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Stripelike magnetism in a mixed-valence insulating state of the Fe-based ladder
compound CsFe,Se;
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Structural and electronic properties of the Fe-based spin-ladder compound CsFe,Se; was investigated by
means of resistivity, susceptibility, specific heat, Mossbauer, and neutron diffraction measurements. Despite the
single-site nature in a mixed-valence state, the ground state is a magnetic insulator characterized by a charge gap
~0.34 eV and an antiferromagnetic transition temperature 175 K. The magnetic structure was stripelike, with
magnetic moments of 1.77(6) g coupled ferromagnetically (antiferromagnetically) along the rung (leg) direction.
Both the insulating behavior and stripelike ordering can be understood by assuming extra carriers delocalized on
the rung. Our findings reveal that CsFe,Se; is an appealing compound with the stripelike magnetic structure in
an insulating state among Fe-based compounds, and provide significant supplemental insight into the magnetism

of Fe-based superconductors.
DOI: 10.1103/PhysRevB.85.214436

I. INTRODUCTION

Motivated by the discovery of Fe-based superconductors
(SC), research on the interplay between crystal structure,
magnetism, and superconductivity has become a main stream
in condensed-matter physics.'™ The basic structural feature
connecting these Fe-based compounds is the presence of
square planar sheets of Fe atoms coordinated tetrahedrally
by pnictogens or chalcogens. The most common magnetic
structure is a striped order including both single-stripe and
double-stripe types; the microscopic mechanism of this stripe
order has been under intense debate between the localized
versus itinerant pictures.*® More recently, block magnetism
was found in A,FesSes (A = K, Rb, and Cs), and has been
considered the second type of magnetic structure.’ To gain
further insight into the mechanism and variation of magnetic
order, investigation of Fe-based compounds with various
dimensions is important, because the dimensionality strongly
influences not only the spin network but also the itinerancy of
electrons through the change in the Fermi-surface topology.

Recently, the quasi-one-dimensional spin-ladder compound
BaFe,Ses has attracted considerable attention.'®"'*> A neutron
diffraction study revealed that local atomic displacement
triggers a magnetic transition from short-range antiferro-
magnetic (AFM) correlation to long-range AFM ordering at
255 K. The magnetic moments of 2.8 45 are arranged to form
an Fe4 ferromagnetic (FM) unit, and each FM unit stacks
antiferromagnetically along the leg direction;'®!! this is a
one-dimensional analog of the block magnetism. CsFe,Ses,
which crystallizes in the orthorhombic space group Cmcm,'
is another prominent example with the same structural motif
as BaFe;Se;.The structure can also be described as double
chains of [Fe,Se;]!~ formed by edge-shared FeSe, tetrahedra
extending along the c¢ axis, with channels occupied by Cs
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atoms, as shown in Fig. 1(a). One important feature is the
mixed-valence state; the formal valence of Fe ions is 2.5 in
contrast to the ferrous character in BaFe,Se;. Hence, one
would expect a metallic state and hopefully a superconducting
state, as in the case of KFe,As,. 3

Here, we present a study on the electronic properties of
the Fe-based spin-ladder compound CsFe,Ses;. We show that
the compound is an insulator and undergoes a transition into
a stripelike AFM order at 175 K, and discuss the electronic
state with a special focus on extra carriers inherent in the
mixed-valence state.

II. EXPERMENT

Single crystalline CsFe,Ses; was synthesized by the slow
cooling method. Starting materials with a nominal composition
of Cs,Se:Fe:Se = 1:4:5 were mixed and placed into an alumina
crucible, then sealed in a double quartz tube under 0.3 atm of
Ar. The quartz tube was annealed at 949 °C for 24 h and slowly
cooled to 650 °C atapproximately 3 °C/h. A typical needlelike
single crystal nearly 5 mm in length was obtained. The
chemical composition was determined to be stoichiometric
by an energy-dispersive x-ray spectrometer. The electrical
resistivity, susceptibility, and specific heat were measured
using a commercial setup (Quantum Design). Mossbauer
measurements down to 10 K were performed for crushed
crystals using a y-ray source of ’Co in Rh matrixes of
925 MBq with active areas 5 mm in diameter. The velocity
scale of the spectra was relative to that of w-Fe at room
temperature. Neutron powder diffraction data were collected
on the high-resolution ECHIDNA diffractometer at ANSTO
with A =2.4395 A. Diffraction patterns were obtained between
3 and 350 K in a closed-cycle refrigerator.
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FIG. 1. (Color online) (a) Crystal and magnetic structures of
CsFe,Ses. A cuboid with dashed lines indicates a crystallographic
unit cell; (b) the magnetic structure in a ladder; and (c) a proposed
electronic configuration of Fe>>* ions.

III. RESULTS AND DISCUSSION

Table I summarizes the structural parameters at 300 K de-
termined by Rietveld refinement of powder neutron diffraction
data (data not shown). Consistent with an earlier report,14 the
crystal structure is well accounted for by an orthorhombic
space group Cmcm. The temperature (7') dependence of the
lattice parameters is provided in Fig. 2(a), indicating a
systematic change with no sign of a structural transition.

The temperature dependence of the resistivity p along the
¢ axis indicates an insulating behavior in the measured T
region [Fig. 2(b)]. The room-T value is 8.8 x 10° Qcm,
which is nearly three orders of magnitude larger than that of
the spin-ladder analog BaFe,Se; (17 €2 cm).!? Fitting to the
thermal activation formula p = pgexp(E,/kgT), where py is
a prefactor and kp is the Boltzmann’s constant, yielded the
thermal activation energy E, = 0.34 eV. This value is also

TABLEI. Atomic positions at 7 = 300 K determined by Rietveld
analysis for CsFe,Se; with a Cmcm space group. Lattice constants
are a = 9.8426(2) A, b = 11.8297(3) A, and ¢ = 5.6904(1) A. An
isotropic Debye-Waller factor (Uis,) was employed.

Atom Site X y b4 Usiso (A?)
Cs 4¢ 12 0.16185)  1/4  0.025Q2)
Fe 8e 0.3601(3) 1/2 0 0.015(1)
Sel 4c 0 0.1223(4) 1/4 0.025(2)
Se2 8¢ 02272(3)  038823)  1/4  0.021(1)
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FIG. 2. (Color online) Temperature (7)) dependences of (a) lattice
parameters; (b) electrical resistivity (p); (c) magnetic susceptibility
(x) along the ¢ axis and the ab plane in a magnetic field (H) of 5
T under the zero-field-cooled (closed circle) and field-cooled (open
circle) conditions; and (d) specific heat (Cp). The inset of (b) shows
a fit of p with a thermal activation model. The left and right insets of
(d) indicate a magnified view of Cp near the magnetic transition 7°
and results of cubic term fit, respectively.

larger than that of BaFe,Ses (0.18 eV).!2 This more insulating
behavior in a mixed-valence state was unexpected, and the
causes will be discussed below.

The magnetic susceptibility x under a magnetic field of
5 T applied along and perpendicular to the ¢ axis is shown
in Fig. 2(c). At high T, the susceptibility increases with
decreasing T, but detailed analysis is impossible owing to a
small amount of ferromagnetic impurity phases. On further
cooling, the x along the ¢ axis shows a rapid decrease
below ~175 K, whereas the y within the ab plane increases
continuously. These features correspond to the magnetic
transition into AFM order with spins oriented along the ¢
axis; this is consistent with the magnetic structure based on
the neutron diffraction analysis (see the discussion below).

The specific heat C,, shows no A-type anomaly near the
Néel temperature Ty [Fig. 2(d)], suggesting that the entropy
release associated with the magnetic ordering occurs gradually
in a low-dimensional system. Atlow 7', C), can be fitted solely
by a cubic term BT [right inset of Fig. 2(d)]. The lack of the
y T term is in agreement with the insulating nature. From g =
2.63 mJ/mol K*, the Debye temperature 6, was estimated to be
164 K using the formula g = 127T4NR/593 (N is the number
of atoms in a formula unit, 6, and R is the gas constant).

The temperature dependence of the Mossbauer spectra is
shown in Fig. 3 and the analyzed Mossbauer parameters are
displayed in Fig. 4. At room T, the spectra are quadrupole
split paramagnetic lines and can be well fit with one doublet.
Putting the isomer shift value IS = 0.39(1) mm/s at 298 K into
an empirical formula IS = 1.68 — 0.5(m),'® we can estimate
the mean valence (m) to be 2.58, which indicates that the
local environment and Fe valence are unique, ruling out a
spatial distribution of Fe?*/Fe’* ions (the charge-ordered
state). Below 170 K, a magnetically split sextet appears in
addition to a doublet component and this sextet gradually
increases in weight with decreasing T'. It should be noted that
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FIG. 3. (Color online) 'Fe Mossbauer spectra of CsFe,Ses
obtained at various temperatures.

the signature of charge ordering was still absent below Ty. The
coexistence of paramagnetic/antiferromagnetic phases, which
has also been found in Rby sFe; ¢Se,,!” remained at the lowest
T measured, supporting the gradual formation of a magnetic
ground state indicated by the lack of any observed anomaly
in C, at Ty. The magnetic hyperfine field with saturation
value is 20.7 T at 10 K. The quadrupole splitting (QS),
which is a measure of local electric field gradient produced by
nonspherical charge distribution, dramatically changes from
0.62to — 0.08 mm/s across the magnetic transition [Fig. 4(b)].

This single-site nature even in the mixed-valence state
seems to be incompatible with the insulating behavior. How-
ever, this can be reconciled by assuming that extra electrons
inherent in the mixed-valence state are equally occupied by
two Fe spins on a rung, but do not conduct along the leg
direction. The conduction is governed by the overlapping of Fe
3d orbitals along the leg direction;'>'® the longer Fe-Fe bond
distances along the leg direction, u = 2.85 A in CsFe,Se; vs
u = 2.72 A in BaFe,Ses, is consistent with the more localized
nature of CsFe,Se;. Therefore, it is likely that CsFe,Ses
would become a metal or superconductor by shortening the
leg distance under chemical or physical pressure.

In order to obtain more information on this microscopic
magnetism, high-resolution powder neutron diffraction was
performed. Figure 5 shows a diffraction pattern taken at
3 K along with Rietveld refinement results obtained using
FullProf.!"” All magnetic peak positions can be indexed by a
propagation wave vector, q,, = (1/2,1/2,0). To identify the
magnetic structure, we applied representation analysis. Basis
vectors (BVs) of the irreducible representations (irreps) of the
wave vector were obtained using the SARAh code (Table II).%°
There are four irreps, and each irrep consists of three BVs
describing the collinearity of magnetic moments along one
crystallographic axis. First, we sorted all BVs by comparing
R factors and found that 19 has the best fit, with Ry, =
9.42%. Next, we tested the potential involvement of r; and
g, which both belong to the same irrep as 9, [';. However,
this did not improve the fitting quality; this is consistent with
the susceptibility results suggesting Ising-like spins along the
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FIG. 4. (Color online) Temperature (7)) dependences of (a)
isomer shift (§); (b) quadrupole splitting (A E ) of doublet and sextet
components; and (c) hyperfine field deduced from the Mossbauer
spectra and the estimated magnetic moment from the neutron
diffraction profile. The solid line is a guide for the eyes.

¢ axis. The obtained magnetic structure is shown in Figs. 1(a)
and 1(b). Magnetic moments are arranged to form a FM
unit along the rung direction (the a axis), and FM units are
stacked antiferromagnetically along the leg direction (the ¢
axis). For interladder coupling on the ab plane, a unit of
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FIG. 5. (Color online) Neutron powder diffraction pattern of
CsFe,Se; at 3 K with Rietveld refinement results (solid lines). The
bottom line shows the difference between observed and calculated
intensities.
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TABLE II. Basis vectors (BVs) of irreducible representations (ir-
reps) for the space group Cmcm with the magnetic wave vector q,, =
(1/2,1/2,0). Superscripts show the moment direction. Columns for
position represent No. 1: (x,1/2,0), No. 2: (—x + 1,1/2,1/2), No. 3:
(—x 4+ 1,1/2,0), and No. 4: (x,1/2,1/2).

Irrep BV No. 1 No. 2 No. 3 No. 4
r ¥ 1@ —1e 1 —1e
¢2 lb 71[7 lb 711)
w3 1¢ 1¢ 1¢ 1¢
r, Vs i —1e —1¢ i
Vs 1t —1° —1° 1v
W6 1¢ 1¢ —1¢ —1¢
rs V7 i 19 1@ 1@
ws lb lb 1[7 lb
wg 1¢ . 1¢ —1¢
r, Yo i 19 —1¢ —1e
w” lb lb —lh _lb
wlZ 1¢ . —1¢ 1¢

FM spins correlates antiferromagnetically in one neighboring
ladder and ferromagnetically in the perpendicular direction;
this sequence of interladder couplings is the same as in
BaFe,Ses. The determined magnetic structure, which is similar
to a “single stripe,” is reminiscent of 1111, 122, and 111
systems and is consistent with a recent study of KFe,Se3.?! The
estimated moment at 3 K is 1.77(6) ug/Fe. The temperature
dependence of the determined magnetic moment shown in
Fig. 4(c) scales well with the hyperfine field obtained from
Mossbauer measurements.

Despite the diversity in crystal structure and chemical
composition, two types of magnetic structures have been
reported to date in Fe-based SCs: stripe magnetism (single-
and double-stripe) in 1111, 122, 111, and 11 systems,l‘3
and the more recent block magnetism in K,FeySes.>?? In
a ladder structure, block magnetism in BaFe,Se; has been
observed.!*!" Our finding of stripe magnetism in CsFe,Se;,
which shows a stripelike order in an insulating state, provides
a missing link, and implies that the underlying mechanism
of magnetic properties has a common origin, irrespective of
crystal structure. This is further supported by the interesting
observation that, in both square and ladder structures, spins are
oriented in the square/ladder planes in striped magnetism and
perpendicular to the square/ladder planes in block magnetism.

In Fe-based SCs, magnetic structure shows a close correla-
tion with the ordered moment: single-stripe magnetism usually
has an ordered moment smaller than 1ug, whereas block
magnetism has a larger moment around 3up. The observed
moment of 1.8ug in CsFe;Se; and 2.8up in BaFe,Se;'°
is qualitatively consistent with this correlation; however,
quantitatively, the magnetic moment of CsFe,Sej is the largest
among known single-stripe magnetism. This is most likely
associated with the insulating nature in contrast to the metallic
state of the parent compounds of Fe-based SCs. Within the
localized model, the average theoretically expected moment
for the high spin state of Fe’>* and Fe** ions is 4.5up, which is
much larger than the observed value. Instead, the intermediate
spin state, where the e bands are fully occupied and the 7, bands
are partially occupied, would lead to a magnetic moment of
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1.5up for Fe?>* jons [Fig. 1(c)]; if we further assume partial
hole doping into the e bands, the observed magnetic moment
is well accounted for.

There is a continuing controversy regarding whether stripe
magnetism in Fe-based SCs is best described by the localized
model or the itinerant picture.!>>?* Considering the insulat-
ing behavior, we should first adopt the localized model for
CsFe,Se;. The competing exchange interaction between the
nearest-neighbor (NN) and next-nearest-neighbor (NNN) Fe
ions is expected to induce stripelike ordering when J; < 2J5,
where J; and J, denote the AFM exchange coupling between
NN and NNN Fe atoms, respectively.”>?® However, it is
difficult to understand the fairly high 7y from a magnetic
frustration aspect. There should be a factor which differentiates
the NN exchange interactions along the leg direction from
those along the rung direction.

The most plausible scenario is that the extra electrons delo-
calized on the rung play an important role. If the extra electrons
hopping quickly along the rung direction prefer to be parallel to
the spin at the Fe site because of the local Hund coupling, these
electrons would mediate a ferromagnetic interaction between
two Fe spins (double exchange mechanism). A stripelike
order with a fairly high 7y would thus be realized. This
idea is corroborated by reported results for AgFe, S5, which is
another mixed-valence insulator with an Fe?>>* state. In this
compound, Fe tetrahedra form a zigzag chain by sharing edges
with alternating bond lengths.?” The magnetic structure is an
up-up-down-down type as a consequence of ferromagnetic
(antiferromagnetic) coupling of shorter (longer) Fe-Fe bonds.
It was discussed that this magnetic structure is stabilized by
the delocalized extra electrons within the shorter Fe-Fe bonds.
In CsFe,Ses, the bond distance between NN Fe atoms along
the rung direction (w = 2.75 A) is shorter than that along the
leg direction (u = 2.85 A). Through consideration of both
the location of extra carriers and the exchange interaction
for AgFe,S3, the observed stripelike magnetism can be well
understood. An interesting possibility is that ferro-type orbital
ordering of, e.g., xy bands reinforces the ferromagnetic
interaction along the rung as discussed in Fe-based SCs.%282
This likely happens in CsFe,Ses, as suggested by the dramatic
change in QS upon magnetic ordering [Fig. 4(b)]; however,
further studies are needed to confirm this.

IV. SUMMARY

Our results reveal an insulating behavior with the lack of
charge order, and the stripelike magnetic order at 175 K in the
spin-ladder compound CsFe,Se;. The stripe order in an insu-
lating state among Fe-based compounds indicates that a simple
itinerant picture based on Fermi-surface nesting is invalid as an
origin. Indeed, our results demonstrated that the single-stripe
magnetic structure is stabilized by an intimate coupling among
spin, charge, and possibly orbital degrees of freedom.
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APPENDIX

A local distortion coupled with magnetic ordering was
observed in BaFe;Ses.!” In order to detect possible magnetoe-
lastic coupling and Fe displacement in CsFe,Ses, we examined
the local crystal structure on the basis of the neutron diffraction
measurements. As shown in Fig. 6, the ratio of bond distance
between nearest-neighbor Fe-Fe ions along the rung direction
(w) and leg direction (u), the Fe ion position, and the bond
angle of Se-Fe-Se in FeSe, tetrahedra are nearly temperature
independent. Similar behavior has been observed in KFe,Ses,
which exhibits the same stripelike ordering.?! These results
indicate that the stripelike ordering with spins oriented along
the leg direction is not stabilized by magnetoelastic coupling.
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FIG. 6. (Color online) Temperature (7') dependence of (a) bond
length along the leg (1) and (b) rung (w) direction; (c) ratio between
bond length along the leg and rung direction; (d) x parameter of the
Fe site; and (e) and (f) Se-Fe-Se bond angle «; and «; [see Fig. 1(b)].

We note that this conclusion is compatible with the orbital
ordering of electronic origin, which need not accompany large
structural distortions.
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