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Recent observation of ∼ 10 times higher critical temperature in FeSe monolayer compared to its bulk

phase has drawn a great attention especially because electronic structure in the monolayer phase appears

to be different than bulk FeSe. Using a combination of density functional theory and dynamical mean field

theory (DFT+DMFT), we find electronic correlations have important effects on the predicted atomic-scale

geometry and the electronic structure of the monolayer FeSe on SrTiO3. The electronic correlations are

dominantly controlled by the Se-Fe-Se angle either in the bulk phase or the monolayer phase. But the angle

sensitivity increases and the orbital differentiation decreases in the monolayer phase compared to the bulk

phase. The correlations are more dependent on Hund’s J than Hubbard U. The observed orbital selective

incoherence to coherence crossover with temperature confirms the Hund’s metallic nature of the monolayer

FeSe. We also find electron doping by oxygen vacancies in the SrTiO3 increases the correlation strength,

especially in the dxy orbital by reducing the Se-Fe-Se angle.

PACS numbers: 74.70.Xa, 74.25.Jb, 75.10.Lp

Introduction: In addition to the cuprates, the discovery
of superconductivity in Fe-based compounds with super-
conducting critical temperatures (Tc) ranging from 26 K
to 56 K has created a new class of unconventional su-
perconductors [1–3]. Recent observations of Tc reaching
as high as 100K in FeSe monolayer grown on SrTiO3

(STO) have further boosted interest to search for high
Tc superconductors in this family [4–11]. Photoelec-
tron spectroscopy measurements show that, unlike other
Fe-based superconductors, the Fermi surface of single-
layer (one unit-cell) FeSe on STO consists only of elec-
tron pockets at the zone corners (X-point), without the
hole pockets around the zone center (Γ-point) [11–14].
This can lead to a different mechanism of gap open-
ing other than the sign changing s-wave pairing state
from spin fluctuation found in Fe-based superconductors
in its bulk phase [15]. Apart from the Fermi surface,
there are many contrasting signatures observed in the
monolayer phase of FeSe when compared to the bulk
pnictides. For example, the FeSe/STO system was sug-
gested to be in close proximity to a Mott-insulating phase
where an insulator-superconductor crossover was found.
It was then concluded that similar to the cuprates, the
correlations strength was found to be controlled by the
Hubbard-U interaction [10, 14]. A recent study based
on the density functional theory (DFT) shows antibond-
ing hybridization between Fe-d and Se-p increases in the
monolayer and thus can lead to decreased electron corre-
lation through increasing bandwidth [8]. Various experi-
ments also suggest electron doping makes the FeSe/STO
system more correlated [10, 13, 16], opposite to what
usually happens in the bulk iron pnictides [17]. More
contrasting behavior is noticed where the enhancement
in Tc in FeSe/STO was suggested to arise from strong
interfacial effect [11–13].

While there are many density functional based stud-

ies describing the role of electron-phonon [9, 18, 19],
band structure [8, 20–22], and the epitaxial growth of
FeSe/STO [20, 22], so far there is no direct explana-
tion of why FeSe/STO behaves so dramatically different
than its bulk phase [23] using a method that truly cap-
tures fluctuating local moments. Using DFT in combi-
nation with dynamical mean field theory (DFT+DMFT)
method [24, 25] we study four phases of FeSe and STO:
(I) FeSe bulk, (II) a free standing FeSe monolayer, (III)
FeSe on a SrTiO3 substrate without oxygen vacancies
(FeSe/STO) and (IV) FeSe on SrTiO3 substrate with
50% oxygen vacancies (FeSe/STO-Ovac) since oxygen
vacancies can be a potential source of electron doping
as observed in recent experiments and theory [13, 20–
22, 26]. In addition we study a free standing FeSe mono-
layer, chopped from FeSe/STO-Ovac structure maintain-
ing same Se-Fe-Se angle of FeSe/STO-Ovac to investigate
the effect of substrate. Here we attempt to address the
following questions: 1) How does the electron correla-
tions change from the bulk phase to the monolayer phase?
Typically going from bulk to 2D, electron correlations in-
crease due to the reduction of electron’s hopping in one
direction. Is it true for Fe-pnictide? 2) What is the origin
of electron correlations? Hubbard-U or Hund’s coupling-
J or both? 3) Can electron correlations change the topol-
ogy of the Fermi surface compared to that obtained in
conventional DFT? 4) Why electron doping through O-
vacancies in STO increases the correlation in the FeSe
monolayer?

Method & structural details: The pcnitide height
and/or bond angle between X-Fe-X (X=pnictide) plays
an important role in determining the strength of the cor-
relations [27, 28] and Tc [29] across various compounds in
the bulk phase. However its experimental determination
for the monolayer phase is still on going. An accurate de-
termination of the structural parameter is essential due
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FIG. 1. (Color online). Top (a-d):Computed DFT+DMFT spectral function together with band structures computed within
DFT (green lines) for FeSe bulk (a), FeSe monolayer(b), FeSe/STO (c) and FeSTO-Ovac (d). Down(e-h): Corresponding
orbital resolved DFT+DMFT spectral functions; dz2 and dx2−y2 are in blue, dxz and dyz are in green, dxy is red.

to its extreme sensitivity in controlling the strength of
correlation and Tc. In this letter, relaxed structures are
obtained using the self-consistent DFT with Embedded
DMFT method that incorporates the effect of electron’s
entropy while computing forces on atoms. The imple-
mentation of the force optimization within DFT+DMFT
and the resulting accuracy in obtaining the pnictogen
height in bulk FeSe is described in Ref[30]. To compare
the effect of spin-fluctuation and electron entropy in the
structural optimization, we also obtain atom positions
from both non-magnetic (NM) and spin-polarized (SP)
flavors of DFT. More details of our methods and struc-
tural information are described in the SI [31]. In Table
I in the SI [31], we describe the key structural parame-
ters. The DFT+DMFT-computed bond angle of Se-Fe-
Se in FeSe/STO and the pncitide height (hSe) are closer
to the spin-polarized DFT than the non-magnetic DFT
[32] –indicating the local spin-fluctuation and the long
range order have a similar effect in determining hSe and
the angle [30, 33]. However DFT+DMFT predicts struc-
tures with smaller Se-Fe-Se angle than SP-DFT. Going
from bulk FeSe to monolayer, the Se-Fe-Se angle increases
from 103◦ to 109◦ and hSe is decreased by 7.0% (See SI
[31]). With introduction of oxygen vacancies in STO,
the angle reduces to ∼ 107◦. Interestingly the angle in
the monolayer phase is close to the ‘magic’ angle where
the Tc is found to be the highest in the bulk-phase of
Fe-pnictides [29].

Spectral function: Once we optimize the atom posi-

tions using DFT+DMFT, we compute spectral functions
shown in Fig. 1(a-h). Understanding the strength of elec-
tron correlations and the nature of the Fermi surfaces are
fundamental tasks to understand unconventional super-
conductivity [34–36]. On the top panels of Fig. 1(a-
d), we show DFT+DMFT computed spectral functions
on the same color scale for four different systems. The
green lines indicate the DFT band structures computed
for the SP DFT-optimized structures in the monolayer
phase. Brighter color in the spectral function reflects
quenched correlation. From bulk to monolayer phases,
we notice a significant shrinking in the size of the hole
pockets around Γ. This is not prominent in the DFT
bands, which reflects the effect of correlation to be impor-
tant. The increase in the sharpness of the DFT+DMFT
spectral function is noticed while going from the bulk
phase to the FeSe-monolayer and hints that they exhibit
a different degree of electron correlation. From bulk to
monolayer phases, the DMFT spectral function becomes
more coherent – indicating the suppression of correlations
in the FeSe monolayer and FeSe/STO. With O-vacancies,
the spectral function around Γ again becomes dim, which
reflects the increase of correlation. We find significant
changes in the topology of the Fermi surface in the mono-
layer phase, especially around the Γ-point. The spectral
function in free standing FeSe monolayer and FeSe/STO
are very similar. But introducing O-vacancies in STO
makes the Fermi surface significantly different.

To identify the orbital dependent nature of electron
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FIG. 2. (Color online). (a) Imaginary part of self-energy
ImΣ(iωn) of the Fe-dxy orbital for four different systems; in-
set shows the extrapolated value ImΣ(iωn → i0+) reflect-
ing structure dependent coherence to incoherence crossover
at 150K. Subfigure (b) shows temperature dependence of
ImΣ(iωn → i0+) in FeSe/STO-Ovac for the Fe-3d orbitals
to show temperature driven coherence-incoherence crossover
with orbital dependent crossover temperatures.

correlation effect, we compute DFT+DMFT orbital-
dependent spectral functions for the four systems and
plot them together on the bottom panel in Fig 1(e-h).
The electron and hole pockets are mainly made of dxy

(red) and dxz+yz orbitals (green). Going from bulk to
the monolayer phases, the xy-pocket around Γ shrinks
the most and also changes the sharpness and becomes less
correlated in FeSe monolayer and FeSe/STO and again
becomes correlated in FeSe/STO-Ovac. With the intro-
duction of O-vacancies in STO, the DMFT spectral func-
tion becomes more correlated for all t2g orbitals. Com-
puted DFT+DMFT spectra shows that the hole pocket
at Γ point shrinks significantly and almost vanishes when
O-vacancies are introduced while the electron pockets are
found to get bigger. This leads to electron doping similar
to Ref[20–22].

Coherent scale: In Fermi liquid theory, the inverse
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FIG. 3. (Color online). (a) The spectral weight (Z) on dif-
ferent Fe-3d orbitals (left) and Se-Fe-Se angle (right) show a
similar trend across four structures: I) FeSe bulk, II) free-
standing FeSe monolayer, III) FeSe/STO, and IV)FeSe/STO-
Ovac. Subfigure (b) is a schematic representation of Se-Fe-Se
angle in FeSe. The angle dependent spectral weight on differ-
ent Fe-3d orbitals are presented in (c) for free-sanding FeSe
monolayer. The dashed lines represents the Se-Fe-Se angle
obtained from experiment and optimized with NM-DFT, SP-
DFT, and DFT+DMFT methods. Inset represents the angle
dependence of Z for bulk FeSe.

quasiparticle life time equals to the scattering rate
Γ=−ZImΣ(i0+), where Z=(1−∂ReΣ(ω)/∂ω)|ω→0 is the
spectral weight and ImΣ(i0+) is the imaginary part of
self-energy at zero frequency. At low temperatures when
ImΣ(i0+)→ 0, the system is in the coherent phase with
infinite quasiparticle lifetime. When the temperature is
above the coherent energy scale, ImΣ(i0+) and conse-
quently the quasiparticle lifetime are both finite. Our
DFT+DMFT calculations show that the coherent scales
of Fe-3d electrons are strongly orbital dependent (see SI
[31] for all five d orbitals) and also tuned by the structure
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of the FeSe/STO system. In Fig. 2a, the imaginary part
of quasiparticle self-energy ImΣ(iωn) of the Fe-3dxy or-
bital at 150 K are extrapolated to i0+. The extrapolated
values are shown in the inset. This directly shows the co-
herent scales for the four different systems. ImΣ(i0+) of
FeSe-bulk and FeSe/STO-Ovac are sizable (Fig. 1a and
SI-Fig. S1) at 150 K, which indicates that the dxy or-
bital is incoherent and the coherent scales of FeSe/STO-
Ovac and bulk FeSe are similar. In contrast, although
ImΣ(i0+) of the FeSe monolayer and FeSe/STO are still
finite, their absolute values are much smaller indicating
their coherence at 150 K. The behavior of ImΣ(i0+) for
these four systems at a fixed temperature indicates that
the monolayer structure of FeSe and its growth on STO
substrate greatly enhance their corresponding coherent
energy scales in t2g orbitals. Dramatically, oxygen va-
cancies in STO again change the coherent scale in all
Fe-d orbitals.

Since the Fermi surface of FeSe/STO-Ovac is the clos-
est to the ARPES measurements, we examine the oxygen
vacant FeSe/STO system in more detail. First, we inves-
tigate the effect of U and J on Z in FeSe/STO-Ovac.
When J is changed from 0.8 to 0.5 eV with a fixed U,
the change in Z is found to be stronger than when U
is changed from 5.0 eV to 2.0 eV with a fixed J (Ta-
ble II in SI [31]). This shows the system to be more
sensitive to change in J than U and also confirms the
Hund’s metallic nature found in bulk pnictides. We also
explore the temperature driven coherence-incoherence
crossover in FeSe/STO-Ovac. Although it is well known
that bulk pnictides are incoherent bad metals [37–40],
there is no study found in the literature for the mono-
layer phase. A recent study based on the slave-Boson
approach showed that the dxy-orbital of FeSe/STO be-
haves like a Mott insulator [10]. We show the tempera-
ture dependence of the extrapolated values ImΣ(i0+) of
FeSe/STO-Ovac in Fig.2b. At 90 K, all ImΣ(i0+) are
very small, proving FeSe/STO-Ovac is in the coherent
state. As temperatures increase from 90 K to 1000 K,
ImΣ(i0+) move away from zero to finite values, which
signatures a temperature driven coherence-incoherence
crossover in FeSe/STO-Ovac. The dxy orbital shows the
most temperature dependence.

Quasiparticle weight: The structural-tuned coherent
scales are directly related to the electron correlations.
To examine degree of electron correlations in more de-
tail, we compute the orbital dependent spectral weights
Z (inverse of mass-enhancement m∗/mband) after ana-
lytic continuation of the self-energy by the maximum en-
tropy method [41]. Z is unity in a non-correlated system,
and goes to zero in the strongly correlated limit. We
compute Z for all the Fe-3d orbitals of the four different
structures (Fig. 3a). First, we notice that the correlation
in bulk FeSe has much more orbital differentiation than
in the monolayer phase. We find that the dxy-orbital
is the most kinetically frustrated for both bulk [42] and

monolayer phases. Going from bulk to monolayer, all
t2g orbitals become less correlated and all eg orbitals be-
come more correlated. Introducing oxygen vacancies in
STO increases correlation in all orbitals. This effect is
extremely sensitive in the dxy-orbital, which is the most
correlated orbital; Z becomes even smaller than in the
bulk-phase. In FeSe/STO-Ovac, Z in dxy orbital almost
halves indicating the very strong correlations as observed
in the experiment [10, 26]. Here an obvious question
arises: why O-vacancies make FeSe/STO so strongly cor-
related? To answer that, we show the Z as a function of
the Se-Fe-Se angle for the four systems (Fig. 3a). Z for
all t2g orbitals follow a similar pattern as the Se-Fe-Se an-
gle increases: they first increase from bulk to monolayer
and then decrease with the introduction of O-vacancies.

In the monolayer phase, the decrease in Z with O-
vacancies directly relates to the decrease in angle. To
prove this, we compute Z as a function of Se-Fe-Se angle
in FeSe-monolayers. Fig. 3c shows a monotonic behavior
as we increase the angle.

Three angles are obtained from NM-DFT, SP-DFT,
and DFT+DMFT optimization of FeSe monolayers. The
fourth angle is for a monolayer structure with Se-Fe-Se
angle of bulk. This directly shows that a monolayer struc-
ture with the angle of bulk FeSe is extremely correlated
and the correlation is controlled by one single structural
parameter, which is the Se-Fe-Se angle. We also plot the
similar angle dependence of Z in bulk FeSe (Fig. 3c in-
set). In bulk FeSe, the sensitivity of angle in Z is much
less than that in monolayer, especially for the dx2−y2 and
the dz2 orbitals.

Role of oxygen vacancies: O-vacancies serve as a po-
tential source for doping electrons to FeSe as seen in our
DFT+DMFT spectral function as well as in the experi-
ments [13, 20–22, 26, 43]. To explore the effect of doping
on Z, we construct a monolayer structure with the an-
gle of FeSe/STO-Ovac after chopping out the substrate
(FeSe-chopped). It is interesting to note that Z in FeSe-
chopped is slightly lower compared to that of FeSe/STO-
Ovac. For FeSe-chopped the Z is 0.31, 0.31, 0.22, 0.22,
0.17, while for FeSe/STO-Ovac they are 0.33 0.32 0.23
0.23 0.17 respectively for dx2−y2 , dz2 , dxz, dyz, and dxy
orbitals. However the change in Z is not large since a
very small amount of charge transfer happens to the Fe-
3d orbitals (only 0.02 electron charge-transfer is found).
It is well known that doping reduces correlation in the
bulk pnictides due to weakening of Hund’s rule coupling
[17]. Our results support this and directly show that it
is the reduced angle with O-vacancies that increases the
correlation. This explains the experimental observation
and puzzle of increasing correlation with electron doping
in FeSe/STO system via O-vacancies. In summary we
show two fold effects of O-vacancies: they dope electrons
to the FeSe and they increase the correlation because
they decrease the Se-Fe-Se angle.

DFT+DMFT hybridization: The change in the Se-Fe-
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Se angle can affect the hybridization (or bandwidth).
The DFT+DMFT hybridization is shown in S.I. Fig.
2 [31]. We notice that the hybridization around the
Fermi energy in all t2g orbitals follow a pattern: starting
from bulk, it increases for the free standing FeSe mono-
layer and FeSe/STO and then again decreases for the
FeSe/STO-Ovac. This shows the effect of correlations
on the monolayer is directly related to the hybridization
modulated by the Se-Fe-Se angle.

Conclusions: Our results show that the strength of
correlations in FeSe/STO heterostructures is dominantly
controlled by the Se-Fe-Se angle, which is sensitive to the
oxygen vacancies in the STO. The quenched correlations
in the free-standing FeSe monolayer and FeSe/STO
are directly related to the increased hybridization due
to the increase in the Se-Fe-Se angle. Introducing
O-vacancies in the STO reduces the angle and reduces
the hybridization, as a result the system becomes more
strongly correlated. Despite several reports claiming
superconductivity in FeSe/STO to be mediated by
electron-phonon coupling [12, 18, 44, 45], the strength
of electron-phonon coupling in conventional DFT is
found to be too low to explain the high Tc [19, 44].
The structural-tuned increased electron correlations
with oxygen vacancies in STO can enhance the electron-
phonon coupling in FeSe/STO similarly to bulk FeSe
[33]. Our study favors unconventional superconductivity
in FeSe/STO, likely with the orbital antiphase s+−
pairing symmetry [46], where the two electron pockets
have opposite sign of pairing, as the absence of hole
pockets disfavors conventional s+− symmetry.
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