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Abstract
We show that electron–phonon coupling can induce strong electron pairing in an FeSemonolayer on
a SrTiO3 substrate (experimental indications for superconductingTc are between 65 and 109K). The
role of the SrTiO3 substrate in increasing the coupling is two-fold. First, the interaction of the FeSe and
TiO2 terminated face of SrTiO3 prevents the FeSemonolayer fromundergoing a shear-type
(orthorhombic, nematic) structural phase transition. Second, the substrate allows an anti-
ferromagnetic ground state of FeSewhich opens electron–phonon coupling channels within the
monolayer that are prevented by symmetry in the non-magnetic phase. The spectral function for the
electron–phonon coupling (α F2 ) in our calculations agrees well with inelastic tunneling data.

Small variations of external perturbations can result in the favoring of one of a range of competing structural,
electronic, andmagnetic ground states for FeSe. In particular, the superconducting transition temperature in
FeSe is reputed to vary from almost 0Kwhen slightly Fe doped [1] to 65Kwhen placed in amonolayer formon a
SrTiO3 substrate [2–5], and transportmeasurements from a recent work [6] indicate an even largerTc, close to
109K. Although FeSe has a simpler structure to the other iron-based superconductors it resembles components
of their structure, and there is the possibility that themechanism responsible for high temperature
superconductivity inmonolayer FeSemay extend to other iron-based compounds.

Early calculations [7, 8] based on density functional theory (DFT) estimated electron–phonon coupling in
the iron-based superconductors to be at least 5–6 times too small to explain the transition temperatures found
experimentally. Therefore, a large part of the theoretical and the experimental [9–11]work on iron-based
superconductors in the literature focused on alternative electron pairingmechanisms such as those associated
withmagnetic fluctuations. In this letter we suggest that the earlyfirst-principle calculationsmay have
underestimated the electron–phonon coupling in FeSe, andwe conclude that conventional electron–phonon
couplingmay be strong enough to contribute significantly to the electron pairing in an FeSemonolayer on
SrTiO3 and perhaps other iron-based superconductors.

We focus here on an FeSemonolayer on aTiO2 terminated SrTiO3 substrate.We show that the interaction
between the substrate and the FeSemonolayer leads to a high phonon-mediated superconductingTc by
providing a structural templatewhich holds FeSe near its structural andmagnetic phase transitions.When this
structural template is not present (as in bulk FeSe or amonolayer of FeSe on aweakly interacting substrate) the
system condenses to a different ground state (orthorhombic and non-magnetic) with a reduced electron–
phonon coupling.

Among themany possible ground states of FeSe, calculations based on a semi-local density approximation
(GGA) to theDFT select a ground state inconsistent with structural [12], electronic [13–16], andmagnetic
[12, 17]measurements.While the shortcomings of standardGGAbands for transitionmetals (such as Fe) can
often be corrected by semi-empirically including aHubbard or aHund interaction (as in theGGA+Umethod,
[18]), this is not the case for FeSe [19].Higher levels of theory, such asGWorDMFT in [20, 21], can correctly
reproducemost electronic properties of bulk FeSe; however, calculation of the electron–phonon couplingwith
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thesemethods relies on a simplified deformation potential approximation, as in [22] since electron–phonon
couplingmatrix elements are difficult to obtain.

Here we show thatmaking the potential on the iron atoms slightlymore repulsive for electrons renormalizes
the bands near the Fermi level and selects a ground state of FeSe consistent withmost experimental data.More
specifically, in thismethod (GGA+A), we empirically1 replace the potentialV r( )GGA within the semi-local
density approximation (GGA)with

∑+ ∣ − ∣( )V A fr r r( ) . (1)
i

iGGA

The idea here is tomitigate empirically the fact that theGGA exchange-correlation potential is not the self
energywithout the second term in equation (1).We find that the detailed formof the dimensionless function

>f r( ) 0 is irrelevant for the computed physical properties of FeSe, as long as f(r) is peaked on the Fe atom
(placed at ri) and the extent of f(r) is comparable with the size of the iron atomd-orbital2. Next, for a fixed f(r),
we tune the parameterA from0 up to Ac (>0) until3 one of the properties of FeSe (here, occupied bandwidth of
theM-point electron pocket) agrees with experimental data (compare blue and green curves infigure 1).
Remarkably, using =A Ac improves other salient properties of FeSe as well. For example, the gap (δEM in
table 1) at the bottomof theMpocket, and the energy of theΓ band just below the Fermi level are improved in
theGGA+A, as well as the peak positions in the density of states at 4 and 6 eV below the Fermi level4.Magnetic

Figure 1.Electronic band structure near theMpoint (full band structure is shown in the supplement (see footnote 5) ofmonolayer
FeSe on SrTiO3 inGGA (red), GGA+Awith =A Ac (blue), and experimental results.We fit the different experimental data to a
parabola (light [3],medium [4], and dark green [5]).

Table 1.Acomparison of themagneticmoment on the iron atom (μ), shear angle
α (measured between the primitive unit cell vectors a and b), top of theΓ band (EΓ)
andbottomof theMband (occupied bandwidth,EM) relative to the Fermi level,
and the band splitting at theMpoint (δEM) inGGA,GGA+Ausing =A Ac, and
fromexperiments [1, 3–5, 17]. ParameterA is tuned toA = Ac so that occupied
bandwidth of theM-point electron pocket (EM) agreeswith experimental data.
However, usingA = Ac significantly improves other properties of FeSe aswell.

Bulk Monolayer on SrTiO3

μa αb μ ΓE EM δEM

(μB) (◦) (μB) (eV) (eV) (eV)

GGA 2.4 90 2.6 0.66 0.19 0.02
GGA+A (Ac) 0 89.96 1.8 0.17 0.07 0.06

Experiment 0 89.7 c 0.08 0.06 0.05

a Using experimental crystal structure.
b Fully relaxedwith the van derWaals correction from [26].
c Unknown.

1
This approach is similar in spirit to the empirical pseudopotentialmethod from [23] and the semi-empiricalmethod from [24].

2
For example, we tried ∼ −f r r Br( ) exp( )n m with several choices of < <n0 4, < <m1 4, andB all giving similar results.

3
We give in the supplement (see footnote 5) the numerical value of A f r( )c , a list of all parameters used in the calculations, and a figure

showing the dependence of several physical properties of FeSemonolayer on the value ofA.
4
InGWcalculations from [21] these same peaks near 4 and 6 eVwere found to agreewell with the experiment.
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properties are improved aswell. Using the experimental crystal structure from [25] in both cases, theGGA+A
predicts bulk FeSe to be nonmagnetic as in experiment, whileGGApredicts large antiferromagnetically aligned
magneticmoments μ on the iron atoms (favored by 0.5 eVper two Fe atoms over the non-magnetic ground
state). Finally, the crystal structure is improved in theGGA+A case. A slight shear present in the experimental
structure as in [1] (α < °90 ) remains in theGGA+A approach after the structural relaxation, while it disappears
in theGGA calculations (α = °90 ).

In these and subsequent calculations wefixed the doping of FeSemonolayer to the level of 0.09 electrons per
one Fe atom (as found inARPES experiments). In the experiment, this doping likely occurs due to presence of
oxygen vacancies in the SrTiO3 substrate.

Our focus here is on the electron–phonon coupling and superconductivity inmonolayer FeSe. The
underlying origin of the success of theGGA+A is an interesting open question and is left for future studies.We
only note here two points in favor ofGGA+A. First, portion of the electron self-energy Σ ′ Er r( , , ) that ismissing
in the semi-local density approximation is typically large onlywhen ∣ − ′∣r r is comparable to the bond length
[27], just as for the case of the formof f(r). Second, agreement betweenGGA+A and experiment is improved not
only inmonolayer FeSe studied here, but also in bulkKCuF3, LaNiO3, (La,Sr)2CuO4, SrTiO3 (see supplement5),
and (Ba,K)Fe2As2 [28].

Equippedwith a better FeSeband structure andground state thanobtained froma standardGGAcalculation,
we are now in a position to compute the electron–phonon coupling strength in theFeSemonolayer. Firstwe
discuss the crystal structure of FeSe used in the electron–phonon calculation. BulkFeSe consists of stacked,weakly
interacting, layers of FeSe. Below90K these layers are observed to be slightly sheared as shown infigure 2(a) and
discussed in [1] (shear is also present inGGA+Acalculation, but not inGGA). This shear (nematic) distortion is
conventionally described as primitive-tetragonal to base-centered-orthorhombic structural phase transition.

Since the FeSe layers in bulk are only weakly interacting, we expect that the tendency towards a shear
distortionwill be present even in an isolated single layer of FeSe. This is indeedwhat wefind in the case of
monolayer FeSe. Even if we epitaxially constrain the isolatedmonolayer FeSe unit cell to a cubic SrTiO3 lattice, it
still undergoes a local shear-like structural transition shown infigure 2(b) (again, only inGGA+A, not inGGA).

However, once FeSe is placedon aTiO2 terminated SrTiO3 substrate,wefind that the interactionof Ti and Se
atoms togetherwith the epitaxial strain is able to stabilize FeSe to anearly square arrangement (seefigure 2(c) and
supplement (see footnote 5)). A small remnant of the structural distortionpresent in FeSe is responsible for the
electronic gap (δEM) at theMpoint shown infigure 1 and in table 1. (An additional smaller component of the gap
results fromabuilt-in electricfield betweenFeSe and SrTiO3, as discussed in [19].) In addition, in the FeSe
monolayeronSrTiO3, an antiferromagnetic checkerboard ground state is preferred by 0.11 eV (per unit cellwith two
Fe atoms)withinGGA+Aover the non-magnetic one, despite the fact that the opposite is the case for bulkFeSe.

Themain effect of the SrTiO3 on the FeSe is the structural stabilization described above of a non-sheared and
antiferromagnetic ground state. Selection of this ground state then affects the electronic andmagnetic properties
of FeSe, but only indirectly through the fact that FeSe is in this particular state. The direct effect of the SrTiO3 on
the electronic structure of an FeSemonolayer near the Fermi level is negligible. For example, relaxing the
structure of FeSe on SrTiO3 and then removing SrTiO3 atoms from the calculation does not affect the electronic
structure near the Fermi level (seefigure 1 in the supplement (see footnote 5)). Therefore to speed up the
calculation of the electron–phonon coupling, we perform calculations on an isolated FeSe layer, without

Figure 2.Exaggerated structural distortions in FeSe bulk, an epitaxially constrainedmonolayer, and amonolayer on SrTiO3. Small
circles are Fe atoms and large circles are Se atoms. Primitive unit cell is shownwith a dashed gray line.

5
See supplementalmaterial at stacks.iop.org/NJP/17/073027/mmedia formore details.
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explicitly including SrTiO3. To avoid the shear instability in the FeSemonolayer from removing of SrTiO3, we
reduce the value of parameter A in equation (1) from Ac to A0.9 c and confirm that the electron–phononmatrix
elements are not affected by this simplification by carrying out full calculation (see table 1 in the supplement (see
footnote 5)).

We use state-of-the-artWannier interpolation technique from [29] and theQuantum-Espresso package
described in [30] to calculate the electron–phonon coupling in the FeSemonolayer with a very fine grid in the
Brillouin zone (40× 40).We obtained the superconducting transition temperatureTc by solving the Eliashberg
equation [31, 32] as described in [33]. Figure 3 shows the calculated Eliashberg spectral function α ωF ( )2 of the
FeSemonolayer.We focus our analysis on two groups of phonons forwhich the electron–phonon coupling is
the largest. Thefirst group of phonons (labeled 1 infigure 3) corresponds to phononswith frequency close to 10
meV, and the second group (labeled 2) to phononswith 20meV (inGGA those frequencies are 15 and 25 meV,
respectively).

While phonons 1 contribute to about two-thirds of the total electron–phonon coupling strength λ, they
contribute to about half of the integrated α ωF ( )2 spectral function (since they have a lower frequency).

The atomic displacement character of the two groups of phonons is different. Phonons 1 correspond to a
branch of phonons that involve transverse,mostly in-plane displacements of atoms (these phonons cause bulk
FeSe to undergo a shear phase transition), while phonons 2 correspond to an out-of-plane transverse
displacement of Fe atoms. Furthermore, phonons 1 and 2 couple different parts of the electron Fermi surface at
M. Phonons 1 couplemostly at parts of the reciprocal spacewhere the Fermi surface (electronMpocket) crosses
theM–Γ line and the least where it crosses theM–X line. The opposite is true for phonons 2.However, since
both phonons contribute about equally to α F2 the total electron–phonon coupling (1 and 2 taken together) is
nearly constant on the entireMpocket Fermi surface.

Hence the importance of the SrTiO3 substrate for increasing the superconducting transition temperature
within the phononmechanism in FeSe is two-fold. First, it prevents phonons 1 frombecoming unstable and
induce a structural phase transition (as in bulk FeSe). Second, SrTiO3 keeps FeSe in the checkerboardmagnetic
phasewhich allows coupling of phonons fromgroups 1 and 2. In the non-magnetic case, the coupling of these
phonons is zero by symmetry [34]. Calculations in [35, 36] also found a significantly smaller electron–phonon
coupling in the non-magnetic phase than in themagnetic phase.We also note that at this time, there is no direct
experimentalmeasurement ofmagnetic order in FeSemonolayer on SrTiO3.However, themeasured ARPES
band structure ismost closely resembled to that of the band structure of FeSewith an antiferromagnetic
checkerboard order, both in ourGGA+A calculation and in previouswork [19, 37]. Nevertheless, it is possible
that the true ground state of FeSemonolayer consists offluctuating antiferromagneticmoments on iron atoms.
Treatment of electron–phonon coupling in such a state fromfirst-principles goes well beyond the scope of
this work.

Comparing α ωF ( )2 inGGAandGGA+A (figure 3), wefind two reasons for an increased coupling inGGA+A.
First, preference for a shear distortion inGGA+A increases the electron–phononmatrix elements of phonons 1
(seefigure 3 in the supplement (see footnote 5)). Second, the bottomof the electronMpocket EM is closer to the
Fermi level inGGA+A than in theGGA.Therefore, owing to this band renormalization (narrowing of the
occupied bandwidth), the density of states at the Fermi level inGGA+A is larger than inGGA (see table 2 here and

Figure 3.Electron–phonon coupling α ωF ( )2 and phonon density of states ωF ( ) (inmeV−1) inGGA andGGA+A (using =A A0.9 c).
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figure 3 in the supplement (see footnote 5)). Since λ is proportional to thedensity of states, it is therefore increased
inGGA+A.

However, as discussed earlier, we calculated the electron–phonon coupling λwithinGGA+Awith a reduced
value of parameterA from equation (1). Taking into account calculated density of states (1.5 eV−1) with

=A A0.9 c and =A Ac (1.8 eV
−1) we conservatively estimate that the value of λ at =A Ac is λ = 1.6. Next we

use the Eliashberg theory and obtain a conservative estimate of the superconducting transition temperatureTc of
26K (with μ =* 0.0) and 21K (with μ =* 0.1). This estimate is significantly closer to experiment than a
standardGGA result (0.1–1.5 K).

This range of estimated transition temperatures (21–26 K) is close to the value found across the families of
bulk iron-based superconductors. Nowwe discuss possible reasons for an even largerTc in the case of an FeSe
monolayer on SrTiO3 (65–109 K).

When λ is large, transition temperature is proportional to [38]

ωλ∼T . (2)c
0.5

Here ω is the averaged phonon frequency and λ is the Brillouin zone averaged electron–phonon coupling
strength. Therefore one possibility to get largerTc is to further increase λ. It is at least plausible that this could
happen for phonons 1, since their contribution to λ is increasedwhen FeSe is approaching the shear-like
structural phase transition.

The second possibility is to increase the average frequency ω by pairing electronswith high frequencymodes
(phonons or some other bosons) in addition to phonons 1 and 2.One possibility aremagnetic fluctuations [8].
The role ofmagnetism for superconductivity in FeSe is additionally enriched by the fact that, in the nonmagnetic
phase, certain electron–phonon interaction channels are forbidden by symmetry. In addition, structural and
magnetic order parameters are strongly coupled in FeSe. For example, bulk orthorhombic FeSe prefers a non-
magnetic state, while a cubic FeSemonolayer on SrTiO3 prefers an antiferromagnetic state.

Another tempting possibility suggested in [3] is to pair FeSe electrons to a high-frequency (80 meV) phonon
in the SrTiO3 substrate. This couplingwas experimentally determined to be large near the origin of the phonon
Brillouin zone ( ∼q 0). Adding experimentally estimated values of the electron–phonon coupling from [3] to
our calculated α ωF ( )2 increases the estimated superconducting transition temperature to 47K (assuming
μ =* 0.1), even closer to the experimentally determined value (65–109 K).

In closing, we note that the experimentally inferred superconductingTc is nearly the same for an FeSe
monolayer onTiO2 terminated SrTiO3 [2, 6], BaTiO3 [39], as well as 2% strained SrTiO3 [40]. This observation
is consistent with our structural stabilizationmechanism since in all three cases interaction betweenTi atoms in
the TiO2 layer and Se atoms in FeSe is likely the same.However, when a FeSemonolayer is placed on a substrate
with a different bonding environment, such as SiC in [41–43] the superconductingTc is only 2–9K. Another
indication for the importance of structural stabilization comes from [1]. This study found that bulk FeSe doped
with only 2%of iron stays tetragonal (non-sheared) evenwell below 90K. This loss of preference for shear is
accompaniedwith loss of superconductivity ( <T 0.5c K), again consistent with ourfinding that keeping FeSe
close to a shear (orthorhombic, nematic) structural phase transition increases the electron–phonon coupling
strength. Another indication of contribution from electron–phononmechanism is described in [44] on iron
isotope effectmeasurement.

Figure 4.The density of states within the Eliashberg theory calculated usingGGA+A and the STMmeasurement from [45]. The
energy ismeasured relative to the superconducting gapΔ.
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Finally, our calculation is consistent with the inelastic scanning tunnelingmicroscope (STM)measurements
from [45] in two respects. First, the superconducting gap in the STMmeasurements (as well as in ARPES in
[4, 40]) is node-less, just as is our calculated electron–phonon coupling being nearly constant around theM
pocket. Second, both our calculation and the STMmeasurements find two peaks in the density of states above
the superconducting gapΔ (see figure 4). One of these peaks is at 10meV and another at 20meV above the gap.
As shown in [46], features in the tunneling spectrum above the gap can be associatedwith α F2 . Therefore, we
tentatively assign the two peaks found in the STMmeasurements to the strongly electron–phonon coupled
modes 1 and 2 discussed earlier in the text.
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Technical details. For the semi-core iron pseudopotential used we obtain A
c

f(r) = (5.7 Ry)e�r2/(0.85 bohr)

2

. Near
the center of the atom, the depth of this potential is only 6% of the local part of the pseudopotential. Throughout
this work, we use GGA-PBE functionals with norm-conserving pseudopotentials that include semi-core electrons on
Fe and Ti. We use a 180 Ry energy cuto↵, 8x8x1 sampling of the electron Brillouin zone, and 4x4x1 sampling of
the phonon Brillouin zone which we Wannier interpolate on a 40x40x1 grid. All conventions in the paper and the
supplement are for the primitive unit cell with two Fe atoms per cell. Electron doping in our calculations equals
0.09 electrons per one Fe atom (as found in ARPES experiment).
Additional figures and one table can be found on the following pages.
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FIG. 1. Electronic band structure of FeSe monolayer on a path in momentum space calculated in GGA (red) and GGA+A
(blue). Conventions are for the primitive unit cell with two Fe atoms per cell. Top two panels show the band structure of FeSe
monolayer on a SrTiO

3

slab after a full structural relaxation. Bottom panels show the band structure when SrTiO
3

atoms are
removed from the calculation while the FeSe monolayer atoms are kept at the same positions as in the full calculation. Thin
lines in the topmost panels correspond to the electronic bands localized on the SrTiO

3

slab. Thick lines are states localized on
FeSe. Green squares indicate region of the band structure plot that is shown in Fig. 1 in the main text. Computational unit
cell used in our calculation consists of a SrTiO

3

slab covered with FeSe monolayer on each end, so that both ends of SrTiO
3

are passivated in the same manner. Hybridization between these two monolayers of FeSe causes small splitting seen on the
M-X line at 0.2 eV below the Fermi level in the top-left panel, and at the bottom of the M pocket in the top right panel. This
hybridization splitting disappears in the lower panels because in that case computational cell contains only one FeSe monolayer.
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FIG. 2. The d-character of the electron wavefunction in the FeSe monolayer. Line segments colored red corresponds to the
d
z

2 states, green to the d
zx

and d
zy

, and blue to d
xy

and d
x

2�y

2 states. Everything in the figure except for the coloring scheme
is the same as in the lower right panel of Fig. 1 in the supplement.
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FIG. 3. Dependence of nine properties of an isolated FeSe monolayer on the value of parameter A in the GGA+A approach:
bottom of the M pocket (occupied bandwidth, E

M

), top of the � pocket (E
�

), magnetic moment on the iron atom, frequency
of phonons (!) with dominant electron-phonon coupling (modes 1 and 2 discussed in the main text), total electron-phonon
coupling strength �, electron phonon matrix element squared (g2) for dominant modes 1 and 2, and density of states at the
Fermi level. Dashed blue line shows A = A

c

case discussed in the main text. Regular GGA result (without A) corresponds to
A = 0. Here the SrTiO

3

substrate was not explicitly included in the calculation. Instead, the FeSe monolayer was structurally
relaxed with the in-plane lattice constant equal to that of SrTiO

3

. Phonon eigendisplacements of modes 1 and 2 are taken from
A = 0.9A

c

calculation and then used for all values of A for consistency.

0 Ac
0.0

0.5

1.0

1.5

E
le
c
tr
o
n
-p
h
o
n
o
n
�

Contribution from DOS

0 Ac

Contribution from DOS and g2

0 Ac

Contribution from DOS, g2, and !�1

FIG. 4. Contribution to lambda in the case of an isolated FeSe monolayer. We show contributions of density of state (DOS)
increase, electron-phonon matrix element squared (g2) increase, and phonon frequency softening (!�1) to the increase in � as
a function of parameter A. Critical behavior of � at A

c

originates from phonon softening at A = A
c

since these calculations do
not include SrTiO

3

substrate. As we show in Table. I and Fig. 5, critical behavior is removed once substrate is included in the
calculation. Here we used calculated contribution of phonons 1 and 2 to � at 0.9A

c

and isolated dependence of � on DOS, g2,
and !�1 using the following simplified expression for � ⇠ DOS⇥ g2 ⇥ !�1.
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TABLE I. Electron-phonon matrix elements (g2 in atomic units) and phonon frequencies (in meV) of the dominating phonon
modes (modes 1 and 2, see main text) at A = 0.9A

c

calculation without a substrate, and A = A
c

with a substrate. For
computational convenience, we first calculate phonon eigendisplacements with A = 0.9A

c

and no substrate, and then use those
same eigenvectors in the A = A

c

calculation explicitly including the SrTiO
3

substrate.

Dominant phonon 1 Dominant phonon 2

g2 ! g2 !

(au) (meV) (au) (meV)

Isolated FeSe with A = 0.9A
c

0.012 10 0.020 18

FeSe on SrTiO
3

substrate with A = A
c

0.010 7 0.019 17
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FIG. 5. Total energy per unit cell (Fe
2

Se
2

formula unit) as a function of shearing-like distortion for isolated FeSe with
A = 0.9A

c

and A = A
c

, as well as FeSe on SrTiO
3

with A = A
c

. Presence of SrTiO
3

stabilizes the shearing-like distortion
present in the isolated FeSe monolayer at A

c

. Only a small amount of shearing distortion is present in the fully relaxed ground
state of FeSe on SrTiO

3

(corresponding to ±1 on the horizontal scale). This distortion is responsible for a gap (�E
M

) at the
M point shown in Fig. 1 of the main text. If shearing distortion is artificially increased beyond ±4 (dashed lines), the gap
�E

M

increases and the system undergoes a metal-insulator transition in all three cases. Therefore, the energy landscape for a
shearing distortion in FeSe monolayer is driven by a gap opening of a small-area electron pocket at the M point.
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FIG. 6. Total energy of paramagnetic KCuF
3

(per one formula unit) as a function of fluorine quadrupolar distortion within
GGA (red) and GGA+A (blue). Ground state within GGA shows no preference for this distortion unlike GGA+A (horizontal
scale is chosen so that ±1 corresponds to the experimental value of the distortion magnitude). Similar preference for fluorine
quadrupolar distortion was found by including Hubbard +U and +J term in Ref. [1].
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FIG. 7. Band structure of LaNiO
3

along the (0.5⇡, ky, 0.7⇡) line shows a large mass renormalization once +A term is included
(blue versus red curve). This is consistent with the experimental finding from Ref. [2] (ARPES data in Ref. [2] is shown along
the same path in the momentum space).



11

�⇡ 0 ⇡
�⇡

0

⇡
Fermi surface of La1.85Sr0.15CuO4

GGA

GGA+A

FIG. 8. Fermi surface of optimally doped La
1.85Sr0.15CuO4

shows di↵erent topology in GGA (red) and GGA+A (blue), with
the latter consistent with experimental findings in Ref. [3].
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FIG. 9. Band structure of SrTiO
3

within GGA (red) and GGA+A (blue). Direct and indirect band gaps in GGA (2.3 and
1.9 eV) are increased once the +A term is included (3.0 and 2.6 eV) in better agreement with the experimental data from
Ref. [4].
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