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The orbital-selective Mott phase of multiorbital Hubbard models has been extensively analyzed before
using static and dynamical mean-field approximations. In parallel, the properties of block states
(antiferromagnetically coupled ferromagnetic spin clusters) in Fe-based superconductors have also been
much discussed. The present effort uses numerically exact techniques in one-dimensional systems to report
the observation of block states within the orbital-selective Mott phase regime, connecting two seemingly
independent areas of research, and providing analogies with the physics of double-exchange models.
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Introduction.—The combined interplay of charge, spin,
lattice, and orbital degrees of freedom has led to an
enormous variety of emergent phenomena in strongly
correlated systems. A prototypical example is the half-
filled single-orbital metal-insulator transition, that is real-
ized in materials such as La,CuQ,, a parent compound of
the Cu-based high temperature superconductors. If several
active orbitals are also considered in the study of this
transition, an even richer phase diagram is anticipated,
where states such as band insulators, correlated metals, and
orbital-selective Mott phases (OSMP) can be stabilized. In
particular, the study of the OSMP and its associated orbital-
selective Mott transition has attracted considerable atten-
tion in recent years [1-3].

The OSMP is a state where even though Mott insulator
(MI) physics occurs, it is restricted to a subset of all the
active orbitals present in the problem. This state has
narrow-band localized electrons related to the MI orbitals,
coexisting with wideband itinerant electrons at the other
orbitals [4-6]. To stabilize the OSMP, a robust Hund
interaction J is needed. In general, the hybridization within
orbitals y, V, s, and crystal fields A, work against J since
they favor low-spin ground states. Therefore, if J > A,
V, > the OSMP is expected to be stable and display robust
local moments [6].

Several studies focused on the effects of interactions,
filling fractions, etc., on the stability of orbital-selective
phases [3]. This previous theoretical work was performed
within mean-field approximations (such as dynamical
mean field theory [4-8], slave spins [6,8—11], or
Hartree-Fock [12,13]). Using these methods the OSMP
stability conditions have been established. However, to our
knowledge, there have been no detailed studies of the
influence of full quantum fluctuations on this phase and
therefore, and more importantly for our purposes, of their
low-temperature electronic and magnetic properties.
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Recently, these issues received considerable attention in
the Fe-based superconductors community. In this context,
multiorbital models containing Hubbard U and J inter-
actions, as well as crystal-field splittings, are widely
employed, and the existence of OSMP regimes has been
extensively investigated [6,7,9,10,12—17]. For these rea-
sons, our models are chosen to resemble qualitatively
models for pnictides and selenides, so that our conclusions
could be of potential relevance in that context.

Our aim is twofold: (i) By employing techniques beyond
mean field to study the phase diagrams of three-orbital
Hubbard models, the robustness of the OSMP to full
quantum fluctuations can be confirmed via numerical
simulations; (ii) more importantly, once the stability of
this state has been established, its charge and magnetic
orders can be explored. Our main result is that full
ferromagnetic (FM) and exotic “block” states have been
found to be stable within the OSMP regime. Block phases,
such as the antiferromagnetic (AFM) state made of 2 x 2
FM clusters, were discussed extensively in the selenides
literature mainly in the presence of iron vacancies [18-26]
or in special geometries such as two-leg ladders [27-29],
but not in the OSMP framework. Our new results suggest
that the concepts of OSMP and block phases, until now
separately considered, are actually related after showing
that block states are stabilized within the OSMP regime.

Our study is performed in a one-dimensional geometry.
This restriction arises from the need to employ accurate
techniques such as the density matrix renormalization
group (DMRG) [30-32]. Thus, our conclusions are only
suggestive of similar physics in the layered Fe-based
superconductors, and only further work can confirm this
assumption. However, there are real quasi-one-dimensional
materials, such as the previously mentioned ladders
[27-29], that may provide a direct physical realization of
our results.
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Model.—The Hamiltonians used are multiorbital
Hubbard models composed of kinetic energy and interact-
ing terms: H = Hg + H;,. The kinetic contribution is
written as

Hyg = _Ztﬂ’l(c;‘?CH*lO'Y/ +He)+ ZAyni”}” )

ioyy' ioy

where ,, denotes a (symmetric) hopping amplitude
defined in orbital space {y} connecting the lattice sites i
and i+ 1 (y =0, 1, 2) of a one-dimensional lattice of
length L. The hopping amplitudes used here are (eV units):
t()o = tll = —05, t22 = —015, top = t12 = 01, and
tor = 0, with an associated total bandwidth W = 4.9|¢|
(the individual orbital bandwidths W, /|| are 3.69, 3.96,
and 1.54, for y = 0, 1, and 2, respectively). Both hoppings
and W are comparable in magnitude to those used in more
realistic pnictides models [33]. Only hybridizations
between orbitals O and 2, and 1 and 2, are considered.
A, defines a crystal-field splitting which is orbital depen-
dent with values Ay = —0.1, A; =0, and A, = 0.8. All
these parameters are phenomenological, i.e., not derived
from ab initio calculations. Their values were chosen so
that the band structure [shown in the inset of Fig. 2(a)]
qualitatively resembles that of higher dimensional pnic-
tides, with a hole pocket at k = 0 and electron pockets at
k = £x. This model will be referred to as “Model 1” while
a “Model 2” with slightly different parameters will be
discussed in the Supplemental Material [34]. The
Coulombic repulsion interacting portion of the
Hamiltonian is

Hint = UZn,-Mn,-W + (U/ —J/Z) Zni},ni},f _ZJZSW . S,'}/
iy ir<y i<y
+IY (PP +H.e), )

iy<y

containing the standard intraorbital Hubbard repulsion U,
and Hund’s rule coupling J. For SU(2) symmetric systems,
the relation U’ = U — 2J holds. ¢;,, annihilates an electron
with spin ¢ at orbital y and site i, and n,,, counts electrons
at i with quantum numbers (o, y) The operator S;, (n;,) is
the spin (total electronic density) at orbital y and site i, and
the definition P;, = c;|,c;;, was introduced. The electronic
density per orbital is fixed to n = 4/3, i.e., four electrons
every three orbitals, in analogy with the filling used in the
modeling of iron superconductors with three orbitals [33].
As a many-body technique, the DMRG method [30-32]
was used, with technical details provided in the
Supplemental Material [34].

Results.—In Fig. 1, the phase diagram of Model 1 is
shown, based on the DMRG measurements of the orbital
occupancies n, and the square of the spin operator at every
site (see Fig. 2). Two phases are obvious: a metallic weakly
interacting state M at small U and a MI regime at large U,

0.3}

0.2

J/U

FIG. 1 (color online). Phase diagram of the three-orbital Model
1 for n = 4/3. The different phases are labeled as follows: metal
(M), band insulator (BI), a metallic state resembling the BI state
(BI+ M), Mott insulator (MI), and orbital-selective Mott phase
(OSMP). Within the OSMP regime, it is possible to distinguish
between block (B) and FM states.

where ny =2, n; =n, =1 minimize the double-occupancy
energy penalization and J induces a spin 1 state at each site
(orbital 0 is doubly occupied because of the small but
nonzero split between orbitals 1 and 0). Naturally, the spin
order is staggered in the MI phase. Less obvious are the
other two phases in Fig. 1. For example, a correlated “band
insulator” (BI) with ny = n; =2 and n, = 0 is found in a
region bounded by J less than the crystal-field splittings A,
so that the low-spin state is favored, and U/W not too large,
so that double occupancy is not heavily suppressed by U.
At J exactly 0.0, the BI state survives for any value of U/W
because in this line U = U’. But at large U/W, a tiny J is
sufficient to destabilize the BI state into the MI state. The
related BI + M state has ny ~ n; ~ 2 and n, ~ 0: a metallic
state with characteristics close to the BI [35]. Clearly,
increasing J/U the BI/BI + M phases are suppressed. In
fact, with increasing U/W the M state is the most stable at
J/U ~0.075 because of the competition J vs A,. Since the
BI/BI+ M states are not our main focus, additional
properties are in the Supplemental Material [34].

Our most important result in Fig. 1 is the presence of a
prominent OSMP regime, stabilized after J becomes larger
than a threshold that depends on A,. The OSMP contains
the region J/U ~ 1/4 at intermediate U/W believed to be
realistic [36-39]. For the prototypical value J/U = 1/4, in
the small-U metallic regime the n, values evolve smoothly
from the noninteracting limit. However, at a critical U/W,
the y = 2 orbital population reaches 1 and stays there in a
wide window of couplings, while the other two densities
develop a value ~1.5 [Fig. 2(a)]. These results are robust
against changes in L and they are compatible with the
presence of an OSMP, that eventually ends at a second
critical U/W when the transition to the MI regime occurs.
In the Supplemental Material [34], results similar to
Fig. 2(a) but adding two holes are shown: while 7, remains
at 1 in the OSMP regime, now ny ~ n; ~ 1.37, showing that
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FIG. 2 (color online). Results for Model 1: (a) Electronic
occupancy n, corresponding to orbital y vs U in bandwidth W
units, at J/U = 1/4, and for L = 24. Inset: Band structure of
Model 1 (eV units). Violet (dash-dotted) line is the n = 4/3 Fermi
level. (b) Mean value of the square of the total spin at each site, at
several values of J/U. Within the OSMP, a robust magnetic
moment is observed.

ng and n; evolve with doping while n, is locked as
expected in the OSMP [40]. The formation of a robust
local moment in the OSMP is shown in Fig. 2(b). These
DMRG results confirm the presence of the OSMP even
with full quantum fluctuations incorporated. The OSMP
regime is eventually suppressed by decreasing J/U: at
weak U/W coupling because of the competition with A,
that favors the M and BI 4+ M states, and at strong U/W
coupling because of the competition with the MI state.

While previous mean-field studies of the OSMP arrive to
conclusions qualitatively similar to those of Fig. 2, the
DMRG method can reveal the fine details of the OSMP
spin and charge arrangements. For example, Fig. 3(a)
contains representative OSMP spin-spin correlation func-
tions [34]. Surprisingly, an unexpected pattern of spins
MM is clearly observed. The spin structure factor in
Fig. 3(b) displays a sharp peak at ¢ = /2, that increases
with L (the peak is also robust away from n = 4/3). Then,
at intermediate couplings, our DMRG results indicate that
exotic block spin states can be stabilized within the OSMP
(region “B” in Fig. 1). These block spin states are
qualitatively similar to those reported for pnictides and
selenides [18-29].
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FIG. 3 (color online). (a) Spin correlations in the localized
(insulating) band vs the normalized distance, at J/U = 1/4,
U/W =0.81, and L =36. The formation of ferromagnetic
clusters interacting antiferromagnetically is clearly shown.
(b) Spin structure factor for panel (a) at several L’s (symbols).
A clear peak at g/z = 1/2 is shown. (c) Charge structure factor
of the itinerant bands for the J/U and U/W indicated, and
varying L (symbols).

In addition, a surprising FM OSMP region with a
maximal value of the spin has been found (see
Supplemental Material [34]). Its charge structure factor
N.(q) is shown in Fig. 3(c) at several L’s. Although there
are no signs of charge order, there is clear evidence of
spinless fermions behavior with momentum ¢ = z. The
effective filling of the emergent spinless fermions can be
understood by considering that there are three electrons per
site in the itinerant bands (and one in the localized band).
This is equivalent to one hole per site per two orbitals or,
equivalently, 1/2 hole per site on an effective chain of
length 2L. This is a ‘“half-filled” spinless fermion
system, inducing the momentum of 7 in N_.(q). For the
B phase, N.(q) shows a qualitatively similar behavior, no
charge order, and a spectrum broadening as shown in
Fig. 3(c) [34].

Figure 4(a) shows the finite-size dependence of the peak
of the charge and spin structure factors, generically referred
to as F,(Gmay) for the B and FM regions. F, becomes S
and N, for spin and charge, respectively, at the maximal
momentum ¢, The FM state displays a quasilinear
increase of the structure factor peak vs L signaling a
quasi-long-range order in the spin correlations. The B
phase presents a logarithmic increase with L indicating,
again, (quasi-long-ranged) power-law behavior of the spin
correlations with nontrivial exponents [see inset Fig. 4(a)].
On the other hand, the charge peak shows no order
tendencies in any of the phases evidencing only short-
ranged correlations; however, the charge correlations show
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6 ‘ ‘ conduction band [5]. For a generic multiorbital case, one
sk (a) FM, Sf(o) can show that the effective model turns into a “correlated”

FM Kondo lattice model. If the system has ny, orbitals, this
4r B, §.(m/2) iy model describes the FM exchange between the localized
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FIG. 4 (color online). (a) Size dependence of the peaks of the
charge (dashed line) and spin (solid line) structure factors for the
FM and B phases with couplings J/U = 1/4, U/W = 0.81 and
J/U =1/3, U/W = 1.63, respectively. Inset: Semilogarithmic
plot of S;(z/2). (b) Charge gap vs 1/L for the values of the pair

(J/U, U) shown. Results with the * symbol stand for the 2-hole
doped case.

a nontrivial trend associated with spinless behavior, as
discussed in Fig. 3(c).

The metallic vs insulating nature of the OSMP is difficult
to address, but guidance can be obtained by studying the
charge gap A, [34] [see Fig. 4(b)]. While the extrapolation
to the bulk is difficult, “by eye” it is clear that the
extrapolations appear to converge to small gaps in the
0.05x W to 0.00 range. Moreover, upon light 2-hole
doping the gap vanishes. Thus, a likely scenario is that
the block states at exactly n = 4/3 have a small gap that
rapidly closes with doping. Since in the realistic five-orbital
Hubbard model for pnictides the combined population of
the xz, yz, and xy orbitals is not exactly 4, the relevant
OSMP regime would be metallic.

Relation to Kondo lattice models.—The results reported
here unveil interesting analogies with previous studies of
the double-exchange (DE) models for Mn oxides [41]. This
is natural, since DE physics relies on the interplay of
localized and itinerant degrees of freedom, as it occurs in
the OSMP regime. This DE-OSMP relation is rigorous: for
the case of a two-band model, it has been shown that the
low-energy effective theory of the OSMP is related to a FM
Kondo lattice model with Hubbard repulsion in the

band with magnetic moments and a many-body bath of
itinerant electrons. The bath is built out of the remaining
N, — 1 orbitals and the only interaction between localized
and itinerant bands is the FM exchange.

This DE-OSMP relation provides further support to the
main conclusions of our effort. In fact, previous DMRG
and Monte Carlo investigations of the DE model already
unveiled a variety of so-called “island phases” containing
small clusters of various shapes made of ferromagnetically
aligned spins and with AFM couplings among them, both
in one and two dimensions [42—45]. These phases are
qualitatively the analog of the block phases, although for
quite different couplings, electronic densities, and band
structures. The previous DE results [42-45] reinforce our
conjecture that the block states observed here via the
detailed analysis of examples are likely stable for a wider
variety of models, both in one and two dimensions. Since in
manganites it was shown that exotic non-FM phases need
the crucial addition of a superexchange coupling Jagwm
between the localized spins [41,46,47], it is natural to
conjecture that a similar coupling must be incorporated into
the effective model in the OSMP regime of iron super-
conductors and related compounds.

Conclusions.—In this Letter, multiorbital Hubbard mod-
els have been investigated using DMRG techniques in one
dimension, and the phase diagrams have been constructed.
Our main result is that the OSMP regime contains unex-
pected internal structure. In particular, phases with the
characteristics of block states (FM clusters, AFM coupled)
have been identified. Full FM has also been found within
the OSMP. The block states likely arise from the frustration
generated by competing ferromagnetic and antiferromag-
netic tendencies in the model, as it happens with the island
phases in manganites. Block phases were discussed before
in models of Fe-based superconductors, but were not
associated with the OSMP regime. Moreover, since a
formal mapping between the Hubbard and Kondo lattice
models exists in the OSMP regime, our results establish an
unexpected analogy between double-exchange physics,
where similar block phases were reported before, and
that of multiorbital models for iron superconductors.
Our conclusions are of direct relevance to real quasi-
one-dimensional materials but they may apply to two-
dimensional systems as well, considering that “island
phases” in the two-dimensional Kondo models have been
reported before [45].
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