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We discuss the low-energy physics of the three-orbital Anderson impurity model with the Coulomb interaction
term of the Kanamori form which has orbital SO(3) and spin SU(2) symmetry and describes systems with partially
occupied 1,, shells. We focus on the case with two electrons in the impurity that is relevant to Hund’s metals. Using
the Schrieffer-Wolff transformation we derive an effective Kondo model with couplings between the bulk and
impurity electrons expressed in terms of spin, orbital, and orbital quadrupole operators. The bare spin-spin Kondo
interaction is much smaller than the orbit-orbit and spin-orbital couplings or is even ferromagnetic. Furthermore,
the perturbative scaling equations indicate faster renormalization of the couplings related to orbital degrees of
freedom compared to spin degrees of freedom. Both mechanisms lead to a slow screening of the local spin moment.
The model thus behaves similarly to the related quantum impurity problem with a larger SU(3) orbital symmetry
(Dworin-Narath interaction) where this was first observed. We find that the two problems actually describe the
same low-energy physics since the SU(3) symmetry is dynamically established through the renormalization of the
splittings between the orbital and quadrupole coupling constants to zero. The perturbative renormalization group
results are corroborated with the numerical-renormalization group (NRG) calculations. The dependence of spin
Kondo temperatures and orbital Kondo temperatures as a function of interaction parameters, the hybridization,
and the impurity occupancy is calculated and discussed.
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I. INTRODUCTION

The theoretical work of recent years has led to a con-
siderably better understanding of the origin of electronic
correlations in materials with wide bands and relatively weak
Coulomb interactions, such as iron-based superconductors
and ruthenates. Based on the dynamical mean-field theory
calculations (DMFT) [1] it has been realized that a small
multiplet splitting coming from the Hund’s rule part of the
Coulomb interaction (J < U < W, with W the bandwidth,
U Hubbard interaction) has drastic effects at low-energy
scales [2—6]. This has important consequences for the physics
of these materials that are hence being referred to as the Hund’s
metals [6-9].

Impurity models play a major role in the DMFT studies
since the problem of the bulk is mapped to a problem of a
quantum impurity embedded in a self-consistently determined
bath. It is interesting to note that whereas in the single-orbital
setting the relevant impurity problem was well explored [10]
prior to the development of the DMFT, this is not the case
for multiorbital systems where the DMFT calculations pre-
ceded [2-6] the detailed investigation of the impurity models,
upon which those calculations are based. The discovery of the
strong influence of the Hund’s rule coupling within the DMFT
has encouraged studies of multiorbital effects also for adatoms
on metal surfaces. [11,12]

In this paper we study the three-orbital impurity problem
with Kanamori interaction,

1 J
Hip = 5(U = 3/)Na(Ng = ) = 2J8* = 212, (1)
relevant, for instance, to the DMFT description of a transition-
metal oxide with partially occupied #,, shells. In three-orbital
systems, the physics of Hund’s metals occurs at occupancy

N, =2 [13]. L,S are the orbital moment and spin operators,
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respectively. The Hamiltonian in Eq. (1) has a SU(2) spin
and SO(3) orbital symmetry. The low-energy properties of the
model defined by Eq. (1) have not been studied so far.

The effects of the Hund’s rule coupling were explored
for several simpler (mostly two-orbital) models [14-22]. The
common conclusion of these works is that the Hund’s rule
coupling suppresses the Kondo temperature through reduced
exchange coupling of the low-lying impurity spin degrees of
freedom with conduction electrons.

More recently, a Dworin-Narath (DN) impurity model [23]
was studied [24-26]. The DN model is described in terms of
the simplified interaction Hamiltonian,

1
Himp = 5(U = 3J)Na(Ng — 1) = 2J 8%, @)

which is similar to Eq. (1), but without the orbital part of
the Hund’s interaction, (J/2)L?. The DN model has a higher
SU(3) orbital symmetry and different fixed points. This work
has led to important qualitative insights into the physics
of Hund’s metal. Namely, Refs. [24,25] derived a Kondo
Hamiltonian with a SU(M) orbital and SU(N) spin symmetry
and argued that the key property is that the spin-spin Kondo
coupling is ferromagnetic (or small) and that a two-stage
screening of spin and orbital degrees of freedom occurs
(see also an earlier pioneering study [27]). In Ref. [25] a
renormalization group (RG) analysis stressed the importance
of different spin and orbital degeneracy. These findings were
corroborated by the numerical-renormalization-group (NRG)
study in Ref. [26].

Given the deep implications of these results it is important
to investigate the problem for the more realistic interaction
term that is actually used in the DMFT calculations. In
this paper we investigate the low-energy physics of the
Anderson impurity model (AIM) with Kanamori interaction
at occupancy close to N; = 2, which is relevant to Hund’s
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metals. We derive the corresponding Kondo Hamiltonian using
the Schrieffer-Wolff transformation. The distinction between
the Kanamori and the Dworin-Narath Hamiltonian is found to
become asymptotically irrelevant: At low energies, the orbital
SO(3) symmetry is dynamically enlarged to the larger SU(3)
symmetry. Consequently, the qualitative picture of the two-
stage screening applies also for the Kanamori Hamiltonian.

We also performed the NRG simulations that confirm these
weak-coupling RG findings. We calculated the dependence of
spin and orbital Kondo temperatures for a range of parameters
and electron occupancies. Except at very low values of the
Hund’s rule coupling strength, the spin Kondo temperature is
significantly smaller (an order of magnitude or more). The
smaller bare value of the spin-Kondo coupling as well as its
slower running both contribute to such behavior.

The paper is structured as follows. In Sec. IT we start with the
description of the model. In Sec. III we present the Schrieffer-
Wolff transformation, the resulting Kondo Hamiltonian, and
the Kondo couplings. In Sec. IIIC we discuss the RG flow
using the poor man’s scaling approach. In Sec. IV we give
the NRG results. In Sec. V we conclude with a discussion
of the implications of our results and with prospects for
future work. In Appendixes A and B we give technical details
on the derivation of the Kondo Hamiltonian and RG flow,
respectively. In Appendix C we compare the behavior of the
Dworin-Narath and Kanamori models.

II. IMPURITY MODEL

The impurity model of interest to this paper reads

Hpah = Z ch}zmo—ckmaa 3)
k,m,o
thb = Z chltmodmﬂ + H.c.
k,m,o
=V ¢ dus +He., 4)
m,o

J
Himp = —2JS% — aELZ
U-3J

Ny(Ng — 1) + €9Ny, (5)
with

Nd = Zdiwdma’
m,o

. 1
S = ;d,',w (5000/)%/, (6)
L= "dl, Lomdus.

The operators cﬁ,ﬂ, and d,(,jf), annihilate (create) bath and
impurity electrons with spin 0 = #£1/2 in orbital m; the orbital
degeneracy is denoted as M. The noninteracting conduction
electrons (Hpan) have energy €, which corresponds to a
flat density of states py = 1/2Dy with half-bandwidth Dj.
In the hybridization function (Hyy,) we use the notation
> ¢ VkCkmo = Vcmo. The hybridization strength is defined as
I'=mpo V2.
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The interaction of the electrons on the impurity is described
by the term Hj,, where we introduced the parameter « that
tunes the impurity interaction between the Dworin-Narath
(¢ = 0) and the Kanamori (¢ = 1) case in a continuous way.
We will refer to the impurity model above as the Anderson
impurity model (AIM) to distinguish it from the Kondo model
defined in the following. N, is the total impurity charge opera-
tor, S is the total impurity spin operator (o are Pauli matrices),
and L is the total impurity orbital angular moment (£ are
spin-1 matrices for M = 3). The spin and orbital momentum
operators obey the Lie algebra commutation relations and are
normalized such that Tr(X* X*) = 28, 4,X € {L,S}.

In the following section we derive an effective Kondo
Hamiltonian for the simplest realistic model that captures
the Hund’s physics: the three orbital (M = 3) AIM with two
electrons or holes occupying the impurity such that the ground
state orbital moment and spinare L =1, S = 1.

We set units such that Dy = 1, kg = 1, gup = 1.

III. KONDO HAMILTONIAN AND RG ANALYSIS

A. Schrieffer-Wolff transformation

To investigate the low-energy behavior of coupled bath and
impurity electrons we derive an effective Kondo Hamiltonian
in which the charge fluctuations on the impurity are sup-
pressed. This is achieved using the canonical Schrieffer-Wolff
transformation [28]. The interaction term that is induced by
virtual fluctuations from the ground-state impurity multiplet
into the high-energy manifolds with n & 1 electrons reads

b

P* P
_ n+1 n—1
Hyg = — P, Hyy, (Z N + Z AET )than. @)

a n+1 b

Projector operators P, project onto the atomic ground state
multiplet with valence n. Projectors P , project onto the
high energy multiplets having energy E; ,, (indices a,b denote
different invariant subspaces with respect to Hiyp) and the
virtual excitation energies are AE], | = E;, | — E, where E,
is the ground state energy; see Table I.

For the case of the Kanamori Hamiltonian, Eq. (7) can be
rewritten (see Appendix A for the derivation) in the following
“Kondo-Kanamori” form:

Hg =J,N;+ JS-s+JL-14+J,Q-q
+J;(L®S)-A®s)+ Js(QRS)-(q®s). (8)

Ny is the bulk electron charge operator at the position of
the impurity, and S,L,Q (s,1,q) are total impurity (bath) spin,
orbit, and orbital quadrupole operators, respectively. The five

TABLE I. Excitation energies. The parameter b is defined in
Eq. (12).

Index Ny L S AE

AE, 1 1 1/2 bU—-@A—-w)J)

AES 3 0 3/2 1=-b)U—-@—-a)J)

AE3b 3 2 1/2 A=-b0U+JbE —a)+2(1 —a))
AES 3 1 1/2 A-=bDU+JbHE —a)+2)
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(symmetric and traceless) quadrupole operators are second-
order orbital tensor operators defined as

1 2
bc b c c b
Ql g (Ll mLm i + Ll mLm j) gsb,CSiJ’ ©))
Tr(Q% Q") = 26u.p. (10)

The Kondo Hamiltonian contains besides spin-spin, orbital-
orbital, and quadrupole-quadrupole interaction also the mixed
spin-orbital and spin-quadrupole products (L ® S,Q® S,
respectively). Equation (8) can be viewed as a multipole
expansion of the exchange interaction for spin and orbital
degrees of freedom; the highest orders (dipole for spin,
quadrupole for orbital momentum) are related to the degrees
of freedom carried by the particles (o = £1/2 for spin,
m = —1,0,1 for orbital momentum).

For the Dworin-Narath Hamiltonian, the corresponding
Kondo form reads

HXN = J,N;+JS s+ JT-t
+Js(T®S) - (t®s). (11)

In this expression, s is the total bath spin operator and * =
R — Cho T Cm'o» T are the Gell-Mann matrices. S and T
are the generators of spin-1 representation of SU(2) and the
fundamental representation of SU(3), respectively.

The total set of eight generators {L, Q} is, in fact, equivalent
to the set of SU(3) generators {7T'}: Both sets constitute a basis
for the traceless Hermitian 3 x 3 matrices. Reducing the SU(3)
orbital symmetry to SO(3) symmetry leads to a splitting of
the orbit-orbit and orbit-quadrupole coupling constants, i.e.,
Ji = J1,Jy and Jig — Ji,Jys. One of the goals of this work
is to study the consequences of this splitting.

B. Kondo coupling constants

We calculate the coupling constants for the ground-state
multiplet with two electrons occupying the impurity (Ny; = 2)
that has angular momenta L = 1,S = 1. In the zero bandwidth
limit, V. — 0, the impurity energy level which determines the
impurity occupancy reads

€ = 3—220[]—(1—i—b)[U—J(4—oc)]. 12)
It is measured from the Fermi level. The parameter b € [0,1]
controls the occupancy of the impurity before the projection to
the Ny = 2 subspace and determines the potential scattering
term of the Kondo Hamiltonian. The term is written so
that when » — 0 and b — 1 the atomic N; =2 ground
state becomes degenerate with the atomic lowest states with
occupancies N; = 1 and N; = 3, respectively. The excitation
energies AE| 3 to states with impurity occupancy N; = 1 =
1,3 are presented in Table I. Superscripts a,b,c denote the
three multiplets with charge N; = 3 having different values of
spin and orbital moment.

We note in passing that under the particle-hole transfor-
mation [29] not only the potential scattering term but also the
spin-orbital coupling and the quadrupole-quadrupole coupling
terms of the Hamiltonian in Eq. (8) are odd. As a result, the
twofold hypercharge degeneracy discussed in Ref. [30] does
not apply even in the absence of potential scattering.
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Next we calculate the Kondo coupling constants by com-
paring the matrix elements of Hamiltonians in Egs. (7) and (8):

Vi 6 4 5 3
P ﬁ(AEl N AE” a AEC)’ (13)
S SO S 1
‘T I8\ AE,  AES AE” AE;§
V(i 6 8
= E(AEI T AL AE" AE”) (1%
Vi/ 6 8
o= E(AEl TaEs T AEb - AEC) (16)
Vi 6 4
T = ?(AEI TaEs T AE” AEc) (17)
V(i 6 4
Jas = ?(AEI T AE T AEg * AEg) (18)

These bare Kondo couplings are presented in Fig. 1(a) for
different values of the parameter b. The spin-spin coupling
Js is substantially smaller than others for most values of
b and changes sign on approaching b = 1 that corresponds
to the regime of valence fluctuations between N; = 2 and
Ny = 3 (at the degeneracy point between N; = 2 and N; = 3,
the atomic average occupancy is 30/13 ~ 2.3, while at the
degeneracy point between N; =2 and N, = 1, the atomic
average occupancy is 8/5 = 1.6). All couplings diverge on
approaching the end points b = 0 and b = 1 where the cost
for the charge excitations vanishes. The Kondo model and
the derived couplings for the N; =2, L =1, § = 1 atomic
ground-state configuration cease to be valid there.

The results are qualitatively similar to those found for the
Dworin-Narath model in Refs. [24,25] with the distinction
that for the Kanamori Hamiltonian the orbital and quadrupole
couplings are split:

Jy— = AJ/2,
Jqs —Jis = —AJ,
with
an! 1 2JaV?
Al =V -— )=
AE{ AE? AE}AES

This results from the different energies of the L = 1 and
L =2 three-electron spin-doublet multiplets, caused by the
—a(J/ 2)L? term in the Hamiltonian. For the Kanamori model
with o = 1 the splitting is largest when the Hund’s coupling
reaches

_ (1-bU
o+ 6b

For two electrons at the impurity (b =~ 1/2) this occurs for
J =0.22U. Figure 1(b) shows how the splitting develops
as the Hund’s coupling J is increased from zero, while
keeping the parameter that controls the charge fluctuations,
Uer = U — 3J, constant. In other words, as J is varied,
the Hubbard repulsion U is adjusted so that the effective
impurity repulsion Ueg = E(3) + E(1) —2E(2) = U —3J is
kept fixed; here E(N) denotes the energy of the lowest
multiplet with occupancy N. The splittings of Kondo couplings
are initially linear in J, but then slowly fall off as 1/J. For

19)
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—  (Jis = Jgs)/(Jis + Jys) -- J
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FIG. 1. (a) Bare Kondo exchange coupling constants of the effective Kondo-Kanamori model as a function of the impurity level parameter
b. Model parameters are U = 3.2,J = 0.4. The inset shows the relative size of the splittings through ratios (J; — J,)/(J; + J,) and (J;; —
Jys)/(Jis + Jys). (b) Bare Kondo couplings as a function of Hund’s coupling J for constant Ugy = U —3J =2,b = 0.5.

any J, the hierarchy of coupling constants is J; < J; S J,; <
Jos S Jis.

For o =0, the n =3 excited states with spin § =1/2
and orbital moment L = 1,L = 2 become degenerate and
the following relation holds AE? = AES = AES+6J =
AE3 + 6J, and we find

; Vi3 2 4 20)
P79 \AE, AE; AE;+6J)

ey

vi/ 3 1 4
Ji=— -—+ ,
9 \AE,  AE; ' AE;+6J
V2/ 3 4 1
L=1J=— - . (@2
=T <AE1+AE3 AE3+6J) 22)

Jis = —V23+2+ ! (23)
b= = 3\ AE, ' AE; | AE;+6J)

The results of Ref. [25] are recovered if one omits terms
proportional to (AE3 + 6J)~! that come from the transitions
to n =3,5 = 1/2 states neglected there and rescales the
coupling constants by a factor of 2 due to the different
definition of the Hamiltonian.

C. Poor man’s scaling analysis

We now discuss the low-energy physics of the derived
Kondo-Kanamori Hamiltonian within the weak-coupling RG
approach [31]. The scaling functions B; = dJ;/d In(D) de-
scribe the renormalization of the coupling constants as the
half-bandwidth D is progressively reduced. For S =1, L =1
impurity configuration, corresponding to the ground-state
multiplet for two electrons the scaling functions to the lowest

0

Jys

—  Bis/Bs
- ‘3“ /‘QS
- 01/Bs
Bq/ Bs
Bs/Bs

0.0 0.2 0.4 0.6 0.8
10%10(T/TK)

0 L L L L
0.00 0.05 0.10 0.15 0.20 0.25
log(T'/Tx)

FIG. 2. Scaling of the Kondo coupling constants (top) and g divided by the spin scaling function g (bottom) for different initial couplings.
The horizonal scale is such that the origin corresponds to 7' = T, where the coupling constants diverge. In (a) and (b) the mixed bare
couplings are suppressed, Ji; = J,; = J;/100, where J; = J; = J, = 1. In the inset in (a) we plot ratios J;/J; (solid line) and J;;/J; (dotted
line). In (c) and (d) the quadrupole couplings are suppressed, J, ,s = J;/100 and J, = J; = J;; = 1. In (e) and (f) we use the bare couplings
that correspond to the Anderson impurity model with parameters U = 3.2,J = 0.4,I" = 1. Inset in (f) shows ratio between the orbital and
quadrupole couplings. Solid and dashed lines correspond to ratios J;/J, and J/ J,,, respectively.
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logy(T)

FIG. 3. The NRG results for the effective moments ys 7 (main
panel) and susceptibility xsi (inset) as a function of temperature
for Dworin-Narath, Kanamori, and Kondo-Kanamori models. U =
32,/ =04, =0.1.

order read
B, =0, (24)
Bs = —%(31,3 + 50457 +9J,%), (25)
B = —%(Jﬁ + 2057 + 5(J,2 4+ 2J,5%)), (26)
By = —%(Jqu + 2J15Jys), 27

1
,Bls = _6(3J1J1s + SJlqus + 12J;5J; + 15-[qqu)» (28)

1
IBqS = _E(Jqs(lgjl + 7Jqs +24Jy)
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For a particle-hole symmetric band (as is the case for the flat
density of states, pg = 1/2, used here) the potential scattering
operator is marginal, 8, = 0.

The symmetry of the Hamiltonian is reflected in the scaling
equations. For instance, for vanishing Hund’s orbital coupling
in the AIM, the initial orbital and quadrupole coupling
constants in Eq. (13) are equal J, = J; and J,; = Jj,. For such
SU(3) orbitally symmetric choice of bare coupling constants,
the respective scaling functions coincide: B, = 8,84 = Bis
and hence J, = J; and J,; = Jj, also after RG scaling.

It is interesting to omit the cross-terms by setting Jis =
Jgs = 0, which is preserved also after RG flow. Hence, the
spin and orbit coupling constants undergo a separate scaling
in this case. From the ratio of the two scaling functions
Bi/Bs = (3/2)J12 /J? one sees that besides the larger bare
value of J; additional factor 3/2 (the ratio of the orbital and
spin degeneracy) helps the faster renormalization of orbital
couplings. This behavior, associated with the larger SU(3)
symmetry holds in the case of J, = J.

We numerically solved the scaling equations for three
characteristic cases; see Fig. 2. The top panels show the
Kondo couplings and the bottom panels the scaling functions
B divided by the spin scaling function ;.

In the first case, see the left-most panels, Figs. 2(a) and 2(b),
we set the initial values to unity J; = J; = J, = 1, but we
suppressed the cross-terms and set Ji; = J,; = 1/100. The
orbital coupling renormalizes to strong coupling faster than
the orbital coupling. The mixed-spin orbital coupling Jj,
also increases faster, and exceeds the values of J; at low
temperatures.

The second case, shown in the middle panels, Figs. 2(c)
and 2(d), demonstrates the effects of the splitting between
the orbit and quadrupole terms. We set the initial values

+ 37,2 + 187, Jg). (29) to unity J; = J; = Ji;, = 1 for all but the quadrupole and
6 T FrT T T T T 6 T 1 LI =S e e nle al e
Even, DN Even, Kanamori $
5 +++++++ H{ st %$++++++ .
4 + $%$+++++++ 1 4 * + % SR i
3F i $%¢+++++++ 1 3r %i J¢r$¢++++++ .
+

2 | L+ 1 2F N -
! t+ 4+ + T+ ] R T
0 l l l l l 0 l l l l l
7 I I I I 7 I _I I I I
6_Odd,DN ¢ + 4+ + + + + ] 6_Odd,Kanamorl + + o+ o+ 4o+ ]
51 + 4 st I i
A %%¢++++++ A %$¢+++++
2_$ R R Y T++++++++ |
) + + ) ¢¢+

| + | | |
0 t+++|++T++|++T 0 fi++|++T++|++T

0 5 10 15 20 25 30 0 5 10 15 20 25 30

N N

FIG. 4. NRG finite size spectra for the DN and Kanamori interaction. Parameters are U = 3.2, J = 0.4, N, = 2.
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FIG. 5. Kondo temperatures for the Kanamori model at fixed
Uegr =2 and fixed impurity occupancy N, =2. (a) Spin and
(b) orbit Kondo temperatures as a function of the Hund’s coupling
J for different values of hybridization I'. (c) Spin and orbit Kondo
temperatures plotted versus logarithm of the Hund’s coupling J. (d)
Spin and orbit Kondo temperatures as a function of I'"! for two values
of J =0,/ =0.2.

spin-quadrupole coupling constants that we suppressed: J, =
J1/100, J4s = Ji5/100. When the quadrupole terms are small
they can be neglected in the scaling equations [Eqs. (25)-(29)].
In this case initially the scaling of the spin coupling is faster
than the scaling of the orbit coupling, because the normally
large contribution of the quadrupole terms J, 45 to f; is not
present. Only when J, ., become comparable to Jj,, the
renormalization of the orbital coupling becomes faster than the
renormalization of the spin coupling. It is important to note that
the splitting between the orbit and quadrupole and spin-orbit
and spin-quadrupole terms disappears at low energies.

The case of realistic set of initial coupling constants
corresponding to the Anderson model (with parameters U =
3.2,J =04, =1) is displayed in Figs. 2(e) and 2(f). One
sees that the splitting between the orbital and quadrupole
terms, which is weak already initially, completely disappears
on approaching the low energies [best seen in inset to
Fig. 2(e) that displays the ratio of the two]. Thus the multiplet
splitting due to orbital interaction in the Anderson model
becomes insignificant at low energies. The SU(3) and SO(3)
symmetric models describe the same low-energy physics.
Similar dynamical symmetry generation (or restoration) has
been observed in a number of other quantum impurity models
as well [32-36].
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IV. NUMERICAL RENORMALIZATION GROUP RESULTS

Using the NRG technique [37] we solve the Kanamori,
Dworin-Narath (DN), and the Kondo impurity model. The
NRG results validate the qualitative insights from the poor
man’s scaling approach discussed above. The two-stage
screening behavior with the spin being screened at a tempera-
ture that is significantly lower than that for the orbital moment
occurs in all three models.

We have implemented an NRG code with conserved
quantum numbers (Q,S,L), corresponding to total charge,
total spin and total orbital angular momentum, i.e., using
the U(1)®SU2)®SO(3) symmetry. This allows one to per-
form three-orbital calculations even with modest computation
resources.

A. Comparison between Dworin-Narath, Kanamori, and
Kondo-Kanamori results

In Fig. 3 we present the temperature dependence of the
effective spin and orbital moments, xs7 and x;7, where
XxL.s are the impurity orbital and spin susceptibilities. The
Kanamori results are compared to those for the Kondo
model with exchange couplings set by Egs. (24)—-(29) and
those for the more symmetric Dworin-Narath model. At high
temperatures, the results for different models significantly
differ due to different high-energy physics. Nevertheless,
at lower temperatures the different models behave alike.
In particular, the Kondo-Kanamori curves are close to the
Kanamori ones (the differences become even smaller if the
ratio of the interaction to the hybridization is diminished)
which validates our analytical approach. The Dworin-Narath
model behaves qualitatively the same, the main distinction
being noticeably higher screening temperature of the orbital
moments.

In the inset to Fig. 3 we present the spin and orbital suscepti-
bilities. The former is scaled by 1/4 for easier comparison. The
spin susceptibility is much larger than the orbital susceptibility
and the latter saturates at higher temperatures. This again
shows faster screening of the orbital degrees of freedom. The
orbital susceptibility has a weak maximum before saturating
to the low-temperature value. Similar behavior was found in
earlier work [24].

To confirm the asymptotic equivalence of the models, we
present in Fig. 4 the finite size spectra calculated with NRG for
the DN and the Kanamori impurity models as a function of the
NRG step. The two spectra are the same at low energies, which
shows that the two models have exactly the same low-energy
Fermi-liquid fixed point with excitation spectrum parametrized
by the quasiparticle phase shift which is determined by the
Friedel sum rule for fixed occupancy N; = 2.

B. Kanamori results at integer occupancy N; = 2

We now discuss the Kanamori model in more detail. It is
convenient to define the spin and orbital Kondo temperatures as
the scale at which the respective effective moment diminishes
below a constant. We take the constant to be 0.07 for spin and
0.071(l + 1)/s(s + 1) for the orbital effective moment [10]./,s
are the orbital moment and the spin of electrons, i.e., [ =1,
s = 1/2, hence I(l + 1)/s(s + 1) = 8/3. It is of interest to
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FIG. 6. Kanamori model. (a)—(f) Spin and orbit Kondo temperatures as a function of the impurity occupancy N, for different values of the
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coupling. At J = 0 the spin and orbit Kondo temperature are equal. I' = 0.1. (h) Ratio between the spin and orbit Kondo temperatures. The
arrows indicate the direction of increasing J. The inset shows the inverse ratios.

know how the spin 7" and orbital 72" Kondo temperatures
vary with the parameters of the Hamiltonian. We first discuss
the results at an integer occupancy Ny = 2.

In Figs. 5(a)-5(c) we plot T,"" and T as a function of the
Hund’s rule coupling J for several hybridization strengths I".
When J is smaller than the Kondo scale of the J = 0 model,
Tx(J =0) = Tlg , the moments are screened before the Hund’s
coupling has effect. In this regime symmetry of the model
becomes SUM x N), hence only a single Kondo scale exists
and 7" = T2™®. The Kondo temperature dependence on J
is initially slow, but becomes faster when J becomes larger
than T](() as seen from Fig. 5(c). In addition, close to the J ~
T point, T becomes smaller than 7. Unlike 7" that
decreases monotonously with J, T,‘grb has a weak maximum
at J above Tx(J = 0), which arises as a consequence of an
interplay between the orbital, quadrupole, and spin-orbital,
spin-quadrupole interactions. This can be understood from
the behavior of the coupling constants at small J. Namely,
upon expanding the Kondo couplings to first order in J one
sees that the orbital-orbital and quadrupole-quadrupole Kondo
interactions increase with J, e.g., J; = JlO + aJ, while the
other coupling constants decrease, e.g., J;; = Jl(; — BJ, where
o, B are positive constants.

It is interesting to look at the spin and orbit Kondo
temperatures also as a function of hybridization. In Fig. 5(d)
we present the logarithms of 7,0 and T;(er as a function of
I"'~! for zero and nonzero value of Hund’s rule coupling. In the
first case, the spin and orbit Kondo scales are the same for all
I'. Conversely, in the second case, the spin Kondo temperature
is below the orbit Kondo temperature for all I'. The leading
exponential dependence on I' is the same for both 7" and
T,?rb, as seen from equal slopes of the lines. The slopes depend
on the repulsion and are —Ues/c with (at Ny = 2) ¢ & 3 for
the zero-J case and ¢ ~ 4 for the finite-J case. The difference
is due to the increased degeneracy of multiplets in the J = 0
case.

C. Kanamori results away from integer filling

We now turn to the results away from integer filling.
In Figs. 6(a)-6(f) we display the Kondo temperatures for
several I' and J, still keeping U = 2 fixed, as a function
of the impurity occupancy N, in an interval around 2. The
spin and orbital Kondo temperatures behave differently. T,
exhibit an overall diminishing trend as N, is increased towards
half-filling (N; = 3) with a shallow minimum at Ny =2
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that becomes less pronounced for larger I' where log T™"
is roughly linear in N,. Conversely, T2™ increases when
occupancy is changed from N,; = 2 in both directions for all
values of I

The different behavior of both Kondo temperatures on
approaching half-filling is due to the lowest states at N; = 3
having large spin but vanishing orbital moment, L = 0,S =
3/2, thus the screening of the spin is strongly suppressed
because of its large size [14,21], while the orbital moment is
screened at a higher temperature. At half-filling, the notion of
orbital Kondo temperature becomes meaningless, as the orbital
moment is zero also in the limit of vanishing hybridization.
This distinction disappears for J = 0; see Fig. 6(g) where the
results for zero and nonzero J are shown in a broader range of
N,. For J = 0, the spin and orbit Kondo temperatures are the
same.

On approaching small occupancies, Ny < 1, the Kondo
temperatures rapidly increase and no distinction is seen
between zero and nonzero J cases in Fig. 6(g). When there
is on average a single electron in the impurity the Hund’s
coupling has no effect.

In Fig. 6(h) the ratio between the spin and orbital Kondo
temperatures is shown. One sees that T/ T " rapidly
increases as Ny is increased and at the occupancy Ny = 2
this ratio is about 10 and is further increasing as we approach
half-filling.

V. CONCLUSION

We investigated the low-energy behavior of the Kanamori
model in the RG and NRG approaches. We derived the
appropriate Kondo model that is described in terms of spin,
orbital, and quadrupole degrees of freedom. At the lowest
energies the splitting between the orbital and quadrupole
coupling constants becomes insignificant, therefore similar
behavior as for a Hamiltonian with a larger SU(3) [25]
symmetry can be expected. The NRG results confirm these
poor-man’s scaling findings. In particular, both models have
the same strong-coupling Fermi-liquid stable fixed point at
low energies and approach this fixed point in a similar way
(in the physically relevant parameter range). We calculated
the dependence of the spin and orbital Kondo temperatures on
interaction parameters, hybridization, and impurity occupancy.
The orbital Kondo temperature is higher, thus orbital moments
are quenched first as the temperature is lowered. This behavior
starts to occur as soon as the Hund’s rule coupling is increased
above the Kondo temperature of the problem without the
Hund’s rule coupling. The screening of the spin moments
occurs at a temperature that is about an order of magnitude
smaller [38]. The ratio of the orbital Kondo temperature
to the spin Kondo temperature becomes particularly large
as the impurity occupancy is increased towards half-filling.
Our results demonstrate that the NRG is capable of treating
problems with realistic three-orbital interactions. This method
could hence be used in the DMFT calculations, too. Another
interesting line of investigation is the analysis of the derived
Kondo impurity model for parameters that do not correspond
to the Anderson-type model. Our preliminary results reveal
a rich phase diagram with several distinct non-Fermi-liquid
phases.
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APPENDIX A: KONDO HAMILTONIAN DERIVATION

In this appendix we perform the Schrieffer-Wolff transfor-
mation to derive the Kondo Hamiltonian from the AIM with
either the Dworin-Narath or Kanamori interaction. The Kondo
Hamiltonian having SO(3) orbital and SU(2) spin symmetry
was earlier written in terms of unit tensor operators in Ref. [39].
The Kondo Hamiltonian having SU(M) orbital and SU(N) spin
symmetry was derived in Ref. [25].

The Schrieffer-Wolff transformation reads

P¢ be
Hy = — P, Huyp (Z AE—ZI + Z Aghl )than. (A1)
a n—1

n+1 b

The projector operator P, projects onto the atomic ground-
state multiplet with occupancy n. The projectors P, | project
onto the high-energy atomic multiplets having energy E;
(indices a,b denote the different invariant subspaces with
respect to Hip, as presented in the main text) and the virtual
excitation energies are AEy, |, = E; | — E,, E, being the
ground-state energy.

We adopt the Einstein summation notation and for the sake
of clarity we at first disregard all the constants (e.g., V2/AE).
The projection operators to atomic multiplets transform as an
identical representation under all symmetry transformations of
the problem, hence the multiplet splitting of the excited states
affects only the coupling constants (we write I' = Hyyy):

P! 1
§ : n+1 _ } :
a a

|[n) = P,|W.s) is the ground state with valence n, orbital
moment L, and spin S. The virtual charge excitation process
conserves the impurity charge, thus Pnd;dj P, =0. The
nonzero terms in the Kondo Hamiltonian are of the form,

Hy = P,TT P, = Py(c}, digd], cro, + Hc) Py, (A3)
Next we insert an identity,
oy il Cra, = (¢}, 81180, 0o A}y, 81, 180,.0,Cja)), (AD)

and use the following group-theoretical relations [40,41]:
1 r ., b
8i 10k, = Zai,jsk,l + Z(T )i, j Tk, SUGm),  (AS)

8118k = 8ix8j1 + %(T’J)i, J(T)is SO(m). (A6
The generators 7,7 live in the defining (fundamental) rep-
resentation of the SU(m), SO(m) symmetric Lie group,
respectively. The constant a depends on the normalization
of the generators Tr(T’T¢) = aé,. . (typically a = 2). In the
SU(2) case t are the Pauli matrices and in the SU(3) case 7
are the Gell-Mann matrices.

To obtain the Kondo Hamiltonian from the AIM with
the Dworin-Narath interaction in terms of spin and orbital
operators, we insert the identity (AS) into Eq. (A4) for the spin
and orbital degrees of freedom (since both have SU symmetry).
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The relation (A5) leads to a result in which the dummy indices
associated with the bulk operators c¢; ; are independent from
the indices associated with the impurity operators, and can be
summed over to yield spin/orbital momentum operators. The
Kondo Hamiltonian with the Dworin-Narath interaction reads

HN=J,N;+JS-s+ JT-t

+Js(T®S) - (t®s). (A7)
Bath operators are defined as
s = Z cfnaaw/cm(,/,
! (A)

t= E CLng7lm,Cm/U'
o

7,0 are the Pauli and Gell-Mann matrices, respectively. S and
T are the generators of spin-1 representation of SU(2) and the
fundamental representation of SU(3).

On the other hand the relation (A6) does not decouple the
bulk/impurity dummy indices due to the term §; 18 ; ;. However,
this problematic term can be, for the three-dimensional SO(3)
symmetric group, rewritten as

1 1 c e 1 de nde
8i10k,j = §5i,j5k,1 + ETMT,{J + EQi’j 0
which does lead to the desired decoupling. Above we used the
orbital quadrupole operators defined as

(A9)

1 i 2
Qf’cj = —(T” T¢ . + T T ) — §3b,c5i,_j, (A10)

2 i,m=im,j i,m=m,j

Tr(Q* QF) = 28,4 4,

which are symmetric and traceless. We derive the identity (A9)
by calculating »,, . ij" QZ; and using the identity (A6). By
inserting the identity (A9) for orbital and (A5) for spin degrees
of freedom into the Hamiltonian (A4), we express the Kondo
Kanamori Hamiltonian as

Hx =J,Nr+JS-s+JL-1+J,Q-q
+J/L®S) - A®s)+ J,(Q®S) (q®s).

S,L,Q (s,l,q) are total impurity (bath) spin, orbit, orbital-
quadrupole operators, respectively [42].

(Al1)

(A12)

APPENDIX B: RG FLOW

In the second order of the perturbation theory we integrate
out the scattering events to the states close to the band edges,
+e € [D — 5§D, D]. The correction to the renormalized Kondo
interaction is

1
AHx ~ — Hx PHg. B1
k ~ g Hx PHk (B

The projector P describes all the scattering events of elec-
trons from the impurity to the band edges. The prefactor
is 1/AE = p|8D|(E — D +¢,)~' ~ p|6D|D~". We assume
that the conduction band is wide. D is the half-bandwidth,
E is the energy measured relative to the ground state of the
conduction electron gas and can be neglected, and ¢, is the
energy of electrons near the Fermi surface and can also be
neglected relative to D.

PHYSICAL REVIEW B 94, 165140 (2016)

In the following we present a convenient way for calculating
the second-order corrections to the renormalized Hamiltonian
using the completeness relations from the previous section.
We will illustrate the procedure on the case of the spin-spin
Kondo interaction term JS - o for a single orbital model with
S = 1/2. First, we write the impurity operators in terms of the
fermionic operators,

$¢ — dlotd;, (B2)
with additional constraint dld¢ + dId =1 diT ,d; cre-
ates/annihilates an electron on the impurity with spin i €
{1,4}, and o* are the Pauli matrices. The bulk electron spin
operator is

0% — C;[O';;Cj, (B3)
and cj,ci creates/annihilates an electron with spin i in the
bulk. The spin-spin operators may be expressed in terms
of Kronecker § symbols using the following completeness

relation:

D (0 (0 s = 28118k — 8i 1k (B4)

[For other operators, such as orbital, quadrupole, and
mixed operators, one can derive similar expressions from
Egs. (AS), (A6), and (A10).] After inserting the completeness
relation we obtain

T2 Q28148 — 81 8c0d] djcler P
ijkl
X Z(zgm.psu,n - Sm,n(so,p)dy];dnclcp (BS)
mnop

=J2Y )" AlM pdldd}d,cleclc,.  (B6)

ijkl mnop

The projector P consists of two contributions:
P = Sjm((slu + 8kp)~ (B7)

The first term §;,, follows from the single-occupancy con-
straint of auxiliary fermions, while the second term &, +
8xp describes the processes that involve scattering of elec-
trons/holes to the upper/lower band edge. In the expressions
one can use cikcak = 0 for the electron states k in the upper

band edge that are assumed empty and cikcgk =1 for the
electron states k at the lower band edge that are assumed filled.

Now we sum over the indices m,o0 to eliminate Kronecker
8 symbols that come from the projection operator. The
contribution of the electron scattering to the upper band edge

reads
7Y SN AU dld,cle,. (B8)

ijkl np

Next we sum over the dummy indices j,/. The correction to
the Kondo exchange reads

T2 (481,80 + 58inbip)d ] ducle,y (B9)
iknp
=280 +3J%)  8iudipd]ducic,. (B10)
iknp
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FIG. 7. Spin and orbital Kondo temperatures as a function of Hund’s coupling J for different values of parameter « (@ = 0 DN interaction,

o = 1 Kanamori interaction). Model parameters are Ugy = 2,N; = 2.

This result has the same form as the initial exchange interaction
with an additional potential scattering term. A contribution
from the scattering to the lower band edge is obtained in
a similar fashion; the exchange term is the same, while the
potential scattering term has an opposite sign and therefore
cancels out that in Eq. (B9) since we have assumed a particle-
hole symmetric conduction band. We recover the standard g
function of the S = 1/2 Kondo model.

A similar approach can be used to tackle the multiorbital
problem. We reproduce the scaling equations of Ref. [17]
by applying the completeness relations for the fundamental
representation of the spin and orbital moment operators
(additionally one has to rescale the J;; by a factor of 2). In the
presence of the Hund’s coupling and two electrons occupying
the impurity, we have to take the S = 1,L = 1 representationw
for the impurity spin and orbital moment operators. To
calculate the scaling function an additional relation,

2 i

5i8; = 3

has to be applied. € tensor is determined by the commutator
properties of the spin-1 operators [S;,S;] = i€;jx Sk and ij
are spin-quadrupole operators, which are absent from the
original Kondo Hamiltonian. Spin-quadrupole operators are
orthogonal to the spin operators hence they do not affect the
spin scaling equations.

The scaling functions for a flat band, a general number of
orbitals M occupied by two electrons, and N = 2 read

Mt = M7 +207) — Syt (M + M - 2)
N 2M? '

Bs
(B12)

B = 1%( — 40 (M —2) = 3, 2(M —2) — (M +2)

ﬂls =

x(4J,% + 8J,57)), (B13)
1
IBq = _gM(“‘JZJq + 8Jls-]qs)a (B14)
—8,-]‘ + EEiijk + ij, (Bll)
|
Jis(M(J(M —2) + 4J) + Jys(M? — ) + J, J,s M(M + 2)
_ o , (B15)
20y MM+ 4J,) + JisM(Js(M = 2) + 20, M) + Jy*(M? +2M — 8) B16)

Iqu =

4M

Whena = 0,J, = J;,J;s = Jjs and results are the same as obtained in Ref. [25] for the model with two electrons occupying the

impurity and with a SU(M) orbital symmetry.
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APPENDIX C: COMPARISON BETWEEN KANAMORI
AND DWORIN-NARATH MODELS

Using parameter « [Eq. (5) in the main text] the impurity
interaction can be continuously tuned between the Dworin-
Narath (¢ = 0) and the Kanamori (¢ = 1) form. Even though
the SO(3) orbital symmetry is dynamically restored to SU(3)
at low energies and hence the behavior of the two models
is similar there are quantitative differences that we illustrate
here.

In Fig. 7 we present the spin and the orbit Kondo
temperatures as a function of Hund’s coupling for different

PHYSICAL REVIEW B 94, 165140 (2016)

values of «. Overall a qualitatively similar behavior is found.
At small hybridizations up to an order of magnitude difference
is found for large J. For small hybridization the spin Kondo
temperature for Dworin-Narath is nonmonotonic at large J
which is not the case for the Kanamori model. The calculated
Kondo temperatures there differ by an order of magnitude
between the two models which can be important for realistic
DMFT calculations where the quantitative agreement with
experiments is desired. Despite the overall similarity of
the Dworin-Narath and Kanamori results, the more realistic
Kanamori interaction needs to be used there.
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