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Correlation-promoted electron-phonon coupling and superconductivity in bulk FeSe
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Electron-phonon coupling (EPC) plays an important role in FeSe, yet theoretical predictions have struggled to
reconcile with experiments on doping- and pressure-dependent superconductivity. Here, we employ dynamical
mean-field theory to investigate correlation-corrected EPC in FeSe under carrier doping and pressure. By incor-
porating correlation-corrected EPC strength and applying the Migdal-Eliashberg formalism for phonon-mediated
superconductivity, we predict superconducting transition temperatures 7, that closely match experiments and
reproduce the observed doping- and pressure-dependent trends. We further find that the electronic correlation
strength, characterized by the bandwidth near the Fermi level, shows an opposite trend to 7., in contrast to EPC.
Our work demonstrates the consistency of the correlation-promoted EPC and T, over a range of experimental
conditions, which suggests that superconductivity in FeSe may originate primarily from correlation-promoted

electron-phonon coupling.

DOI: 10.1103/9gx8-7q4x

I. INTRODUCTION

The study of superconductivity has made significant strides
over the past several decades, particularly with the discovery
of unconventional superconductors, which exhibit supercon-
ducting states that cannot be explained by the classical
Bardeen-Cooper-Schrieffer (BCS) theory [1]. These materi-
als, including cuprates [2], heavy fermion systems [3], and
iron-based superconductors [4], often display unique proper-
ties such as non-s-wave pairing symmetries, the coexistence
of magnetism and superconductivity, and complex phase di-
agrams. In unconventional superconductors, the nature of
the electron-phonon coupling (EPC) and its impact on the
superconducting state remains a topic of intense debate.
While electron-electron interactions, such as those arising
from strong correlation or spin fluctuations, are believed to
dominate in many cases [1-4], an increasing number of exper-
imental studies suggest that EPC plays a crucial role in their
superconductivity mechanism [5-10]. It is possible that all
these superconductors share a common origin, although it is
undeniable that electron correlation-related phenomena, such
as experimentally observed quantum criticality [11], strange
metal behavior [12], and the theoretically established nonper-
turbative quantum field theory, continue to pose significant
challenges. For example, there is evidence for s-wave pairing
symmetry in some copper- and iron-based superconductors
[13-15], and the EPC-enhanced superconductivity in specific
iron-based superconductors has garnered widespread atten-
tion [6-10]. These findings underscore the urgent need to
carefully scrutinize the roles of EPC in these systems.
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One key argument against EPC as the pairing mecha-
nism in unconventional superconductors is the discrepancy
between the first-principles-calculated 7, and the experimen-
tally observed values [16,17]. However, standard density
functional theory (DFT), limited by the choice of exchange-
correlation functionals, often underestimates the electronic
correlation effect in these materials, which in turn leads to
an inaccurate estimation of both EPC strength and 7. Al-
though several promising approaches have been developed
to address these limitations, such as density functional per-
turbation theory combined with Hubbard on-site coulomb
interaction U (DFPT + U) [18,19], GW perturbation theory
(GWPT) [20,21], and density functional theory plus dynam-
ical mean-field theory (DFT + DMFT) approaches [22,23],
the consistency between the existing theoretical analyses and
the experimental data is still missing.

Iron selenide (FeSe), as a prominent member of the iron-
based superconductors with the simplest crystal structure
among them, has a relatively low superconducting transition
temperature (7, =~ 8 K). Under high pressures, it exhibits an
enhanced superconducting transition temperature, reaching up
to 37 K at a pressure around 8 GPa [24]. As the doping level
increases, the superconducting 7. of bulk FeSe first decreases
to 0, then increases to a maximum of nearly 40 K [25]. This
sensitivity to pressure and the doping level is thought to be
related to its electronic structure and the stength of electron
correlation in the material, but its exact origin has escaped
careful scrutiny.

In this work, building upon the methodology established
in Ref. [23], we adopt first-principles DMFT plus frozen
phonon calculations [22,23,26] to systematically explore the
electronic structure and EPC behavior of bulk FeSe. While
Ref. [23] has already demonstrated the important role of
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electron correlations in enhancing EPC in pristine bulk FeSe,
our study goes beyond by explicitly examining their evolu-
tion under different doping levels and external pressure. The
calculated T, and correlation strength behavior are all con-
sistent with the above mentioned experimental observations.
Interestingly, we find that the electronic correlation strength,
characterized by the bandwidth near the Fermi level, shows
a trend opposite to that of 7, in contrast to the behavior of
EPC. The good agreement between the experimental and our
theoretical data suggests that superconductivity in FeSe may
primarily originate from EPC, which is largely promoted by
the electron correlation effect comparing to the static mean-
field results.

II. METHODOLOGY

We employ the QUANTUM ESPRESSO package [27,28]
to calculate the phonon dispersion and EPC strength in
the framework of density functional perturbation theory.
The TRIQS/SOLID_DMFT package [29,30] is used for the
DMEFT calculations. Norm-conserving pseudopotentials [31]
are employed to describe the valence electrons, and the
exchange-correlation functionals are treated using the local
density approximation (LDA) to ensure better compatibility
with DMFT. For FeSe, a p-d Hamiltonian with density-
density type interactions is applied to describe the electronic
correlations, which are solved using the hybridization expan-
sion version of the continuous-time quantum Monte Carlo
method [32]. For the analytic continuation of the Green’s
functions, we use the maximum entropy method as imple-
mented in the TRIQS/MAXENT package [33]. We set the on-site
Coulomb interaction U = 5eV and the Hund’s coupling J =
0.8 eV, which are reasonable for bulk FeSe [22,23].

The deformation potential is defined as the band shift
caused by unit atomic distortion along the vector direction of
a given phonon mode, which is given by [23]

D, (nk) = ’(E::]r(iginal 4 Moriginal) _ (Esliftorted + Mdistorted)

(D
ioinal : . .
where €, "™ and €3¢ are the electronic energies of the

original and distorted configurations with band and momen-
tum indices n and k, respectively. p®#" and pdistorted are
the corresponding chemical potentials. To extract the quasi-
particle dispersion from our DMFT calculations, we first
performed the analytic continuation of the local self-energy
to the real-frequency axis and obtain the Green’s function
G, (K, w) using the maximum entropy method, where w is
the Matsubara frequency. The momentum-resolved spectral

function in the band representation is then given by
1
Ak, 0) = —— Im G, (k, w). (2)
T

For each band at a given momentum k, we identify the quasi-
particle energy €,k as the frequency w at which A,(k, w)
reaches its maximum within the energy window of interest.
Since forward scattering (small q) contributes dominantly
to the EPC in FeSe [6,8,26,34], the phonon-assisted interband
processes (m # n) on the Fermi surface are forbidden, except
at isolated k points where band degeneracies occur. Conse-
quently, the contribution from interband EPC matrix elements

is negligibly small, and the EPC is well described by the
intraband components. Therefore, D, of the phonon modes
at the I" point defined in Eq. (1) represents the main EPC
matrix elements to be considered in the full EPC strength A.
The mode-resolved EPC strength A, is given by [23]

Ay X Naest (D5 (1K) / (i, ), 3)

where (D% (nk))gs is the average value of D, (nk) squared on
the Fermi surface (FS). The w, represents the frequency of
the corresponding phonon mode. N, is the Fermi surface
nesting factor, which is approximately proportional to the
density of states at the Fermi level Nr in FeSe. From Eq. (3),
we can correct the A, obtained from DFT calculations using
DMEFT as follows:

DMFT/ )2 DMFT
3 DMFT Np <Dv (nk)>FS 5 DFT ()
v DFT v -
NPFHD2(nk))

The superscripts correspond to the methods used to calculate
these quantities. The total EPC strength A is the sum of A,
for each mode at different phonon momentum (q) points.
Then, using the McMillan-Allen-Dynes equation [35,36], the
superconducting 7, can be evaluated as

haon, 1.04(1 + 1)
kg1, = exp | — ,
12 7~ (1 +0.620)

&)

where wy, is the logarithmic average of phonon frequencies
and p* is the screened Coulomb parameter, typically lying in
the range of 0.1-0.2 [37,38]. In the present work p* is set as
0.12.

III. RESULTS

A. Electronic structure and electron-phonon
couplings of bulk FeSe

FeSe crystallizes in a tetragonal PbO-type structure (space
group P4/nmm), consisting of stacked layers of edge-sharing
FeSe, tetrahedra, with lattice constant a = b = 3.765 A and
¢ =5.518 A, and the height of Se atoms from the Fe plane is
40.267c. The calculated spectral function of bulk FeSe from
DMFT A(k, w) is shown in Fig. 1(a). The renormalization
factors for the «, 8, and y bands, modified by DMFT from
the DFT values, are 1.8, 3.3, and 2.4, respectively, which are
consistent with the previous studies [23,39-41]. Notably, the
gap between the electron pocket at the M point below the
Fermi surface and the pocket beneath it, which is present in
the DFT calculations, closes in the DMFT calculations. The
latter is consistent with the experimental result [42,43], thus
validating the accuracy of our DMFT calculations.

As the next step, we calculate the phonon properties of
bulk FeSe and use them to evaluate the deformation potential
and EPC strengths within either the DFT or DMFT frame-
work, employing the frozen phonon approach. Figure 1(b)
shows the phonon spectrum and the distribution of the EPC
strength, which confirms the property of forward scattering
(for more details, see the Appendix). The eigenvector e,q, c«
of the optical phonon modes at I' point (q = 0) with «o
labeling the Cartesian coordinates of the «th atom are shown
in Fig. 1(c). The atomic structural displacement is given as
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FIG. 1. (a) The DMFT spectral function A(k, w) of bulk FeSe.
The green solid lines are the band structure from DFT. (b) The
phonon spectrum and the distribution of the EPC strength. (c¢) The
eigenvectors of the optical phonon modes at the I point.

Al o = ‘/%ev,m [38]; m, is the atomic mass of the «th

atom in the unit cell. The results of the calculated deformation
potential and EPC strength are summarized in Table 1. The
changes in the DMFT-calculated spectral function near the
Fermi surface before and after structural stretching along a
given phonon mode are shown in Fig. 2.

The deformation potentials averaged over the respective
Fermi surface, as calculated by DMFT, are significantly en-
hanced compared to those obtained from DFT. Consequently,
the EPC strength APMFT calculated using Eq. (4), is also
notably enhanced compared to APFT. Using the Migdal-
Eliashberg formalism, we finally obtain 7PMFT = 12 K, as
compared to 7,°FT ~ 0, while the experimental value is about
8 K. Our results in bulk FeSe prove that electron correlation
can greatly enhance the EPC strength in FeSe. Next, we will
further verify the decisive role of correlation-enhanced EPC

TABLE 1. Phonon energies 7w, (meV), Fe and Se atomic dis-
placements Al (A), deformation potentials D, (meV), and EPC
strength A, for each optical phonon mode. Values are calculated
within DMFT and DFT.

Phonon mode E, Ay B, E, E ; Ay,

hw, (meV) 154 230 278 28.0 29.2 344

Alg, (A) 0.010 0.000 0.023 0.019 0.022 0.017
Als, (A) 0.029 0.025 0.000 0.013 0.005 0.012
DPMFT (meV) 272 21.1 14.9 12.2 8.6 23.8
DPFT (meV) 55 16.1 10.8 0.5 10.7 1.2
)DMET 2.64 081 0.44 0.62 0.71 2.35
ADET 0.13  0.155 0.0899 0.0001 0.1877 0.0039

on superconductivity under both carrier doping and high pres-
sure conditions.

B. Doping level dependence

In alkali-metal potassium-doped FeSe ultrathin films,
Ref. [25] gives a phase diagram with two disconnected super-
conducting phases and a generally wide nonsuperconducting
valley in between. That is, in the weakly doped region, T,
decreases with the increase of doping.

We first consider the case of weak doping. To ensure
consistency between the phonon-spectrum and DMFT calcu-
lations, we introduce carrier doping into the self-consistent
process of DFT. We perform the same calculations as in the
previous section for bulk FeSe under two weakly doping
levels corresponding to 0.07 and 0.10 electrons per Fe atom.
Figure 3(a) shows the spectral functions near the Fermi level
for these three doping levels, which shift downward as the
doping level increases. The variation of 7, as a function of
doping level calculated by DMFT is shown as the red line
in Fig. 3(b). The blue line is obtained by extracting data
from Ref. [25]. In weakly doped region, the calculated T
from correlation-enhanced EPC decreases with the increase
of doping, which agrees well with the experimental results.
Meanwhile, the bandwidth near the Fermi surface decreases
as the electron doping level increases as shown in Fig. 3(c).
In detail, the bandwidth of the electron pocket at the M
point becomes significantly narrower with doping, while the
bandwidth of the hole pocket at the I point remains almost
unchanged, which are consistent with the experimental trends
[44]. These results indicate that the superconducting T, is
determined by the correlation-enhanced EPC strength, but
not directly the strength of electron correlation itself, demon-
strating the applicability of correlation-enhanced EPC as the
main origin of superconductivity in FeSe under weakly doped
conditions.

Experiments on K, Fe,_,Se, show that the T. exceeds 30 K
[45-48], which falls in the heavily doped region. Due to
the self-interaction errors in DFT, the direct carrier doping
method is no longer applicable in the heavily doped region.
Therefore, we explore the heavily doped situation by calculat-
ing the bulk material K,Fe,_,Se,. To simplify the calculation,
we choose bulk KFe,Se, and perform the same calculations
as in the previous sections. The crystal structure of KFe,Se;
can be seen as potassium atoms inserted between the layers
of bulk FeSe, as shown in Fig. 4(a). First, we focus on the
characteristics of the DMFT spectral function, as shown in
Fig. 4(b). A clear electron pocket appears at the I' point,
consistent with experimental measurements [49]. The discrep-
ancy between the number of electron pockets observed at the
I' point in the experiment (two, as reported in Ref. [49]) and
in our calculations (one) can be attributed to the inequivalence
of different Fe atoms in the experiment, which leads to a
breaking of degeneracy. Furthermore, we emphasize that in
DMFT calculations, the electronic gap opens between the
electron pocket at the M point below the Fermi surface and
the pocket below it, which was experimentally observed in
potassium-doped FeSe [50].

To evaluate the critical temperature 7, of superconductiv-
ity, we use the EPC calculated from the DMFT plus frozen
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FIG. 2. Spectral functions of bulk FeSe without (orange) and with (blue) a given phonon excitation within the DFT 4+ DMFT for all the
optical phonon modes. The Fermi surface is corrected to be consistent with the unperturbed state. The dotted lines are for easier viewing.

phonon approach. The T, of 18.5 K is obtained for KFe;Se,,
which is higher than the 12.0 K obtained for bulk FeSe. In
contrast, the 7, from static DFT calculations is close to 0 K,
similar to the value for bulk FeSe. It is worth noting that our
calculated 7 is smaller than the experimental result of >30K
of KgesFei79Se, [49], which may be due to the different
stoichiometric ratios in experiment. Our theoretical results are
qualitatively consistent with the experimental results, which
demonstrate the applicability of correlation-enhanced EPC as
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FIG. 3. (a) The spectral functions near the Fermi level for the
three doping levels. (b) Red (green) line: The specific variation of the
T. calculated by DMFT plus frozen phonon method (calculated by
LDA approximation) as a function of doping level. Blue line: experi-
mental data from Ref. [25]. For a direct comparison, the doping level
is rescaled by 5 times for experiments. (c¢) The corresponding density
of states near the Fermi surface for the three doping levels. The
changes in the length of the arrows reflect the changes in bandwidth
for the three doping levels.

the main origin of superconductivity in FeSe under heavily
doped conditions.

C. Correlation-enhanced superconductivity under pressure

High pressure is another typical way for tuning quantum
materials. Specifically, in FeSe, applying pressure causes the
superconducting 7, to gradually increase from O to about 37 K
within the pressure range of 0—-8 GPa, and then decrease again
with higher pressures, accompanied by a structural phase
transition [24,51]. This suggests that pressurizing FeSe in its
original configuration enhances 7., while the configuration
under high pressure is detrimental to superconductivity and
suppresses 7T¢.

To explore the behavior of the EPC in FeSe under pressure,
we calculated the DMFT-corrected EPC strength and the cor-
responding superconducting 7, using the experimental lattice
parameters a and ¢ from Ref. [24]. Figure 5(a) shows the
spectral functions of DMFT under three different pressures.
As pressure increases, the bandwidth of the energy bands
near the Fermi surface broadens, indicating that the electronic
correlation strength weakens with increasing pressure in bulk

Ak E)
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0.5
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QFe O

0 se

0.0

E (eV)

r X M Y r z

FIG. 4. (a) The atomic structure of bulk KFe,Se,. (b) The DMFT
spectral function of bulk KFe,Se;.
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FIG. 5. (a) The spectral functions near the Fermi level for the
three pressures. (b) Pressure dependence of the superconducting 7,
from DMFT and DFT calculations and experiment. These experi-
mental data are cited from Ref. [24].

FeSe. The strength of the electronic correlation effect is op-
posite to the behavior of 7. with pressure, indicating that
the electronic correlation effect does not directly determine
superconductivity.

For clarity, we plot both experimental and theoretical datas
for 7. as a function of pressure in Fig. 5(b). The trend of
T. increasing with pressure is consistent in the DMFT and
experimental results, while the T;.’s calculated by DFT are
all close to 0 under the three pressures. The consistency be-
tween experimental and calculated results from the DMFT
plus frozen phonon approach demonstrate the applicability of
correlation-enhanced EPC as the main origin of superconduc-
tivity in FeSe under pressure.

IV. DISCUSSION AND CONCLUSION

We first point out that the quantitative difference between
the present work and the experimental values may come
from the limitations of the computational methods, which do
not affect our qualitative conclusions. Since we use one-shot
DFT + DMFT calculations, which usually overestimate the
electronic correlation strength, the APMFT we calculate could
be also overestimated. We choose the size of ¢ mesh in the
Migdal-Eliashberg formalism as 4 x 4 x 1 to obtain a 7; close
to the experimental value in the calculations of original bulk
FeSe, and keep it consistent in the calculations of other cases.
It should be noted that a direct evaluation of APMFT through
the frozen phonon method would require an unfeasibly large
number of correlated calculations with many small atomic dis-
placements to reach numerically converged results. Therefore,
following the established approach of Ref. [23], the scaling
method adopted in Eq. (4) provides a practical and physically
justified means to capture the dominant effects of electronic
correlation on EPC. We note that Fig. 3(b) primarily illustrates
the variation of 7, in the weak-doping regime, where our cal-
culations reproduce the experimental trend qualitatively. The
fact that 7; in Fig. 3(b) does not reach zero within the plotted
doping range reflects a limitation of the present computational
protocol rather than a physical inconsistency: extending the
DMFT-based treatment employed here to the substantially
larger carrier dopings required to observe vanishing 7, is
numerically challenging due to the increasing self-interaction
errors. In addition, we note that the quasilinear dependence of
T. on X for the forward scattering derived in Ref. [34] is not
directly applicable in our case, as the correlation-enhanced A

obtained here lies beyond the weak-coupling regime assumed
in that formulation. Another point to note is that in our cal-
culations the E, and A, phonon modes show stronger EPC
strength than the A, mode, while the latter has been shown to
couple more effectively with electrons [26]. This observation
warrants further experimental verification.

Our results highlight the essential role of electronic corre-
lations in enhancing the effective electron-phonon coupling
in bulk FeSe. In this context, it is worth comparing our
approach with recent developments that combine DMFT
with first-principles EPC methods. Reference [52] applied
DMEFT corrections to the electronic structure entering DFPT,
while Ref. [53] incorporated DMFT-derived Green’s func-
tions to evaluate the electron-phonon self-energy. More
recently, Ref. [54] introduced the DMFT self-energy from
finite-displacement phonon perturbation into the Kohn-Sham
potential of DFPT calculations, enabling the computation of
EPC matrix elements in a way that is conceptually consis-
tent with our frozen-phonon-based method. Similar correlated
frameworks have also been employed to investigate FeSe un-
der pressure, yielding results consistent with the general trend
observed in our study [55]. Overall, these developments rein-
force the growing consensus that electronic correlations play
a crucial role in shaping EPC-related phenomena, including
superconductivity and transport behavior.

The dramatic enhancement of EPC strength obtained from
DMEFT calculations compared to static standard DFT calcula-
tions inspires us to rethink the EPC properties in correlated
materials, and further ponder the origin of unconventional
superconductivity. Our results of the bandwidths near the
Fermi surface in weakly doped and pressured materials in-
dicate that the superconducting 7, is not directly determined
by the correlation strength itself, but the electron-correlation-
enhanced EPC strength. In fact, there are already many
experimental signatures that unconventional superconductiv-
ity might originate from EPC and may have the s-wave
pairing symmetry [6—10,13-15,56,57]. The consistency be-
tween our calculated 7, from correlation-promoted EPC and
the experimentally measured values under various condi-
tions of carrier doping and pressurization provides strong
evidence that phonon-mediated electron pairing may be the
main origin of superconductivity in unconventional FeSe,
while electronic correlation also plays a nontrivial role. At
the same time, we note that substantial experimental evi-
dence points to the importance of spin fluctuations, including
the spin resonance and gap anisotropy [58—61]. These fea-
tures suggest that spin fluctuations may cooperate with, or
compete against, EPC in shaping the pairing symmetry and
superconducting properties of FeSe. We further note that a
number of theoretical studies have analyzed superconductivity
in FeSe under doping and pressure within spin-fluctuation
frameworks [62-66], and these works provide complemen-
tary perspectives to our correlation-promoted EPC picture.
These spin-fluctuation results do not invalidate the impor-
tance of EPC found in our work; rather, they point to a
multicomponent pairing landscape in FeSe where spin fluc-
tuations and correlation-enhanced EPC can cooperate or
compete depending on doping, pressure, and details of the
electronic structure. A complete microscopic description of
T. across the phase diagram therefore requires accounting for
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the interplay between electron correlations, EPC, and spin
fluctuations.

Finally, we note that isotope effects have been reported
in FeSe-related systems. For example, in bulk FeSe, an Fe-
isotope substitution experiment [67] reported a nonzero shift
of T, although part of the observed shift has been attributed
to concurrent small structural changes and therefore the in-
trinsic phonon-mediated isotope exponent requires careful
separation of structural and electronic contributions. Also, in
FeSe/STiO3 heterostructures, an oxygen-isotope experiment
[10] provided strong evidence that substrate oxygen phonons
affect the FeSe electrons and 7. Within our framework, the
correlation-enhanced EPC implies that a finite isotope re-
sponse is expected in principle, although its magnitude may
be strongly influenced by the dominant phonon modes and by
competing spin-fluctuation channels.

In conclusion, we have employed DMFT in combina-
tion with the Migdal-Eliashberg formalism to investigate
phonon-mediated superconductivity of FeSe. The electron-
correlation-corrected EPC strength and superconducting 7
under different doping and pressure conditions have been
calculated. Our results, obtained under various conditions,
are qualitatively and even quantitatively consistent with
experimental observations. The opposite trend between elec-
tronic correlation strength and T, compared to the parallel
behavior of EPC and 7., provides further insight into
the intertwined roles of electronic correlation and EPC in
FeSe. These findings highlight the critical role of EPC in
FeSe superconductivity and provide theoretical support for
the recent experimental discovery of s-wave pairing symmetry
and EPC-driven superconductivity in FeSe. Furthermore, the
significant enhancement of EPC by the electronic correlation
effect encourages us to reconsider the role of EPC in un-
conventional superconductors, where electrons are typically
thought to be paired by unconventional mechanisms such
as correlation-mediated spin fluctuations and where electron-
phonon couplings are usually thought to be irrelevant to
superconductivity.
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APPENDIX

To further confirm the forward scattering in FeSe, in Fig. 6
we show the EPC strength of all the phonons along the high-
symmetry q path. It clearly demonstrates that the coupling
strength is indeed peaked at small |q|, consistent with the
forward-scattering character.
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