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The degree of electron correlations remains a central isstiee iron-based superconductors. The parent
iron pnictides are antiferromagnetic, and their bad-mie¢dlavior has been interpreted in terms of proximity
to a Mott transition. We study such a transition in multiitebmodels on modulated lattices containing an
ordered pattern of iron vacancies, using a slave-rotor aaetiWe show that the ordered vacancies lead to a
band-narrowing, which pushes the system to the Mott insulsitle. This effect is proposed to underlie the
insulating behavior observed in the parent compounds afighdy discovered (K, ThFe.Se, superconductors.

Introduction. Superconductivity in the layered iron pnic- cancies in terms of a modulated lattice, and introduce a two-
tides and chalcogenides occurs near antiferromagngticall orbital model with two electrons per Fe site to capture their
ordered parent compounds [1-3]. In their paramagnetielectronic structure. We use a slave-rotor method to shatv th
phase, these parent materials have a large electricdivitgis a Mott transition exists in this model even though there are
corresponding to an in-plane carrier mean-free-path ontthe an even number of electrons per site (and per unit cell). We
der of the inverse Fermi wavevector. They also show a stronfind that the interaction strength for the Mott transitiorgksly
reduction of the Drude weight [4], and temperature-inducedracks the electronic bandwidth. In other words, ordered Fe
spectral weight transfer that extends to high energiesi{en t vacancies enhance the tendency towards Mott localizasian a
eV order) [5-7]. Such bad-metal behavior is charactergdtic result of a kinetic-energy reduction. Such Fe vacancieseth
metallic systems in proximity to a Mott transition [8—10] fore, have a similar effect as a lattice expansion, which we
\Dave previously discussed as responsible for the Mottatsul

family of iron-based compounds,fFe;Se, [11] and related ing behavior in LaOsFe,Se, [21]. Our considerations of the
(K, TI)Fe Se [12]. In these comgounds the maximal Super_interaction effects are realistic, given that #iieinitio calcu-

conducting transition temperature is comparable to that Ollations using density-functional theory [22] show that 8t
the 122 iron pnictides. Similarly to the pnictides, the supe °2nds of TIFe;Se are narrower than those of TiFge,.

conductivity occurs close to an antiferromagneticallyeved Modulated lattices and kinetic-energy reduction. We will
state [12]. At the same time, these materials are uniquevin seconsider a square lattice (L1, Fig. 1(a)), a modulated squar
eral aspects. Both the angle-resolved photoemission (ARPE lattice consisting o2 x 2 plaquettes each having its center
experiments [13-15] and LDA calculations [16] show thatremoved (L2, Fig. 1(b)), and another one corresponding to a
the Fermi surface has only electron pockets. The absenddangular lattice of sucB x 2 plaquettes (L3, Fig 1(c)).

of hole Fermi poquts is unique among the iron based SU™ The (K, Tl)yFe,Se, system involves all five 3d orbitals.
perconductors, raising hope for major new and general intpe ARPES experiments [13-15] show electron pockets near
_S|ghts to be gained from_ studying these materials. EquallyM point and suggest very weak electron-like pockets fiear
important, the Fe vacancies may form ordered _patterns Wheﬁ'oint. The absence of hole pocket n&apoint is largely con-

the Fe contentz < 1.6 as suggested by various experi- gigant with theab initio electronic bandstructure calculations

me_nts [12., 17, 12_3]. Furthermore, there are parent compounql%mg local-density-approximation (LDA) for (K,T)58e,
which are insulating [12, 19]. The control parameter thaet [16, 23-26]. This is in contrast to the case of iron pnic-

the (K,Tl)Fe:Se; system from superconducting to insulating tjjes and is easier to model using a two-orbital tight-bigd

is the Fe composition, andz = 1.5 is the primary candi- o etrization. Correspondingly, we consider a twotalbi

date compo;ition for a parent compound. _There Is evidencg, e with the degenerate: andyz orbitals (labeled as or-
[12, 17] thatin (K, Tl)Fe 5Se; the Fe vacancies form regular bitals 1 and 2) aneh = 2. Inspired by the considerations in

patterns possibly as iIIustrgt(_aq in_either Fig. 1(b) or Bi@). ;¢ pnictides case [27, 28], we introduce a set of tight-ibigd
The in-plane electrical resistivity is about two orders Ggn 3 rameters. The parameters are listed in Table I, and their

nitude larger than that of the parent iron pnictides at roof, o anings can be inferred from the dispersion functionsispec
temperature, and it further increases exponentially ap8m o i £q;. (2). We first fit the LDA bandstructure obtained on

ature is lowered. The insulating behavior is also maniteste rjgq, g¢, 1o this two-orbital model and then adjust the tight-
in the optical conductivity [20], which is strongly suppsesl i, ing model parameters so that the Fermi surface still has
below about 0.7 eV. Because of experimental indicationts thaonly electron pockets ai = 2. We notice that the Fermi

the (K, TI) content is also variable, we will in the following g, tace size is larger than in the bandstructure calcuistio
refer to these systems as (K,JHe.Se. but this suffices for our qualitative considerations of tfec

In this Letter, we propose that the parent (K, Hg sSe of lattice depletion on the Mott transition. What is imparta
is a Mott insulator arising from a correlation effect thaéis  is that, for our parameters, the Fermi surface comprises onl
hanced by the Fe vacancies. We describe the ordered Fe valectron pockets near the X points of the 1-Fe per cell Bril-

Recently, superconductivity has been discovered in a ne



louin Zone. The bandwidth narrowing for L2 and L3 lattices
compared to the L1 lattice is shown in Fig. 1(e).

intra-orbital (eV) | inter-orbital (eV)
t1 to ts tg ty ti2
0.093 0.081 -0.222  -0.038 0.023 -0.038

TABLE |. Hopping parameters of the two-orbital model.

Two-orbital model and the slave-rotor method. We are now
in position to specify our model,
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wherec;,, annihilates an electron in orbital and spino on
site ¢ of the Fe lattice. The first term in Eq. (1) describes the
electron hopping, with orbital dependent hopping ampétid
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FIG. 1. (Color online) a) Square lattice, L1. Different dkrs are
used and will be labeled a8, = 1,2, and4, respectively; b) Modu-
lated2 x 2 square lattice, L2. The enclosed site3,3 form the basis
of the unit cell; ¢) Another modulatei x 2 lattice, L3 (correspond-

ing to a4 x 2 superstructure in the FeSe plane). Also shown are theence of interactionxfj’{j

bare density-of-states (DOS) for the one-orbital modek (' = 1)
(d) and the two-orbital model (e).
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FIG. 2. (Color online) Quasiparticle weight for the oneitabmodel
in the unmodulated and modulated lattices plotted as aibimaf
U/t (a) andU/D (b).

108 = 11,1y, .., trz yielding 2, 5, €02¢h . Chao, Where

611€1 = —2ty cosk, — 2ta cosk, — 4t3 cos ky cosky,
—4tg cos 2k, cos 2k,

eﬁQ = —2lycosk, — 2ty cosky — 4tz cosky cosk,  (2)
—4tg cos 2k, cos 2k,

€ = eil = —4tysin k, sin ky, — 412 sin 2k, sin 2k,,.

Small hoppings, andt,, between the 5th-nearest neighbors
are included to reproduce the two electron pockets at 2.
The second term in Eq. (1) is an on-site Coulomb repulsion.
We focus on the effect of lattice depletion on the Mott transi
tion and will not consider Hund’s coupling and pair-hopping
terms for simplicity. All local interactions are expecten t
have effects similar té/. In particular, the Hund’s coupling
will reduce the criticalU' of the Mott transition; its effects are
readily studied within a slave-spin method [29, 30], and the
results will be reported elsewhere.

We study the model using the cluster slave-rotor mean-
field (CSRMF) method [31, 32]. We introduce &h?2) ro-
tor variabled; and a spinonf;,, on each site, and write
Ciao = fiace % . Here,e "% lowers the rotor angular mo-
mentumLZ;, which corresponds to the charge quantum num-
ber. The unphysical states are eliminated by enforcing the
constraintL; = Zad(fjwfmg — 1/2) in the enlarged rotor
and spinon Hilbert space. By rewriting Eq. (1) using rotor
and spinon operators and decoupling the rotor and spinon op-
erators at the mean-field level, we obtain the following two
effective Hamiltonians:

Hy ==Y t30Citlofipe —(n+ N> 0l (3
ijafo oo
) U
_ af  aB _i(6;—0;) el 2 .
i ? v

whereC;; = (¢/(%~%)), is the rotor correlation function that
renormalizes the quasiparticle hopping parameters inrésee p
(fl _fise) s pis the chemical
potential, and\ is a Langrange multiplier to impose the con-
straint. To solve these two Hamiltonians, which still camta
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FIG. 3. (Color online) Quasiparticle weighi for the two-orbital -10 . . . . . . L . 5

model vs. U/t (a) andU/D (b). Also shown are the site-selective (>0 (072 (0.0) (72.0)(w2.172) (0.0) (w2.0) (0.172) (0.0) (W2.0)(w2.1v2) (0.0)

71 andZs and the bond correlations for lattices L2 (c) and L3 (d).
FIG. 4. (Color online) Sketch of the renormalized hoppingsthe
L2 lattice atU < U (a) and atU.1 < U < Uq2 (b). Also shown
are the bandstructure of L2 féf = 0 < U, (c) and forUz. < U =

interactions among rotors, we further apply a cluster meanrg;  ~ (7., (d). The bands are shown along the high-symmetry

field approximation. We exactly diagonalize the rotor Hamil directions in the Brillouin Zone associated with thex 2-Fe unit

tonian on a finite cluster, and treat the influence of the sitesell, illustrated in the inset in (d).

outside the cluster as a mean field. We decoufffe—%)

into ' ¢; if i belongs to the cluster bytis outside. Here

¢ = (e~"%) is the local mean-field parameter. Consequentlya function oft//¢. The Mott transition occurs df,, whereZ

C;; is factorized as’;; ~ ¢;¢; if eitheri or j is outside first goes to zero a§ is increased. For the L1 lattice, increas-

the cluster. In practice, Egs. (3) and (4) are self-consilste ing the cluster size fronV, = 1 to N, = 4 leads to a succes-

solved by iteratively determining the mean-field parangeter sive reduction ot/,.: U, ~ 8t for N, = 1, andU, ~ 7.2t for

?i, Cij, andx‘i’}ﬁ. The Mott transition is signaled by a vanish- N, = 4.

ing quasiparticle spectral weight = |¢; |. On the modulated lattices, we also find a Mott transition. It
To gain intuition on the role of the lattice modulation, we is seen thal/. ~ 5.4t for the L2 lattice and/. ~ 5.8t for L3

will also study a one-orbital model with nearest-neighbmph  lattice; both are smaller than that of the L1 lattice.

ping,t, and next-nearest-neighbor hoppirg Fig. 1(d) illus- Fig. 2(b) plots the same result, but withnow normalized

trates the reduction of the bandwidth for L2 and L3 latticesagainst the full bandwidt®. It is seen that/../D is compa-

from that of the L1 lattice, for the case f= ¢. Anon-zero rable for all three cases. This clearly illustrates thatréeric-

t" is chosen for two reasons. It avoids a perfect nesting in théion of U.. for the modulated L2 and L3 lattices arises from the

case ofx = 1, which we study below. It also avoids a flat band band-narrowing effect.

in the case of the L2 lattice: wheh = 0, for the L2 lattice, Results for the two-orbital model. We now turn to the
there are two dispersive bands with a combined bandwidth ahore realistic two-orbital case. The renormalized quasipa
4+/2t, and a flat band in the middle. ticle weight as a function o/ /¢, is shown in Fig. 3(a). Itis

Results for the one-orbital model. We start from the one- again seen that the valueslaf for both the L2 and L3 lattices
orbital case. Because the L2 and L3 lattices invoh&sa2  are smaller than that of the L1 lattice with. = 4.
square plaquette as the unit cell, we will carry out our calcu One difference from the toy 1-orbital model is that the
lations for the lattice L1 withV, = 4. The slave-rotor mean- hopping parameters in the two-orbital model are highly
field theory treats the rotor kinetic energy for intra-crst anisotropic (e.g.}ts/t2| ~ 3), which makes the local envi-
bonds exactly by diagonalizing the rotor Hamiltonian on theronment possibly different from site to site on the modudate
cluster. Hence working wittV, = 4 gives a better description lattices. To fully address the influence of the inhomogemneit
of the Mott transition than using the single site approxiorat ~ we study the quasiparticle weight associated with each site
Fig. 2(a) shows the renormalized quasiparticle weightas  in the clusterZ; = |(¢%")|2. For either L1 or L3, we ob-
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tain a single Mott transition as in the one-orbital case. Fomwe propose that the insulating parent of the (K,FbSe;
the L2 lattice, we find two transitions. They are identified by superconductors is a Mott insulator at ambient pressure.
the vanishing ofZ; first atU.; /t1 ~ 17, and subsequently ~ We thank J. Dai, M. Fang, and T. Xiang for useful discus-
the vanishing ofZ; (and, equivalently/Z-) at a higher value sions. This work was supported by NSF Grant No. DMR-
Uea/t1 = 20. 1006985 and the Robert A. Welch Foundation Grant No. C-
To understand this, we have in the same figure plotted th&411 (R.Y. and Q.S.), and U.S. DOE at LANL under Contract
bond correlatorg;, and Cy3. BetweenU,.; andU., Ci3 No. DE-AC52-06NA25396 (J.-X.Z.).
vanishes but’, remains finite. This makes sifeto be un-
connected to the rest of the latticef.( Fig. 4(b)). We see
these explicitly in a plot of the renormalized bandstruetir
Fig. 4(d): associated with the isolat8dsites is a flat band
lying exactly on the Fermi level fav.; < U < U,s. By con-
trast, forU < U,;, all sites are connected by hopping terms
(Fig. 4(a)) and there exists no flat band (Fig. 4(c)).
For the L3 lattice, the geometry prevents the separation of
any site from the rest bulk unless all the effective hopping
parameters are zero. As a result, there will be only oneitrans
tion. This is clearly seen in compariy andZ3 in Fig. 3(d).
The quasiparticle weight as a function@f D is shown in
Fig. 3(b). It is again seen théf./D is comparable for all
three cases. As in the one-orbital case, this illustratastite
reduction ofU,. for the modulated lattices originates from the
band-narrowing effect.
Implications for (K, Tl),Fe,Sex.  Our results imply that
the critical interaction strength for the Mott transitioilivoe
smaller in (K, Tl Fe,Se, than in iron arsenides and 11 iron
chalcogenides. This provides the basis for a Mott-insogati
state in the parent (K, TjJFe.Se,, even when one assumes the
same strength of Coulomb interaction across all families of
iron-based superconductors..
The Mott-insulating nature of the parent (K Jhe.Se is
supported by experiments. As already mentioned, the materi
als for bothz = 1.5 andx = 1.64 have a large electrical re-
sistivity with an insulating temperature dependence [B2,.1
Furthermore, the insulating behavior in the electricaistas
ity is already observed in the paramagnetic phase. Rejated|
the optical conductivity is not only strongly suppressed be
low about 0.7 eV, but also small in magnitude. For reference,
the value of the optical conductivity is comparable to thfat o
the insulating YBaCus;Og. . with a slight off-stoichiometry
x = 0.2 [33]. Finally, magnetic order is known to exist in
TIFe,Se, atx close tol.5 [34]. Taken together, these exper-
iments suggest that the insulating state is of the Mott type.
We note that in compounds with Fe content close: te-
1.6, the ordered vacancies have a different pattern [12, 18].
However, because we have shown that the Mott localization
is a result of vacancy-ordering induced band narrowing, our
argument will also apply to these systems. Band narrowing is
expected on the ground of general considerations given here
and can also be seen in the LDA results [22].
To summarize, we have used a two-orbital model in 1/4-
depleted lattices to demonstrate that ordered vacancies en
hance the tendency for Mott transition, and that this enbanc
ment originates from a vacancy-induced kinetic-energuced
tion. Our qualitative conclusion is expected to apply to the
more realistic five-orbital model. Based on our calculaion
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