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Single crystal neutron diffraction studies on superconductors A2Fe4Se5, where A = Cs, K, (Tl,Rb)
and (Tl,K) (Tc ∼ 30 K), uncover the same Fe vacancy ordered crystal structure and the same block
antiferromagnetic order as in K2Fe4Se5. The Fe order-disorder transition occurs at TS = 500-578
K, and the antiferromagnetic transition at TN = 471-559 K with ordered magnetic moment ∼3.3
µB/Fe at 10 K. Thus, all recently discovered A intercalated iron selenide superconductors share
the common crystalline and magnetic structure, which are very different from previous families of
Fe-based superconductors, and constitute a distinct new family.

The iron pnictide and chalcogenide superconductors,
as exemplified by the ReFeAs(O,F) [1–4], (Ba,K)Fe2As2
[5], Li1−xFeAs [6] and Fe1+xSe [7] families of materials,
share the Fe square lattice as the common structure fea-
ture, which determines electronic states at the Fermi sur-
faces responsible for high-Tc superconductivity [8]. The
Fe1+x(Se,Te) and Li1−xFeAs have the same crystal struc-
ture [9–11], in which the excess Fe and Li deficiency at
the same crystallographic site serve to maintain close to
+2 oxidation state of the Fe ions. Recently, K0.8Fe2Se2,
regarded as K intercalated FeSe in the BaFe2As2 struc-
ture, has been discovered as a superconductor with Tc

above 30 K [12]. Subsequent works replacing K by Rb
or Cs [13, 14] have led to more new superconductors
of Tc up to ∼32 K. The heavy departure of Fe from
the +2 valency implied by the nominal chemical for-
mulas seem supported by angle-resolved photoemission
(ARPES) measurements [15], which would upset theoret-
ical foundation of the prevailing mechanism of previously
discovered Fe-based superconductors [16–19].

However, x-ray and neutron diffraction structure re-
finement studies have shown the correct compositions
for the A=K or Cs intercalated iron selenide supercon-
ductors as close to A0.8Fe1.6Se2 [20, 21]. Thus, the new
superconductors are not heavily electron doped as previ-
ously thought, and Fe has a formal oxidation state close
to +2 as in the Fe1+x(Se,Te) superconductors [9, 10].
The ∼20% Fe vacancies in K0.8Fe1.6Se2 are not randomly
distributed in the BaFe2As2 structure below an order-
disordered transition at TS ≈ 578 K [21]. Instead, they
form an ordered structure with the Fe1 site almost empty
and the Fe2 site fully occupied in the

√
5×

√
5×1 super-

cell as shown in Fig. 1 (b)-(c) [21]. At a slightly lower
temperature TN ≈ 559 K, magnetic moments carried by
Fe ions at the Fe2 site develop a block checkerboard anti-
ferromagnetic order. The Fe vacancy and antiferromag-
netic order also drastically alter the topology of the Fermi
surface according to band structure calculations [22, 23],
which would have important physics ramifications and

affect the interpretation of the ARPES [15, 24, 25] and
optic [26] data.

Also reported are (Tl,K)FeySe2 and (Tl,Rb)Fe1.72Se2
superconductors of similarly high Tc ∼ 30 K [27, 28].
What distinguishes these superconductors from the Tl-
less ones is the appearance of the superconducting state
at the quantum critical point of an antiferromagnetic in-
sulator [27]. It is imperative then to find out whether
the K, Cs or Rb superconductors and the (Tl,K) or
(Tl,Rb) superconductors are two different types of new
Fe selenide superconductors. We report here single-
crystal neutron diffraction investigation on the Rb, Cs,
(Tl,K) and (Tl,Rb) superconductors from about 10 to
580 K that shows the same Fe vacancy and antiferro-
magnetic order as in the K0.8Fe1.6Se2 superconductor,
and the identification of a low TN in the previous bulk
study [27] is incorrect. Hence, superconductivity in all
five A0.8Fe1.6Se2 [A=K, Cs, Rb, (Tl,K) and (Tl,Rb)]
superconductors develops in a common crystalline and
magnetic structure framework, which is distinctly differ-
ent from the previous Fe square lattice-based families of
iron superconductors [1, 5–7]. Per chemistry convention,
A0.8Fe1.6Se2 is better written as A2Fe4Se5 (245).

Single crystals of Rb2Fe4Se5 (Tc ≈ 32 K) [14],
Cs2Fe4Se5 (Tc ≈ 29 K) [29], (Tl,K)2Fe4Se5 (Tc ≈ 28
K) [30] and (Tl,Rb)2Fe4Se5 (Tc ≈ 32 K) [27] super-
conductors were grown using the Bridgeman method
at USTC and ZU, and bulk superconductivity is in-
dicated by nearly 100% diamagnetic response reported
in previous studies using samples grown with the same
recipe[14, 27, 29, 30] and shown in Fig. 1(a). A small
piece of Cs2Fe4Se5 single crystal from the same batch was
used in the previous x-ray crystal structure refinement
study at 295 K [20]. Single crystal neutron diffraction
experiments were performed at the High Flux Isotope Re-
actor (HFIR) of the Oak Ridge National Laboratory. The
Wide Angle Neutron Diffractometer (WAND) was used
to collect Bragg peaks in the (h0ℓ), (2h, h, ℓ) and (3h, h, ℓ)
reciprocal planes at various temperatures. Vertically fo-
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FIG. 1. (a) Magnetic susceptibility of A2Fe4Se5 [A=Rb, Cs,
(Tl,K) and (Tl,Rb)] showing the superconducting transition.
(b) Common crystal and magnetic structure in the tetrago-
nal I4/m unit cell. The cyan sphere represents Se, yellow
sphere the intercalating A, the orange cube the Fe1 vacancy
site, and the purple sphere the occupied Fe2 site with +(-)
sign indicating up(down) magnetic moment along the c-axis.
There are 4 formula units per cell. (c) The top Fe-Se layer.
The dark and light cyan plaquettes emphasize the four-spin
blocks of the up and down spins respectively, which forms
a checkerboard nearest-neighbor antiferromagnetic pattern.
From one Fe layer to another, magnetic moments are antifer-
romagnetically coupled. The solid line denotes the I4/m unit
cell, one of the two twins, which breaks the high-temperature
symmetry of the I4/mmm unit cell (dashed line) at the Fe
order-disorder transition at TS .

cused Ge(113) monochromator was used to produce neu-
tron beam of wavelength λ = 1.460Å. The curved, one-
dimensional 3He position-sensitive detector of 624 anodes
covers 125o of the scattering angle. The samples were also
investigated using the Four-Circle Diffractometer (FCD)
with neutrons of λ = 1.536Å at selected temperatures.
The order parameters were measured at WAND for the
(Tl,Rb), Cs and Rb samples, and at the fixed Ei = 14.7
meV triple-axis spectrometer HB1A for the (Tl,K) one.
Sample temperature was regulated by high temperature
Displex close cycle refrigerator.

In term of the high temperature I4/mmm unit cell
of the BaFe2As2 structure, the Fe vacancy order is rep-
resented by the appearance of the structural superlat-
tice peaks characterized by QS = (1

5
, 3
5
, 0) [20], and the

antiferromagnetic order by QM = (2
5
, 1
5
, 1) [21]. Both

types of superlattice peaks are accommodated by the√
5×

√
5×1 tetragonal I4/m unit cell [21, 31] which we

use to label reciprocal space in this paper and in which
QS = (110) and QM = (101). Fig. 2 shows single-crystal
diffraction pattern in the (h0ℓ) plane at 295 K. Struc-
tural Bragg peaks {h0ℓ} (h = 2, 4, 6, . . . and ℓ = 0,
2, 4, . . . ) due to the Fe vacancy order as well as mag-
netic Bragg peaks {h0ℓ} (h = 1, 3, 7, . . . and ℓ = 1, 3, 5,
. . . ) caused by the block checkerboard antiferromagnetic
order [21] are clearly visible. These “superlattice” peaks

TABLE I. Physics properties of the A2Fe4Se5 superconduc-
tors. Lattice parameters at 295 K, ordered magnetic moment
of Fe at 295 K (m) and at ∼10 K (M) are provided together
with Tc, TN and Fe vacancy order-disorder transition TS.

A K Rb Cs Tl,K Tl,Rb

a (Å) 8.7306(1) 8.788(5) 8.865(5) 8.645(6) 8.683(5)

c (Å) 14.1128(4) 14.597(2) 15.289(3) 14.061(3) 14.388(5)

m (µB) 2.76(8) 2.95(9) 2.9(1) 2.61(9) 2.7(1)

M (µB) 3.31(2) 3.3(1) 3.4(2) 3.2(1) 3.2(1)

Tc (K) 32 32 29 28 32

TN (K) 559(2) 502(2) 471(4) 506(1) 511(1)

TS (K) 578(2) 515(2) 500(1) 533(2) 512(4)

are forbidden in the BaFe2As2 structure.
Like in previous x-ray and electron single crystal

diffraction studies [20, 31, 32], twins with the same c-
axis exist in all crystals examined in this neutron single
crystal diffraction study. They show up as those “su-
perlattice” peaks at non-integer h indices in Fig. 2. For
example, the (−1.41, 0, ℓ) with ℓ even in Fig. 2(a) can be
identified as the Fe vacancy peaks (11ℓ) from a twinned
domain. During the data reduction, care was paid to re-
solve the twin distribution. Data collected using WAND
and FCD were consistent with each other. Data analy-
sis was conducted using the Fullprof program suite. The
relative occupancy of Tl and Rb (Tl and K) was fixed
by that from the energy dispersive x-ray (EDX) spectro-
scopic measurements since our neutron diffraction refine-
ments did not have enough sensibility for an independent
determination. Fixing or floating the ratio does not af-
fect appreciably the value of refined magnetic moment.
The total number of independent Bragg reflections used
in the refinements were 155, 131, 190 and 132 for the
A=Rb, Cs, (Tl,K) and (Tl,Rb) samples, respectively, and
the RF-factors were 4.8, 5.6, 4.5 and 7.7%, respectively.
A summary of results of the four superconductors inves-
tigated in this study is listed in Table I, together with
those of K2Fe4Se5 from previous study [21].
Two separated phase transitions due to antiferromag-

netic order and the iron vacancy order have been discov-
ered in neutron diffraction study on K2Fe4Se5 [21], but
only magnetic transition has been reported previously
for the Cs compound in a combined µSR and thermome-
try study [33]. In Fig. 3(a), integrated intensity of mag-
netic Bragg peak (101) and structural Bragg peak (118)
of Cs2Fe4Se5, simultaneously measured on WAND, are
shown as a function of temperature. Similar to the case
of the K intercalated superconductor, there are two sepa-
rated magnetic and structural transitions at TN = 471(4)
K and TS = 500(1) K, respectively. The order parame-
ters atQS andQM look very similar to those of K2Fe4Se5
[21], albeit now that magnetic and structural transition
temperatures of TN and TS are lower [Table I and Fig. 3].
The TN reported here agrees with TN ≈ 477 K from
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FIG. 2. Single crystal neutron diffraction pattern of (a) Cs2Fe4Se5, (b) Rb2Fe4Se5, (c) (Tl,Rb)2Fe4Se5 and (d) (Tl,K)2Fe4Se5
measured in the (h0ℓ) plane of the I4/m unit cell at T=295 K. In addition to Bragg peaks of the high temperature I4/mmm
structure, two new types of contributions to Bragg reflection appears: 1) structural {200}, {202}, {400}, {402}, etc. caused by
the Fe vacancy order, and 2) magnetic {103}, {301}, {303}, {701}, etc. caused by antiferromagnetic order of the Fe moments.

the previous µSR study [33], which also reports a micro-
scopic coexistence of superconductivity and an unidenti-
fied antiferromagnetic order in a nominal Cs0.8Fe2Se1.96
(Tc ≈ 28.5 K) superconductor. The TS agrees with
that from an x-ray study appearing after we finished the
measurement [34]. Different from previous Fe-based su-
perconductors where antiferromagnetic order coexisting
with superconductivity can be regarded as relic from the
parent antiferromagnet [35], antiferromagnetic order in
245 superconductors is very strong. In addition to the
high TN , all the magnetic moments listed in Table I at
∼10 K are higher than previous record 2 µB/Fe found in
nonsuperconducting parent compounds [9].
The structural peak atQS, which represents the break-

ing of the high temperature I4/mmm symmetry when
the vacant (orange cube in Fig. 1) and occupied (purple
sphere in Fig. 1) Fe sites segregate below TS , saturates
rapidly to its low temperature value [Fig. 3(a)]. There-
fore, below the room temperature where relevant physics
processes relating to the superconductivity occur, we are
dealing with a well ordered crystal structure in the I4/m
symmetry. Structurally, and consequently electronically,
using the BaFe2As2 family of superconductor materials
as a model is too remote to the reality. The modification
of electronic structure by the new I4/m crystal symme-
try and by the block antiferromagnetic order has been
vividly and dramatically demonstrated in first-principle
band structure calculations [22, 23]. Future investiga-
tions on the 245 superconductors should be based on the
correct I4/m crystal structure.
Comparing to the temperature dependence of the

structural peak, the magnetic Bragg peak of Cs2Fe4Se5
show a gradual rise below TN [Fig. 3(a)], as previously
found for K2Fe4Se5 [21]. The TN is lower than TS as ex-

FIG. 3. (a) Magnetic (103) and structural (118) Bragg peaks
vs. temperature, serving as order parameters for the antifer-
romagnetic and Fe vacancy order-disorder transitions, respec-
tively, in Cs2Fe4Se5. (b) Normalized magnetic Bragg inten-
sity representing the squared magnetic moment as a function
of temperature for A2Fe4Se5 superconductors. Inset: Mag-
netic (101) peak of (Tl,Rb)2Fe4Se5 showing that its intensity
saturates when Tc is approached.

pected, since the long-range magnetic order builds on the
ordered Fe pattern. This is reminiscent of the antiferro-
magnetic transition in V2O3 albeit the underlying transi-
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tion is to an orbital occupation order [37]. Fig. 3(b) illus-
trates the magnetic order parameters of all five A2Fe2Se5
samples with TNs listed on Table I. Like in the K com-
pound, the linear dependence of magnetic Bragg intensity
is interrupted by a flat plateau when Tc is approached.
For example, the inset of Fig. 3(b) shows a temperature
scan measured with much better statistics using triple-
axis spectrometer for the (Tl,Rb)2Fe4Se5 sample, sug-
gesting interaction between the antiferromagnetic order
and superconductivity as previously discovered in the
case of heavy fermion superconductors [36].
Since the discovery of the nominal K0.8Fe2Se2 super-

conductor [12], there had been chaotic confusion about
sample composition of the new iron selenide supercon-
ductors due to the lack of reliable structure determina-
tion work. The Fe-Se square lattice was initially regarded
as intact as in the previous families of iron-based su-
perconductors. Analogue to the heavily electron doped
iron pnictide superconductors was advocated. Theories
based on both the AFe2Se2 of the BaFe2As2 structure
and AFe1.5Se2 of a

√
2×2

√
2×1 supercell structure frame-

work were advanced for the new superconductors [16, 38].
The superconductivity in the (Tl,K) system appeared to
occur at a magnetic quantum critical point [27] and sup-
ported a doped Mott insulator scenario [39, 40] similar
to the case of cuprate superconductors. While electronic
properties are indeed very different from previous iron-
based superconductors as probed in ARPES [15, 24, 25],
optic [26], NMR [41–43], µSR [33] and Raman scatter-
ing [44] studies, an appropriate understanding cannot be
achieved without knowing the superconducting composi-
tion, crystal structure and magnetic order determined in
neutron and x-ray diffraction structural studies.
In summary, our systematic neutron diffraction works

show that Cs, Rb, (Tl,Rb) and (Tl,K) intercalated Fe
selenide superconductors are members of the common
family of the A2Fe4Se5 superconductors which share the
same Fe vacancy- and antiferromagnetic order. Not only
the crystal structure of the A2Fe4Se5 superconductors in
the

√
5×

√
5×1 I4/m unit cell is very different from that

in previous iron-based high-Tc superconductors, leading
to drastically different Fermi surface topology, the coex-
istence of superconductivity with the very high TN and
large moment antiferromagnetic order is unprecedented.
Although the same Fe ions are involved, given the dras-
tically different crystalline and magnetic structures, the
A2Fe4Se5 superconductors are unlikely to share the same
physics mechanism as in previously discovered families of
iron-based superconductors. Future search for new high-
Tc superconductors has a wider playground including va-
cancy decorated lattice.
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