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It has been recently discovered that the superconducting (SC) ternary iron selenides have a block

antiferromagnetic (AFM) long-range order. Many experiments show a possible mesoscopic phase separation
of the superconductivity and antiferromagnetism, while a neutron experiment reveals a sizable suppression of
magnetic moment due to the superconductivity, indicating a possible phase coexistence. Here we propose that the
observed suppression of the magnetic moment may be explained by the proximity effect within a phase-separation
scenario. We use a two-orbital model to study the proximity effect on a layer of the block AFM state induced
by neighboring SC layers via an interlayer tunneling mechanism. We argue that the proximity effect in ternary
Fe selenides should be large because of the large interlayer coupling and weak electron correlation. The result
of our mean-field theory is compared with the neutron experiments semiquantitatively. The suppression of the
magnetic moment due to the SC proximity effect is found to be more pronounced in d-wave superconductivity
and may be enhanced by the frustrated structure of the block AFM state.
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I. INTRODUCTION

The recent discovery of high-7, superconductivity in the
ternary iron selenides A,Fe,_,Se; (A = K, Rb, Cs, ...)'™ has
triggered a new surge of interest in the study of iron-based su-
perconductors (Fe-SCs). The fascinating aspect of this class of
materials lies in the tunable Fe vacancies, which substantially
modify the normal-state metallic behavior and enhance the
transition temperature 7, to above 30 K from 9 K for the binary
system FeSe at ambient pressure."** Particular attention has
been focused on the vacancy ordered compound Ky gFe; ¢Se»,
or the so-called 245 system, as it introduces a novel magnetic
structure into the already rich magnetism of an Fe-SC. Unlike
the collinear”™ or bicollinear®~!® AFM order observed in the
parent compounds of other Fe-SCs, the neutron diffraction
experiment has clearly shown that these materials have a
block AFM (BAFM) order.!' Meanwhile, the AFM order with
an unprecedentedly large magnetic moment of 3.31up/Fe
below the Néel temperature is the largest one among all
the known parent compounds of Fe-SCs.!""!> Moreover, the
carrier concentration is extremely low, indicating the parent
compound to be a magnetic insulator or semiconductor,'>!* in
contrast to the metallic spin-density-wave (SDW) state of the
parent compound in other Fe-SCs.>!3

The relation between the novel magnetism and supercon-
ductivity in ternary Fe selenides is currently an interesting
issue under debate. The question is whether the super-
conductivity and the BAFM order are phase separated or
coexist in certain regions of the phase diagram. The neutron
experiment shows the suppression of the AFM ordering below
SC transition point,'' suggesting the coexistence. Some other
experiments, such as two-magnon Raman scattering'® and
muon-spin rotation and relaxation,'” are consistent with this
picture. On the other hand, the ARPES'®* NMR' and TEM?°
experiments indicate a mesoscopic phase separation between
the superconductivity and the insulating AFM state. Most
recently, Li et al. showed the superconductivity and the BAFM
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orders to occur at different layers of the Fe-selenide planes in
the STM measurement.?!

The vacancy in Fe selenides is an interesting but compli-
cated issue. The vacancy in the Fe selenide carries a negative
charge since the Fe ion has a valence of 2+. In equilibrium,
we expect the vacancies to repel each other at short distance
for the Coulomb interaction and to attract to each other at a
long distance for the elastic strain. Such a scenario would
be in favor of phase separation to form vacancy-rich and
vacancy-poor regions in the compound. The challenge is then
to explain the observed suppression of the magnetic moment of
the BAFM due to superconductivity. At the phenomenological
level, the suppression of magnetism due to superconductivity
has been reported previously,”” and such a phenomenon may
be explained by Ginzburg-Landau theory.??

In this paper, we propose that the proximity effect of
superconductivity to the BAFM in mesoscopically phase-
separated Fe selenides may be large to account for the
suppression of the AFM moments observed in the neutron
experiment. More specifically, we use a microscopic model to
study the proximity effect on a layer of the BAFM state induced
by an adjacent SC layer. The proximity effect in Fe selenides
is expected to be important for the two reasons. One is the
weaker correlation effect, and the other is the larger interlayer
hopping amplitude, compared with those in cuprates. Both
of them may enhance the proximity effect on the magnetism
from the neighboring SC layer. Our model calculations show
that the proximity effect in a mesoscopically phase-separated
state of Fe selenides may explain various seemingly conflicted
experiments.

II. MODEL AND MEAN-FIELD THEORY

A,Fe;_,Se, is alayered material with FeSe layers separated
by alkali-metal atoms, similar to the 122 material in the iron
pnictides family. To investigate the proximity effect on the
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FIG. 1. (Color online) Schematic diagram of the system in our
model to study proximity effect to the block AFM state (upper layer)
induced by superconductivity at the lower layer via a pair tunneling
process Hiyer in Eq. (3).

BAFM layer, we consider a single BAFM layer next to a
SC layer as shown schematically in Fig. 1. The electronic
Hamiltonian describing the BAFM layer is given by

H = HO + Himerv (1)

where Hj describes the electron motion and spin couplings
in the BAFM layer and Hiy.r describes the coupling to the
neighboring SC layer. We consider a two-orbital model to
describe Hj,

Hy= — Z fij,aﬁCZMCj,ﬁo—MZC;’MQ,W
ij,aB,o i,ao
+Jl Z Sla' Jﬂ+J2 Z Sta'
(ij),aB (ij

+1 Y Sia-Sip+ Jg Z Sia Sip (2
(ij).ap i) .ap

where C; o, annihilates an electron at site i with orbital « (d,,
and d,;) and spin o, u is the chemical potential, #;; o are the
hopping integrals, and (i) ({ij)") and ({(ij)) ({{(ij))") denote the
intrablock (interblock) nearest neighbor (NN) and next nearest
neighbor (NNN) bonds, respectively (see the upper layer in
Fig. 1). J; (J,) are the exchange coupling constants for NN
(NNN) spins in the same block, and J{ (J,) are for the two
NN (NNN) spins in different blocks. The two-orbital model
is a crude approximation for electronic structure. However, it
may be a minimal model to capture some of basic physics in
examining the proximity effect. The band structure around the
obtained Fermi energy from the two-orbital model is shown
in Fig. 2, which is very similar to the result obtained in
density functional theory. The main shortcoming in using the
two-orbital model is that the magnetic moment is 2 wp at
its largest, smaller than the experimentally measured 3.31x¢p.
We consider this to be a quantitative issue, and it will not
qualitatively change our results.

We now consider Hiy, the coupling between the SC and
BAFM layers. Hjyr may be derived from an interlayer hopping

Hamiltonian
= Z tTyaﬂCiT,o:,a

i,aB,o

Cly, +He,

with the superscript B indicating the corresponding operator
in the neighboring SC layer. Here we have assumed a nonzero
hopping integral between the two sites on top of each other
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FIG. 2. (Color online) Electronic band structures of the mean-
field decoupled H, given by Eq. (2). The parameters are given at the
end of Sec. II of the text, and J; = 2.0. (a) At half filling or n = 2.0;
(b) at electron doping n = 2.1; and (c) at hole doping n = 1.9. The
color scale indicates the relative spectra weight.

in Fig. 1, consistent with the crystal structure.”! Note that the
vacancy site is excluded in the BAFM layer. Since we are
interested in the proximity effect of the superconductivity to
the neighboring BAFM layer, the effective pairing coupling
on the BAFM layer is given, to second order in terms of the
interlayer hopping #; g,

12 :
I{imer = CU_TC Z (Cz o, aCz B, aCj, Cj B.& + H‘C')9
ij,aB,a’'B' o
(3)

where w. ~ t; is a characteristic energy, and we have assumed
an orbital-independent interlayer hopping integral f; = #; o8
for simplicity. Note that a similar interlayer pair coupling
Hamiltonian has been derived previously.>*?> In Eq. (3) we
have neglected all other nonpairing terms induced by the
hopping Hamiltonian at the second order in f#;,5. In an
Fe-SC, the interlayer hopping integral may be relatively large,
so high-order corrections to the perturbation may not be
negligible in a more quantitative study. However, we expect the
basic physics is captured by the second-order pair tunneling
term in Eq. (3).

With the mean-field approximation A;jse 06 =
(C,,CP, ), wehave
Hier = Y, (VeijCly ,Cly 5 +He, )

ij.Bp’ o

12
where Vo j; = =30 Aijaatos-

The v/5 x /5 vacancy order and the BAFM order lead to
an enlarged unit cell with eight sites per unit cell. We use a
mean-field theory for the Ising spins in Eq. (2) and obtain the
Bogoliubov-de Gennes equations in the enlarged unit cell:

Hc,ij,aﬁ

ij,aB,6
k uk )
xexplik - (r; — )] [ wibe ) = pr( Mriee )
vn NN:X vn,i,ot,&

&)

ljaﬂa+Hljaﬂa
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where the summations of k are over the reduced Brillouin zone,
and

Hijopo = —lijap — K>
I:Iij,aﬁ,a = Z(Jr,intra + Jr,inter)(Si+r,,B>5ijy
T
Heijop = Viij- (6)

Here Jr,intra =Ji (Jr,inter = Jl/) ift==2%, &£ 5’ and Jr,inlra =
Jo (Jpjinier = J3)if T = £% £ §. £ and § denote the unit vectors
along x and y directions, respectively. (S;; g) is defined as
(itr,pr — Nigr,py)/2,and uﬁ,j,a,a (”ﬁ.j,ﬁ,ﬁ)’ ”];,j,a,a (Ui];j,ﬁ,(’r)
are the Bogoliubov quasiparticle amplitudes on the jth
site with corresponding eigenvalues EX. The self-consistent
equations of the mean fields are

> ‘“]Z,i,ﬂﬂzf(Eﬁ)’

nigr =
k,n

nipy = Y [vk g [0 = F(ED)] O
k,n

The magnitude of the magnetic order on the ith site and the
induced SC pairing correlation in the BAFM layer are defined
as

) 1
M@G) = 2 Z(ni,ﬁ,T —nigL)
B
1 )
A k k —ik.(r;-r;
Aljap = ZZ/(”n,i,a,a”nTj,ﬂ,ae e
k,n

+ U]rj,*i,a,&”];,j,ﬁ,geik‘(rf_r”)) tanh (

E,
2kBT) - ®
In the calculations, we choose the hopping integrals as
follows.?® Along the y direction, the d,. — d,. NN hopping
integral is t; = 0.4 eV and the d,; — d,; NN hopping integral
is t; = 0.13 eV; they are exchanged in the x direction; the NN
interorbital hoppings are zero; the NNN intraorbital hopping
integral is 3 = —0.25 eV for both d,; and d,. orbitals, and
the NNN interorbital hopping is 74 = 0.07 eV. The hopping
integral #; is taken as the energy unit. We keep J; : J| :
Jy:Jy=—4:—-1:1:22"? The doping level is given by
§=n-20.

III. RESULTS

To begin with, we present the energy band structure of
the self-consistently stabilized BAFM state of the mean-field
decoupled Hj at half filling with n = 2 in Fig. 2(a), where
J1 = 2.0 is so chosen to obtain a band gap ~500 meV in
agreement with the first-principle calculations.”’?* For the
electron doping with n = 2.1, the Fermi level crosses an
energy band around the center of the Brillouin zone [I" point
in Fig. 2(b)], while it intersects with an energy band around
the zone corner at the hole doping with n = 1.9 [M point in
Fig. 2(c)]. Although a simple two-orbital model is adopted
here, both the electron and hole doping cases with § = 0.1 are
qualitatively consistent with the first-principle calculations.?
In the presence of the ordered vacancies and BAFM order, the
original two-band structures are splitting into 16 subbands as
aresult of the enlarged unit cell with eight sites. At half filling,
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FIG. 3. (Color online) Block AFM moment and SC pairing
correlation as functions of the effective tunneling strength V, ;. Black
curves are for NNN s-wave pairing, and red (gray) for NN d-wave
pairing. Panels (a) and (b): n = 2.0; (c) and (d): n = 2.1.

eight lower bands are occupied, i.e., 1/4 electron per one
subband, while another eight bands above the Fermi energy are
unoccupied, resulting in a band gap in Fig. 2. For the electron
and hole doping with 6§ = 0.1, the chemical potential crosses
one subband, which produces the characteristic features of the
Fermi surface and the metallic BAFM state.

Motivated by the agreement of the self-consistent mean-
field solutions with the mentioned first-principle calculations,
we consider now the proximity effect in the BAFM layer
induced by the superconductivity in the neighboring layer. We
choose two possible spin singlet pairing symmetries on the SC
layer, i.e., the NNN s,-wave and the NN d-wave symmetries
with their respective gap functions Ay, = A cos(k,) cos(ky)
and Ay = Ag[cos(k,) — cos(k,)], where the former results in
the NNN bond and the latter the NN bond couplings in the
BAFM layer. The interlayer hopping constant ¢, is assumed
to be site independent. Figure 3 displays the moment of the
BAFM order as a function of the effective tunneling strength
Vzij. At the half filling, for both s.- and d-wave pairings,
the interlayer coupling suppresses the magnetic order and
induces the SC correlation in the BAFM layer. However, the
suppression of the BAFM order is more pronounced when the
neighboring layer has a d-wave pairing, as we can see from
Figs. 3(a) and 3(b). At the electron doping with n = 2.1, the
ground state in the absence of the interlayer coupling is a
metallic BAFM state. The suppression of the BAFM order and
the induced paring correlation due to the proximity effect are
plotted in Figs. 3(c) and 3(d). They are qualitatively similar to
the half-filled case of n = 2, possibly due to the very low total
carrier concentration.

It will be interesting to compare our calculations with the
neutron experiment, where the the magnetic order is found
to be suppressed by the SC transition. For this purpose, we
model the temperature-dependent SC pairing parameter by a
BCS-like phenomenological form A(T) = Ag/1 —T/T, in
our mean-field theory. We present the temperature dependence
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FIG. 4. (Color online) (a) Temperature dependence of the block
AFM moment at n = 2.0. Black and red curves are for NNN s -wave
and NN d-wave pair couplings, respectively. (b) The replotted curve
of the neutron data from Ref. 11.

of the magnetic moment in Fig. 4(a) for a choice of the coupling
constant V,;;(T =0) = 2tr2Ao/a)C = 0.25. As temperature
decreases, the magnetic order increases when temperature is
above T, while it decreases when temperature is below T, re-
sulting in a broad peak around 7,. We note that the temperature
dependence of the AFM moment is reminiscent of the neutron
diffraction and two-magnon experiments [Fig. 4(b)].!"!® There
is another scenario in which the competition between the
AFM and the SC orders in their microscopic coexistence may
also produce the decrease of the AFM moment below 7.
The study of such a possibility is currently under way and
the results will be published elsewhere. It is worthwhile to
note that the sizable proximity effect relies on the substantial
interlayer hopping constant #;. Based on the first-principle
calculation, the interlayer hopping ¢, was estimated to have a
comparable magnitude with #; possibly because of the high
values of electron mobility from the intercalated alkaline
atoms,’* and this leads to the highly three-dimensional Fermi
surface.?’?

IV. SUMMARY AND DISCUSSIONS

In summary, we have proposed that various seemingly
conflicting experiments on the phase separation or coexistence
of superconductivity and BAFM may be explained within
a phase-separation scenario by taking into account of the
proximity effect of superconductivity on the neighboring layer
of BAFM. We have used a pair tunneling Hamiltonian to
study the proximity effect on a BAFM layer induced by an
adjacent SC layer in a simplified two-orbital model for Fe
selenides. The proximity effect in reducing the moment of the
BAFM order highly depends on the coupling constant V. ;;.
Our calculation shows that the superconductivity proximity
effect may result in substantial suppression of the magnetic
moment in Fe selenides. This is in contrary to that in the
cuprate superconductor, where the coupling constant V; ;; is
very small because of a small c-axis hopping integral due
to the large anisotropy, and because of the renormalization
of V. ;; by a factor proportional to the hole concentrations
due to the no double-occupation condition.?! In an iron-based
superconductor, the anisotropy of iron-based material is much
smaller than in the cuprate, which leads to a relatively larger
t.. And the moderate correlation effect in an iron-based
superconductor leads to a moderate renormalization factor.
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As a consequence, the coupling constant V;; in the iron
chalcogenide superconductor should be moderate.

We remark that we would be careful in drawing a concrete
conclusion to compare with the experiments. Our model is a
much simplified theory. The approximation that only d,, and
d, orbitals are important in the bands close to the Fermi energy
is good in terms of the band structures.?”-*” But the maximum
magnetic moment in a two-orbital model is only 2 115, smaller
than the moment of 3.31;5 measured in experiments.'’!?
Also, we only calculated the suppression of the BAFM order
of the surface layer of the BAFM domain. According to a
TEM experiment,”’ each BAFM domain has around ten layers.
And the suppression of the BAFM order of the layers in the
middle of domain may be more complicated. Furthermore,
the interlayer pair tunneling Hamiltonian (3) is derived from
the interlayer hopping term from the perturbation theory at
the second order in the hopping integral. For the relatively
large interlayer hopping, the high-order contributions may not
be negligibly small, and Eq. (3) may be a semiquantitative
approximation only. In brief, the suppression of the BAFM
moment is sizable because of the moderate coupling constant
Vz.ij» and our calculation may be viewed as a semiquantitative
result.

We also investigated the proximity effect for various pairing
symmetry of the SC phase. It has been shown that the
SC pairing with NN d-wave symmetry resulted in a more
pronounced proximity effect in reducing the moment of the
BAFM order than the NNN sy -wave pairing. The second-
order process induced proximity effect has a temperature
dependence as the SC pairing, which may be relevant to
the experimental observations. A more remarkable proximity
effect was found in the BAFM state than in the conventional
AFM state, which was a consequence of the frustrated structure
and the associated anisotropic exchange interactions.
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FIG. 5. (Color online) Comparison of the proximity effect be-
tween the block and conventional AFM states. Left column shows
the moment of the AFM order, and right column the SC pairing
correlation as functions of the effective tunneling strength V- ;;. Panels
(a) and (b): for the NNN s.-wave pairing; (c) and (d): for the NN
d-wave pairing.
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APPENDIX

In this Appendix, we compare the proximity effect in
the BAFM state with that in the single-band conventional
AFM (CAFM) system. We choose the dispersion ¢ =
—2t[cos(ky) + cos(ky)] — 4t’ cos(k,) cos(ky) — p with ¢ = ¢
and t' = f3, which gives rise to the similar energy band width
with that in the above two-orbital model and is close to the
case of the cuprates. The AFM order is introduced by the
AFM exchange interaction J ) 7 Si - S; between the NN
sites. At the half filling n = 1, we find that J = 1.6 produces
the comparable band gap and the electron polarization as in
the above BAFM state. In Fig. 5, we present the magnitude
of the magnetic order and the induced pairing correlation as
a function of the effective tunneling V; ;;. The upper panel
shows the results for the NNN s-wave pairing and the lower
panel the results for the NN d-wave pairing. In the figure, the
magnitude of the magnetic order in both cases is renormalized.
The proximity effect in reducing the AFM order is more
pronounced for the BAFM state as shown in Figs. 5(a) and 5(¢).
As for the induced pairing correlation, the larger correlation
is found in the BAFM state for the s.-wave paring and in the
CAFM state for the d-wave pairing, as displayed in Figs. 5(b)
and 5(d), respectively.

We can understand the above results by considering the
different spin configurations of the BAFM and CAFM orders,
as shown in Fig. 6. In the BAFM state, when two electrons
transfer from the BAFM layer to the SC one, the energy
changes due to the bonds breaking for the NN bond coupling
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are AEL = |J1| [A1 and A2 bonds in Fig. 6(a)] and AEy, =
71J11/4 [A3 bond in Fig. 6(a)] for the electron pairs with
ferromagnetic and antiferromagnetic alignments, respectively.
On the other hand, the energy changes due the bonds breaking
for the NNN bond are A Efi[y = 9J;/4 [B3 bond in Fig. 6(a)]

and AE}} = 5/J1]/2 [B1 and B2 bonds in Fig. 6(a)]. The
tunneling process occurs more easily when the energy cost
due to the bonds breaking is small, so the proximity effect in
reducing the moment of the AFM order by the d-wave pairing
is more remarkable than that by the s one. However, the
energy changes due to the bonds breaking in the CAFM state
are AExy = 7|J| [C bond in Fig. 6(b)] and AExnN = 8|/
[D bond in Fig. 6(b)] for the NN and NNN band couplings.
Therefore, the proximity effect in reducing the moment of the
AFM in the CAFM state is rather weak for both the s4- and d-
wave pairing couplings. As for the induced pairing correlation,
the extent of the match between the AFM order configuration
and the singlet SC pairing largely determines the magnitude
of the induced pairing correlation. For example, the CAFM
matches well with the NN d-wave pairing, so one can expect a
large induced pairing correlation without the severe decrease
of the AFM order, as displayed in Figs. 5(c) and 5(d).
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