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The recently discovered (Lig.sFeo.2) OHFeSe superconductor provides a new platform for exploiting
the microscopic mechanisms of high-T. superconductivity in FeSe-derived systems. Using density
functional theory calculations, we first show that substitution of Li by Fe not only significantly
strengthens the attraction between the (Lig sFeo.2)OH spacing layers and the FeSe superconducting
layers along the ¢ axis, but also minimizes the lattice mismatch between the two in the ab plane,
both favorable for stabilizing the overall structure. Next we explore the electron injection into
FeSe from the spacing layers, and unambiguously identify the Feg.2 components to be the origin of
the dramatically enhanced interlayer charge transfer. We further reveal that the system strongly
favors collinear antiferromagnetic ordering in the FeSe layers, but the spacing layers can be either
antiferromagnetic or ferromagnetic depending on the Fep.2 spatial distribution. Based on these
insights, we predict (Lio.sCoo.2) OHFeSe to be structurally stable with even larger electron injection
and potentially higher T%.

PACS numbers: 74.70.-b, 74.62.Dh, 74.25.Ha, 84.30.Bv

Recently, two groups discovered (Li;_,Fe,)OHFeSe
(x ~0.2) as a new class of superconductors with high su-
perconducting transition temperatures (7¢), and demon-
strated coexistence of superconductivity and antiferro-
magnetism (AFM) or ferromagnetism (FM) in these sys-
tems [1, 2]. Such systems provide several appealing fea-
tures for revealing the superconducting mechanisms [1-
4]. Subsequent experimental studies have confirmed the
essential role of the spacing layers [3-7], but there is lit-
tle understanding of how useful the dopant Fe, atoms
are in obtaining superconducting behavior. A key, as
yet unanswered, mystery is the magnetic ordering in the
spacing layers, especially since the indications from the
two pioneering experiments are inconsistent with each
other [1, 2]. Overall, it is highly desirable to understand
two key features of these systems: (i) the structural sta-
bility of weakly interacting spacers and superconducting
FeSe monolayers [1, 2]; (ii) the atomic origin of the elec-
tron doping from the (Li;_,Fe,)OH layers. Insights into
those important issues will facilitate the search for new
FeSe-based superconductors with potentially higher 7.

In this Letter, we use density functional theory (DFT)
calculations with the VASP code [8] to investigate the
dominant roles of the spacers in establishing the high-T,
superconductivity of (Lip gFeg o) OHFeSe, with particular
emphasis on the Fep o atoms. We find that substitution
of Li by Fe enhances the structural stability both in the
ab plane and along the ¢ axis. By further exploring the
charge transfer, we identify the Feg o atoms to be the ori-
gin of significant electron injection into FeSe. In addition,
we obtain the ground-state magnetic order, and explain

the seemingly contradictory experimental observations
on the magnetic ordering of the spacing layers. Based on
these findings, we predict a stable (Lig.gCog.2)OHFeSe
structure with larger electron doping into FeSe, poten-
tially resulting in an even higher Tt.
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FIG. 1. (a) Side view of the 1 x 1 (Li/Fe)OHFeSe, and top
views of: (b) the FeSe, and (c) the (Lig.sFeo.2)OH layer in
a v/10 x v/10 cell. The green shaded area is the 1 x 1 cell,
while the yellow one is the v/5 x v/5 cell, which is compatible
with states of nonmagnetic (NM), FM, or checkerboard AFM
order in FeSe. The collinear AFM order in FeSe requires an
expanded cell of V10 x /10.

We first perform lattice-constant relaxation of
(Lig.gFeq.2)OHFeSe with different functionals and van der
Waals (vdW) approaches, in order to choose the proper
theoretical framework that can describe the systems un-
der investigation here [9]. In constructing the supercells,
we followed two considerations: (1) (Lig.gsFeg.2)OH layers
have an occupation of Li/Fe with a ratio of ~4 [1], and
thus the smallest cell is v/5 x v/5; (2) as discussed explic-
itly below, the ground-state magnetic order is found to be



collinear AFM for FeSe, consistent with several previous
studies of the FeSe/SrTiO3 (FeSe/STO) system [10-12].
Therefore, a v/10x v/10 cell is used to optimize the lattice
parameters of the ground-state (Lig gFeg o) OHFeSe struc-
ture. Figs. 1b and lc display the atomic structures of
the FeSe and (Lig.gFeg2)OH layers. We first considered
the Fepo atoms in the spacer to be orderly distributed,
forming a square lattice with the nearest-neighbor Fe-
Fe distance constant. We then relaxed this restriction,
but found that the clustering or disordering of the Feg o
atoms is energetically less favorable [9].

TABLE I. Calculated lattice constants of (Lio.sFeo.2) OHFeSe
and LiOHFeSe. The vdW methods are based on the PBE
functional. Numbers are in units of A. These results are ob-
tained from optimization of the /10 x v/10 cells, and the data
is normalized to the 1 x 1 cells.

(Lio.sFeo.2) OHFeSe LiOHFeSe

EXDP? non-vdW vdW non-vdW
LDA |[PBE|DFI-D2|DFT-TS|vdW-DF2| PBE
a = 3.786| FTEP [3.79| 3.72 3.69 FTEP 3.68
c=9.283[<820[9.38] 852 8.30 >9.78 11.16

a EXP: experimental data at room temperature [1].
b FTE: fixed to the experimental value.

The optimized lattice parameters are shown in Table I,
calculated from the energy dependence on the lattice con-
stants. The magnetic spin texture was simultaneously
optimized, and the ground-state magnetism will be dis-
cussed below in Figure 3. For LDA and vdW-DF2, we
first fixed a to the experimental value [1], and found a
large deviation in the value of ¢ from the experimental
one. For the rest, a and ¢ were optimized simultaneously
to convergence. Between the non-vdW approaches, LDA
significantly underestimates the lattice constants while
PBE slightly overestimates them, as commonly found for
the two functionals. The implemented vdW corrections
as the empirical pairwise forms of Cs/R§ [13, 14] in DFT-
D2 and DFT-TS are found to over-compensate the cor-
rection to ¢; more surprisingly, the non-local vdW func-
tional [15-17] included in vdW-DF?2 is found to severely
overestimate c¢. The failures of these vdW methods may
originate from the excessively large Cg coefficients due
to the neglect of screening and many-body effects in the
first two functionals, and from the imprecise exchange
functional in the latter. These problems call for in-depth
investigations and possibly require major improvements
in the methodology. Presently, given the relatively small
errors (a: +0.16%, ¢: 4+0.96%), we conclude that the
PBE functional without including either of the popular
vdW corrections yields a reasonable description, and thus
the following results are all based on this approach.

To determine the role of Feg o in the structural prop-
erties, we calculate the lattice constants of LiOHFeSe.
With the Fe atoms removed from the spacer, the collinear
AFM order is calculated to persist in the FeSe layer. The
obtained value (Table I) for a is reduced by 3.01% and

for ¢ is enlarged by 19.01% compared to the lattice con-
stants of (Lig.gFep2)OHFeSe calculated by PBE. In the
following, we analyze the effects on the lattice parameters
in more detail.

Experimentally, FeSe is found to be compressed in
the ab plane of (Lig gFeg2)OHFeSe [1], where intuitively
the strain should be caused by the smaller lattice of
(Lip.sFeg.2)OH. Based on our results, the Fey o atoms in-
deed have expanded the ab lattice; otherwise, the spacer
could be even smaller in ab, and the ensuing larger
mismatch with FeSe would make it unlikely to form a
stable intercalated structure. To confirm this conjec-
ture, we further calculate the lattice parameters of FeSe,
(Lip.sFep.2)OH, and LiOH monolayers separately, and
find their @ values to be 3.74 A, 3.73 A, and 3.59 A,
respectively. These values, together with that of bulk
(Lig.sFeg.2)OHFeSe, suggest that thinking of FeSe as be-
ing compressed in the plane [1] may be inaccurate; how-
ever, our conjecture remains valid, given the small (or
large) lattice mismatch between FeSe and (Lig gFeg.o)OH
(or LiOH). We conclude that the Feg o atoms play a vi-
tal role in minimizing the lattice mismatch between the
spacer and FeSe, which enables the formation of the com-
mensurate stacking as shown in Fig. la.

The FeSe and (Lig.gsFep.2)OH layers are both stretched
slightly in the plane to a common lattice constant of
3.79 A when they are stacked alternatingly. This seems
counter-intuitive, as the interface generally adopts an in-
termediate lattice constant. Here since we use the free-
standing monolayers as the reference, this observation is
very likely to be caused by the interlayer bonding between
the FeSe and (Lip gFep.2)OH layers along the ¢ direction.
Next we further examine the structures by calculating
the thickness d of each layer, defined as the distance from
the upper Se or H to the lower Se or H position along
the ¢ direction for the FeSe monolayer or (Lig gFe2)OH
spacing layer. We find that d shrinks from 3.48 to 3.33
A for (Lig gFeq.2)OH, while it expands from 2.89 to 2.91
A for FeSe, when the two layers are alternatingly as-
sembled into a bulk structure. The volume expansion
(from 3.74%x2.89 = 40.42 to 3.79% x 2.91 = 41.80 A3)
of FeSe suggests an increased Coulomb repulsion inter-
nally, which strongly indicates electron injection. The
(Lig.sFeq.2)OH layer is found to be rippled, with an am-
plitude of ~0.12 A for H atoms differing from their aver-
age position along the c-axis, making its in-plane lattice
relatively easy to be stretched by interacting with the ex-
panded FeSe, and the thickness tends to decrease to com-
pensate for this in-plane expansion. Combining all the di-
mensions, the volume shrinks (from 3.732 x 3.48 = 48.42
to 3.79% x 3.33 = 47.831&3)7 which is supposedly caused
by electron depletion. It is worth noting that the sub-
tle correlation between structural volume expansion and
electron doping may have been neglected in other FeSe-
based systems (such as FeSe/STO [18-24] and alkali-
intercalated FeSe) that rely on charge transfer to enhance



T..

We now examine how the Feg o dopants influence the
overall structures along the vertical directions. The ¢
axis is reduced from 11.16 A to 9.38 A when the Feg o
atoms are incorporated into the spacer. Such a dramatic
change suggests a greatly enhanced attraction between
the spacer and FeSe, which should have an immediate
contribution to the in-plane expansion from 3.68 A to
3.79 A. A relevant quantity to calculate is the cohesive
energy: Ec = Epcse + ESpacer - EBulka where Epcs. is
the total energy of the FeSe monolayer, Egpqcer is that of
(Ligp.gFeg.2)OH (or LiOH), and Epgyy is that of the com-
bined bulk. Erese and Egpqcer are calculated using the
in-plane lattice of the corresponding bulk system. Our
results show that, Ec per formula unit is 0.02 eV for
LiOHFeSe and 0.35 eV for (Lig.gFeg.2)OHFeSe. For the
former, the value is even smaller than Ec per carbon
in graphite [25], and the average bond distance d of the
nearest Se-H is 3.50 A, clearly in the regime of weak vdW
interaction. In contrast, for (LiggFep.2)OHFeSe, E¢ is
stronger than that of vdW interaction, but still weaker
than the typical strength of chemical bonding. This mod-
erate interaction originating from the incorporated Feq o
substantially stabilizes the structure in the vertical direc-
tion, while still allows mechanical cleavage of the crys-
tal [4, 6, 7]. More importantly, such an increased E¢
and the closer contact (d = 3.11 A) between FeSe and
(Lig.gFeg.2)OH together enable enhanced charge transfer
between the layers.

Following the above structural indications, we next
investigate the detailed nature of charge transfer. We
calculate the charge density difference Ap between the
combined (LiggFeg.2)OHFeSe bulk system and the sum
of the isolated FeSe and (Lip sFeg 2)OH layers. To obtain
a quantitative picture, we plot the plane-averaged Ap
along the ¢ axis (Ap.), shown in Fig. 2a. To understand
the role of Feq o, we also calculate Ap, for LiOHFeSe at
the fixed lattice constant of (Lig.gsFep2)OHFeSe and at
the relaxed lattice, as shown in Figs. 2b and 2c respec-
tively.

From this analysis, we find that when the
(Lig.gFeg.2)OH and FeSe layers merge into the bulk
structure, the charge density between Fe and Se in FeSe
has an electron-depletion region, and this amount of
charge is mostly transferred to the Se planes to form
interactions with the spacers. Such features are not
observed in LiOHFeSe, where the interlayer E¢ is much
weaker. In each plot, we shift the average z position of
the Fe atoms in FeSe to be located exactly at the center
of the supercell. The charge redistribution is mirror
symmetric with respect to the middle line in Figs. 2a
and 2b. However, in Fig. 2c¢, the layers are loosely
stacked with the interlayer distance found to be slightly
alternating (the distance between the Se and H planes
differs by ~0.15 A at the two opposite sides of FeSe),
making the curve not exactly symmetric. To see the
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FIG. 2. Ap. of (a) (Lip.sFep.2)OHFeSe and (b,c) LiOHFeSe
at the lattice constant of (Lig.sFeo.2)OHFeSe and of LiO-
HFeSe. These results are calculated from the ground states of
V10 x /10 cells, and have been normalized to 1 x 1 cells. The
red and blue shaded areas indicate electron accumulation and
depletion, respectively.

doping levels of FeSe, we integrate Ap, over z within
the region of FeSe (the gray shaded areas in Fig. 2).
The boundaries between Se and H are located at the
positions where the signs of Ap, change. The electron
injection pr into FeSe is calculated to be 0.052 elec-
trons per FeSe in (LigpgFep2)OHFeSe. For LiOHFeSe,
pr = 0.019 e¢/Fe and 0.006 e/Fe for structures with the
(Ligp.gFeg.2)OHFeSe and LiOHFeSe lattice constants,
respectively. The estimated value of 0.052 is close to the
experimentally measured value of ~0.08 e/Fe [3], and
the difference might be due to the absence of structural
defects or disordering of Feqg o in the supercell systems.
From a broader perspective, a sufficiently large elec-
tron doping is essential to realize high T, in FeSe-based
superconductors. In the FeSe/STO systems, O vacancies
in STO [26] are believed to be the origin of large inter-
layer charge transfer [27]. Here in (LiggFeg.2) OHFeSe,
one may naturally think that the origin of electron in-
jection is the Feg o atoms in the spacer, because of their
generally higher oxidation state than Li. Indeed, our re-
sults agree with this conjecture, and demonstrate that
the Feg o atoms enhance the electron injection into FeSe
in two ways: First, by comparing Figs. 2a and 2b where
the lattice constants are identical, we clearly see the large
contribution of the Fey o d orbitals to the charge transfer



when Li is substituted; second, the increased doping in
Fig. 2b compared to Fig. 2c indicates that the closer in-
terlayer coupling caused by Feq o also boosts the amount
of charge transfer. These two effects are crucial, and their
identification should be a useful guide in the search for
other novel spacer-intercalated superconductors.

The interlayer charge transfer results in the higher T,
in bulk (Lig.gFep.2)OHFeSe than in bulk FeSe; however,
the doping level of FeSe in (LiggFeqo)OHFeSe is still
lower than that in FeSe/STO [3], suggesting the pos-
sibility that other structural designs could further en-
hance T,. Based on the above studies of the role of
Fepo, we can attempt to substitute Li by other ele-
ments instead of Fe in the spacers, to see if they sta-
bilize the structure, and more importantly, if they can
induce larger charge transfer. Presently, we have ex-
amined Mn or Co in the place of Fe, which poten-
tially have higher oxidation state than that of Fe. Our
calculations show that both (Lip.sMngo)OHFeSe and
(Lip.8sCop.2)OHFeSe are indeed structurally stable, with
lattice constants similar to that of (LiggFeg.o)OHFeSe.
E¢ per formula unit is calculated to be 0.39 eV and 0.26
eV for (Lip.sMng.o)OHFeSe and (Ligp.sCop.2)OHFeSe, re-
spectively. Furthermore, their charge-transfer curves
have similar trend as that shown in Fig. 2a, and pj
is calculated to be 0.044e/Fe for (Lip.sMngo)OHFeSe
and 0.060e/Fe for (Lig.sCop.2)OHFeSe. The Mn and Co
atoms do not appear to contribute to the charge injection
of FeSe as much as Fe, but significantly facilitate more
electron transfer from the O atoms in the spacer. The de-
pleted area in FeSe of (Lip.gCog o) OHFeSe is also found to
be smaller than that in (LipgFeg 2)OHFeSe. The larger
pr of (Lig sCog.2)OHFeSe suggests a higher T, than that
of (Li(),gFeo,Q)OHFeSe.

We next focus on the magnetic properties, as mag-
netism is generally related to superconductivity in the
FeSe-derived systems. We examine four different mag-
netic orders in each of the FeSe and (LiggFeg 2)OH lay-
ers, including NM, FM, checkerboard AFM, and collinear
AFM, and investigate their possible combinations for in-
terlayer coupling. Our calculations show that FM or-
der is unstable in FeSe, and NM order is unstable in
(Ligp.gFeg.2)OH. The computed magnetic moment of Fe
in (Lip.gFeg.2)OH is ~ 3.53up, and in FeSe ~ 2.25up in
the collinear AFM order and ~ 1.86up in the checker-
board AFM order. These DFT calculated local moments
might be bigger than the corresponding moments mea-
sured by experiments, because of the magnetic fluctu-
ation of the itinerant electrons. The larger moment of
Fe in (Lig gFeg.2)OH suggests that the spin magnitude of
the Fe atoms in FeSe is reduced due to closer packing.
By comparing the total energies of the different mag-
netically ordered states, we obtain the magnetic ground
state of (Lig.gFeg.2)OHFeSe (Fig. 3). Both layers exhibit
a collinear AFM order in the Fe square lattices, and the
interlayer spins are aligned parallel to each other. We

find AFM order to be slightly more stable than FM or-
der by only 2 meV per Fe atom in (Lip gFep 2)OH. Such
results of the fragile AFM ground state in the spacer also
help explain the recent experimental observations [28]. In
addition, of the systems proposed here as candidates for
higher T, (Lip §Cog.2)OHFeSe has the same spin configu-
ration as (Lip gFeg 2) OHFeSe, while (Lig.sMng o) OHFeSe
exhibits anti-parallel alignment between the collinear
AFM FeSe and (Lig.sMng 2)OH layers.

(LijgFes(OH)5q p
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FIG. 3. Ground-state magnetism of (Lig.sFeg.2)OHFeSe in the
(a) FeSe and (b) (Lio.sFeo.2)OH layers. Elements other than
Fe have moments of ~0, and are colored in gray. The green
lines connect the nearest or next-nearest Fe neighbors, whose
magnetic couplings are considered in the Heisenberg model.
The values of coupling parameters are in units of meV /S?.

Based on the total energies calculated from DFT,
we quantitatively analyze the coupling strengths in
(Lig.gFeg.2)OHFeSe using the Heisenberg model on
square lattices [9]. Although this formalism is originally
developed for insulating systems, it is also commonly
used in itinerant magnetic systems, where the contribu-
tions to the magnetic couplings from itinerant electrons
might be missed in the model. We use the approximate
Hamiltonian:

H:[(J112+J12Z)§;“S?j}1+[(J21Z+J222)5?i"§;]2+[=]3 57;5?;}3
<ij> L3> <ij> <Lij> <ij>
1)

The three terms account for couplings in FeSe, in
(Lip.sFep.2)OH, and between the two layers, in this or-
der. <ij> and < ij>> represent summations over the
nearest and next-nearest neighbors. From the energies
of different magnetically ordered states, we estimate the
coupling strengths shown in Fig. 3 [9]. We note that the
computed Jy; and Jio in FeSe are quite close to previ-
ous results [12, 29]. The order of the coupling strength
is: Ji1 > Jio > J3 > Jo1 > Jag, the reverse of the Fe-
Fe pair distances (dij; < di2 < ds < da1 < do2). The
couplings in (Lig gFep2)OH are quite weak, making its
magnetic order dominated by the relatively larger cou-
pling between the layers. The magnetic order of FeSe
and the negative value of J3 result in a collinear AFM
ground state in (Lig.gsFeg.2)OH (Fig. 3b), with the spin
direction of each site parallel to that of the corresponding
Fe in FeSe. Furthermore, the much weaker J3 compared



to Ji1 and Jyo suggests that Feg o should play a mini-
mal role in directly influencing the magnetism of FeSe by
magnetic coupling between the layers. This fact also in-
dicates that the magnetic coupling between FeSe and the
spacer is unlikely to play an important role, or probably
even undesirable in establishing high 7.. The ground-
state magnetic order described above is computed using
an ordered distribution of Feg o atoms in the spacer. In
the actual systems, a certain degree of disorder is un-
avoidable. This structural fact could possibly change the
coupling strengths within the spacing layer as well as
the Fe sites in FeSe that are closer to the Fego atoms.
By calculating the ground-state magnetic order, here we
demonstrate that disordering of Feg o can possibly result
in a FM order in the spacer [9]. This finding may help
to clarify the controversial experimental observations of
different magnetic orders in (Lig.gFep2)OH [1, 2].

Despite the limitations inherent in our approach [9],
our study reveals the dual role of Feg s dopants in the
structural stability and in the electronic charge injection
into FeSe. Both aspects are critically important in the
fabrication of FeSe-based high-T, superconductors and
may provide new insights into exploration of the likely
pairing mechanisms. Using these insights, we predict
that (Lip.sCog.2)OH superconductors will exhibit larger
charge transfer and potentially higher T,; although it is
notable that Co substitution is common in FeSe which
may reduce 7., we hope this present study will stimu-
late experimental efforts to minimize (maximize) the Co
concentration in the FeSe (spacing) layer, to validate our
prediction.
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