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The van-der-Waals gap of iron chalcogenide superconductors can be intercalated with a variety of inorganic
and organic compounds that modify the electron doping level of the iron layers. In Li,(C3N,Ho)o37FeSe, a
dome in the superconducting transition temperature 7, has been reported to occur in the doping range of x =
0.06 to x = 0.68. We use a combination of density functional theory and spin fluctuation theory to capture the
evolution of superconducting transition temperatures theoretically. We clearly demonstrate how the changing
electronic structure supports an increasing superconducting 7;. The suppression of 7, at high doping levels can,
however, only be understood by analyzing the magnetic tendencies, which evolve from stripe-type at low doping

to bicollinear at high doping.

DOI: 10.1103/PhysRevB.101.180511

Introduction. Tron chalcogenide superconductors, while
structurally simple, have emerged as one of the most in-
teresting and electronically most complicated of the various
families of iron-based superconductors [1-3]. FeSe, in par-
ticular, is intensely studied due to its nematic phase which
occurs in a very large temperature range [4] and due to its
peculiar electronic structure that is not correctly captured
by any known electronic structure technique [5]. After the
discovery of superconducting FeSe [6] it was realized that the
superconducting transition temperatures can be significantly
enhanced if the van der Waals gap between the iron selenium
layers is intercalated with alkali metal ions, for example by the
ammonia technique [7-10] or directly in the structurally com-
plicated A Fe,_,Se, type of compounds with A = K, Rb, Cs
[11,12]. Further possibilities are completely inorganic lithium
hydroxide intercalates [13,14] and alkali metal intercalates
stabilized by organic solvents [15]. Not only FeSe but also
FeS [16] and FeSe;_,Te, [17,18] can be intercalated.

At least three tuning parameters have been identified that
provide control over the superconducting transition tempera-
ture: Pressure can increase the T, of bulk FeSe from 8 K at am-
bient pressure to 36.7 K [19]. By electron doping via lithium
and ammonia intercalation, 7. up to 55 K can be reached
[10]. The spacing between FeSe layers can be systematically
increased using amines of increasing size, like ethylenedi-
amine (C,HgNy) [15,20], 2-phenethylamine (C3H;;N) [21],
diaminopropane (Cz;HoN,) [20,22], hexamethylenediamine
(CeHgN>) [23,24], and T, up to 41 K has been observed [24].

Tuning parameters can also be combined, for example by
pressurizing doped FeSe intercalates [25-28]. When parame-
ters like pressure or doping, which can be varied continuously,
are tuned away from their optimal values, characteristic super-
conducting domes are observed [25-29].
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Here, we are interested in finding microscopic explanations
for superconducting domes, also in the hope of discovering
ways to manipulate and increase transition temperatures. The-
oretically, superconductivity in iron-based materials has been
tackled from a weak coupling perspective, describing Fermi
surface instabilities that lead to superconductivity via spin
fluctuations [30-32], and from a strong coupling picture by
considering these materials as doped Mott insulators, where
superconductivity is obtained from approximatively solved
t-J models [33-35]. However, capturing superconducting 7
trends continues to be a theoretical challenge [36]. Within
a spin fluctuation scenario, the 7. increase with doping has
been explained for lithium ammonia intercalated FeSe [37],
and for FeS, a pressure induced double dome was captured
[38]. The dispute between itinerant and localized electron
pictures is ongoing, and while some iron-based superconduc-
tor families, like 1111, are more itinerant, others, like hole
doped 122 and iron chalcogenides are more localized. In fact,
superconductivity can be shown to depend both on Fermi
surface shape and antiferromagnetic exchange [39]. Even in
the absence of a magnetic ground state, the nature of the
magnetic exchange has important implications for nematicity
and superconductivity in FeSe [40] and for the differences
between iron pnictides and germanides [41].

In this Rapid Communication, we will focus on the lithium
diaminopropane intercalated material Li,(C3N;H;¢)o37FeSe
where charge doping has been controlled experimentally in a
wide range 0.06 < x < 0.68 [22]. We will work both in the
itinerant scenario by applying spin fluctuation theory and in
the localized picture by working out the consequences of the
Heisenberg interactions. We will show that the underdoped
side of the superconducting dome can be well understood
based on Fermi surfaces, but in order to explain the decreasing

©2020 American Physical Society


https://orcid.org/0000-0001-9767-8632
https://orcid.org/0000-0003-3958-8801
https://orcid.org/0000-0002-8091-7024
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.180511&domain=pdf&date_stamp=2020-05-27
https://doi.org/10.1103/PhysRevB.101.180511

SHIMIZU, TAKEMORI, GUTERDING, AND JESCHKE

PHYSICAL REVIEW B 101, 180511(R) (2020)

Liy(C3NoH;0)o sFeSe (x = 0.26)

(@) (b)

1R Nl 7>—\_/ |

A %°a\\\\z{:>a? \\\

. ¢ LR\ N

[ e d R/
2}

r X M rz R A

e Fe3d,, e Fe3d,, o Fe3d, e Fe3dz2 « Fe3de

FIG. 1. (a) Crystal structure of Li,(C3N,Hj¢)o sFeSe; the Li po-
sition is only 26% occupied, indicated by partial coloring. (b) Corre-
sponding bands near the Fermi level Er with Fe 3d orbital weights.

T at high doping, we need to evoke the high energy argument
that, with increasing carrier density, magnetic interactions
mutate from FeSe-like to FeTe-like.

Methods. We study the electronic structure of
Li, (CsNyHjg)o.sFeSe as a function of doping by performing
a series of density functional theory (DFT) calculations
within the full-potential local orbital (FPLO) [42] basis, using
the generalized gradient approximation (GGA) exchange
correlation functional [43] and 24 x 24 x 24 k mesh. We
construct tight-binding models including all ten Fe 3d
orbitals using projective Wannier functions [44]. Using the
glide reflection unfolding technique [45], we turn the ten-band
into a five-band model. We calculate the noninteracting
susceptibility xo on a 50 x 50 x 10 g mesh. We employ
the random phase approximation (RPA) to calculate spin
and charge susceptibilities and solve a gap equation to
obtain pairing symmetry A and eigenvalue A [46,47]. On the
other hand, we use the energy mapping method to measure the
exchange interactions of Li,(C3N,H;g)osFeSe [41,48,49] and
iterative minimization to find ground state spin configurations
for the calculated Hamiltonians [50,51].

Results. We first generate a sequence of crystal structures
for Li,(C3N,Hjg)o.37FeSe based on the structural data deter-
mined by Sun et al. [22]. We smoothly interpolate the struc-
tural data for the lattice parameters and the FeSe layer (see
Ref. [51] for details, in particular Fig. S1) and simplify the
disordered diaminopropane molecules to a single molecule
per two FeSe, yielding the composition Li,(C3N,;H¢)o sFeSe
shown in Fig. 1(a). We mount the C3N;H;y molecule with
fixed geometry into the entire structure sequence, since bond
lengths and angles of a neutral molecule should not be af-
fected by the charging and contraction of the FeSe layer
(see Ref. [51] for further details). An example of the DFT
electronic structure with Fe 3d weights is shown in Fig. 1(b).
Calculations for the complete sequence of structures without
diaminopropane molecule, in P4/nmm symmetry, yield simi-
lar results [51].

We first quantify the charge doping by integration of Fe
3d total and partial electron densities. We find that the charge
—xe provided by Li} is indeed fully doping the Fe plane; Fe
charge evolves almost linearly from n2}*! = 6.06 to 6.65 in the
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FIG. 2. Evolution of the Fermi surface of Li,(C3N,H;()osFeSe
at k, = 0 with doping. The Fe 3d orbital weights are indicated by
color. Orbital weight of Fe 3d.> at the Fermi level is nearly negligible.

interval 0.06 < x < 0.68 (see Ref. [51], Fig. S2). The orbital
with strongest charge increase is d,,, followed by d../d,..
The decisive factor in spin fluctuation theory is Fermi
surfaces. We show in Fig. 2 the unfolded one iron Fermi
surfaces of Li,(C3NyH;jg)osFeSe for six doping levels (see
Fig. S3 of Ref. [51] for the same without C3N,H;o molecules).
First of all, we note that the overall number and size of Fermi
surface pockets are in good agreement with those observed by
angle resolved photoemission in the related FeSe intercalates
(Lig g4Feo.16)JOHFe 9gSe and (T1, Rb),Fe,_,Se, (see Fig. 1 of
Ref. [55]). Even though we do not know the precise doping
levels of those compounds, the overall similarity in the Fermi
surfaces gives us confidence that for Li,(C3N,Hjg)osFeSe,
we can avoid the difficulties of bulk FeSe where size and
symmetry of Fermi surfaces are captured neither by DFT nor
its extensions. Note, also, that DFT + DMFT, as applied in
Ref. [22], has only a small effect on the Fermi surface of
Li (C5N>H;9)osFeSe. Thus, the DFT Fermi surfaces are a
reasonable starting point for the description of the material.
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We would like to stress that we take advantage of the fact
that in contrast to bulk FeSe where superconductivity develops
out of a paramagnetic nematic phase with strong fluctuating
magnetic moments which is not fully captured by DFT or
DFT + DMFT, magnetic tendencies of FeSe intercalates are
more conventional and therefore amenable to the electronic
structure methods we employ here.

The dominant feature in the Fermi surface evolution with
doping is the strong growth of the large angular electron
pockets around the X and Y points in the one iron Brillouin
zone (BZ). They have combined d, and d,./d,, character.
The hole pocket with d,, character at the M point in the
one iron BZ is rather insensitive to doping. Finally, several
Lifshitz transitions occur around I with doping, as expected
for an iron-based superconductor and previously noted in
Ref. [22]. In a doping range of 0.24 < x < 0.30, an inner
hole pocket disappears, an outer hole pocket disappears, and
an electron pocket appears; all these are of d../d,, character.
The appearance of an electron pocket at I with doping has
also been observed with ARPES on a potassium coated FeSe
monolayer [56]. Without diaminopropane molecule, the Lif-
shitz transitions are spread over a range 0.17 < x < 0.38, in
reasonable agreement with the DFT calculations of Ref. [22].

The main effect on the density of states at the Fermi level
N(Ef) (shown in Ref. [51], Fig. S4) is a 30% reduction around
x = 0.27 (or x = 0.35 in the calculation without C3N,Hg),
which results from the disappearance of the two hole pockets;
the appearance of the small electron pocket and its growth
with doping helps N (Ef) to recover.

In the series of calculations without C3N,H;, molecule,
we observe a doping range 0.55 < x < 0.62, where the Fermi
level is pinned to a band crossing. Topological properties of
iron-based superconductors have recently been discussed in-
tensively [57-60]. The presence of diaminopropane molecules
in a fixed position as shown in Fig. 1(a) breaks the P4/nmm
symmetry of Li,FeSe and leads to the opening of a small gap
in the band crossing. The high symmetry may be restored
on average due to the statistical distribution of molecules
in the high symmetry of the P42,2 space group observed
experimentally. Further theory and experiments are required
to determine the nature of Li, (C3N;H /) sFeSe in the doping
range 0.55 < x < 0.62. As the unfolding does not capture the
N(EF) suppression in this doping range, we exclude it from
our present discussion.

We now proceed to the spin fluctuation analysis by calcu-
lating the RPA spin and charge susceptibilities. As a represen-
tative example, we show in Fig. 3 the diagonal components
ij and X;z for the structures with C3N,H;o molecule. At low
doping, the diagonal element x;, [Fig. 3(a)] is dominated by
a peak close to X and a minor peak close to M. These corre-
spond to a nesting vector @ = (7 + d, 0 + &, ¢;) connecting
the electron pocket around X/Y and the hole pocket around
the M point, and a nesting vector Q = (7 + 8;, w + 9y, q.)
connecting the electron pocket around X and that around Y.
Furthermore, x;, has a peak around X, which corresponds
to a nesting vector Q = (7 + dy, 0 + 4y, g;) connecting the
hole pocket around I' and the electron pocket around X.
The nesting vectors change with §,, 8, because the electron
pockets around X/Y grow. In both cases, the susceptibility
peak formerly close to X progressively evolves towards Q =

0.6
0.5 3
X
0.4 P
0.3
0.2 1
0.1 i
r X M r

FIG. 3. Diagonal elements of the spin susceptibility as a function
of momentum vector and doping.

(m, /2, q;) with increasing doping. This tendency is further
accentuated by the Lifshitz transition in the range 0.24 < x <
0.30, which also rotates the orbital weights on the d,./d,; hole
pockets around I" by 90 degrees.

Overall, we see an increase in both susceptibilities with
doping. This is in line with the upward trend of N (Eg) which
is interrupted by the loss of hole pockets around x = 0.27 and
by the band crossing pinned to the Fermi level for 0.55 <
x < 0.62. In agreement with this observation, the trend of
the eigenvalue A of the linearized gap equation as shown in
Fig. 4 is an increase over the entire doping range, with the
exception of x = 0.36 where the Lifshitz transitions cause an
abrupt drop of A. The leading instabilities are different types
of sign changing s wave in the whole region.

Clearly, the itinerant electron analysis of superconductiv-
ity in Li,(C3N;H;¢)osFeSe presented so far can be used to
explain the increasing 7, up to x = 0.37 observed in Ref. [22]
(replotted for convenience in Ref. [51], Fig. S5) but not its
suppression for higher doping. As an alternative, we now turn
to the localized magnetic moment nature of the Fe 3d elec-
trons to search for a mechanism to suppress superconductivity.
Figure 5 shows the first three in-plane exchange couplings
of Li,(C3NyHjg)o sFeSe determined by energy mapping. The
inspection of Heisenberg Hamiltonian parameters at this point
should not be confused with the assumption of a magnetic
ground state; rather, the purpose here is the analysis of the
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FIG. 4. (a) Leading eigenvalues A of the gap equation as a
function of doping level x. A jump is visible between x = 0.35 and
x = 0.36, where both of the hole pockets around I' disappear due
to a Lifshitz transition. (b)—(d) Leading gap functions on the Fermi
surface at doping x = 0.20. (e)—(g) The same at doping x = 0.40. All
of the results are obtained by calculations without C3N,H;.

nature of the spin excitations out of which superconductivity
is realized.

We find a smooth evolution of exchange couplings over the
entire doping range. At small doping, the system starts with
all couplings antiferromagnetic, J, = 0.61J; and J3 nearly
negligible. This makes the leading magnetic instability stripe-
type AFM [51], in perfect agreement with the weak coupling
evidence of peaks at X in the spin susceptibility x* (Fig. 3).
As doping increases, J; decreases more rapidly than J, so that
at x = 0.33, J; and J, coincide. This evolution strengthens
the stripe-type AFM instability. However, the decrease of J;
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FIG. 5. Evolution of three in-plane exchange couplings of
Li,(C3N,Hj0)o5FeSe as a function of doping x, obtained from the
energy mapping technique. The inset shows the three exchange paths
on the iron square lattice.

accelerates until at x = 0.47, J; crosses zero and becomes
ferromagnetic. Meanwhile, J; is gradually increasing until
at x = 0.6, it becomes as large as J,. With FM J; and sub-
stantial AFM J3, bicollinear AFM has taken over as leading
magnetic instability of Li,(C3N,Hjg)osFeSe (see Ref. [51],
Figs. S6 and S7). Note that in the strongly doped region,
the spin susceptibilities in Fig. 3 do show a peak close to
0 = (m/2,7/2,0) corresponding to the bicollinear order,
but as this is not the dominant instability, the Heisenberg
Hamiltonian cannot be understood based on the Fermi surface
alone.

The bicollinear state is the magnetic ground state of FeTe,
and as optimally doped FeTe;_,Se, has a T, of only 14.5 K
[61], our calculation provides a strong rationalization of the
falling 7, as the magnetism of Li,(C3N,H;( ) sFeSe becomes
more and more like that of FeTe. We identify the ferromag-
netic tendencies of the nearest neighbor exchange as the key
factor for determining the 7, evolution on the high doping side
of the superconducting dome, outplaying all weak coupling
effects of growing Fermi surfaces and growing density of
states at the Fermi level.

Note that a similar transition of J; from AFM to FM
was found for a theoretical substitution series between iron
pnictides and iron germanides [41], where superconductivity
is in fact suppressed in the germanide. It is an interesting
open question if the effect of ferromagnetic nearest neighbor
interactions and thus a downward trend in 7, under electron
doping could be captured in frequency dependent weak cou-
pling methods like the fluctuation exchange approximation
[36].

Conclusions. We have analyzed the superconductivity of
Li, (CsNyHjp)osFeSe as a function of doping in the range
0.06 < x < 0.68 both from itinerant electron and localized
moment perspectives. We find that on the low doping side
x < 0.37, growing Fermi surfaces and densities of states
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at the Fermi level are the basis for explaining growing 7,
with spin fluctuation theory. For higher doping level, weak
coupling arguments would lead to the erroneous conclusion
that 7, should continue to grow. However, the progressive
destabilization of stripe type AFM fluctuations toward bi-
collinear antiferromagnetism explains why 7, decreases for
x > 0.37. Li,(C3NyHjp)gsFeSe turns out to be a perfect
demonstration of the fact that iron-based superconductiv-
ity can only be understood by fully accounting for itin-
erant and localized aspects of the Fe 3d electrons. Our
study highlights that in Li,(C3N;Hj¢)osFeSe, as in many

strongly correlated materials, superconductivity develops out
of magnetic interactions that are high energy, not Fermi
surface properties, and treating this important class of mate-
rials quantitatively calls for further refinement of theoretical
methods.
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