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Two-band Hubbard model analysis

T. B. Mazitov

I'and A. A. Katanin®!-2

! Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology, Institutsky lane 9,

141700 Dolgoprudny, Moscow region, Russia
2M. N. Mikheev Institute of Metal Physics, Kovalevskaya Street 18, 620219 Ekaterinburg, Russia

® (Received 8 April 2024; revised 6 August 2024; accepted 7 August 2024; published 28 August 2024)

We study formation and screening of local magnetic moments in the two-band Hubbard model in the presence
of Hund exchange interaction using dynamic mean-field theory approach. The characteristic temperatures of the
formation, beginning and full screening of local magnetic moments are obtained from the analysis of temperature
dependence of the orbital, charge, and spin susceptibilities, as well as the respective instantaneous correlation
functions. At half filling we find the phase diagram, which is similar to the single-orbital case with wide region
of formation of local magnetic moments below the orbital Kondo temperature. Similar to the single-orbital case,
with decreasing temperature the screening of local magnetic moments is preceded by appearance of fermionic
quasiparticles. In the two-band case the quasiparticles are however present also in some temperature region
above the Mott insulating phase. At finite doping we find broad regime of presence of local magnetic moments,
which coexist with incoherently or coherently moving holes. We also find, similar to the half-filled case, finite-
temperature interval in the doped regime, when the fermionic quasiparticles are formed, but do not yet screen

local magnetic moments.
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I. INTRODUCTION

The concept of Hund metals (HM) was introduced [1-10]
to distinguish the substances where strong electron corre-
lations are induced by Hund exchange from those where
Coulomb interaction yields proximity to Mott insulating (MI)
phase. The Hund metal behavior is obtained in iron pnictides
[2,7,11,12], ruthenates [13,14], elemental iron [15-18], as
well as some other transition metals [17,19], and their com-
pounds [20]. Some aspects of the physics of high-temperature
superconductors can be also described by an effective two-
band model, in which Hund exchange plays an important
role [21,22].

It was suggested in Refs. [6,8] that Hund metals are
characterized by the so called spin-orbital separation, which
corresponds to freezing of orbital degrees of freedom below
the orbital Kondo temperature Tk . The latter temperature is
much higher, than the Kondo temperature for the spin degrees
of freedom Tx. This separation gives a possibility for the so
called spin freezing [1] to occur at sufficiently low tempera-
tures when the orbital degrees of freedom are not active. The
spin freezing yields formation of local magnetic moments,
which are important for magnetic and thermodynamic prop-
erties of Hund metals.

The number of previous studies have contrasted the Hund
metals to multiband systems in the proximity to Mott in-
sulating state at integer fillings, different from half filling
(the so called Hundness versus Mottness behavior); see, e.g.,
Refs. [3-8,23,24]. At the same time, one can conjecture that
the HM state away from half filling inherits to some extent
its properties from the proximity the Mott state at half filling.
This conjecture is confirmed by studies of the doping depen-
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dence of electronic, charge, and magnetic properties in broad
range of dopings (see, e.g., Refs. [3-5,8,23]). In particular, the
Hund metal behavior occurs with doping in the same part of
the phase diagram, which is Mott insulating at half filling, and
enhanced on approaching half filling.

Since the properties of Mott transition at half filling in
multiorbital models are similar to those in the single-orbital
model, the HM state finds some similarities to the proximity of
Mott state in the single-band system. Indeed, the temperature
scales of start of the formation of local magnetic moments
and beginning of their screening in single-band systems were
actively discussed recently [25-29], and it was found that the
temperature of the beginning of formation of local magnetic
moments appears to be much higher, than the temperature of
the onset of the screening. The former temperature is therefore
analogous to that for the orbital freezing in multiband system.

Finding similarities and differences in the formation of
local magnetic moments in single- and multiband systems
allows therefore for better understanding of the physical prop-
erties of Hund metals, especially in the most important regime
of the unscreened local magnetic moments, which are ex-
pected to form in the temperature range Tx < T < Tk omp. In
particular, this study may reveal peculiarities of the local mag-
netic moment formation in multiband systems at half filling,
as well as uncover the reasons of their stability with doping.

To emphasize various aspects of the similarity and differ-
ences of the Mott transition in the single-orbital model and
Hund metal behavior in multiorbital model, we consider in
the present paper the phase diagrams of the two-orbital model
in the presence of Hund exchange interaction. The important
effect of Hund coupling for reduction of the critical interaction
and formation local magnetic moments was emphasized in
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this model at half filling in previous DMFT studies [30-32].
Reference [33] has performed investigations of various in-
stabilities at and away from half filling. The differences of
Mottness and Hundness behavior were studied for this model
away from half filling in Refs. [23,34].

In the present paper we concentrate on the evolution of
local magnetic moments with temperature, interaction, and
doping, starting from the proximity to the Mott transition at
half filling. We show that the effect of Hund exchange is cru-
cial for the properties of LMM in the considered two-orbital
model. By studying variety of physical observables within the
dynamical mean-field theory (DMFT), we find the tempera-
tures of the start of the formation of local magnetic moments,
appearing well-defined fermionic quasiparticles (QP), and the
onset of screening of local magnetic moments. We show
that these scales are essentially different and comprise the
phase diagram at half filling, which is similar to that obtained
previously for the single-orbital case.

Yet, away from half filling we find that in contrast to the
single-orbital model, the local magnetic moments exist also in
the unscreened phase in a broad range of doping levels. This
allows us to connect our observations in the vicinity of half
filling to previous studies of the doped multiband Hubbard
model; see, e.g., Ref. [23].

The plan of the paper is the following. In Sec. II we for-
mulate the model and the physical observables we study; in
Sec. III we consider the properties of the half-filled system,
and in Sec. IV we consider the off half-filled case. Finally, in
Sec. V we present conclusions.

II. THE MODEL AND CONSIDERED OBSERVABLES

We consider the two-band Hubbard model with Ising sym-
metry of Hund exchange on the square lattice (the obtained
results are however expected to be qualitatively applicable for
an arbitrary density of states)

H= Z (tij — u8ij)ci  Cime +U Znimniml

ij,m,oc im

=+ Z (U, - JSJU’)nimanim’tr/a (1)

i,m<m' o0’

where ¢!

no (Cimo ) 15 the electron creation (destruction) oper-
ator at site i, orbital m = 1, 2, and spin o, 0’ =%, |; nipe =
¢! cimo is the electron number operator, u is the chemical
potential, and t;; = —t for the nearest-neighbor sites. We
assume the interorbital Coulomb interaction U’ = U — 2J. As
the unit of energy we use the half bandwidth D = 4r = 1. In
the major part of calculations (if not stated differently) we
fix the value of Hund exchange interaction J = U/4, which
roughly corresponds to the Hund exchange in transition
metals.

We use the dynamic mean-field theory [35], by mapping
the lattice model to the quantum impurity model, subject
to the self-consistency condition. It was shown previously
for single-band Hubbard model [27,28,36-38] that near Mott
metal-insulator transition DMFT describes formation of local
magnetic moments and their screening. Using DMFT for the
two-orbital model allows us to describe both, spin and orbital
Kondo physics (see also Refs. [3,6,8,23,24,38]), which for-

mally occurs due to hybridization of the impurity with the

reservoir in the presence of the on-site Coulomb repulsion.
To trace the formation of local moments we calculate in the

self-consistent solution of DMFT the local spin susceptibility,

B
xs(T) =/O (Si(D)S;(O))d, (@)

where 7 =587, +S7,, 57, = (1/2)(C;_n7~cim¢ — C?,_Ncimi) is
the spin projection at the site i and imaginary time , 8 = 1/T
(Boltzmann’s constant is put to unity). We also consider the
local static charge susceptibility (local charge compressibil-

ity)
dn p 2
X(T) = T / ((ni(v)n;(0)) — n”)dr, 3
128 0

where n;(t) = Zm nim(T), Rim(T) = Zo’ Nims» and the
change of the chemical potential du acts only at the impu-
rity site, the static orbital susceptibility xom(7T) = Yo (7', 0),
where

1 B
Yo T i) = / (0 (T) = mia(T)
0

X (n;,1(0) = n; 2(0)))e" " d, “

is the dynamic orbital susceptibility (w, are the bosonic Mat-
subara frequencies), as well as the square of the instantaneous
local magnetic moment

(S7) = ((Si1 +8i2)")
= 3n/4 — 3Nt Rimy ) + 2(52155',2)’ ®)

where we neglect correlations of transverse components of
spins at different orbitals. Apart from that, we study the frozen
spin ratio [1]
Z Z
g, = BSHB/DSIO) ©)
(7))
which characterizes the degree of the local magnetic moment
formation.

For computations, we use the hybridization expansion
continuous-time quantum Monte Carlo [39-43] impurity
solver, implemented in the iQIST software package [44,45].
The analytical continuation of the fermionic and bosonic spec-
tral functions is performed using anacont package [46].

III. RESULTS AT HALF FILLING

One of the hallmarks of Hund metals is the spin-orbital
separation [6,8], which implies strong difference of spin-
and orbital Kondo temperatures. To obtain an orbital Kondo
temperature Tx o, Which sets the upper boundary of the tem-
perature of formation of local magnetic moments, we consider
the orbital susceptibility xor,(7 ) as an indicator of changes in
the interorbital balance of fillings (see Fig. 1). We identify
Tx.orb With the inflection point of the logarithmic temperature
dependence of the squared effective orbital momentum 2, =
T xob- One can see that the obtained temperature dependence
implies suppression of the orbital susceptibility in the low
temperature regime 7' < Tg o ~ 0.5¢, which will be mainly
considered below.
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FIG. 1. Temperature dependence of the square of the orbital
moment for different values of the Coulomb interaction U. The
Kondo temperature Tk .1, is obtained from the inflection points of
the T o (T ), which are marked with gray circles.

However, the spin Kondo temperature can be determined
from the temperature dependence of the effective local mag-
netic moment /Lgff(T) = T xs(T), determined by the spin
susceptibility. Similar to the orbital Kondo temperatures,
we determine Tx from the inflection point of the logarith-
mic temperature dependence u’? = T x,(T) (Fig. 2), since
the usually used fit to the universal dependence of w(7T)
for the Kondo model (see, e.g., Refs. [27,28,37,38] for the
single-band model), is not fully applicable to the considered
two-band model in view of the spin anisotropy, induced by
the density-density form of the interaction in Eq. (1). One
can see that for not too small U the corresponding Kondo
temperatures are substantially smaller than Tx o4, but remain
substantially higher than in the single-orbital case [27,28]
because of the presence of more channels of screening.

To study the possibility of the formation and subsequent
screening of local magnetic moments in the temperature
range Tx < T < Tk o, following previous works [27,28], we
consider the temperature dependence of charge susceptibility
(see Fig. 3). One can see that for U > 1.2, a local maximum
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FIG. 2. Temperature dependence of the square of the effective lo-
cal magnetic moment ugﬁ- = T yx, for different values of the Coulomb
interaction U. The Kondo temperatures Tx obtained from the inflec-
tion points of the T x,(7T") dependencies, are marked with gray circles.
The orbital Kondo temperatures Tk o are marked by black crosses.
Gray stars indicate the spin Kondo temperatures calculated with the
fit of T x,(T") dependence to the S = 1 Kondo model.
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FIG. 3. Temperature dependence of local static charge suscep-
tibility x. at various values of the Coulomb interaction U and Hund
coupling constant J = U /4. Gray circles indicate local maxima of x..
The orbital Kondo temperatures Tk o, are shown by black crosses.
The temperature dependencies of charge compressibility at / =0
and U = 0.6, U = 2.0 are shown by upper and lower solid lines
without symbols. The shaded area marks the range of x. values for
interactions between U = 0.6 and U = 2.0.

of x.(T) is observed, which characterizes the beginning of
the formation of local magnetic moments in this region.
With a further decrease in temperature, for 1.2 < U < 1.4, a
minimum of x.(7) is observed with the subsequent increase,
which is associated with the screening of local moments by
conduction electrons, as was previously described for the
single-band model [27,28]. For U > 1.4, it is noticeable that
the minimum of x.(7') is absent and the screening does not
occur, which is the signature of an insulating-like behavior in
this region. The orbital Kondo temperatures are also marked
in the figure; as one can see, for not too small U they are
in close proximity to the beginning of the formation of
local moments, which indicates a significant influence of
interorbital correlations on the formation of this phase.

The obtained temperature dependencies of the orbital sus-
ceptibility can be compared to those with “switched off” Hund
exchange (J = 0). In the latter case the local charge suscep-
tibility predominantly increases with decreasing temperature,
which indicates that the insulator region is located at higher
values of U (U ~ 2.3). Therefore, the noticable effect of Hund
exchange is in the lowering of the metal-insulator Coulomb
repulsion, which allows for having Tx < Tk orb-

To find the temperatures of (almost) full formation of local
magnetic moments, we consider maxima of the mean square
(Siz) (see Fig. 4, main plot). This allows us to distinguish the
regions of formation (increase of (S%) with decrease of T),
maximal saturation, and screening of the LMM (decrease of
(Siz)). As one can see, in agreement with the observations from
local charge susceptibility the screening occurs only when
U <14

In contrast to the single-orbital case, there are two different
contributions to (Sl-z) according to the Eq. (5). The upper inset
in Fig. 4 shows the interorbital spin correlator (S}S5), which
originates from Hund exchange, while the lower inset shows
the contribution of the temperature dependence of the single-
orbital double occupation —(n,4n,,). The latter quantity
reflects the strength of the intraorbital correlations. As one
can see, the temperature dependencies of these quantities are
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FIG. 4. Temperature dependence of the square of local magnetic
moment (S?) (main plot), the interorbital spin correlator (S%S3) (up-
per right plot), and the intraorbital (single-orbital) double occupation
—(nmynmy ) (lower right) at various values of the Coulomb interaction
U. Open and filled circles indicate maxima of (S7S5) and — (1,171, ),
respectively. Filled triangles mark local minima of x., and pentagons
mark local maxima.

similar, but their maxima are achieved at different tempera-
tures (as noted on the main plot). That is, with decrease of
temperature, correlations first set within each orbital, and
then between the orbitals. One can also see that the minima
of the temperature dependence of charge susceptibility,
discussed above, correspond to the maxima of the intraorbital
correlations. While in the single-band model the maxima
of the intraorbital correlations (which also correspond to
the maxima of charge compressibility) were associated
with the onset of the screening, presence of the interorbital
contribution in the two-band model shifts the actual onset
of the screening to lower temperatures. We therefore further
use the maximum of the full squared moment (Siz) rather than
the minimum of charge compressibility as a criterion of the
onset of the screening. This criterion also appears applicable
in the doped case, in contrast to the charge compressibility,
which is sensitive to the presence of free charge carriers [28];
see further discussion below in Sec. IV.

Let us compare the obtained temperature dependencies of
charge- and spin susceptibilities to those of the frozen spin
ratio (6); see Fig. 5. At the transition from the metallic-like
to insulating-like state, obtained above from the temperature
dependence of charge susceptibility, the temperature depen-
dence of frozen spin ratio also changes from decreasing to
increasing with the decrease of temperature at low 7', which
corresponds to difference between screened and unscreened
LMM in the metallic-like and insulating-like regimes. The
value Ry > 1/2 was suggested in pioneering study of Ref. [1]
as a criterion for the local magnetic moment formation. One
can see that this criterion is fulfilled in the insulating-like
regime and in the metallic regime it is fulfilled above the
temperature of full screening of LMM (i.e., the Kondo tem-
perature Tx). At the temperature of the beginning of screening,
which was associated above with the maximum of the square
of instantaneous of local magnetic moment (S,-z), we observe
a rapid decrease in Ry. Therefore, with the onset of screening
both the amplitude of the total moment and its stability over
time 7 decreases. This also confirms the consistency of the

FIG. 5. Main plot: temperature dependence of “frozen spin ra-
tio” R, Eq. (6) for different values of the Coulomb interaction U.
Open circles indicate maxima of (S?) and filled triangles mark spin
Kondo temperatures Tx. Inset: temperature dependence of dynamic
contribution to local spin susceptibility x dyn-

methods for determining the behavior of the LMM. At high
temperatures we observe a plateau R; ~ 0.9, which appears
due to consideration of a short imaginary time interval §/2 at
large T. Therefore, the temperature dependence of the frozen
spin ratio does not reflect the onset of local magnetic moment
formation.

The stability of local magnetic moments can be also deter-
mined from the dynamic contribution to the spin correlation
function x;.dayn = x5 — B{S*(B/2)5%(0)), discussed earlier in
Ref. [47]. As one can see from the inset of Fig. 5, small
values of dynamic part of the susceptibility are observed in the
unscreened LMM regime. On the contrary, as the interaction
decreases, the dynamic contribution increases in the screened
LMM regime, which is also in agreement with the R, depen-
dence discussed above.

To see peculiarities of the electronic properties in various
regimes, we also consider the frequency dependencies of the
local spectral functions, which represent the density of states
of interacting electrons (see Fig. 6). At small U = 1.0 we
find van Hove singularity of the density of states at low tem-
peratures which is smeared by thermal fluctuations, so that
the corresponding evolution of the density of states is only
weakly affected by the interaction effects. However, at some-
what larger U = 1.35 we find formation of Hubbard subbands
at sufficiently low temperatures. To analyze in more detail
the shape of the spectral functions in the temperature range
0.2 < T < 0.4 we show in Fig. 7 the difference of spectral
function A(v) at T = 0.3 to that at small U = 0.6 (we have
verified that further decrease of the interaction does not affect
the result). One can see that the interaction U leads to redistri-
bution of the spectral weight from the center of the band (i.e.,
from the Fermi level) to the energy >~ +(U + J)/2 = £5U/8
(at the corresponding U). As we show in the Appendix, this
excitation energy refers to the energy of adding (removing)
electrons to (from) the state |0, o), showing that in this region,
the formation of local magnetic moments actually occurs.

At lower temperatures in the metallic region (Fig. 6),
both, the quasiparticle peak and the Hubbard subbands at
the energy +(U + J)/2 exist. Their simultaneous appearance
shows screening of local magnetic moment; cf. Refs. [27,28].
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FIG. 6. Temperature evolution of local spectral functions A(v) at different U. The dotted lines mark the v = 0 boundary, indicating the
density of electronic states at the Fermi level. The vertical planes show characteristic excitation energies corresponding to atomic states |o, o)

(5U/8) and |1, 0) (U/8).

In contrast to the single-orbital model, the narrower side
peaks with the energies +(5J —U)/2 = £U/8 appear as
well in this regime. The latter peaks correspond to removing
(or adding) electron from (to) the |1, 0) state, which appear
as a part of the processes of local magnetic moment screening.
However, at large U we find the gap of the spectral function,
which is continuously filled with temperature.

The most complex behavior is observed near the Mott
transition (see, e.g., the result for U = 1.4). It can be seen
that at low temperatures there is a strong dip at the Fermi
level due to insulating behavior, which, however, turns into
a quasiparticle peak with increasing temperature. Next, a re-
gion of the formed local moment is observed, which is also
noticeable from the suppression of the spectral function at the
Fermi level.

The transition to the insulating-like state at U =~ 1.4 can be
further confirmed by loss of coherence of the quasiparticles as
reflected by the quasiparticle damping, estimated as an imagi-
nary part of the electronic self-energy I' = —ImX(0), which is
obtained from linear extrapolation of the self-energy at lowest

Matsubara frequencies to zero frequency; see Fig. 8. Indeed,
crossing the border U =~ 1.4, the damping rapidly increases,
while to the left of this border, as can be seen, I' changes

-0.15

10

v/t

FIG. 7. Frequency dependence of the difference between spectral
functions Ay — Ay—o6. The dotted lines mark the boundaries of the
excitation energy (U + J)/2 = 5U /8 (for each U), corresponding to
the state |o, o).

075160-5



T. B. MAZITOV AND A. A. KATANIN

PHYSICAL REVIEW B 110, 075160 (2024)

401 4 T-0.025

m T=0060

30, e T=0100

_ ¢ T=0150
o o _

S 0 T=0.200

c T=0.300

O r— % -~
1.0 1.5 2.0

U

FIG. 8. Interaction dependence of the imaginary part of zero-
frequency self-energy at various values of the temperature 7.
Colored circles indicate points of rapid growth of I' = —ImX(0),
obtained from largest curvature.

only slightly with a change in U and T. We associate the
transition to the insulating-like behavior with the increase of
damping, characterized by the maximum of the second deriva-
tive. One can see that the obtained boundary between the
metallic-like and insulating-like behavior coincides with that,
obtained from the change of the temperature dependence of
local charge compressibility, which is suppressed at U 2 1.4.

The obtained boundaries of various regimes are shown in
the phase diagram for half filling in Fig. 9. As in earlier
works [27,28], at sufficiently large temperatures and Coulomb
interactions we find the preformed local moment regime
(PLM). The upper temperature boundary of PLM regime, de-
termined by the sharp increase of the quasiparticle damping, is
quite close to the line of charge compressibility maxima and,
at sufficiently large U, to the orbital Kondo temperature Tx o,
which indicates the correctness of determining the character-
istic temperatures T op. This fact also confirms considering
the orbital screening temperature Tx o as start of the local
magnetic moment formation in the presence of Hund ex-
change. We have verified that the orbital Kondo temperatures
T¢ o> Obtained from the maximum of the frequency depen-
dence of the spectral weight Im xq, (7, w) (cf. Ref. [8]; see
Appendix B for more details) possess approximately the same
U -dependence, as Tk o, being related to the Kondo tempera-
tures from the static susceptibility by Ty’ ,, =~ 2.47Tk ory. Both
methods yield approximately linear increase of the orbital
Kondo temperature with J, Tk op > J 4 0.13 (J = U /4 in this
study). It reflects the breakdown of LMM, formed by electrons
persisting in two different orbitals coupled by Hund exchange
interaction, by thermal fluctuations at T > Tk orb-

With decrease of temperature PLM regime changes first to
the quasiparticle regime (QP), which precedes the screening
of LMM (SCR regime) similar to the single-orbital case [28].
However, for considered two-band model this regime “pene-
trates” into the region above the insulating phase and has the
boundary, which behaves nonmonotonically with change of
temperature and Coulomb repulsion. This nonmonotonicity
is likely related to the first-order ground state Mott transi-
tion, discussed previously in Ref. [48]. At sufficiently strong

T, orb —— QP peak collapse
—¥— max of —— max of LMM

0.6 —6— QP damping at Fermi =< Tk
—&— QP peak at Fermi

0.4 « )

0.2

Ml

0.0

1.0 1.5 2.0

FIG. 9. The obtained phase diagram at half filling. The orange
dash-dotted line (crosses) shows the orbital Kondo temperatures
Tx oo (grey dash-dotted line (crosses) corresponds to Tg . /2). The
local maxima of x.(7) are shown by violet line (triangles). The
preformed local moment (PLM) region, bounded by the increase of
QP damping (open circles) and appearance of QP peak of the spectral
function (stars), is indicated by the purple shaded area. The violet line
(diamonds) marks the suppression of QP peak. The red shaded region
(SCR) corresponds to the LMM screening regime, bounded by the
maxima of the instantaneous magnetic moment (squares). The solid
red line (without squares) indicates the maxima of the intraorbital
moment, and the dashed line indicates the maxima of interorbital
correlations. The dark shaded area (FL) indicates the Fermi liquid
phase, bounded by the respective Kondo temperatures (crosses). The
Mott insulator (MI) region is shown by the violet area determined
from the quasiparticle damping. Between the PLM and SCR regions
there is a regime of appearance of quasiparticle peak in the absence
of pronounced screening (QP).

interaction (above the Mott insulating phase) the QP peak col-
lapses with decreasing temperature. Finally, in the FL regime
the fully screened local moment Fermi liquid state occurs.

IV. RESULTS AWAY FROM HALF FILLING

In this section, we consider what changes in the above
discussed observables with doping. In accordance with the
consideration of previous section, we determine first the or-
bital Kondo temperatures from the inflection points of the
T xon(T') dependence (Fig. 10). It is noticeable that in agree-
ment with earlier results [8], Tk o 1S almost unchanged with
doping. Therefore, orbital correlations are not strongly depen-
dent on the concentration of electrons.

We consider in the following the case in the vicinity of
the metal-insulator transition (U = 1.4) and the insulating
phase at half filling (U = 1.6). The temperature dependence
of charge compressibility (Fig. 11) changes with doping sim-
ilar to the single-band case [28]. In particular, instead of the
maximum (start of the formation of LMM), followed by the
minimum, corresponding to beginning of screening of LMM,
for n < 1.8 it increases with decrease of temperature due to
sufficiently large number of free charge carriers (i.e., holes),
and has a maximum at approximately the same temperature,
where the minimum of the susceptibility was observed for
larger fillings. This change of temperature dependence was
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FIG. 10. Temperature dependence of the square of the orbital
moment for various fillings n (U = 1.4). The Kondo temperature
Tk o s obtained from the inflection points of the T xow (7 ), which
are marked with filled circles.

identified in Ref. [28] with the coherent hole motion (CHM)
regime, which is present in the two-orbital model as well.

The temperature dependence of the average square of the
local magnetic moment (S?) is similar to half filling (Fig. 12,
main plot). In particular, near half filling it monotonously
increases with decreasing temperature, which shows the for-
mation of the LMM. With increase of doping the maximum
of the temperature dependence of local magnetic moment is
formed, showing onset of screening. In stark contrast to the
single-orbital case [28], the temperature of the maximum of
LMM formation only weakly changes with doping. Resolving
the intra- and interorbital contributions (Fig. 12, insets) shows
that the maximum of the intraorbital contribution — (72,4 1 )
strongly shifts to larger temperatures similar to the single-
orbital case, but in the two-orbital model it is compensated
by the interorbital contribution (S;,S;,), which maximum
remains unchanged with doping. Therefore, the interorbital
correlations, originating from Hund exchange, provide a de-
cisive role in preserving LMM with doping.

The evolution of spectral functions in the doped regime
is of particular interest for determining presence of LMM.
In the single-band case it was found [28] that local magnetic
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FIG. 11. Temperature dependence of local static charge suscepti-
bility x. for various fillings n (solid lines correspond to U = 1.4 and
dotted lines correspond to U = 1.6).
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FIG. 12. Main plot: temperature dependence of the square of
local magnetic moment (S?) for U = 1.4 (solid lines) and U = 1.6
(dashed lines). Insets: interorbital spin correlator (S7S5) (top) and
intraorbital (single-orbital) double occupation —(n,4n,,,) (bottom)
at various fillings n for U = 1.4. Open and filled circles indicate
maxima of (S{S5) and —(n,,1n,,, ), respectively.

moments at finite doping are present only in screened form,
which corresponds to having narrow quasiparticle peak at the
Fermi level at low temperatures. However, as it is discussed
above in this section, in the two-orbital case the effect of Hund
interaction is significant for providing stability of LMM. The
spectral functions A(v) are shown in Fig. 13 forbothU = 1.4
and U = 1.6. At small doping and temperatures 7' ~ 0.2-0.3
we find a dip of the spectral functions at (or close to the) the
Fermi level, which corresponds to the LMM formation. Thus,
despite the delocalization of charge carriers with decreasing
filling, the Hund exchange between orbitals preserves the
LMM. Qualitatively, this can be explained by the necessity
to increase the energy of electrons by Hund exchange when
breaking the LMM, which is comparable to the hopping
parameter. Therefore, in contrast to the single-band model,
in multiband model the hopping becomes much less effective
for breaking the LMM. This is an essence of Hund metal
behavior.

To summarize the results for the doped system, we consider
the phase diagram in Fig. 14. We consider the case near the
transition (U = 1.4), for U = 1.6 the phase diagram looks
similar except for the extent of the insulator and screening
regions. As it was noted above, the orbital Kondo temperature
remains almost unchanged with doping (cf. Ref. [8]) and only
increases slightly, which implies an increase of the distribu-
tion of electrons in different orbitals [see Eq. (4)]. At small
doping the temperatures of charge compressibility maxima
remain close to Tk o, as in the undoped case. With further
decrease of temperature, a wide region of the formation of
a local magnetic moment (PLM) is observed, obtained from
observations of electronic spectral functions. Despite presence
of holes, at small doping we find sufficiently wide PLM+H
regime, where owing to the Hund exchange, delocalized
charges do not destroy completely the LMM, which coexists
with free charge carriers (i.e., holes). With significant doping
(n < 1.85), similar to the single-orbital case, the maximum of
temperature dependence of charge compressibility is changed
by its minimum. The corresponding region n < 1.85, which
previously was attributed to the coherent hole motion (CHM)
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FIG. 13. Temperature evolution of spectral functions A(v) at different interaction U and concentration n. The dotted lines mark the v =0

boundary, indicating the density of electronic states at the Fermi level.

regime, contains however a part with preserved local magnetic
moments (PLM+4CHM regime), which is characterized by
the suppressed spectral weight at the Fermi level and reflects
the presence of well-formed local moments with almost freely
moving charge carriers. With further increase of doping, the

0.8

TK, orb —k— QP DEGk at Fermi

—¥— max of 3. —m— max of LMM

06 —° QP damping at Fermi =< T

0.4

FIG. 14. The phase diagram away from half filling for U = 1.4.
The symbols on the diagram are the same as in the half-filled case
in Fig. 9. The PLM+H (PLM+CHM) phases correspond to the
preformed local moments, accompanied by localized (moving) holes.
The Mott insulator (MI) region is shown by the violet area. Between
the PLM and SCR modes there is a regime of appearance of quasi-
particles before screening (QP).

spectral weight at the Fermi level continuously increases,
which characterizes the destruction of local moments, which
marks the onset of CHM regime. At low temperatures a
screening region appears. We define the boundary of the
screening region by reaching the maximal value of the
LMM, and, as can be seen, the maximum of the intraorbital
correlations is reached at much larger temperatures, while the
effect of interorbital correlation persists shifts the maximum
to much lower temperatures. Importantly, the temperature
of the onset of screening is suppressed in comparison to the
single-orbital model [28] and separated from the region of
formation of LMM by narrow QP region, which is present
in the single-orbital model only at half filling [28]. Fully
screened local moments are represented by a Fermi liquid
below the Kondo temperature Tk .

V. CONCLUSIONS

We have considered the effect of local magnetic moments
in the presence of Hund exchange in the two-band Hubbard
model. We found that the formation of local magnetic mo-
ments starts below the orbital Kondo temperature Tk om. In
agreement with previous studies, this temperature scale is
much higher than the Kondo temperature 7x, which opens
a broad temperature window for the LMM formation. In
essence, it demonstrates the beginning of the formation of
the LMM, conditioned by Hund correlations. At half filling
we find the phase diagram, which looks similar to the single-
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orbital case [27,28], except that narrow part of the QP region
is found also above the insulating phase.

In conrast to the single-orbital case, we find that preformed
local moment (PLM) regime is preserved with doping. An-
other important feature obtained is that the temperature of
screening of local magnetic moments and Kondo temperature
Tx changes only slightly with doping, as does the orbital
Kondo temperature Tk o, discussed previously. The wide
region of formation of local magnetic moments is preserved
at finite doping, in contrast to the single-band model, due to
contributions from the interorbital interactions.

The frequency dependence of spectral functions confirms
presence of the region of LMM formation, where the spectral
function is suppressed at the Fermi level, while the spectral
weight is redistributed to the energy of |o, o) states. We also
note the presence of the LMM in the unscreened state even
with significant doping, which is absent for the single-band
Hubbard model. With larger doping, the local magnetic mo-
ments are destroyed.

In the present paper, we use the Ising form of Hund
exchange, which is often considered in the first principle
DFT+DMFT calculations. Consideration of SU(2) symmet-
ric Hund exchange has to be performed in future. We also
do not consider magnetic correlations due to the long-range
order in the ground state. In this respect, the results are appli-
cable to frustrated lattices. Consideration of the effect of local
magnetic moments on the possibility of long-range magnetic
order requires considering nonlocal cluster or diagrammatic
extensions of dynamical mean-field theory.

More generally, the results of this paper can be further
used for the description of materials with almost formed local
moments, such as Hund’s metals. The consideration of the
effect of local magnetic moments on the possibility of uncon-
ventional superconductivity [22,47,49,50] is also of certain
interest.
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APPENDIX A: GREEN’S FUNCTION AND EXCITATION
ENERGIES IN THE ATOMIC LIMIT

We have according to Lehmann’s representation

B
Gio(ivy) = _/ drew”f(cltr (I)C[Tg 0))
0

1 b B E e
_z Z/ dre(lvn+E1n Ey)t ﬁE’”|(m|Clg|n)|2
0

mn

| |(mlcio |n)|? —BEn | —BEx
=Ezm(6 +e ), (AD

mn

where the summation over n and m is performed over the
states listed in Table I, E,, are the respective energies, and
Z =7, exp(—BE,) is the partition function. We therefore
obtain

. nO,(r + n(),O na,a + n(r,O
Gy (iv,) = - X
iv, + AE, iv, + AE;
n_go + n_s,0 n44,0 + n_s,0
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Mo Th40 | Ml T (A2)
iv, + AE4 iv, — AE,
where n,, = exp(—BE;,)/Z and
3U —5J 7
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Uu-J 3
AE3 = E50p10,14) — Elo,—0) = — = gU’
5] —-U U
AEy=EjpLo — Eoopot)y = —5— = ¢ (A3)

(last equality in each line corresponds to the case J = U /4).

In the limit 7 — 0 (8 — co) we have the only nonzero
occupation numbers 7, , = 1/2 and therefore obtain the ex-
pression for the Green’s function:

1 1

1
Glg(v)=§<v+u+v_u>. (A4)
2 2

TABLE I. Energies of various states in the atomic limit; ugr = (3U — 5J)/2 is the chemical potential, corresponding to half filling.

Configuration State energy E Ey=EU =U-2J) E, = Ei(pnr) Es=E, — Eyjpp Es(J=U/4)
1,114 1) U —J-2u U—-3J]-2u —2U +2J 0 0
11 4), 14, 1) U'—2u U—2J—-2u —2U +3J J U/4
[14.,0),10, 1) U-=2pu U—2pu —2U +5J 3J 3U /4
[t 1) 114, /
U+20'—J-3 3U —5J -3

ERE AN A a "
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[1,0). 11,0, u L
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0 U —2J 3U/2

0, 0) 0 0
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Further analysis of spectral functions in the presence of
the hopping can be performed, e.g., within the Hubbard-I
approximation and broadens peaks, corresponding to Hubbard
subbands. In DMFT analysis the respective peaks are further
broadened by quasiparticle damping, originating from temper-
ature and interaction effects.

APPENDIX B: DETERMINATION OF THE ORBITAL
KONDO TEMPERATURE FROM FREQUENCY
DEPENDENCE OF THE ORBITAL SUSCEPTIBILITY

Following Ref. [8], we consider (apart from the temper-
ature dependence of orbital susceptibilities) the possibility
to extract orbital Kondo temperatures from the frequency
dependence of imaginary part of the orbital susceptibili-
ties. We use analytical continuation of the dynamic orbital
susceptibility (4) to real frequencies by maximum entropy
method [46]. Typical results of such calculation are shown
in Fig. 15. We consider orbital susceptibility at temperatures
low enough that peak positions are not affected, as can be
seen in the inset of Fig. 15. According to Ref. [8], the peak
of the susceptibility corresponds to a characteristic energy
scale, which is denoted by 7 . in the main text. The lin-
ear behavior of the spectral density at low frequencies is
the characteristic for the Fermi liquid. The positions of the

-1]10" T=0.010 .
10 -—- T=0.025 /’\\
—- T=0.040 /
2 1072 10 /7
2 yd
k| U=0.6
§ ]0*3 — U=0.8
L — U=10
— U=12
10 — U=13
1073 1072 107 10° 10

w/t

FIG. 15. Main plot: Imaginary part of orbital susceptibility at the
real frequency axis at 7 = 0.025 and various values of interaction
U. Maxima of Im x,y, are indicated by shaded circles (g, ). Inset:
imaginary part of orbital susceptibility at U = 1.2 and various T

maxima are proportional to the Kondo temperatures Tx orb,
determined from the temperature dependencies of the orbital
susceptibility, as described in the discussion of Fig. 9 of the
main text.
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