®
OPEN a ACCESS Universitit Augsburg
OPUS AUGSBURG w k Universititsbibliothek

Effect of electron correlations on the electronic structure
and phase stability of FeSe upon lattice expansion

S. L. Skornyakov, V. I. Anisimov, Dieter Vollhardt, lvan Leonov

Angaben zur Veroéffentlichung / Publication details:

Skornyakov, S. L., V. I. Anisimoyv, Dieter Vollhardt, and Ivan Leonov. 2017. “Effect of
electron correlations on the electronic structure and phase stability of FeSe upon lattice
expansion.” Physical Review B 96 (3): 035137. https://doi.org/10.1103/physrevb.96.035137.

Nutzungsbedingungen / Terms of use: licgercopyright
P -'_-T.\",rl-;!_
Dieses Dokument wird unter folgenden Bedingungen zur Verfiigung gestellt: / This document is made available under these conditions:

A >ﬁ
Deutsches Urheberrecht i %.‘ 1=
Weitere Informationen finden Sie unter: / For more information see: a-f?,' ) &
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/ & ,,{ y;


https://doi.org/10.1103/physrevb.96.035137
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/

PHYSICAL REVIEW B 96, 035137 (2017)

Effect of electron correlations on the electronic structure and phase stability
of FeSe upon lattice expansion

S. L. Skornyakov,l’2 V. I. Anisimov,!2 D. Vollhardt,? and I. Leonov>*
! Institute of Metal Physics, Sofia Kovalevskaya Street 18, 620219 Yekaterinburg GSP-170, Russia
2Ural Federal University, 620002 Yekaterinburg, Russia

3Theoretical Physics 111, Center for Electronic Correlations and Magnetism, Institute of Physics, University of Augsburg,

86135 Augsburg, Germany

“Materials Modeling and Development Laboratory, National University of Science and Technology “MISIS”, 119049 Moscow, Russia

(Received 13 March 2017; revised manuscript received 18 May 2017; published 19 July 2017)

We present results of a detailed theoretical study of the electronic, magnetic, and structural properties of the
chalcogenide parent system FeSe using a fully charge-self-consistent implementation of the density functional
theory plus dynamical mean-field theory (DFT4+DMFT) method. In particular, we predict a remarkable change
of the electronic structure of FeSe which is accompanied by a complete reconstruction of the Fermi surface
topology (Lifshitz transition) upon a moderate expansion of the lattice volume. The phase transition results in a
change of the in-plane magnetic nesting wave vector from (7,7) to (7,0) and is associated with a transition from
itinerant to orbital-selective localized magnetic moments. We attribute this behavior to a correlation-induced shift
of the Van Hove singularity of the Fe f, bands at the M point across the Fermi level. Our results reveal a strong
orbital-selective renormalization of the effective mass m*/m of the Fe 3d electrons upon expansion. The largest
effect occurs in the Fe xy orbital, which gives rise to a non-Fermi-liquid-like behavior above the transition. The
behavior of the momentum-resolved magnetic susceptibility x(q) demonstrates that magnetic correlations are
also characterized by a pronounced orbital selectivity, suggesting a spin-fluctuation origin of the nematic phase
of paramagnetic FeSe. We conjecture that the anomalous behavior of FeSe upon expansion is associated with
the proximity of the Fe #, Van Hove singularity to the Fermi level and the sensitive dependence of its position on

external conditions.

DOI: 10.1103/PhysRevB.96.035137

I. INTRODUCTION

During the last decade the electronic, magnetic, and
structural properties of the iron-based high-temperature super-
conducting pnictides and chalcogenides have been the subject
of intensive research [1,2]. These novel superconducting
materials show certain similarities to the high-T7, cuprate super-
conductors. Indeed, the iron-based superconductors (FeSCs)
adopt a quasi-2D crystal structure where the iron atoms form a
square lattice. The latter are separated by nonconducting layers
containing, for example, alkali, alkaline-earth, or rare-earth
elements, oxygen, and/or fluorine. Moreover, the supercon-
ducting phase of these novel compounds often appears in
the vicinity of a magnetic phase transition and/or structural
instability. In particular, superconductivity in FeSCs often
occurs as a result of the suppression of long-range, single-stripe
antiferromagnetic (AF) order with a wave vector Q,, = (w,7),
due to electron/hole doping or pressure. This behavior has been
regarded as evidence for the importance of spin fluctuations in
the pairing of electrons in FeSCs.

The newly discovered Fe,Se is structurally the simplest
among the FeSCs [3]. At ambient pressure it has been found to
become superconducting below T, ~ 8 K close to its stoichio-
metric composition [4]. FeSe has the same layered structure
as the pnictides, containing layers of edge-sharing FeSey
tetrahedra, but without separating (nonconducting) layers [3].
Therefore FeSe is viewed as the parent compound of Fe-based
superconductors which represents a minimal model material
for understanding the mechanism of superconductivity of
FeSCs. Moreover, FeSe itself exhibits remarkable physical
properties. Its critical temperature 7, ~ 8 K at normal pressure
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increases to ~14 K upon isovalent substitution of Se with
Te [5] (corresponding to a negative chemical pressure, i.e.,
lattice expansion), to ~37 K under compression [6], to ~40 K
by means of intercalation [7], and all the way up to ~65-109 K
in the case of a monolayer [8]. In addition, FeSe has been found
to exhibit a transition to a nematic phase below ~90 K in which
the crystal (C4) rotation symmetry is spontaneously broken [9].
Due to these intriguing properties FeSe has attracted much
recent attention from both theory and experiment.

Angle-resolved photoemission spectroscopy (ARPES)
[10-13] and band structure calculations [14] reveal that the
electronic structure of FeSe resembles that of the pnictides.
Recent ARPES experiments [13] show that it has a quasi-2D
Fermi surface with two concentric hole pockets at the Brillouin
zone I" point and two intersecting elliptical electron pockets
centered at the M point. The Fermi surface topology is
characterized by an in-plane nesting wave vector (7,7), con-
sistent with s* pairing symmetry [15]. Moreover, experimental
studies of the spin excitation spectra of both pnictides and
chalcogenides show an enhancement of short-range AFM spin
fluctuations at vector (mr,7) near the 7. [16]. These results
suggest a common origin of superconductivity in pnictides and
chalcogenides, for example due to spin fluctuations associated
with the suppression of long-range magnetic order.

Unlike the majority of the FeSCs, FeSe is not magnetically
ordered at ambient pressure and composition [17,18]. Its iso-
electronic counterpart FeTe, the end member of the Fe(Se,Te)
series, is antiferromagnetic below the Néel temperature of
70 K. However, in contrast to the magnetic phases of the
Fe pnictides, FeTe exhibits double-stripe AF order with
a (mw,0) propagation vector [19]. Upon compression, FeTe
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exhibits a transition to a collapsed-tetragonal phase which is
accompanied by a collapse of magnetic moments [19]. All
this suggests a reconstruction of the electronic structure of
Fe(Se, Te) upon change of the Se content or compression.

Photoemission and ARPES measurements of the electronic
properties of Fe(Se,Te) reveal a significant narrowing of the Fe
3d bandwidth as compared to band structure calculations [10].
This corresponds to a strong orbital-dependent enhancement
of the quasiparticle mass in the range ~3-20 compared
with the values obtained by electronic band structure tech-
niques [11,12]. Moreover, these experiments exhibit adamping
of the coherent quasiparticles in Te-rich Fe(Se,Te), indicating
a crossover from a coherent to incoherent behavior of the
electronic structure. In addition, with increasing Te content,
ARPES data for Fe(Se,Te) show a suppression of the spectral
weight intensity associated with a Fermi surface pocket at the
Brillouin zone M point [12]. This behavior is accompanied by
an enhancement of spectral weight at the X point, implying
a possible doping-induced reconstruction of the electronic
structure. Overall these experimental results point towards the
importance of strong orbital-selective correlations.

State-of-the-art methods for the calculation of the elec-
tronic properties of strongly correlated systems, such as the
density functional theory plus dynamical mean-field theory
(DFT+DMEFT) approach [20,21], provide a good qualitative
and even quantitative description of the band structure of
FeSCs [22]. Applications of DFT+DMFT to FeSe yield a
band mass enhancement in the range 2-5 and, in contrast
to the pnictides, reveal the presence of a lower Hubbard
band in the spectral function of FeSe [13,23]. This clearly
demonstrates the importance of correlation effects for the elec-
tronic properties of FeSe. Moreover, our recent DFT+DMFT
calculations of the electronic properties and phase stability of
FeSe predict that FeSe undergoes a phase transformation from
a collapsed tetragonal to tetragonal phase upon expansion of
the lattice [24]. The transformation is found to be accompanied
by a complete reconstruction of the topology of the Fermi
surface (Lifshitz transition), a sharp increase of the local
moments, and a change of magnetic correlations due to a
transition of the in-plane magnetic wave vector from (i,7)
to (7r,0). This behavior was attributed to a correlation-induced
shift of the Van Hove singularity associated with the Fe xy and
xz/yz orbitals at the Brillouin zone M point across the Fermi
level [24].

The present study extends our previous investigation of
FeSe [24]. In particular, we now perform fully charge-
self-consistent DFT+DMFT calculations to determine the
electronic structure, magnetic properties, and phase stability
of paramagnetic FeSe. To this end, we take the crystal
structure data for the paramagnetic tetragonal phase of FeSe
from experiment [3] and calculate the total energy as a
function of volume. Our results reveal a substantial change of
the total energy upon inclusion of the effects of charge
redistribution caused by correlation effects. This proves the
general importance of electronic correlations on the charge
density and, hence, on the orbital occupancies. While this
influence turns out to be negligible for the equilibrium volume,
it becomes significant at higher volumes. At the same time
the actual results for the electronic structure and phase
stability show no qualitative difference compared to those
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calculated without charge self-consistency [24]. Namely, the
fully charge-self-consistent calculations still find a structural
phase transition upon expansion of the lattice, which is
associated with a reconstruction of the topology of the Fermi
surface (Lifshitz transition) and is accompanied by a sharp
increase of the local moments.

We extend our previous analysis of the Fermi surface
topology [24], calculating the static and local spin suscep-
tibility x(q) and x(t), respectively. Our results for x(q)
support the previously suggested reconstruction of magnetic
correlations [24] from the in-plane magnetic wave vector
(mw,m) to (m,0), indicating a competition between these
two magnetic instabilities [25]. Moreover, we find that the
individual orbitals contribute very differently to x(q), a fact
which may play a crucial role in explaining the observed
nematicity in Fe(Se,Te) compounds [9]. In addition, our
calculations of local susceptibility x(t) reveal a pronounced
orbital-selective enhancement of electronic correlation upon
expansion of the lattice. In particular, we observe a crossover
from a Fermi-liquid with a weak self-energy-induced damping
at the Fermi energy, to a non-Fermi-liquid like behavior
where the self-energy almost diverges. The crossover is
seen as a remarkable orbital-selective enhancement of the
effective mass of the Fe 3d electrons and is found to be
associated with a transformation from an itinerant to localized
magnetic moment behavior. Our results clearly demonstrate
the crucial importance of orbital-selective correlations for a
realistic description of the electronic and lattice properties of
FeSe.

II. METHOD

In this paper, we employ a state-of-the-art DFT4+DMFT
computational scheme [20,21], which is fully self-consistent
in the charge density, to determine the electronic properties
and phase stability of paramagnetic tetragonal FeSe. It is
implemented [26] within the non-spin-polarized generalized
gradient approximation (GGA) in DFT using plane-wave
pseudopotentials [27]. The approach combines a construction
of the low-energy Hamiltonian for the partially filled Fe 3d and
Se 4 p orbitals in the basis of Wannier functions [28] with the
solution of the DMFT impurity problem using the continuous-
time hybridization-expansion (segment) quantum Monte Carlo
method [29]. The effects caused by the correlation-induced
charge redistribution are taken into account by solving
the DFT+DMFT equations self-consistently in the charge
density.

To investigate the structural stability, we use the atomic
positions and the lattice parameter c/a of paramagnetic
tetragonal FeSe taken from experiment [3]. To this end, we
adopt the crystal structure data (space group P4/nmm, the
lattice parameter ratio c¢/a = 1.458, and the z position of
Se z = 0.266) and calculate the total energy as a function
of volume. In these calculations, we consider a uniform
expansion or contraction of the lattice volume; i.e., only the
lattice parameter a is varied, while the c/a ratio is fixed.
We use the average Coulomb interaction U = 3.5 eV and
Hund’s exchange J = 0.85 eV for the Fe 3d shell, which
are typical for the pnictides and chalcogenides according
to different estimations [22]. The Coulomb interaction is
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treated in the density-density approximation. The spin-orbit
coupling is neglected in these calculations. We employ the
fully localized double-counting correction, evaluated from the
self-consistently determined local occupancies, to account for
the electronic interactions already described by DFT. The
spectral functions and angle-resolved spectra are evaluated
from analytic continuation of the self-energy using Padé
approximants.

We analyze possible magnetic instabilities of FeSe by
calculating the static momentum-dependent susceptibility
x (q) within the particle-hole bubble approximation:

x(@) =—ksT Tr Y Gkiiw)Gk+qiio,). (1)

K,iw,

Here T is the temperature, w, = (2n + 1)wkgT is the Mat-
subara frequency, G(K,iw,) is the interacting lattice Green’s
function

Gk, iw,) = [(iw, + I — HK) — Z(iw)]™", ()

where p is the chemical potential, H(K) is the effective
low-energy Hamiltonian in Wannier basis, and E(iw,) is
the self-energy which includes an energy shift due to the
double-counting correction term.

III. RESULTS

A. Phase stability and local magnetic moments

As a starting point, we compute the electronic structure
and phase stability of paramagnetic FeSe. To this end, we
evaluate the total energy of FeSe as a function of lattice
volume by employing a fully charge-self-consistent (csc)
DFT+DMFT scheme [30,31] and compare the result with that
obtained from non-charge-self-consistent (ncsc) DFT+DMFT
calculations [24] (Fig. 1). The calculated equilibrium lattice
constant @ = 7.05 a.u. at a temperature 7 = 390 K is in
good quantitative agreement with the experimental data [3],
and to a good accuracy coincides with that obtained within
ncsc DFT4+DMFT [24]. We note that within the nonmagnetic
generalized gradient approximation (GGA) the equilibrium
lattice constant is substantially underestimated [24]. We also
observe a substantial change of the total energy when the
correlation-induced charge redistribution is taken into account.
This clearly demonstrates the importance of the feedback of
electronic correlations to the charge density. However, we
find that this change is not very important for the actual
value of the equilibrium volume. It only becomes notable
at larger volumes, where it results in a shift of a lattice
anomaly from 7.25 a.u. in the ncsc calculation to 7.45 in the
csc calculations. We also estimate the bulk modulus K for
the equilibrium phase by fitting the obtained energy-volume
dependence using the third-order Birch-Murnaghan equation
of state [32]. The computed value K = 79 GPa and its pressure
derivative K’ =dK/dP =4.3 at T =390 K are close to
those obtained by the ncsc calculations [24]. The computed
instantaneous local magnetic moment ‘/(mg) is about 1.9 up,
corresponding to a fluctuating local magnetic moment of
~0.7 pp [33]. Clearly, it is the inclusion of the local Coulomb
interaction that provides an overall improved description of
the properties of FeSe compared to the DFT results.
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FIG. 1. Total energy (upper panel) and instantaneous local mag-
netic moments ,/(m?) (lower panel) of paramagnetic FeSe as a
function of lattice constant calculated by DFT+DMFT at a temper-
ature 7 = 390 K and 1160 K with (csc) and without (ncsc) charge
self-consistency. The total energy curve obtained with nonmagnetic
GGA (nm GGA) is shown in the upper panel for comparison. The
phase transition point is indicated by a vertical dashed line.

Both in the ncsc and csc DFT+DMFT calculations the
local magnetic moment is found to increase upon expansion
of the lattice volume (Fig. 1). We observe that charge
self-consistency leads to a smoother evolution of the local
moment and to a reduction of its absolute value in the
whole range of lattice parameters. Moreover, ncsc and csc
calculations both predict an isostructural phase transition
which is associated with a substantial increase of the local
magnetic moment ./(m?) upon expansion of the lattice.
We note that the phase transition is seen as a remarkable
anomaly of the total energy behavior near a = 7.45 a.u. in
the csc DFT+DMFT calculations (see Fig. 1). In view of
the experimental findings for the volume and local magnetic
moment of FeTe upon compression [19], we interpret this
behavior of FeSe as a transition from a collapsed-tetragonal
(equilibrium volume) to tetragonal (expanded volume) phase
which occurs upon expansion of the lattice. The expansion
corresponds to a negative pressure of above ~ — 7.6 GPa.
The expanded-volume phase has a significantly smaller bulk
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FIG. 2. Total energy (upper panel) and instantaneous local mag-
netic moments ,/(m?) (lower panel) of paramagnetic FeSe calculated
for different interaction parameters U and J at T = 1160 K using
the charge-self-consistent DFT+DMFT method. The arrows in the
upper panel indicate the position of the energy minima.

modulus of about 49 GPa. For a = 7.6 a.u. the calculated
local magnetic moment is ~2.9 up (the fluctuating local
moment is ~2.6 wg). Our results show that the isostructural
transition from a collapsed-tetragonal to tetragonal phase at
about —7.6 GPa is accompanied by an increase of the lattice
constant from a = 7.35 a.u. to 7.6 a.u. [as obtained from
a Maxwell construction for E(V) dependence]. The latter
corresponds to an increase of the lattice volume by AV/V ~
11%. This transition persists even if the values of U and J are
changed, as seen in Fig. 2. As expected, a stronger Coulomb
repulsion U between the electrons leads to an increase of the
equilibrium lattice volume. We also observe that for larger U
values the phase transition occurs at lower volumes. In any
case, the ncsc and csc calculations both predict a lattice and
magnetic anomaly upon expansion of the unit cell volume.
This anomaly is not found in spin-polarized DFT calculations
for the (7,0) and (7,7) antiferromagnetic configurations of
iron moments [34], demonstrating the importance of electronic
correlations in FeSe.
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FIG. 3. Left panels: Spectral functions of paramagnetic FeSe
calculated within the charge-self-consistent DFT+DMFT method
(lines) in comparison with the DFT results (filled areas). Right panels:
Imaginary parts of the orbitals contributing to the self-energies on the
Matsubara grid. Top row shows the results obtained for a = 7.05 a.u.
Bottom row corresponds to @ = 7.6 a.u. The DFT4+DMFT results are
obtained at 7 = 390 K.

B. Spectral properties

To explore the mechanism behind this unusual volume
dependence we calculate the spectral properties of FeSe
and compare the results with those obtained from the nsc
DFT+DMFT calculations reported earlier [24]. The spectral
functions computed at the equilibrium volume (a = 7.05 a.u.)
and above the transition (¢ = 7.6 a.u.) are shown in Fig. 3.
Our results overall agree with those presented in Ref. [24].
In particular, we find a substantial renormalization of the
Fe 3d bands with respect to the DFT results. Indeed, such
a behavior is common for the pnictides and chalcogenides
and is in agreement with previous DFT+DMFT results for
FeSe [23,24]. Upon expansion of the lattice, we observe a
strong redistribution of the spectral weight. In particular, it is
seen that the sharp peak at —0.19 eV below the Fermi energy
in the equilibrium volume phase is absent for larger volumes.
This peak originates from the Van Hove singularity of the Fe
xz/yz and xy bands at the M point. Moreover, for both phases
the spectrum shows a broad feature at about —1.2 eV which is
associated with the lower Hubbard band [13,23]. The overall
change of the spectral function shape upon expansion of the lat-
tice agrees well with the evolution of photoemission spectra of
Fe(Se,Te) series obtained upon increase of the Te content [35].

Next we calculate the Kk-resolved spectral functions of
paramagnetic FeSe along the high-symmetry directions of the
Brillouin zone. In Fig. 4 (left panel) we present our results
of the DFT4+DMFT calculations for a = 7.05 a.u. and a =
7.6 a.u. The orbitally resolved integrated spectral functions
are shown in the right panel of Fig. 4. In addition, in Fig. 5
we present our results for orbital occupations and positions of
the orbital levels (g,) of the Fe 3d states as a function of the
lattice constant a. Our results for the electronic structure of
FeSe are summarized in the left column of Fig. 6. Upon ex-
pansion of the lattice, we observe a remarkable reconstruction
of the electronic structure of FeSe (see Figs. 4 and 6) which
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FIG. 4. k-resolved spectral functions (left column) and partial
density of states (right column) of paramagnetic FeSe calculated
by the charge-self-consistent DFT+DMFT at T = 390 K for a =
7.05 a.u. (red) and 7.6 a.u. (green). The orbitally resolved contribu-
tions were evaluated using the maximum entropy method (solid line)
and Padé¢ approximants (broken line).

cannot be described by a simple rescaling or a shift of the
noncorrelated DFT band structure. We find that a substantial
part of the spectral weight in the vicinity of E at the M point is
pushed from below to above the Fermi level, while the position
of the energy bands near the I' point remains unaffected. We
note that the spectral weight redistribution is accompanied by
a nontrivial volume dependence of the Fe 3d orbital levels
&, (Fig. 5, bottom panel). In particular, upon expansion of
the lattice all ¢,’s demonstrate monotonic increase which is
followed by a substantial drop with a turning point near the
transition point (¢ = 7.45 a.u.). This behavior is associated
with a correlation-induced shift of the Van Hove singularity at
the M point above the Fermi level and implies an enhancement
of the effect of electron correlations upon expansion of the
lattice of FeSe. We also note that the correlation effects exhibit
a pronounced orbital-dependent character.

To analyze this behavior in more detail we evaluate the
Fermi surface of paramagnetic FeSe. In Fig. 6 (right column)
we display the contour map of the spectral weight for the plane
k. = 0 obtained by integration of the spectral function A(k,w)
over a small energy window (5 meV) around the Fermi level.
Our results for the low-volume phase indicate a well-defined
(coherent) Fermi surface (FS) which is similar to that in
the pnictides [15]. The FS exhibits two elliptic electron-like
pockets at the M point and two circular concentric hole
pockets at the I' point. Similarly to the results obtained from
the ncsc calculations [24] the computed FS is characterized
by a (7,7) nesting vector connecting the electron and hole
sheets. A comparison of the calculated FS of paramagnetic
FeSe with experiment shows that the size of the measured
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FIG. 5. Orbitally resolved occupancies per spin (top) and local
orbital levels (bottom) of the Fe 3d states in paramagnetic FeSe
as functions of the lattice constant calculated by the charge-self-
consistent DFT+DMFT approach at a temperature 7 = 390 K. The
inset shows the evolution of the total Fe 3d occupancy. The phase
transition point is indicated by a vertical dashed line.

FS pocket is smaller than that obtained within DFT+DMFT.
This is in accordance with previous DFT and DFT+DMFT
studies [13,36], suggesting, e.g., the importance of nonlocal
correlations effects, frustration magnetism [37], or spin-orbit
interaction effects [38]. Upon expansion of the lattice, we
observe an abrupt change of the topology of the Fermi surface
(Lifshitz transition). In particular, the spectral weight of the
electron pockets centered at the M point vanishes. The hole
pocket encircling the I' point transforms into a large squarelike
FS surrounding the M point with the four pronounced spots
around the I" point. This transition results in a change of the
dominating nesting vector from (7r,7) to (7,0). The observed
topological change proceeds similarly to the evolution of
the experimental photoemission spectra [11,12] of the doped
FeSe,_,Te, samples. These data confirm the emergence of the
Fermi surface pocket at the X point for large concentrations of
Te for x > 0.7.

C. Orbital-selective renormalization

An expansion of the lattice also goes along with a remark-
able orbital-selective renormalization of the Fe 3d bands (see
Fig. 7), indicating significantly stronger renormalization of
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FIG. 6. Electronic structure (left column) and Fermi surface (right
column) of paramagnetic FeSe in the I'-X-M plane of the reciprocal
space as obtained using the charge-self-consistent DFT+DMFT
method at 7 = 390 K. Top row shows the results for a = 7.05 a.u.
(low volume). Bottom row corresponds to a = 7.6 a.u. (high volume).

the #, bands (xz/yz and xy) than of the e bands (3z> — r* and
x? — y?).InFig. 3 (right column) we show the Fe 3d imaginary
self-energies for the low- and high-volume phases. At the
equilibrium volume, the self-energy obeys a Fermi-liquid-like
behavior characterized by a weak damping of quasiparticles.
By contrast, the expanded-volume phase shows a pronounced
orbital-selective behavior, associated with a non-Fermi-liquid
behavior of the #, orbitals. Indeed, the self-energies of the #,
orbitals decrease with decreasing Matsubara frequency—and

L L 1 L L
6,8 7 7,2 7,4 7,6 7,8
Lattice constant (a.u.)

FIG. 7. Orbitally resolved quasiparticle mass enhancementm™/m
of the Fe 3d states in paramagnetic FeSe as a function of lattice con-
stant calculated by the charge-self-consistent DFT+DMFT approach
at T =390 K. The critical region associated with the electronic
and structural transition is indicated by a red filled rectangle. FL
and NFL denote the Fermi-liquid and non-Fermi-liquid like regimes,
respectively.
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FIG. 8. Orbitally resolved local spin correlation functions x(t) =
(rm (t)m,(0)) of paramagnetic FeSe calculated using the charge-self-
consistent DFT+DMFT at 7 = 390 K for the lattice constant a =
7.05 a.u. (left) and a = 7.60 a.u. (right).

the self-energy of the xy orbital even seems to diverge—
but they finally show an upturn at the lowest Matsubara
frequency. At the same time, the e states remain Fermi-
liquid-like, but with a damping which is about five times
stronger than that in the equilibrium phase. These results
agree well with an analysis of the band mass enhancement
m*/m =1 — dReX(w)/dw|y—9, Which provides a quantita-
tive measure of the correlation strength. We calculate the
derivative 0ReX(w)/dw|y=o = dImE(iw)/diw|;n=0 employ-
ing Padé extrapolation of the self-energy ¥ (w) to w =0 eV
on the imaginary axis. In Fig. 7 we display the computed
mass enhancement m*/m as a function of lattice constant.
In the vicinity of the equilibrium lattice constant m*/m
lies in the range 1.5-2. Upon expansion of the lattice it
shows a substantial increase followed by a critical region at
a ~ 7.5 au. (where the electronic and structural transition
occurs), which is characterized by a change of the sign of its
derivative. Furthermore, the effective mass of the #, electrons
exhibits larger renormalizations than in the e orbitals. Indeed,
for the former it reaches ~6.5 and 4.5 for the Fe xy and
xz/yz states, respectively. We note however that the lowest
temperature in our calculations (390 K) is above the coherence
temperature of the expanded-volume phase. Therefore the
mass enhancements of the expanded-volume phase (shown in
Fig. 7 with broken lines) should be considered as an estimate.

D. Susceptibility

The electronic and structural phase transition is accompa-
nied by a significant growth of the fluctuating local magnetic
moment (see lower panel of Fig. 1). The transition is found
to result in a crossover from an itinerant to localized moment
behavior, as is seen from the spin correlation function x(t) =
(m,(7)m;(0)), where t is the imaginary time. The results
for the different orbital contributions are presented in Fig. 8.
This behavior is consistent with the coherence-incoherence
transition scenario which was found experimentally in the
Fe(Se,Te) series [12]. Moreover, our calculations reveal a
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FIG. 9. Momentum dependence of the static spin susceptibil-
ity x(q) of paramagnetic FeSe calculated using the charge-self-
consistent DFT4+DMFT method at 7 = 390 K fora = 7.05 a.u. (left)
and a = 7.6 a.u. (right).

strong orbital selectivity in the formation of the local moments
upon expansion of the lattice of FeSe. Here the x y orbital plays
apredominant role, while the contribution of the xz/yz orbitals
is substantially weaker. On the other hand, the e orbitals exhibit
an itinerant moment behavior.

In addition, we compute the momentum-dependent static
spin susceptibility x(q) in the (g,g,) plane for g, = 0. Our
results are presented in Fig. 9. The susceptibility calculated for
the equilibrium volume shows a maximum at the corners of the
tetragonal Brilloiun zone at the M points. This confirms that the
leading magnetic instability of FeSe at ambient pressure occurs
at the wave vector (ir,7), in agreement with experiment [16].
An expansion of the lattice volume leads to a dramatic change
of x(q), associated with a suppression of the maximum at
(m,m) and the development of a maximum at (7,0). This
change of the magnetic correlations is associated with the
change of the Fermi surface (Lifshitz transition) discussed
above. The evolution of x(q) qualitatively agrees with the
experimentally observed transformation of magnetic correla-
tions in the Fe(Se,Te) series [18]. Indeed, our results show
a transition from (s,7)-type antiferromagnetic fluctuations
in the paramagnetic tetragonal phase of FeSe to (r,0)-type
magnetism upon expansion of the lattice.

Moreover, we calculate the orbital contributions of (q)
along the T'-X-M-I' path (Fig. 10). For a =7.05 a.u.
we observe a strong orbital-selective behavior of magnetic
correlations with a leading contribution originating from the
Fe xy orbital. This orbital leads to a maximum of x(q) at
the M point, confirming that magnetic correlations in FeSe
are predominantly of the (;r,7) type. On the other hand, the
behavior of x(q) in the high-volume phase is completely
different. In particular, fora = 7.6 a.u. the leading contribution
to x(q) is due to the Fe 3z> — r? orbital which varies only
weakly along the I'-X-M-I" path. Our analysis shows that
only the inclusion of all orbital contributions (especially of
the x> — y? orbital contribution, which exhibits the most
substantial variation in the reciprocal space and shows a
maximum at the X point) results in the (77,0)-type magnetic
correlations prevalent in the high-volume phase of Fe(Se,Te).

Our results for x(q) in Fig. 10 demonstrate that for a =
7.05 a.u. the xz and yz orbitals contribute very differently to
x (q) along the I'-X-M direction. It will be interesting to check
whether this finding, together with the symmetry-induced
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FIG. 10. Orbitally resolved static spin susceptibility x(q) of
paramagnetic FeSe calculated along the I'-X-M-I" path using the
charge-self-consistent DFT4+DMFT at T = 390 K for a = 7.05 a.u.
(left) and a = 7.6 a.u. (right).

splitting between the xz/yz orbitals at the X point, can stabilize
the observed nematicity in FeSe [9], for example through the
coupling of magnetic fluctuations to phonons near the X point.

IV. CONCLUSION

In conclusion, we studied the electronic structure and
phase stability of the tetragonal paramagnetic phase of FeSe
using a fully charge-self-consistent implementation of the
DFT+DMFT method. Our results demonstrate the importance
of electron correlation effects which, in particular, trigger the
anomalous behavior of FeSe upon expansion of the lattice
volume. We note that such an expansion can be experimentally
realized by the isovalent substitution of Se with Te. Our results
also reveal a complete change of the electronic structure of
paramagnetic FeSe upon a moderate expansion of the lattice
(at —7.6 GPa). This behavior is associated with a remarkable
reconstruction of the Fermi surface topology (Lifshitz transi-
tion) of FeSe and is accompanied by a change of the in-plane
magnetic nesting vector from (7r,7) to (7r,0), in agreement with
experiment [18]. This behavior is intimately linked with an
orbital-selective transition from itinerant to localized moment
behavior, where the Fe xy orbitals contribute most strongly.
The phase transformation is driven by a correlation-induced
shift of the Van Hove singularity of the Fe #, bands at the M
point across the Fermi level [39]. We also observe a strong
orbital-selective renormalization of the Fe 3d band structure,
with the largest contribution coming again from the Fe xy
orbital, which gives rise to a non-Fermi-liquid-like behavior
above the transition [40]. In view of our results the complex
behavior of the chalcogenide parent system Fe(Se,Te), such
as the anomalous increase of the superconducting temperature
upon positive or negative pressure, appears to be associated
with the proximity of the Van Hove singularity of the Fe #,
bands at the M point to the Fermi level, and with the sensitivity
of its position to external conditions [39]. Furthermore, our
results for the static spin susceptibility y(q), which exhibits
a strong splitting between the xz and yz orbitals near the X
point, suggest a spin-fluctuation origin of the nematic phase
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of paramagnetic FeSe. This will be the subject of further
investigations.
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