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We compute the two-fluid resistivity of a compressed FeSe superconductor, treating electronic correlations
within density functional dynamical mean-field theory. Results for the emergent strange and bad metal behavior
shows good theory-experiment agreement within the mixed tetragonal and pseudohexagonal structural phases
at pressures around 8.1 GPa. Our findings call for more studies on unconventional high-temperature (high-
T.) superconductors to unearth the consequences of selective Mott localization as the prominent candidate in

governing their strange, T -linear resistivity.
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I. INTRODUCTION

The normal state of a variety of correlated electron systems
often falls into the strange [1] and bad [2] metal category,
where the electrical resistivity varies linearly with temperature
[0ac(T) = po +AT] as T — 0 [3]. This generic property,
together with other experimental evidence such as the ab-
sence of Drude peak in optics, an incoherently broad line
shape in spectroscopy, and a strongly 7-dependent Hall effect,
represent significant deviations from the conventional Fermi-
liquid (FL) picture of ordinary, good metals. Although the
fundamental origin for this anomalous non-FL behavior [4]
is under debate [5], the T-linear resistivity is often associated
with quantum criticality [6]. On general grounds the strange
metal phase exhibits a nonsaturating, 7 -linear resistivity that
extends well beyond the Mott-Ioffe-Regel limit [7] at higher
temperatures, due to vanishing quasiparticle excitations [8].
Examples of materials showing pseudogap features or the
absence of electron quasiparticles include Cu oxide [3] and
heavy fermion materials at or close to a quantum critical point
[4]. Remarkably as well within the strongly correlated strange
metal context is the T -linear resistivity recently seen in magic-
angle twisted bilayer graphene [9] as well as in high-7, super-
conducting FeSe;_,S, systems [10-13] at high pressures.

In spite of its seemingly simplest chemical form, FeSe is
one of the most studied members of the Fe-superconducting
family, displaying different coexisting structural and magnetic
phases [12,14-17]. Below 6-7 GPa, FeSe has a tetragonal
structure (space group P4/nmm) at room temperature which
becomes a slightly distorted orthorhombic structure (Cmma)
upon cooling [16]. The low-temperature orthorhombic phase,
denoted as ortho-I [16], is characterized by an orbital nematic
order followed by a magnetostructural transition driven by
stripe-type spin fluctuations [18,19]. Experimental data show
evidence that antiferromagnetic (AF) order exists at least
up to 6 GPa [16]. Finally, above 7 GPa, a tetragonal to
pseudohexagonal (ortho-II) structural phase transition [16,20]
is observed.

The superconducting 7, in FeSe shows rich pressure depen-
dence. After a small initial increase, T, reduces at the onset of
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AF order at pressure below 2 GPa: This low-pressure behavior
has been attributed to a reduction in the density of states
(DOS) owing to Fermi-surface reconstruction [21]. Increasing
pressure enhances both AF and superconducting (SC) orders,
with the Néel temperature 7y reaching 45-55 K [11] at
4.2 GPa and T; ~ 20 K [22]. Above this pressure, magnetic
order decreases and an optimal 7; is achieved when the long-
range AF order vanishes at pressures close to 6 GPa [11,14].
The decrease of T, above this pressure coincides with the
appearance of a mixed ortho-I plus ortho-II structural phase at
low temperatures [16], and it is consistent with the coexistence
of SC (tetragonal) and non-SC (pseudohexagonal) electronic
fluids at high pressures [19]. (Evidence from high-pressure
transport data [11,14] indicates that the ortho-II phase does
not support SC). Such a complex pressure-temperature phase
diagram [12,22], which is partially reshaped upon substitution
of S for Se [13], manifests the nontrivial interplay between
electronic, orbital, spin, and structural degrees of freedom
which defines the SC phase boundary in 11 Fe-chalcogenide
FeSe,_,S, superconductors.

The 11 Fe-chalcogenide superconductors offer a good plat-
form for the study of orbital-selective (OS) electronic recon-
struction [23,24] as well as the T'-linear resistivity [10-13] of
strange metals. Experimentally, at a pressure range between
7.8 and 8.8 GPa, the AF order in FeSe no longer competes
with superconductivity and the resistivity displays an almost
perfect T-linear dependence in a wide temperature range
from room temperature down to 7. [10-12]. Nearly linear
dependence has also been report in FeSe;_,S, systems at
similar pressure conditions [13], implying a common mech-
anism for the strange metal behavior. The most fundamental
questions here are as follows: Is the T -linear resistivity limited
to layered materials or is it more universal in spite of many
different slopes [7,9] found in experiment? How does strange,
bad metallicity in FeSe arise under pressure? In this Rapid
Communication we aim to answer this latter question, provid-
ing a microscopic description of the anomalous transport seen
in a compressed FeSe superconductor. We reveal a surprising
contrast between coherent and incoherent phenomena induced
by multiorbital (MO) electron-electron interactions on the
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coexisting (ortho-I and ortho-II) structural phases at high
pressures. Needless to say, a proper microscopic description
of strange and bad metallic states is a basic prerequisite for
understanding how exotic are the electronic states of 11 Fe-
chalcogenide superconductors at high pressures.

II. THEORY AND RESULTS

Theoretical attempts toward a realistic description of
strange, bad metals involves going beyond traditional FL con-
cepts of the low-energy electronic coherence of good metals.
With this in mind, and focusing on stoichiometric FeSe, here
we carried out a comprehensive numerical study for tetragonal
and pseudohexagonal FeSe, providing theoretical evidence
of a distinct orbital-selective two-fluid metal in a highly
compressed FeSe superconductor. We use dynamical mean-
field theory (DMFT) in conjunction with the local density
approximation (LDA 4+ DMFT) [25] to address this issue of
fundamental importance.

Within LDA, the one-electron part of the many-body
Hamiltonian for FeSe is Hy =) ., 6[,(k)c;£aackm, where
a=x*-— y2, 372 — 1%, xz, vz, xy label the diagonalized, five
3d bands of iron. In light of the sizable correlation ef-
fects in 11 Fe chalcogenides [23,24,26-29], however, full
MO Coulomb interactions must be included to describe
the onset of correlated spectral functions. These constitute
the interaction term, which reads Hy, = U Zi,a NigtNia) +
U/ Zi,a;éh NigNip — JH Zi,a,h Sia . S,’b. Here, U/ =U — ZJH,
with U (U’) being the intraorbital (interorbital) Coulomb
repulsion and Jy is the Hund’s rule coupling. For FeSe, the
five 3d bands crossing the Fermi energy were obtained us-
ing the linear-muffin-tin orbital (LMTO) [30] scheme within
the LDA. We evaluate the many-particle Green’s functions
[Gao(k, w)] of the MO Hamiltonian H = Hy + Hiy within
LDA + DMFT [25], using MO iterated perturbation theory
(MO-IPT) as the impurity solver [31]. The DMFT solution
involves replacing the lattice model by a self-consistently
embedded MO-Anderson impurity model, and the self-
consistency condition requiring the local impurity Green’s
function to be equal to the local Green’s function for the
lattice. The full set of equations for the MO case can be found
in Ref. [31] so we do not repeat the equations here. This real
frequency perturbative ansatz has a proven record of good
semiquantitative agreements with experiment for a range of
d- and s-band materials, and as shown below it gives results
in qualitative accord with numerical exact methods [24].

Previously, Skornyakov et al. [24] have employed a fully
charge self-consistent density functional theory plus DMFT
(DFT 4+ DMFT) scheme to perform direct structural opti-
mization and band-structure calculations of tetragonal FeSe
at ambient and high-pressure (10 GPa) conditions, showing a
topological change in the Fermi surface (Lifshitz transition)
of compressed FeSe. Based on their results, at about 10 GPa,
FeSe should be regarded as a moderately correlated metal with
coherent FL. quasiparticles spanning at the Fermi level Ef.
Although transport data exist [11], this pressure is slightly
above the regime where the strange metal phase is clearly
observed [12,13]. Noteworthy, in their work, Skornyakov et al.
have used U = 3.5 eV and Jy = 0.85 eV as representative
model parameters at ambient and high-pressure conditions. As
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FIG. 1. Orbital-resolved density of states (DOS) for the Fe d or-
bitals of tetragonal FeSe, computed using the multiband, continuous-
time quantum Monte Carlo (MB-QMC) [24] and multiorbital iterated
perturbation theory (MO-IPT) [29] impurity solver of DMFT. As
seen, MO-IPT successfully reproduces the main features of nu-
merically exact MB-QMC for a tetragonal FeSe superconductor,
regardless of the screening effects due to charge self-consistent
calculations. In Ref. [24], MB-QMC calculations at ambient and high
pressures were performed at 7 = 290 K. Here, all LDA + DMFT
(MO-IPT) spectral functions are computed at zero temperature.

can be seen in Fig. 1, within this set of parameters a predomi-
nant contribution of electronic states at Er arises from #,¢-like
(xz, yz, xy) electrons, while the e, (3z% — r?, x*> — y?) orbital
sector shows depleted (band gapped) electronic states at Ef.
Interestingly, upon compression no substantial spectral weight
transfer (SWT) was found in this multiband, continuous-
time quantum Monte Carlo (MB-QMC) study. This DFT +
DMEFT study reveals a weak increase in the electron band-
width in compressed FeSe, meaning that the overall line
shape of the correlated spectral functions should show only
a weak pressure dependence within the tetragonal structural
phase.

To make progress, in Fig. 1 we display our self-consistent
LDA + DMFT (MO-IPT) result computed using U = 2.0 eV
and Jy = 0.75 eV [29]. As a major finding, our calculated
MO-IPT DOS shows qualitatively good agreement with MB-
QMC results. (We note, however, that our 3z2 — r2 DOS was
shifted downwards by 0.18 eV to coincide with the orbital-
energy levels of MO-IPT and MB-QMC). Taken together
with earlier studies [32], this direct comparison testifies to
the reliability of the MO-IPT scheme, providing a consistent
explanation for the most relevant correlation fingerprints seen
in the occupied and unoccupied electronic states within the en-
ergy range relevant to transport and spectroscopy experiments.
More importantly, the clearly visible similarities obtained
using different U values seem to suggest that the incorporation
of Se 4p orbitals in the multiband and many-particle problem
of tetragonal FeSe leads to a d-band model with an effective
bandwidth that is enhanced relative to the starting bare band-
width (W) of the Fe-3d shell. SWT from low to high binding
energies is expected to enhance the pd hybridization, leading
to an effective screened Coulomb interaction in the correlated
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FIG. 2. Orbital-resolved LDA DOS for the Fe d orbitals of
tetragonal, hexagonal, and high-pressure (pseudohexagonal) FeSe
computed using the LMTO method. Notice that all d bands span
over the Fermi level. This shows that the electronic states relevant
to Fe chalcogenides are Fe d states. A large spectral weight transfer
induced by one-particle band broadening is visible in pseudohexag-
onal FeSe.

subspace [33,34]. Future fully charge self-consistent DFT +
DMEFT calculations should consider intrinsic pd screening
effects as well as the importance of incorporating within the
same theoretical framework stronger electronic correlations in
all active band states [34].

In order to get insights into the electronic structure evolu-
tion of FeSe at low- and high-pressure phases, in Fig. 2 we
compare the bare one-electron band structure of tetragonal
[29], hexagonal [28], and pseudohexagonal (with the exper-
imentally determined crystal structure parameters at 8.1 GPa)
[16] FeSe computed using the LMTO scheme in the atomic
sphere approximation [30]. The structural-induced electronic
anisotropies are clearly manifested in our results. The e,
orbitals, which are almost gapped at Er in the tetragonal
phase, go over into highly polarized, narrow bands centered at
—1.1 eV in hexagonal FeSe at ambient pressure. Differently
to what is found within the tetragonal structural phase, these
orbitals are twofold degenerated in the perfect hexagonal
phase. However, as expected and similar to what happens in
nematic (ortho-I) FeSe [35], the distorted ortho-II structure
lifts the xz, yz orbital degeneracy (not shown), but the overall
line shape in this ferro-orbital ordered state is very similar
to the average xz, yz DOS of Fig. 2. Additionally, due to the
smaller volume of the pseudohexagonal structure relative to
the ambient pressure one, the LDA bandwidth is considerably
enhanced in the ortho-II phase at 8.1 GPa. Also interesting is
the downshift of the sharp peak at 0.14 eV binding energy
seen in the xy electronic structure, which coincides almost
perfectly with that of tetragonal FeSe at 0.51 eV below Ef.
Thus, differently to what has been proposed for tetragonal
FeSe [24], our results demonstrate the electronic structure
of hexagonal FeSe is sensitive to the structure [12], and
considerable changes should be expected in the electronic
structure of hexagonal FeSe at high pressure.

, :} —— - |tetragonal
0.6 _n H pseudohexagonal 106
3 U i B
“N’k 0.4 —IHI ,} —0.4 v.;i
N | =
~ [ 1! A B
< 0.2f! I A Ho2 =
\ 1 ’ =
T‘ Y /J’ :/‘\,//\“\ TIN | s \\ 1
PO = i L ! VAN ! i vloo
0.6 —0.6
3 04f H0a &
T B >
& ! Al 1o, &
- I ! / -
o2 [ i P N i [
Foo \\4// \ // \ | \\_\ oJ! ' / \
Y/ I == o } I A \L
0070 2 4 2 o0 2 49
w (eV) w (eV)

FIG. 3. Orbital-resolved Fe-3d DOS of compressed, tetragonal
(dashed line), and pseudohexagonal (solid line) FeSe. Notice the
modification of the LDA + DMFT spectra with coexisting Fermi-
liquid quasiparticles and quasi- or totally-Mott localized electronic
states at low energies.

To obtain detailed information on the evolution of the
correlated electronic structure from a tetragonal to pressur-
ized, pseudohexagonal phase [16,20], in Fig. 3 we show our
LDA + DMEFT results obtained within the the Fe> oxidation
state. It is worth mentioning here that starting with the five
Fe 3d orbitals shown in Fig. 2, in earlier studies we have
derived the correlated electronic structure of a tetragonal FeSe
superconductor at ambient pressure [29]. A good theory-
experiment comparison of the one-particle spectral function
in the normal [29] and superconducting state [35] as well as
with transport data [26] were found for U = 4.0 eV and Jy =
0.7 eV: This parameter choice is consistent with other theoret-
ical works, showing that tetragonal Fe-based superconductors
are correlated electron systems with an U/W ratio close to
unity [36]. However, given the non-negligible d-electron band
broadening [24] in this work, we chose U = 3.5 eV as the
effective Coulomb parameter for compressed tetragonal and
pseudohexagonal FeSe.

As seen in Fig. 3, electronic correlations lead to interesting
modifications of the LDA spectra: In both phases the many-
body spectra describe an OS system with orbital-dependent
low-energy coherent (FL), incoherent (non-FL), and Mott
localized features on different orbitals. Relevant as well are
the (upper and lower) Hubbard bands, which are more pro-
nounced in the pseudohexagonal phase due to intrinsic band
narrowing, or a higher U/W ratio of effective local Coulomb
correlation effects. Our LDA + DMFT results unveil that
strong local moments originating from Hubbard bands coexist
with low-energy, itinerant 32— rz,xy, x2 - yz) and Mott
localized (xz, yz) electronic states in ortho-II FeSe at high
pressures. Interestingly, the fact that these local moments
do not order in the ortho-II phase [13,22] can be taken as
an indication of enhanced spin fluctuations [12] in FeSe at
pressures where the strange metal phase is seen in experiments
[10-13].

In Fig. 4, we show the orbital-resolved self-energy imag-
inary [Im X,(w)] and real [Re ¥,(w)] parts computed using
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FIG. 4. Orbital-resolved self-energy imaginary (main panels)
and real (insets) parts for the Fe-3d orbitals of compressed, tetrag-
onal (dashed line), and pseudohexagonal (solid line) FeSe. Notice
the sharp poles in the self-energy real and imaginary parts near
Ep for the Mott localized xz, yz orbital sector of pseudohexagonal
FeSe.

U =3.5 eV. A strong energy dependence of the LDA +
DMFT (MO-IPT) self-energies is clearly seen: This provides
a microscopic basis for rationalizing the electron correlation
effects [28,29,34] and the nature of bad metallic behavior in
11 Fe-chalcogenide systems [23,26]. In Fig. 4 we identify
incoherent and coherent behavior on different orbitals as well
as the pole generating the proximity to Mott localization in
the xz, yz (pseudohexagonal) and x%-y? (tetragonal) orbital
sectors. As seen, due to the interplay between MO electron-
electron interactions and structural-dependent SWT, a pole
structure responsible for the strange, bad metal state and prox-
imity to orbital-selective Mott localization evolves near Er in
compressed FeSe. We predict that similar features as in Fig. 4
would be seen in scattering rates 7! (w) ~ Im Z(w) [37], and
future angle-resolved photoemission spectroscopy (ARPES)
studies are called for to corroborate our prediction. Moreover,
since in DMFT the self-energy is momentum independent, the
quasiparticle residue Z directly yields the effective electron
mass enhancement [38] ¢ = Zia = (1 — 2R E“(’”)) o> Where
m is the bare electron mass. Thus, from the slope of the
self-energy real part in Fig. 4, we obtain Z,, which trans-
lates into an orbital—dependent effective mass enhancement

(Miz M M 202y of (5319.727,0,22.9) for tetrago-

nal and (3 1, 11m8 4. 8 3.1) for pseudohexagonal FeSe super-
conductors. Observation of large ’% values in ARPES ex-
periments [39] would attest to the dynamical many-particle
correlation effects in the normal state of 11 Fe chalcogenides
at ambient and high-pressure conditions. Finally, it is worth
noting that deviations from the »” dependence of a canonical
FL, with a sublinear @ dependence of marginal Fermi liquids
[40], is also seen in Fig. 4. A similar self-energy behavior as
in Fig. 4, with sublinear and diverging energy dependences,
was also found in earlier studies [23,41], implying a common
scenario of a correlation-induced electronic reconstruction in
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FIG. 5. Resistivity vs temperature (normalized to coincide the
mixed phase with experiment) for compressed, tetragonal (dashed
line), pseudohexagonal (solid line), and FeSe polymorph (dotted-
dashed line). Notice the almost perfect T-linear dependence up to
270 K for tetragonal FeSe as compared to the linear fit (doted
line), followed by a maximum in p4.(7) at temperatures close to
340 K. Inset: T dependence of zero-field resistivity curves [12] at
high-pressure conditions, showing similar linear behavior. Quali-
tative good agreement between the LDA + DMFT (U = 3.5 eV)
resistivity for the mixed phase and the experimental data [12] is
visible, confirming that tetragonal and pseudohexagonal structural
phases coexist [15] in this pressure range.

Fe chalcogenides within the LDA + DMFT (MO-IPT) treat-
ment.

On general grounds, the quasicomplete (complete) many-
body localization of the d.;y; vy,—y (di,;) states in the
tetragonal (pseudohexagonal) phase implies that these orbitals
now act as a distinct source of local disorder in the two
electronic fluids of high-pressure FeSe. With U’ = 2.1 eV, this
implies that a dynamical locally coupled scattering potential
arising from OS Mott physics exists in the two structural
phases of compressed FeSe. Remarkably, such behavior re-
sults from strong scattering between effectively Mott localized
and itinerant components of the full DMFT matrix propaga-
tors. These two-particle collective phenomena are intimately
linked to double-exchange [42] physics (where localized spins
of magnetic ions are coupled to mobile electrons) [43] and,
as shown below, they are responsible for the strange metal
behavior seen in compressed FeSe. We note, however, that
orbital-selective Mott physics has also been proposed earlier
for ambient pressure Fe-chalcogenide and Fe-pnictide sys-
tems [44] and discussed on phenomenological grounds in the
context of 122 Fe pnictides [45].

Turning our attention to transport properties, in Fig. 5 we
compare the obtained electrical resistivity [pg.(T) = 1/0(T)]
of compressed tetragonal and pseudohexagonal FeSe, com-
puted using the LDA + DMFT orbital-resolved spectral func-
tions (Fig. 3) in the electronic conductivity o (T') [46]. Various
features immediately stand out. First, pq.(T') shows larger
values within the tetragonal phase, in accord with the OS
localization shown above. Interestingly, our result for tetrag-
onal FeSe displays a nearly perfect T -linear-like form [with
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A =dpe(T)/dT =0.753 uQ2cm K~!, a value close to 0.7 +
0.01 u2cm K~! found in SrFe,(Asg7Po3), or to 0.78 +
0.001 uQ2ecmK™! for BiySrCaCuyOg27] [7], characteristic
of strange metals up to approximately 270 K, followed by a
maximum in the resistivity profile. Albeit at different tempera-
tures, similar bad metal behavior characterized by a maximum
in pgc(T) is seen in tetragonal FeSe at ambient pressure
[17]. The fact that p4c(T) is almost linear in experiment [12]
implies a weak pseudohexagonal electronic contribution in
compressed FeSe at pressures up to 8.8 GPa. From Fig. 5, it
is clear that pg.(7T") exhibits qualitatively distinct behavior in
the two structural phases. Importantly, as shown in the inset,
the detailed 7 dependence for the mixed phase (tetragonal
plus hexagonal phases) [15,16] resembles the one seen in
experiment [12], indicating a two-component electronic fluid
at pressure close to 8.1 GPa. (Noteworthy, using the molar
percentage obtained from experimental refinements [15], in
our description we assume that the two-channel conductivities
are additive [47] within the mixed phase of compressed FeSe).
The observation of similar linear-in-7 features at 10 GPa [11]
represents additional experimental evidence of the correctness
of our correlated, two-fluid scenario for compressed FeSe.
We emphasize, however, that a correlated metal with purely
coherent quasiparticle behavior at Er [24] would give T de-
pendences and resistivity values that would be in conflict with
the extant data [11] at 10 GPa. As a result, we predict that de-
stroying superconductivity by perturbations such as magnetic
field, chemical substitution, or under different crystal growth
conditions will reveal a first-order structural phase transition
in FeSe at pressures between 10 and 12 GPa. Furthermore, a
strongly incoherent electronic structure reconstruction acting
as the precursor to saturated metal is expected to be seen in
the pressure range between 12 GPa [11] and 15 GPa [14]. We
defer this latter transport and structural phase study, however,
to a separate work.

III. CONCLUSION

In summary, we investigate the electronic structure of
compressed, tetragonal, and pseudohexagonal FeSe within

LDA 4+ DMFT with sizable [24] multiorbital interactions.
Although the main purpose of this Rapid Communication is
to understand the nature of electronic transport in FeSe at
high pressures, a major finding of the present study is that
considerable changes in the electronic state are found when
the Fe-3d shell is released from multiband screening effects.
Normal-state incoherence within the tetragonal phase, along
with orbital-selective localization in the correlated electronic
fluid of compressed FeSe, both arising from local interac-
tions, are expected to be intimately involved in the strange
metal seen in FeSe;_,S, systems at pressures close to 8 GPa
[10-13]. Thermodynamically, at this pressure range, FeSe can
be thought of as two metallic fluids, one which participates
in the superconducting state, and another, containing a higher
density of Fermi-liquid quasiparticles, which does not. As
such, our two-fluid scenario should be more generally applica-
ble to dirty superconductors, where a large portion of spectral
weight does not participate in the superconducting condensate
below T, [48]. Viewed in light of this result, our finding opens
up interesting avenues for future studies on two-fluid theories
of superconductivity [49].
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