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We explore the role played by electron doping in the electronic structure and transport properties of tetragonal
FeTe using the local density approximation plus dynamical mean-field theory treatment. Semiconducting and
metal-insulator crossover behavior observed in a paramagnetic and strained FeTe superconductor are shown to
be driven by the interplay between multiorbital electron interactions and doping-induced normal-state massive
Dirac fermions. The doping-dependent self-energy pole structure we derive is promising in the sense that it leads
to results that explain why moderate electron band filling can generate orbital-selective Dirac valleys with strong

electron mass enhancement consistent with experiments.
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I. INTRODUCTION

Iron-based superconductors [1] and Dirac fermion systems
[2] have attracted great attention in the material science and
condensed matter community in recent years. While the bare
p-band states of massless Dirac fermion systems are charac-
terized by linear band dispersion near the Fermi energy (Er)
[2], Fe-superconducting materials show both metallic and
band-gapped electronic states near Er due to their multiorbital
(MO) nature [1].

The experimentally observed Dirac cones in the 122 Fe
pnictide BaFe;As, [3,4] are known to be a consequence of
zone folding in bands with different parities [3] in the mag-
netically ordered spin-density-wave (SDW) state, and they
coexist with superconductivity in Ru-doped BaFe;As, until
the SDW vanishes [5]. Similar behavior was also reported for
Ru-doped LaFeAsO [6] and Mn-doped BaFe,As, [7], sug-
gesting that the emergence of Dirac fermions in Fe pnictides
is linked to SDW order. Although the long-range SDW order
in FeTe is suppressed by Se substitution [8], spin fluctuations
may still survive at low temperatures. So we cannot rule out
the possibility that the origin of the Dirac cone state in Fe
chalcogenide systems [9] is the same as that of Fe pnictides.
However, the discovery of Dirac-cone-like ultrafast electrons
in FeSe [10], Dirac-cone-type spin-helical surface states with
s-wave superconducting gap below T, in FeTeg ssSeg4s [11],
as well as the recent observation of topological transition
in FeTe;_,Se,/SrTiO3(001) monolayers [12], provide new
platforms for realizing Dirac-cone-like carries in 11 Fe super-
conductors. Thus, understanding the origin and the possibility
of finding Dirac fermions (massive [13] or not) in Fe chalco-
genide systems is important for understanding the role played
by dynamical correlations and the emergence of Dirac-valley
electronic structure in Fe-based superconductors. In this work
we provide insights into the problem of MO electron-electron
interactions in the tetragonal structural phase of the electron-
doped FeTe parent compound, revealing the emergence of
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an orbital blocked phase [14] with selective linear spectrum
and its implications for anomalous mass enhancement in the
normal state of 11 Fe superconductors [15,16].

In the family of Fe-based superconductors, the 11 Fe
chalcogenides are the simplest Fe-based superconductors with
no blocking layers. They consist of a continuous stacking of
Fe square-lattice layers separated by chalcogen (Te,Se) layers
(see Fig. 1). However, in spite of its simple lattice structure
[18] the 11-type compounds have attracted much interest in
recent years due to intrinsic stronger electronic correlations
[14,15,19,20] than Fe pnictides. With this in mind, we car-
ried out local density approximation plus dynamical mean-
field theory (LDA + DMFT) [21] calculations to explore the
electronic structure reconstruction and transport properties of
electron-doped FeTe. Fey,,Te exhibits a bicollinear antifer-
romagnetic order [22] with an ordered moment of 2.0up to
2.25up [23], in contrast to most of the Fe-based supercon-
ductors which show a stripe antiferromagnetic ordered state
below the Néel temperature, Ty. The bicollinear antiferromag-
netic order is believed to be driven by frustrated magnetism of
correlation-induced local moments [24]. Magnetic, transport,
and structural properties of Fe;,Te at low temperatures are
sensitive to nonstoichiometric Fe at interstitial sites [25]: At
low Fe excess, Fei,Te exhibits a first-order structural phase
transition from the nonmagnetic tetragonal P4/nmm phase
to monoclinic P2;/m. Band-structure calculations predicted
tetragonal 11 Fe chalcogenides to be metallic [26]; however,
Fe4,Te shows nonmetallic behavior in resistivity above Ty
[27], an indication of charge-carrier localization near Er. Al-
though angle-resolved photoemission spectroscopy (ARPES)
studies show significant spectral weight near Er, bad metallic
behavior [28] and massive spectral weight redistribution [19]
induced by strong correlation effects are also seen in ARPES
data of Fejy,Te. Remarkable as well is the T-dependent
spectral weight transfer (SWT) in optical conductivity spectra
of Fe(Te,Se) systems [20,29,30], and the suppression of the
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FIG. 1. Layered crystal structure of FeTe. The large and small
spheres represent Te and Fe atoms, respectively. To show the arrange-
ment of atoms, the origin of the unit cell is chosen at Fe positions
[17].

Drude component at low energies due to strong electron
incoherence above Ty. Taken together, the loss of low-energy
spectral weight with V-shaped pseudogap features [28], the
absence of Drude weight [20,29,30], and insulatinglike re-
sistivity [29] in the nonmagnetically ordered state are fin-
gerprints of an exotic electronic state induced by strong MO
electronic interactions in FeTe [31].

The appearance of pseudogap phases [32] in strongly cor-
related electron systems near Mottness reveals a breakdown
of the assumptions underlying the Landau-Fermi liquid the-
ory of good metals. If the Fermi-liquid (FL) quasiparticle
gives way to incoherent electronic states in exotic metals,
one expects changes in the character of low-energy exci-
tations, manifesting itself in the emergence of qualitatively
new electronic behavior. In particular, these changes should
manifest themselves in one- and two-particle responses [33],
which probe the excitation spectrum of the non-FL state: Fe
chalcogenide superconductors are particular important sys-
tems in this context, since they are among the best examples
of correlated materials showing exotic normal-state properties
[34]. In strained FeTe thin films [35], for example, suppres-
sion SDW order reveals superconductivity, with a transition
temperature higher than that of its isostructural counterpart
FeSe, and a metal-insulator crossover as in superconduct-
ing (T1,K,Rb)q sFe,Se, [36]. Similar crossover behavior has
also been observed in FeTe thin films at ambient pressure
conditions [37] and in 25-nm FeTe flakes [38]. Thus, it is
plausible to assume that suppression of SDW order by suitable
external perturbations and sample preparation would reveal
a semiconducting-to-bad-metal crossover with a maximum
resistivity value at a characteristic and sample-dependent
temperature followed by a superconducting phase transition
as T — 0. In this work we show that the T-dependent
crossover behavior is an intrinsic normal-state property of
electron-doped FeTe. Needless to say, a proper microscopic
description of localization-delocalization transition [39] in
11 Fe chalcogenides is important for understanding the role
played by dynamical correlations in the low-energy electronic
states of Fe superconductors in general. In this work we

explore the electronic structure reconstruction of electron-
doped FeTe, revealing the emergence of massive Dirac
fermions with predominant xz, yz orbital character due to MO
electron correlation effects.

A microscopic treatment of MO electronic correlations in
Fe chalcogenides is important for understanding the evolution
from an orbital-blocked phase [14] to an incoherent electronic
state and its implications to superconductivity [40]. Motivated
thereby, in recent years systematic LDA + DMFT [21] studies
were performed to understand different Fe chalcogenide sys-
tems, showing the role played by electron band filling [31] and
the evolution from coherent to incoherent electronic structure
[41] and its relationship to the one- and two-particle features
seen in experiment. Following earlier studies [31,42], here we
undertake a comprehensive LDA 4+ DMFT study of dynami-
cal MO electron-electron interactions in FeTe, showing how
electronic localization seen in resistivity measurements [43]
and the emergence of V-shaped Dirac quasiparticles [28] can
be understood within a single theoretical picture. Good semi-
quantitative agreement with resistivity data of paramagnetic
Fe, Te [43] (see inset of Fig. 3) serves as support to our
proposal of correlation-induced anisotropic Dirac-like band
dispersion [16] in electron-doped FeTe superconductors.

II. RESULTS AND DISCUSSION

The relevant inputs in our theory are the LDA density
of states (DOS) for the five 3d orbitals already discussed
in Ref. [31], the on-site Coulomb interaction U, the interor-
bital term U’ = U — 2Jy, and the Hund coupling. With this
the correlated many-body Hamiltonian for FeTe reads H =

Y ko kaCh a0 Chao + U Yo Niatia U’ Y sy iaiv

Ju Zm#b Si. - Sip. Here, a = (x* —y?, 322 — r?, xz, ¥, Xy)
denotes the diagonalized 3d orbitals of FeTe. We evaluate
the many-particle Green’s functions of the Hamiltonian above
within LDA + DMFT [21], using MO iterated perturbation
theory (MO-IPT) as an impurity solver [44].

In order to address the emergence of orbital-selective Dirac
fermions in the nonmagnetically ordered state of electron-
doped FeTe, below we present LDA + DMFT results for
fixed values of U = 4eV and Jy = 0.7eV. Here we follow
Ref. [14], which also employed fixed Coulomb interaction
parameters to study a series of Fe-based materials, showing
that changes in their physical properties are mainly due to
variations in the one-band structural inputs and small differ-
ences in the total electron occupation (n) of the iron 3d shell,
rather than changes in the screening of the MO Coulomb
interactions [45] or by the mutual interplay between U, U’,
and Jy [46].

To begin with, in Fig. 2 we display the effect of MO
electron-electron interactions on the orbital-resolved spectral
functions of tetragonal FeTe. As seen, the LDA 4+ DMFT
spectral functions are highly reshaped by electron-electron
interactions compared to LDA [47]. Similar to FeSe [41],
at U =4.0eV (and Jy = 0.7eV), FeTe is a non-FL metal
with an orbital-dependent pseudoband gap and lower Hubbard
bands (LHBs) centered at energies close to 4.0 eV bind-
ing energy on all orbitals. As seen, the 372 — %, x> — y2, xy
orbitals show stronger correlation effects with pronounced
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FIG. 2. Orbital-resolved LDA and LDA + DMFT (with U =
4.0eV, U’ =2.6eV, and J; = 0.7¢eV) density of states (DOS) for
the Fe 3d orbitals of tetragonal FeTe [31]. An important feature to be
seen in the LDA results is the fact that all 4 bands span over the Fermi
level, Er = w = 0. This confirms that the electronic states relevant
to FeTe are Fe 3d states. Noteworthy is the electronic reconstruction
with increasing the total electron concentration of the Fe 3d shell.
Here, all LDA + DMFT spectral functions are computed at zero
temperature.

LHBs while the xz, yz orbitals display less tendency towards
local moment formation (LHB). Additionally, upon electron
doping the parent FeTe compound, the LDA + DMFT orbital-
resolved spectral function shows large-scale changes in SWT
with increasing the total band filling n of the Fe 3d shell.
As seen in Fig. 2, the LDA 4+ DMFT treatment [31] for
tetragonal FeTe introduces nontrivial effects stemming from
the dynamical nature of sizable local electronic correlations.
As shown here, these MO scattering processes lead to large
SWT across large energy scales in response to small changes
in the total band filling (see our results below), a characteristic
lying at the heart of the anomalous responses of strongly
correlated electron systems close to Mottness.

To make contact with experiment in Fig. 3 we show the
effect of electron doping n = 6.0 4+ § on the dc resistivity of
the FeTe parent compound. One striking feature of our results
for n = 6.3 is the saturating resistivity from 50 K up to room
temperature. Similar behavior has been observed in supercon-
ducting FeTe;_,Se, single and polycrystals [34,48,49] and
films [50] as well as in strained FeTe superconductors [35],
suggesting a similar incoherent normal state above a char-
acteristic, sample-dependent temperature. Moreover, focusing
on the metal-insulator crossover as a result of softening the
first-order SDW phase transition [35], we make contact with
our experimental data for Fe; ;Te. [43] Similar resistivity T
dependence was also obtained by other groups [20,29,51],
suggesting a common underlying low-energy scenario for
Fe,,Te.

As seen in the inset of Fig. 3, LDA + DMFT (MO-IPT)
provides a compelling description of observed experimental
data above Ty, supporting the view of strong electronic corre-
lations in 11 Fe chalcogenides [16]. It is noteworthy that in an
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FIG. 3. Resistivity versus temperature (normalized at 300 K)
of electron-doped FeTe, showing the evolution from a saturated
high-T metal to a semiconducting-like system with increasing total
electron concentration n of the Fe 3d shell. An important feature
to be seen is the appearance of low-7 metal-to-insulator crossover
at n = 6.35. The inset displays our resistivity data for Fe, ;Te [43]:
Good agreement with experiment in the paramagnetic state above
Ty = 70K is obtained for n = 6.4.

earlier study [31] the origin of the insulatinglike form (above
Ty ~ 65K) seen in Fe;  Te has been clarified microscopically
[43]. It was shown there that orbital-selective incoherence
characterizes the paramagnetic phase in layered Fe(Se,Te)
systems in general. According to our LDA 4+ DMFT re-
sults below the emergence of a metal-insulator crossover in
paramagnetic FeTe should be considered a manifestation of
slightly increasing the band filling via electron doping [14]
or Fe excess [34,49,52] of an orbital-selective metal in close
proximity to Mott localization [53]. As seen in Fig. 3, pqc
dramatically increases between n = 6.4 and 6.5, implying that
orbital-selective localization is promoted with increasing the
carrier concentration of the Fe 3d shell [39].

To get realistic insights into the MO correlated electronic
state and the hidden Dirac-liquid regime in electron-doped
FeTe, in Fig. 4 we display its orbital-resolved DOS. Particular
features to be seen are the two pronounced x> — y?, 37> — r?
waterfall structures [54] above the corresponding LHBs: The
former implies an intrinsic electronic tendency towards local
moment formation [55] in FeTe. In addition, our results reveal
pseudogaplike features with strongly anisotropic and orbital-
dependent V-shaped features at low energies: It is worth
noting here that the existence of V-shaped DOS p(w) =~ ||
at energies close to the neutrality Dirac point is a distinctive
feature of graphene and topological insulators [2]. Particularly
interesting in this context is Dirac-like electronic dispersion in
the xz, yz orbital states, showing almost perfect linear falloff
near Ey (see inset of Fig. 4). The absence of a true minimum
value expected to be seen in noninteracting Dirac fermion
gas results from the fact that Dirac quasiparticles in doped
FeTe are driven by strong correlations and not by free electron
bare band topology [2]. Thus, the finite background DOS
observed in the inset of Fig. 4 near the correlated Dirac point
is an intrinsic property of interacting Dirac fermions [56].
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FIG. 4. Orbital-resolved LDA 4+ DMFT (with U = 4.0eV and
Jy = 0.7eV) DOS for the Fe 3d orbitals of electron-doped (n =
6.0 4+ ) FeTe. Notice the nearly perfect V-shaped Dirac-like DOS
within the xz, yx orbitals and the correlation-induced waterfalls [54]
followed by narrow lower Hubbard bands in the 3z> — 2
orbital sector.
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Taken together, our results in Fig. 4 show that coexistence
of pseudogapped and quasilinear spectral functions near Ep
can be tuned in bulk FeTe by electron doping the parent
compound. They also seem to suggest that the shape of the
Dirac cones in electron-doped FeTe would be anisotropic,
consistent with observations for BaFe,As; [3] whose apex
is also located slightly above Er. This result can be taken
as additional evidence that the MO Coulomb perturbation
[57] is a natural way to approach Dirac fermions in tetrag-
onal Fe chalcogenide systems [16,48]. If our proposal is to
hold, the metal-insulator crossover in electron-doped FeTe
should be characterized by pseudogapped electronic states
and massive Dirac-like fermions with 3z> — 2, xz, yx orbital
character (see our results below). Thus, within the hidden
Dirac-liquid phase the reconstructed Fermi surface is expected
to be composed of two distinct MO components, and future
ARPES experiments could verify this aspect.

On general grounds and relevant to scanning tunneling
microscopy (STM) experiments, our main result in Fig. 5
shows that V-shaped linear dispersions with asymmetric
Dirac-cone-like carriers [10] can be tuned in the total DOS
of bulk FeTe by electron doping. We notice here that the
experimental DOS curves probed by STM spectroscopy are
never simple symmetric V-shaped curves [56]; thus, it is
plausible to assume that similar valley DOS as in Fig. 5
would be seen in future tunneling experiments. Although the
weight of the Dirac state is relatively broad near Er and the
contribution of the pseudogapped bands must be suppressed to
extract the unique carrier transport intrinsic to Dirac cones, the
mobility of lighter x> — y?, xy Dirac fermions would dominate
electronic transport in electron-doped FeTe.

Our results in Figs. 4 and 5 clearly call for a deeper micro-
scopic understanding of the orbital-selective V-shaped DOS
and the metal-insulator crossover discussed above. In DMFT,
the evolution of py(7") is intimately linked to self-energy
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FIG. 5. Comparison between LDA [31] and LDA + DMFT
(MO-IPT) total DOS of FeTe. Notice the large spectral weight
transfer induced by strong electron-electron interactions in the solid.
The inset shows the energy window where tetragonal FeTe exhibits
an almost linear falloff DOS near Er for n = 6.4.

corrections and the §-dependent evolution of the spectral
functions. In Fig. 6, we show the imaginary and real parts of
the orbital-resolved self-energies, [ImX,(w)] and [ReX,(w)],
respectively, computed within LDA + DMFT for 0.3 < § <
0.5 in order to facilitate this link. Strong energy dependence
of the LDA + DMFT self-energies is clearly seen: This pro-
vides a microscopic basis for rationalizing electron correlation
effects [19] and the nature of bad metallic behavior [28] in
Fei4,Te and related Fe(Se,Te) systems [15,34,37,48,50]. In
Fig. 6 we identify two relevant self-energy structures, the
strongly incoherent V -shaped-like behavior on all orbitals and
the pole generating the proximity to Mott-Dirac electronic
localization in the 372 — 2, xz, yz orbital sector. As seen, due
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FIG. 6. Orbital-resolved (LDA + DMFT) self-energies, imagi-
nary (main panels) and real (insets) parts, for the Fe 3d orbitals of
electron-doped FeTe. The selective-orbital nature is clearly visible.
Notice the sharp poles in imaginary parts of the self-energies near
Ep for the strongly correlated 3z — r2, xz, yz orbital sector.
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to interplay between MO electron-electron interactions and
doping-dependent SWT, the pole structure evolves continu-
ously towards Er into the hidden orbital-selective insulating
state of Fei;,Te. Thus, at low T we find that pg (T) =T
correlates with an orbital-selective incoherent spectral func-
tion found in earlier LDA + DMFT works [16,41] where
ImX¥(w) >~ —|w| at low energy, while at higher 7" the pole
structure in the 37> — r2, xz, yz orbitals at n = 6.4 and 6.5
is responsible for the semiconducting behavior as displayed
in Fig. 3. We predict that similar features as in Fig. 6 would
be seen in scattering rates 7N (w) =~ IT(w) [58], and future
ARPES or optical conductivity studies are called for to con-
firm our prediction. Finally, since in DMFT the self-energy is
momentum independent, the quasiparticle residue Z, of an or-
bital a, which defines the renormalized Fermi energy, directly
yields the effective electron mass enhancement: ';li =41 =

Zy
(1- W)wzo’ where m, is the free electron mass. Thus,

from the slope of the self-energy real part in Fig. 6 we obtain
for n = 6.4 (4=,

in good qualitative accord with values m— ~ 6-20 found in
ARPES for FeSeq 4, Teq 55 [15], attesting to the strong electron
correlation effects in the normal state of 11 Fe chalcogenides.
It is worth noting as well that X,(w) renormalizes the
relative band positions depending upon their orbital occu-
pations. As a consequence of Mott-Diracness, the two-fluid
metal (comprised of a pseudogapped Dirac-like spectrum)
found in FeTe at the border of the doping-induced selective
Dirac valleytronics is totally incoherent at normal conditions.
Clear deviations from the w? dependence of a canonical FL,
with (sub)linear w dependence of marginal Fermi liquids
[59], is seen in Fig 6. Similar self-energy behavior as in
Fig. 6, with sublinear energy dependencies, was also found
in earlier studies [16,60,61], suggesting a common scenario
of correlation-induced electronic reconstruction in Fe chalco-
genides. Interestingly, the departure from the FL behavior
caused by many-body interactions has been also reported for
quasi-freestanding graphene and Bi, Te,Se topological insula-
tors [62], showing a similar marginal form as shown here.
Our results revealed important aspects for the correlated
electronic structure reconstruction in Fe 1, Te. Within LDA +
DMFT we have shown that an orbital-selective Dirac-like
spectrum in the bulk arises from strong electron-electron
interactions and the proximity to Mott localization as in FeS
superconductors [16]. For an electron band filling of n = 6.4
the xz, yz orbital sector of FeTe exhibits an almost perfect
linear falloff of the electronic spectrum near Er and large
mass enhancement, a characteristic akin to strongly correlated

M Zo2 M) (15.9,25.6,6.6,4.5)

m, > m,

Dirac fermions [63]. We thus predict that in electron-doped
FeTe substantial changes would be seen when the Mott-Dirac
regime is approached, including an electronic reconstruction
with similarities to marginal Fermi liquids. Our results suggest
a promising route for realizing the Mott-Dirac electronic
state [64], where orbital-selective Dirac bands result from
strong electron-electron interactions in the bulk. However,
whether a topologically nontrivial Dirac semimetal, with s-
wave superconducting gap below T, [11], will be observed in
Fe 4, Te remains to be seen in future studies. If this holds true,
superconducting FeTe is expected to be a possible alternative
platform to Fe(Se,Te) superconductors [9,65] for realizing
Majorana zero-energy vortex bound states.

III. CONCLUSION

To summarize, we have used LDA + DMFT for a five-
band Hubbard model to give a more detailed analysis of
the doping evolution of the strongly correlated spectral func-
tions and self-energies of tetragonal FeTe. The metal-insulator
crossover seen in transport of Fe(Te,Se) arises from anoma-
lous self-energy pole structures near Er due to interplay be-
tween electron doping and many-particle correlation effects.
For an electron band filling of n = 6.4 the xz, yz orbital sectors
exhibit an almost perfect linear falloff density of states near
Er and large mass enhancement. These responses can be
directly tested by a combination of spectral and transport
measurements in FeTe with Fe excess. Such studies are called
for, and should confirm or refute our proposal. Moreover, the
interplay between Mott-Dirac localization and bad itinerancy
in electron-doped FeTe suggests a promising and practical
route to access electron pairing on bands without Fermi
surfaces [66] and Majorana quasiparticles [9,65] via multiple
Dirac-like bulk states but this remains to be seen in the future.
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