)] - (45)

Notice that the object u;; = (\I/,ﬂ\I'j@) is an outer-
product of two super-spinors, forming a four-by-four ten-
sor in superspace that transforms as Ujj — Gillij g;l un-
der super-rotations.

With these manipulations, the Kondo-Heisenberg model can be written as:

2JK = JH — —
H=H,—=E% St [(Wsacha) (cs056)] - YT S [(Wile) (iaia)] - (46)
J.ap (4,9) e, B
Notice that the invariance property of the supertrace Str[gT'g~!] = Str[T] guarantees that these interactions are

gauge-invariant under the local super-rotations ¥; — ¢;¥;. The factorized forms of the interactions are convenient

for Hubbard-Stratonovich transformations.

The constraint fixing the total number of bosons plus
fermions at each site np; +np; = Qo can also be written
in terms of the spinors ¥;,:

1 _
np; +np; = 3 2 Ui AV;q, (47)
where
1 0 0 O
0-10 0
A=1o 01 0 (48)
0 0 0 -1

We can now write the partition function as a functional
integral over the constraint field A and the spin carrying
boson and fermion fields

= / DADpe?, (49)

where
S=58.+5s+ Sk + SH, (50)

while
Dy =Dle. £,], (51)

is the measure of integration over the canonical ¢, f and
b fields and

DA =[] d) (52)

(

is the measure of integration over the constraint.
The components of the action are:

B
s, — / dr " el (0 + ) cka (53)
0

ka

the conduction electron part of the action;

B
Ssz/dT
0

describes the Berry phase, with the constraint ng; +
nr; = Qo imposed via the introduction of the Lagrange
multiplier A; at each site, while

1 _
3 D Tjal0r + XA Wi — > AQo|54)
Jro J

B
SK:/O dTZHK(j>7
8 J
S = /0 ar S Hyli,j) (55)

(i5)

are the Kondo and Heisenberg parts of the action.



Inside the path integral, we can now carry out a Hubbard-Stratonovich transformation of the interactions. The
Kondo part of the interaction is factorized as follows

Hy(j) = 2‘]KZ:StrK jacja> (Cjﬁ‘i’jﬁ)] -
- %:Str [( Jacja) Vi +V; (cjala) + 2{;;‘_6‘/3']

=2 {(‘%‘I’ja) Cho + Ca (‘I’javj)} + %Tr[‘/j‘?j]' (56)

In the last step we have absorbed the minus sign associated with the anticommutation of c;a and (lellja), likewise
Cja and (\Iljan) These Hubbard-Stratonovich fields V; and VJ = V;% are four-component spinors

dj ‘7] = (z_}jajja d_)ja 75]’)' (57)

Here v; and d; are complex fields related to the hybridization between f-fermions and c-electrons and the development
of superconductivity by the formation of pairs between f-fermions and c-electrons, respectively. The parameters ¢;
and &; are complex Grassmann numbers, the first related to the hybridization between b-bosons and c-electrons and
the second related to the development os pairs formed between b-bosons and c-fermions.

In a similar fashion, the Heisenberg term decouples as:

Hy(i,7) = Hby(i,§) = — Z Str [Ay; (V0 Wia) +

e}

_ N _
(\I’wz\pja) Az]} + EStr [AUAU}
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(58)

where A;; is a four-by-four matrix and its conjugate is defined as A;; = 'yOA;rj'yo. The structure of the matrix is as
follows

(

fermions and vice versa, while the Grassmannian ampli-
tudes p;; describe pairing between bosons and fermions
at different sites.

The partition function now reads:

_(Ar As
AZJ - <AS AB >ij7 (59>

where the diagonal block-matrices composed by c-
numbers whereas the off-diagonal block matrices Ag and

Ag are composed by Grassmanians. The internal struc- 7 — /’D[/\, v, A]Due_sl, (63)
ture of these blocks is given by
tii D where
(Ap)i; = ( g f)gj,, ) ; (60) ) S,
Dij ij S :SC+SS+SK+SH7 (64)
where the primes denote the actions of the Hubbard-
(AB)ij ( g” g;] ) (61) Stratonovich factorized interactions
i ij

B
S;(:/ ar 3" Hic (),
0 -
8 J
s = / ar'S" Hyy(6,9), (65)
0 —
(4,3)

and the integral over D[V, A] indicates the integral over

(Bs)is <—/~Lij Yij (62)
where the remaining matrix is defined through the rela-
tion (Ag)i; = 03(Ag)ji- The matrix A;; can be thought
of as supersymmetric RVB field. The components fields

t;; and p;; promote hopping and pairing amongst the
f-fermions in different sites and the complex fields g;;
and g;; promote hopping and magnetic bond formation
between the b-bosons. The Grassmannian parameters
7vi; are hopping amplitudes that transmute bosons into

all the fluctuating fields introduced by the Hubbard-
Stratonovich transformations. Here c-number fields are
represented by the latin letters (v, d, p,t,q, g), while the
Grassmannian fields are represented by the Greek letters
(¢,€,7, ). Grassmannian fields are introduced in order



to decouple terms with fermionic bilinears. Note that the
Kondo and Heisenberg parts of the action are invariant
under the transformation ¥;, — g; ¥, if the fluctuating
field matrices transform accordingly as

Vi = g;Vj (66)

Now we move to the discussion of the implementation
of the constraint by fixing Q = @¢. The constraint can be
imposed as a projection operator in each site j, written

J

as a delta function:
Pg, =P} =115(Q; — Qo). (68)

In order to treat the bosonic and fermionic components
of the spin in the grand canonical ensemble, we split the
constraint into two terms as follows:

Qo
Ph = Y 6(hr; — Qry)é(ip; — Qo+ Qrj)- (69)

QFr;=0

The constraint fixes the total number of bosons and
fermions to @, leaving the asymmetry of the represen-
tation free to adjust according to the energetics of the
problem.

This constraint can be implemented in the path integral as a Dirac delta function in its integral form:

Pq, :/D[QFJ\]G?ZJ Sp(j)>

DIQr. AN =[] d\rjdrs;, (70)
J QF;
where
B
Sp(j) = /0 dr [)\Fj(nFj —Qrj)+ Apj(np; — Qo + QFj)]a (71)

and the constraint fields, Ar; and Ap; are integrated along the imaginary axis. From these considerations Ss can be

rewritten as:

(0 + A/

)

B _
Ss — Sk =/O er(Z \I’ja#qjﬁf — ArjQF; — Ap;(Qo — QFj))a (72)

J

where now

AFj 0 0
;o 0 —=Ap; O 0
A Ag; 0| (73)
0 0 —Aj
and the partition function is now written as:
Z = /D[QF,A,V, AlDpe™, (74)
where
S =S.+ S5+ Sk + Sy (75)

The new feature of this action, is the appearance of the
term @ p, which tunes the bosonic/fermionic character of
the representation. In the large N limit, we will be able
to replace the discrete measure of integration over Qr by
a continuous measure

E — UdQ N —
;. 00). 76
—~ /o Fj ( ) ( )

In the large N limit, we anticipate that the functional

(

integral is given by the saddle point value of the effective
action, so the large NV approximation is then given by the
exponential of the effective action

7 ns o= SerslQrA VA (77)

where

e=Sess — / Dle, f,ble=5 (78)



is the integral over the canonical spin-carrying fermions
and bosons in the presence of fixed Qr Ag, Ar, V and A
with the conditions that Sc¢s be stationary with respect
to each of its fields. We may anticipate two classes of
mean-field solution

1. Type I solutions, in which the minimum of the ef-
fective action occurs at the extremum of the sum-
mation over Qr;, i.e Qr; = Qo or Qr; = 0, corre-
sponding to the fully fermionic or bosonic solutions.

2. Type II solutions, in which the minimum of the
effective action occurs at some intermediate value
of 0 < QF; < Qo. Since the action is stationary
with respect to variations in Q) r;, this implies that

0Seys
0Qr;

so that in this phase, the chemical potential of the
bosonic and fermionic spinons are equal,

ZOZ)\Bj—)\Fj (79)

This equality of chemical potentials allows us to
consider these solutions as two fluid solutions.

At the saddle points, we can set all fermionic components
of V and A to zero. These terms only contribute to the
fluctuations about the mean field theory, so we have

Vi V) = 7 (81)

cofs

and

A 0
ij

Note that the fermionic and bosonic parts of the action
decouple since all the matrices in the action now have
the blocks linking the fermionic and bosonic subspaces
equal to zero. Now it is possible to solve the fermionic
and bosonic problems separately, imposing the constraint
Qrj+QBj = Qo to the solution in the end of the calcula-
tion. Note that this provides a picture of two asymptot-
ically independent fluids, bosonic and fermionic, in the
large-N limit and that the introduction of fluctuations
will provide interactions between them.

Now, as a first exploration of this idea we illustrate the
formalism with two simple examples: a two-impurity and
a frustrated three-impurity model and show that there
are stable mean field solutions with mixed representa-
tions, as well as with purely bosonic and purely fermionic
representations.

IV. THE TWO IMPURITY MODEL

As a first application of the supersymmetric-symplectic
spin, we study a minimal model that allows one to make
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connections to the physics of heavy fermion systems. The
model consists of two local moments interacting among
themselves by a Heisenberg coupling Jy and interact-
ing with its respective bath of conduction electrons by a
Kondo coupling Jg.7e

Jk

FIG. 6. Schematic representation of the two-impurity model.

The Hamiltonian is written as:

H=H+Jk Y 5a0p(0)Saga + T S105S25a(83)
a,af af

where Ho =, €kC,T1k(,Caka is the conduction electron
Hamiltonian, a = {1,2} is the lead and local moment
index, k the momentum and o the spin index, which as-
sume values 0 = {+1,+2, ..., +=N/2} in the Large-N limit.
Here s,(0) is the spin density of conduction electrons
at the site which is connected to the local moment spin
S, Introducing the supersymmetric-symplectic spin, the
Hamiltonian can be written in the large- N limit in terms
of fermionic and bosonic operators as:

2.J _
H=H.— =5 Str[(Vaacls) (capVas)]

a,af

_ JWH Y St [(P1sWas) (Toalra)] . (34)
af

where U, = Wl g, as defined in Eq. 16.

We can now apply the formalism introduced in the
previous section. We perform a Hubbard-Stratonovich
transformation to decouple the interacting terms in the
Hamiltonian by introducing fluctuating fields. Within
a static mean field solution the fermionic and bosonic
problems decouple and are effectively linked only by the
constraint; we can now factor the partition function as:

Zlqr) = Zr(qr)ZB(q0 — qr), (85)

where we have defined qo = Qo /N, qr = QF/N. We seek
solutions where the free energy is minimized with respect
to qr.

The fermionic part of the partition function reads:

Zp = /DMFe_SF; Dur = Dlc, f]



8 +)\F)fa0'

Sp= sc+/ drz
0

+ Z (f;avacakg + h.c.)

k

‘va|2
+BND P

— 28N Arqr, (86)

where we already dropped the terms in p, and t,, since it
can be shown that these do not contribute to the saddle
point solution. Also, the f-operators can be redefined
to eliminate the pairing term between c- and f-operators
from the Hamiltonian:

Vafao +dad f1_,
V |Ua|2 + |da|2 -

Under these considerations, the fermionic part of the
solution reduces to two decoupled impurity problems.
Taking v, = v to be site independent, integrating out
the conduction electrons in each lead and transforming
from imaginary time to Matsubara frequencies (see de-
tails in Appendix B):

fao’ — faa’ = (87)

Sk =Y Flo(iwn)(—iwn + Ap + i) faq (iwn)

naoc

NIUP

+283
I, =TIe(D

— 28N Apqr, (88)

— liwn|)sgn(ivy,), T = ﬂ'po\v|2, (89)

where pg is a constant DOS, D is the bandwidth and ©(z)
is a Heaviside step function. Summing over Matsubara
frequencies, in the limit 7" — 0, the free energy has the

form:
Fr 2 93
N = Im [EF n (eTKequ )} ; (90)

where we define
&r = Ap + 1L, (91)
and the Kondo temperature
Tx = De'/PoJx (92)

In the large- N limit the partition function is dominated
by the saddle point. Minimizing the free energy with
respect to g one finds

p = Te'™F, (93)
and substituting back into the fermionic free energy:

F 2
£ STy sin(ngr). (94)
N T

The bosonic part of the partition function can be con-
cisely written as:

Zp = /DuBe‘SB, Dup = Db, g, As]
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B
SB:/ erwggLB\I/BU
0

\QI2

+6N —2B8NAg(gp +1/2), (95)

where

_ ar+>\B g
LB_( 9 —6T+AB)’ 46)

bln
Wy = (6@_0 ) | (o7)

Here we already dropped the fluctuating field ¢ since the
saddle point solution results in ¢ = 0. Integrating out
the bosons and summing over Matsubara frequencies (see
Appendix C), in the zero temperature limit, the free en-
ergy is given by:

FB _ 2 |g|
W_V — gl + == T —2X\g(gp +1/2). (98)

Minimizing the free energy with respect to g and Ap
one finds:

AB:JH(QB‘i’l/Q)v |g|2:J12~IQB(QB+1)ﬂ (99)

so the the bosonic free energy can be written as:

Fp

—= = 1/2)?
N JH(QB“F/),

up to a constant term.

(100)

A. Analysis of the free energy

Making explicit use of the constraint condition, qr +
B = qo, the total free energy can be written as:

F 2
TN = —;A sin(rqr) — (g0 — qr + 1/2)%, (101)
where A = 5—’( and the free energy is given in units

of Jy. For each value of A and qo the representation
was determined by the minimization of the free energy
with respect to ¢ and the result is plotted in the rep-
resentation diagram of Fig. 7. In case the free energy
is minimized for qr = ¢¢ the phase is purely fermionic,
meaning that a completely antisymmetric representation
is favored. Analogously, for gr = 0 (or gg = ¢o) the
phase is purely bosonic, and a symmetric representation
is more appropriate. Solutions with 0 < ¢r < gg are solu-
tions in which both bosons and fermions coexist, which
we call a mized phase and label as (F + B) in Fig. 7.
Note that for a fixed value of gg, as the ratio Tk /Jg
is increased the spins tend to develop fermionic charac-
ter. Also, for a fixed value of Tk /Jy, increasing 1/qo
(or reducing gg, which is equivalent to decreasing the
magnitude of the spin) the spin representation also tends
towards a fermionic representation.



1st order nr=0
2nd order

nB=qo

nF=qo
ng=0

Tx/Ju

FIG. 7. Representation diagram for the two impurity model
indicating the most favorable representations as a function of

A= % and 1/qgo. A purely fermionic representation phase
(red) is labeled by F', a pure bosonic representation phase
(blue) is labeled as B and the mixed representation phase

(intermediate colors) is labeled by F + B.

The dashed line between F' and F'+ B regions indicates
a second order phase transition and can be determined
from the condition:

F
78 =0, (102)
aqF dr=qo
which leads to:
1
= 103
2 cos(mqo) (103)

The continuous line represents a first order phase tran-
sition. The line between the purely fermionic and purely
bosonic representations is determined by:

Flgr =qo]  Flqr = 0]

= 104
& — (104)
which gives the condition:
1
A= T+l (105)
2sin(mqo)

The first order line between the phases B and F + B
cannot be computed analytically and was determined nu-
merically.

Throughout the mixed phase we have A\p = Ap, so
both fluids have the same chemical potential. This is
related to the presence of the Type II minima of the free
energy (see discussion in the introduction), with a saddle
point that allows the coexistence of bosons and fermions
and the interchange of one into another at no energy cost.
In particular, at the second order “phase transition” line
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discussed above, one can check explicitly from Eq. 99 and
93 that the condition A\p = Ap gives the same condition
that defines the second order line in Eq. 103.

We now discuss how these results relate to past work
on the two-impurity Kondo model. Numerical renor-
malization group calculations by Jones, Varma®® and
Wilkins®! revealed an unstable fixed point in the two-
impurity model for Tx/Jy ~ 1/2, corresponding to a
transition from a phase in which the Kondo effect is ac-
tive to one where the Kondo resonances are replaced by
an inter-site singlet. The Varma-Jones fixed point is pro-
tected by particle-hole symmetry, as can be seen by con-
sidering the scattering phase shifts in the even (4) and
odd (—) channels®®%3. By Friedel’s sum rule, the sum of
the phase shifts must satisfy 6, +d_ = 7. In the Kondo
phase, particle-hole symmetry pins the phase shifts to
d+ = /2, but in the valence bond singlet phase they take
the values 01 = 0,7, so a discontinuity must develop in
passing from one phase to the other. Concrete examples
of this kind of situation have been discussed in the con-
text of double quantum dot systems®. (In this work the
presence of the unstable fixed point is guaranteed by the
presence of two independent baths, for which particle-
hole symmetry is irrelevant, and by the suppression of
charge transfer between the leads®%°7.) However, with-
out particle-hole symmetry the phase shifts slide across
a range of values d1 € [0,7], giving rise to a smooth
crossover from the Kondo to the magnetic bond phase.

However, when we come to consider SU (N) for N > 2,
the Varma-Jones fixed point is robust against particle-
hole asymmetry®. In this case, Friedel’s sum rule be-
comes 04 + 0_ = 27Q /N, where @@ = gN is the number
of vertical boxes in the Young tableau representation of
an isolated local moment. We see that for ¢ < 1/2 the
phase shifts can never sum to 7, so there is no smooth
way to evolve from 04y +d_ < 7 to 64 +0_ =, and a
quantum phase transition is always present.

The presence of a quantum phase transition in the
large-N supersymmetric approach is consistent with this
expectation. Our two-impurity model displays a transi-
tion between a purely bosonic representation (64 +d_ =
0), describing an inter-impurity singlet to a mixed or
purely fermionic representation (0 < d4 + d_ < 7), as
can be seen in Fig. 7.

B. Fluctuations of the local fermionic fields

We now analyze the effects of fluctuations of the lo-
cal fermionic fields. In the previous section we in-
troduced the time dependent fields ¢, and &,, which
allow us to dec?uple the terms (baaclka)(cakgblﬁ)
and (dbl_aclka)(ﬁcakgba_g) in the action, respectively.
These fields do not acquire an expectation value, but fluc-
tuate around zero. The partition function can now be
written in terms of the saddle point solution determined
in the former subsection times Z4 and Z¢, the new con-
tributions to the partition function due to the presence



of the fluctuating fields d¢ and 6§, that we take to be site
independent. Focusing first in the d¢ field:

— [Bdr ! Caka )4 2N1ee 2
Z¢:/D¢e {7 [ S Olacanssthc 2255 }(.106)

Expanding to second order in §¢ we can identify the
propagator for the fluctuating field d¢:

[Dy(iw,)] " = 2N {xcb(iwr) - 1] . (107)

JK
with
- - bag(iwntiwn)

Otaicon) ’ a(iwn)

ch(iwr) =
Cako (iWn)
1 . . .
= 3 Z Gy (iwy + 1w ) Gy (1wm ),
kk/m

where Gy (ivy,) is the bosonic propagator and Gy (iwy,)
is the full c-electron propagator.

We now evaluate xq(w) (details of the calculation can
be found in Appendix D). One interesting region for the
analysis of Dg(iw,) is the second order transition line,
where the energy levels of the bosons and fermions are
equal. In the infinite bandwidth limit we find:

. 1 log(A +3iA)
(@ — i8) — — = s
Xen(w = 9) JK powRe[ w+iA
2
Pow .
Note that at zero frequency, x(0) — i = 0, so

[Dy(0)]! = 0, and the propagator for the fermionic hy-
bridization field ¢ diverges at zero frequency at the sec-
ond order phase transition, indicating the presence of a
fermionic zero mode. Also, there is a gap of magnitude
equal to A = A = A\p with a continuum that goes up
to the bandwidth. This gap is always present in the 2-
impurity model since A = {g = Jpg/2 is aways finite at
the transition. For a Kondo-Heisenberg model in the lat-
tice, the bosonic level will acquire a dispersion and when
magnetic order sets in it will be gapless at some points
in the Brillouin zone. In that case the spectrum for the
fermionic hybridization field is expected to have a con-
tinuum of excitations, which can potentially lead to non
Fermi liquid behavior.
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0.02+

0.01+

FIG. 8. Plot of the imaginary time of D(w), the d¢ propa-
gator. The parameters used in this plot were a solution of
the mean field theory at a specific point of the second or-
der phase transition: A = 1.57 and 1/qo = 2.5, which gives
Ar =g = A =1.01 and A = 2.97 (in units of Jg).

For the second fermionic mode d¢ a similar calculation
follows, where now:

[Df(iwr)]_l =2N l:ch(iwr) — 1:| R (109)
with

= > . bag(iwm-iwn)
Ba (i) Ba (i)

)_(cb (iwr) == y )
Cakoliton)

= % Z Gb(iwr - iwm)Gkk/ (iwm)v

kk’'m
and we can write, at the second order transition line:

~ ) B log(—X 4+ iA)
Xalor = i9) = 5 = ol 2R | L)
po(w —2))

(110)

Here we note that there is no zero mode for this
fermionic field at the transition, and a continuum starts
at a finite A\ = {g = Jy /2. This is related to the choice
we made to implement the constraint, which is not in-
variant under all transformations that leave the spin in-
variant. In particular, it is not invariant under transfor-
mations of the form gp (see Appendix A), generated by
the operators 1t and 7.

V. FRUSTRATION IN THE THREE IMPURITY
MODEL

As a second application of the supersymmetric-
symplectic spin, we study a minimal model that brings
in the issue of geometric frustration into play. The model
consists of three local moments interacting among them-
selves by an antiferromagnetic Heisenberg coupling Jgy



and interacting with its respective bath of conduction
electrons by a Kondo coupling Jg, as depicted in Fig. 9.
We are motivated to look at this problem by experiments
in CePdAl in which the equivalent Ce sites spontaneously
develop a state in which one third are paramagnetic and
the other two thirds are magnetically ordered!'?, explor-
ing the ability of the symplectic representation of the spin
to describe frustrated systems.
The Hamiltonian is written as:

H= Hc + JKZ Saaﬁ(o)saﬁa + JHZSaaﬁSa+1ﬁo¢;
a,af a,af
(111)

where now a = {1,2,3} is the lead and local moment
index with periodic boundary conditions. As in the pre-
vious section, H. is the conduction electron Hamiltonian,
54(0) is the spin density of conduction electrons at the
site that is connected to the local moment spin S,.

Introducing the supersymmetric-symplectic spin from
Eq. 14 into the Hamiltonian, this can be written in the
large-N limit as:

H=H,— % Z Str aacaa) (Caﬁ@aﬁ)]
a,af3

- JWH > St [(YasParip) (Var1aPaa)] - (112)

a,af

with ¥, defined in Eq. 16.

Proceeding as in the previous section, within a path in-
tegral formalism we introduce fluctuating fields in oder to
decouple the quartic terms in the action and impose the
constraint by the introduction of a delta function in the
integral form. Within a static saddle point solution the
problem decouples in to a bosonic and a fermionic part,
effectively linked by the constraint. In this section we
are going to leave the representation of the spin and the
mean field parameters to be determined independently in

‘ .
3 2 Jk

FIG. 9. Schematic representation of the frustrated three-
impurity model.
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each site. Omitting the details (similar to the previous
section), the partition function in the large N limit can

be written as
Z =ZpZp, (113)

with the understanding that the partition function is to
be stationary with respect to the gr; at the three sites.

The fermionic part of the partition function can be
written as:

Zp = /DMFest, Dur = Die, f]

B _
Sp=Sc+ / dTZ [faa(af =+ /\Fa)faa
0 a,o

+ Z (fic,vacakg + h.c.)

k

LNy el
a Ik

- BN Z AFaqFa; (114)

where as in the previous section, we assume that the only
fluctuating field that acquires a finite value at the saddle
point solution is v,. In this case the fermionic part of the
solution reduces to three decoupled impurity problems,
with the same solution as the previous section, now for 3
leads:

Fr Tk .
W = _7 %:SIH(W(JFQ). (115)
The bosonic part of the partition function reads:
Zp = /D[b]e—SB, (116)
where
B8 ; Ly
SB = o dea:\I/BU 9 l:[/Bg
2JH ZT ATBa’}/O ABCL"YO ]
- BNZ ABa(aBa +1/2), (117)
where we denote ¢, = qo — qro and
mp1 Api ATB;),
Lp=| AL, mps Aps |, (118)
Ap3 ATBg mp3
with
_ 87' + )\Ba 0
MpBa = < 0 —0, + ABa ) y (119)
Apy = | 1o 792 ) 120
P ( o Ga ) (120)



and

bla
abl -
b20
o (121)
b3c7
abl_,

Note that the trace term in the action now appears with
a minus sign since it is related to the bosonic part of the
super-trace introduced in Eq. 58. Here we define v& = o3
as the bosonic part of the original matrix ~y.

The solution of the bosonic part of the partition func-
tion is more involved if we allow the representations of
the spin to be different in each lead. As a first solu-
tion we consider the same representation on every site,
and look for an homogeneous solution, taking Ag, — Ag,
go — q and g, — g. Integrating out the bosons and
summing over Matsubara frequencies, in the zero tem-
perature limit, the free energy can be written as:

— = (A +2q) + 2/ (A — q)* — 3¢?
3(9° — &%)
Ju

Minimizing the free energy with respect to ¢, g and Ap
one finds the saddle point free energy:

+ —3Ag(gs +1/2). (122)

Fo _ 37m 04 1y2p2,

~ 5 (123)

up to a constant term. The total free energy for the
homogeneous solution can be written, already making
explicit use of the constraint condition qr + g = qq, as:

FHom
JgN

= —%A sin(mqr) — g(qo —qr +1/2)%,(124)
where again A = 5’( and the free energy is given in units
of Jy. Note that "this is functionally the same as the
2-impurity model up to an overall factor of 3/2, and as
a consequence the representation diagram determining
the most favorable representation for the spin within an
homogeneous solution will be identical to the 2-impurity
case.

Now we move on to investigate solutions which spon-
taneously develop different representations in each site,
which we refer to as inhomogeneous representations. Due
to frustration, we expect that it is energetically favorable
for one of the spins to be in a fermionic representation,
essentially disconnected from the other two spins with
a bosonic or mixed representation, forming an antiferro-
magnetic bond. We assume one of the spins to always
have a fermionic representation and let the representa-
tion of the two other spins to be selected as the one that
minimizes the total energy.

Now the problem reduces to a single impurity prob-
lem with a purely fermionic representation plus the two-
impurity problem solved in the previous section. The free
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nr=0
ne=qo

Inhomogeneous
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nF=qo
ng=0
1 2
Tk/Ju
FIG. 10. Representation diagram for the three impurity

model indicating the most favorable representations as a func-

tion of A = % and 1/qgo. The color code is the same as in

Fig. 7. The hashed area represents the region of the diagram
in which an inhomogeneous solution is energetically favorable.

energy for the inhomogeneous solution reads:

Flnh
JgN

1 2
= ——Asin(nqp) — —Asin(mqr) (125)
T T

— (qo — qr +1/2),

in units of Jy, where A = J . Again, the representation
diagram will be the same as before, but now we com-
pare the free energies of the homogeneous and inhomoge-
neous solutions for the 3-impurity problem. The hashed
area in Fig. 10 is the region of the diagram in which
the inhomogeneous solution is more favorable. This re-
sult provides a model for the situation which appears to
occur in CePdAl'2: one third of the local moments in
the frustrated Kagome lattice (formed by an assembly
of corner-shared triangles) relieve the frustration by as-
suming an antisymmetric character and forming a Kondo
singlet with a conduction electron, while the other two
thirds of the local moments assume a bosonic character,
developing magnetic order, allowing a partially ordered
phase to be formed, as depicted in Fig. 5.

VI. CONCLUSION AND DISCUSSION

In this work we introduced a new supersymmetric-
spin representation for large-N treatments, based on
a symplectic generalization of the spin operator. We
have analyzed the properties of the supersymmetric-
symplectic spin and its symmetries, identifying the super-
group SU(2|1) of transformations under which the spin
is invariant.



We have proposed a new framework in the large-IV
limit, which allows the problem to sample different rep-
resentations, selecting the one which lowers the energy in
a given point in parameter space. This opens up the pos-
sibility of describing the phase diagram of heavy fermions
within a single approach that can capture the evolving
character of the spin, at the same time that it offers a
potential framework for the phenomenological two-fluid
picture for heavy fermions.

Applying this approach to two toy models, the two-
impurity model and the frustrated three-impurity model,
we have shown two new classes of mean-field theory that
may be of interest in developing a unified description of
heavy fermion systems. In particular, we find a mized
phase solution in which bosons and fermion coexist at
each site, which points the way to a description of the
coexistence of magnetism and Kondo effect. Also, we find
stable inhomogenous solutions, which may provide a basis
for describing the partially ordered state in CePdA1'0-12,

There are many open questions raised by our work.
Firstly, within the mixed phase, we find evidence for a
new kind of zero mode, a Goldstino, that results from the
partial breaking of supersymmetry. This can be under-
stood as a consequence of the fact that the Hamiltonian
is invariant under super-rotations while at the same time,
the mean-field solution breaks this rotational symmetry.
Given a state |¥) with a fermion assigned to the corner
box, for example, one can rotate this state as follows:

|U) = 61|W) = f1,b0]0), (126)
and find a new state which has same energy. These kinds
of zero modes are only present when the chemical poten-
tial of the bosons and fermions are equal, i.e. in type II
solutions. We note that in the presence of a Kondo effect,
the f-electrons are charged, whereas b-bosons are neu-
tral, so the fermionic Goldstino excitation is charged and
may represent a zero energy valence fluctuation. Further
work is needed to establish whether such zero modes are
a truly physical excitation and whether they participate
in anomalous inelastic scattering and the development of
non-Fermi liquid behavior.

Secondly, we would like to discuss the future applica-
tion of this approach to the exploration of the phase dia-
gram of the Kondo lattice. In this work we apply the new
supersymmetric approach to two impurity problems and
find results that suggest the presence of quantum critical
points in these models as the ratio of the parameters is
tuned. Quantum phase transitions in impurity models
have been studied in the past by powerfull theoretical
tools, including exact Bethe ansatz solutions and numer-
ical renormalization group approaches®®°1:5%, The fact
that we can understand and compare our results for the
impurity models with previous work in the literature is a
way to validade it and understand its potentials and limi-
tations. The challenge of heavy fermions is to construct a
methodology applicable to lattice models, and this paper
provides a proposal in this direction. Extrapolating the
results found in this work to the lattice we expect to find
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that for small ratios of Tk /Jg a bosonic representation
is more favorable in which magnetic order will emerge
once the bosons condense. Heavy Fermi liquid behavior
is expected to develop when there are fermions in the
representation, which can hybridize with the conduction
electrons. If a mixed phase is stable in the lattice, heavy
fermion behavior can coexist with magnetic order. In
principle, this approach allows us to explore the different
kinds of phase transitions as seen in YbRh,Si»®® within
a single approach: given that the fermions now can form a
Fermi surface, the magnetic phase can emerge both from
local moments within the bosonic representation or as
an instability of the large Fermi surface. Another aspect
of interest is the possibility of the description of super-
conductivity; this phase is likely to develop in the mixed
phase and its vicinity, as a consequence of a valence-bond
kind of magnetism emerging from the fermionic antifer-
romagnetic bonds. This is another interesting direction
for future work.
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Appendix A: Details on the properties of
supersymmetric symplectic spin

In this appendix we discuss a few properties of the
supersymmetric symplectic spin in more detail.

1. Number of spin components

When writing the components of the supersymmetric-
symplectic spin as:

Sas = f1fs — B f1 4 f o+ blbs — aB'B 4b_a (A1)

note that we have in fact only N(N + 1)/2 components
(equal to the number of generators of the enlarged sym-
metry group of the spin, here SP(N)). This can be
checked by noticing that S,5 = —dBS,,g,a, so the gen-
erators are not all independent. For «, 8 > 0, we have
Sag = —S_g_a, so the generators with both indexes neg-
ative are linearly dependent on the generators with both
indexes positive. For a > 0,8 < 0,a # —f we have
Sag = S_p—a, but note that for the case of o« = 8 we
have the condition S, _, = Sa,—a, which does not give a
relation between the generators in the off diagonal. One



can check that indeed S, _, is not linearly dependent
on S_4,o. Within these considerations the number of
independent generators is N (NN + 1)/2, as expected.

2. Symmetry transformations of the
supersymmetric symplectic spin

In the main text, a more concise form of the
supersymmetric-symplectic spin is introduced in order to
make the local symmetry manifestly clear:

Sup = UiWs = Ui~NgWgs, (A2)
where,
Il
T, = ag;" (A3)
(e}
ab_,

is a four-component spinor, and as defined in the main
text vo = diag[l, 1,1, —1], and & = sgn(«).

Under a super-rotation of the spinors ¥, — gV, the
spin operator transforms as:

Sap = ViNUs — Ul gTygUs, (A4)

so for the spin to be invariant the transformation g should
satisfy:

9"09 =0, (A5)
which is essentially the unitarity condition to the trans-
formation after taking appropriate care of the commuta-
tivity of the bosons.

The most general transformation g can be obtained
by exponentiation of the generators of the algebra intro-
duced in Eq. 18. Exponentiation of the even (or com-
muting) part of the algebra gives:

v v 00
—vu 00
0 00=x

where the parameters u, v and z are complex num-
bers satisfying |u|? + [v|> = 1 and |z|?> = 1. Note the
SU(2) and U(1) substructure of this transformation for
the fermionic and bosonic parts of the spinor ¥, respec-
tively.

Exponentiating the odd (or anticommuting) part of the
algebra we find:

I+ 0  -a 0
_ 0 1+% 0 -
ga = a 0" 1-28 o , (A7)
0 —a 0 —aa
and
1-8 o o0 -
0o 1-8 g 0
- 2 . . (A8
= 0 B 1+2 o (48)
-8 0 0o 142
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where the parameters o and 8 are complex Grassmann
numbers.

The most general transformation can be obtained by
the composition of the three transformations above:

g = 9grgags, (A9)

which satisfies the condition ¢'y0g = 70, as required.

3. Derivation of the Casimir

We now follow Nwachuku?” in order to derive the
second Casimir of SP(N), (where N is an even num-
ber), given in Eq. 32. Each irreducible representa-
tion of SP(N) is characterized by the set of integers
(fN/27fN/2,1,...,f1). This set of numbers corresponds
to the number of boxes in each row of the respective
Young tableau, starting from the topmost and longest
row, which has fx/, boxes. These numbers also cor-
respond to the eigenvalues of the N/2 Cartan (diago-
nal) generators in the highest state of the representation.
Following?®7, if we define:

Xi=fi+N/24+14, fori>0 (A10)
Ai=—-N+N, fori>0 (A11)
pi=N/2+1, (A12)

where we take fy = 0, the second Casimir is written:

N/2

> OF-pd).

i=—N/2

Cy = (A13)

For an L-shaped tableau with width w and height h,
we have:

w? 7’:%7
fi=<g1, T-1zi>8-h+1, (A14)
0, i<% —h,
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therefore: where the sums were evaluated as sums of arithmetic
N progressions. This is Eq. 32 in the main text. Identifying
w+ N, L= g, Q=w+h—1and Y = h —w, we have
. _ N
—w, 1= —3
Ni=41+N/2+i, Y -1>i>% pi1,
0, otherwise,
(A15)
and
. _ N
N, 1= bR
i, =% Cy=2Q+1)(N-Y)+2Y +Q+1—N)—2
; : = + -Y)+ +Q+1-N)—
pi =14 N/2+1, %glzzzgfh;l, (A16) 2:2(Q+1)(N7Y)72N+2(Y+Q)
N2+, =[5 -1 <i<—|5 —h+1], =2Q(N +1-Y), (A18)
0, otherwise,
so we can perform the sum:
Cy = w? + 4Nw + w? (A17)
N/2-1
+ ) (1+N+2i)
i=N/2—h+1
—N/24+h—1
+ Z (1 =N —20), which is Eq. 33, similar to the form discussed in Coleman
i==—N/2+1 et al.3! in the case of an SU(N) generalization of the

= 2(w+ h)(N +w — h) + 4(h — N/2) — 2,

supersymmetric spin.

4. Operator form of the Casimir

Now we relate the magnitude of the spin S? with the Casimir computed above. We start computing:

8? = SapSsa (A19)
af
with S, is defined in Eq. 14. Taking the operator products and relabeling the summed indexes we find:
8% = 2(fl f5 £} fo + bLbsbLba + 2] f5blba
— a1 fof! f-p — aBOLbAL. (b — 2851 fob b-p), (A20)

where we have used summation convention for the repeated spin indices. The first line of this expression is the Casimir
for the SU(N) spin, while the second line introduces the additional cross-terms that result from the symplectic form
of the spin.

Expanding the first line, we have

fifaflfa =np(N —np)+np
blbsblbe = np(N +np) —np
Fifablba =010 — np (A21)
so that
Fifafhfo + bibablba + 21 fablba = (np +np)(N +np —np) + 2070 — (np + np) (A22)

Now expanding the additional cross terms,

GBSl fofLaf-5 = nr = GBILSLaf-pfs = nr — 4Ty,

—apblbgb! b_s =np —apblibl b_sbs =np,
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—2aBfl fabl b_p = —2aBfIb! b_sfs = —2n'n (A23)

where we have used the fact that the bosonic pairs vanish 3 Bb, gbg = 0. Combining the additional cross terms, we
have

~aBf1fo L af-p = GBOLbAbT Wb — 26Bf1fsb] sb-p) = np +np — dbTv — 2. (A24)
Combining (A22) and (A24), noting that the remainder terms +(np + np) cancel one-another, we obtain
S? =2 [(ﬁB +p)(N + g — ivp) — 4010 + 2076 — 20T | (A25)
so we can identify:
S2=2Q(N+1-Y), (A26)
where
Q =np +np, (A27)
) Aaptap — 2010 + 27
Vi1 Y 5 renn, (A28)

5. Sum rule for spin and super-Casimir

The second Casimir invariant x? of the SU(2|1) group can be written*®
x? = Tr[XmX], (A29)

where X = X, is the three-dimensional matrix formed out of the Hubbard operators and m = diag(1,1,—1). If we
expand this result we obtain

X* = XapXga — [Xa0s Xoa] — (Xo00)?, (A30)

with an implied summation over the repeated indices «, § = £. Substituting for the Hubbard operators using (19)
we obtain

X2 = X3+ X2 = X5+ { X4, Xy} = [Xo, Xot] — [X -0, Xo-]

= [(nr —np)/2]> + [(N —np —np)/2]* - njg + {414} — 161,6]/2  [4,97]/2
= N?/4 = (np +np)(N —np +np)/2+ {¢, 0} = 07,6]/2 + [0, n]/2. (A31)

Using the Hubbard algebra of the SU(2|1) generators (25), we have

{wh, 9} =20ty + [, 9l = 29ty + [X_y, Xo 2] = 2019+ X__ — Xy,
[07,60]/2 =070 — {6,6"}/2 = 070 — {Xo4, X 10} = 070 — (Xoo + X41),

' nl/2 = n'n—{n.0"} = 0" — {X_o, Xo-} = 0y — (X_— + Xo0), (A32)
Adding up these expressions, we find that
{wh 0} = 0%, 01/2+ ' n)/2 = 20" — 010 + ', (A33)
Inserting this into (A31) we obtain
X2 = N%/4— (np +np)(N —np +np)/2+ 20T — 010 4+ n'y. (A34)
Finally, comparing with (A25), we obtain
x? = N?/4 - S?/4. (A35)
The corresponding sum rule
N?/4 = x*+S?/4. (A36)

expresses the fact that sum of the pair/charge fluctuations and the spin fluctuations is a constant.
[

Appendix B: Computation of the Fermionic part of lation for a single impurity. The partition function for a
the free energy

The fermionic part of the solution reduces to two de-
coupled impurity problems. Here we explicit the calcu-



single impurity can be written as:

ZF - /D;U'F67SF, DN’F :D[Cv fﬂ)v)\F}v

already transforming from imaginary time to Matsubara
frequencies, the action can be written as:

Sp= Z [Z CLU(—iwn + 51()61(0

n ko

+Zf;<_iwn +)\F)fa

+ZU: (Zk: fhvee + h.c.ﬂ

2
+BN D '}’—‘ — BNApqr. (B1)
o JK
We start by integrating out the conduction electrons,
taking into account their effect in the self energy of the
fermions that compose the spin. The effective fermion
propagator can be written as:

Gp =[Gy~ =247, (B2)

where (G?)_1 = iw, — A is the bare f-fermion propaga-
tor, and

Yp= Z |U|Qng, (B3)
k

is the f-fermion free energy, where (G% )™ = iw, — dx

is the bare conduction electron propagator. We evaluate

the sum over k in ¥; as an integral over energy with a

constant density of states. Analytically continuing the

Matsubara frequencies to the real axis (w, — w % i9):

1
2
g = vl Zwiié—ek
k

D
~ 1ol [ plone (1 Fimita =)
= —iI'O(D — |w|)sgn(®), (B4)

where I' = 7mpo|v|?, D the bandwidth, pg the constant
density of states, O(z) the Heaviside step function. Here
w indicates the imaginary part of the frequency.

Now the fermionic part of the free energy reads:

Sp =Y fi(iwn)(—iwn + Ap + i) fo (iwn)

N|v[?
JK
where T';, = TO(D — |wy,|)sgn(@y,). Now we can integrate
out the f-fermions and write an effective action at the

saddle point values of v and Ar (to be determined by
extremization of the free energy, see main text):

STl == "log[—iw, + Ap +il']

no

+8 — BN Arqr, (B5)

Nv|?
JK

+3 — BNArqr. (B6)

20

The sum over Matsubara frequencies can be performed
as an integral in the complex plane weighted by the Fermi
distribution function f(z) = (e* — 1)~!. Note that the
integral involves a branch-cut:

> log[—iwn + Ap +iTO(D — |wn|)sgn(@n )]

no

- % /c dzlog[—z + A +iTO(D — |z|)sgn(2)] f(2)

27(1 -D

_BN [/ dzf(z)log[—z + Ap — iI']

-D
+/ dzf(z)log—z + Ap + I | , (BT7)
D
which simplifies to:
D
_BN dzf(z)Im[log|—z + Ap +4I]].  (BS8)

™ J-D

In the zero temperature limit the Fermi function sets
the upper limit of the integral to zero. Evaluating the
integral we find the free energy:

e _1,, {()\p +il)In (Mﬂ
T

N De
MU (B9)
K
that can be rewritten as:
% = %Im {{F In <eT;f§“”1F>} , (B10)
once we define
§r = Ap + 1l (B11)
and the Kondo temperature
Tx = DeY/rolx, (B12)

Appendix C: Computation of the bosonic part of the
free energy

From the main text we have that the bosonic part of
the partition function is:

Zp = /D,uBe*SB, Dup = Db, g, Ap],

already transforming from imaginary time to Matsubara
frequencies, the action can be written as:

Sp =Y W (ivn)Lp(ivn)¥ o (ivy)

no

+5N\g|2

9 2NAs(n 1/, (C1)
H

where

. —ivp + A
Lp(ivy) = ( ng 7 il/ni)\B

)@



Do (ivy) = ( _ bia(ivn) ) : (C3)

0b£70(721/71)

Integrating out the bosons and taking the saddle point
value of Ap and ¢, which will be determined by the ex-
tremization of the free energy with respect to these pa-
rameters, we can write:

gEfS

Zp=¢€ "B, (C4)
where
SEI — ;log Det[Lg(ivy)]] + BN |§]§
—2BNAp(gB +1/2), (C5)
- Nn;i log[E% — ivy] + BN |9L
—2BNAp(q +1/2),
where

EE = +4/0% — g (C6)

The sum over Matsubara frequencies can be written in
terms of an integral over the imaginary plane weighted
by the bosonic distribution function n(z) = (e#* —1)~%:

Z log[EE — ivy) :—BNZ/ —log [EE — z]n(2).

n,c==
(C7)

In the zero temperature limit:

> " log[Det([Lp (iv)]] — NZ —E%)0(—E%),

where O(z) is the Heaviside step function, so that the
bosonic part of the free energy reads:

FB o 2 2 92
W_\/AB_|9| +E—2>\B(QB+1/2)- (C9)

Appendix D: Computation of the fluctuations of the
fermionic hybridization

In this appendix we define and compute xp(iwy,).
From the main text we have:

Xeb(iwy) = Z Gy (iwy + W, ) G (twy,) (D1)
B kk’m
where,

Gy(ivy) = (v, — €p) 7" (D2)
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is the bosonic propagator, with {5 = /A% — |g/?, and

Gkk’ (an) = G& (iwn)ékkr

+ v G (iwn )G f (i) Gl (iwn),
with the propagators defined in Appendix B.
Evaluating the sum over momenta:

> Guaciwn) = Gy (iwn)

kk’ k

+ [0 G p(iwn) <Z Gﬂ(l‘%)) ;(D4)

k

(D3)

where

Z G (iwy) = —imposgn(wy),
Kk

(D5)

as computed in the evaluation of the fermionic part of
the free energy. In the infinite bandwidth limit the sum
over k can be written as:

g Gk (iwy) = —imposgn(wy)
Kk’
mpol’
— D6
iwn — Ap + ilsgn(wy,) (D6)

where py is a constant density of states and I' = mpg|v|?
as before.
Back to the computation of y¢p:

Xeb(iwr) = xap(iwr) + X2 (i), (D7)
where
o1 i PoSgN (Wi )
Xalier) = 5 0t i — 5
_ Wpo 89"( )
i a2
_ Z;”)O 2mif(\p — iwy)(—1)
(-1
- /,D SIS —
-D
(+1)
+/D dzf(z)z—!—iwr—fB]’
(D8)

where 2 = I'm(2) and f(Agp —iw,) = —n(Ag). In the zero
temperature limit f(z) — 6(—=z) and n(Ap > 0) — 0, so:

—€p + iw, > .

—€p+iw. — D (D9)

(i) = —polog (

The second part of yp(iw;):



wpol’
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1
2 (y o
X (iwr) = B ; iwm — Ap + ilsgn(wp,) iwm + iw, — €

can be computed in analogous fashion:

2 /. pol’ 1
) =2 L
Xep(ion) = S AP+ T { 09(
pol’ 1

2t iw, — &+ Ap — il

o

Continuing to real frequencies w, — w — id, writing 1/Jx = —poLog|(A + iI")/D|, in the infinite bandwidth limit:

1
(D10)
e =il \_, ( —Eptiw,
Ap—il —D I\Zes+tiw, - D
dptil N, gt
“Ar+iL—D I\ tim —D) |-
(D11)

w(w—10) — — = Log| ————— | — Olw— )+ — L D EE———
Xep(w =0) = 7= =+po Og‘fB—w—i—ié’ U G oy Sy Wy, (L
pol—‘ 1 )\F—ir
—— L — . D12
2% w—i0—tptre a0 I\ep—wrio (D12)
In the transition line, where £ = &p = /A% — g2 = Ap = Ap = A, we have the simplified form:
1 A+l
w(w—10) — — = Log| ——————| — impp©O(w — A
Xeb(w — 10) Tr +polog )\—w—i—z’é‘ iTpoO(w — A)
ol 1 , A+il , A—il
o~ |(w—iT)Log (2 ) — T)Log [ 2
2 w?+ 12 [(w i) Og()\—w+i5 wHihLog \ =557 )|
(D13)
rewriting,
. 1 Log(\ + i) pow? )
ch(w—zé)—JK:powRe{ o T }_W—i—oﬂ log(A — w + i), (D14)

which is the form of x., discussed in the main text.
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