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‘We have investigated the evolution of electronic structure in the Fe-based ladder compound Ba(Fe;_,Co, ),Ses
(0 < x < 0.15) by means of resistivity, magnetic susceptibility, and reflectivity measurements. Although the
Co substitution into BaFe,Se; greatly decreases the resistivity, the compound still shows an insulating behavior
at x = 0.15. Moreover, the insulating state at x = 0.15 is robust even under the high pressure of 8 GPa. The
antiferromagnetic transition temperatures are gradually suppressed by substituting Co atoms at x < 0.10, while
the spin glass state is observed at x > 0.125. Our finding revealed that the substituted Co atoms play a dual
effect: electron-carrier dopant and localized moment, providing a supplemental insight into the doping effect in

the Fe-based superconductors.
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I. INTRODUCTION

Motivated by the discovery of Fe-based high-temperature
superconductivity (SC), the studies on Fe-based pnictides
and chalcogenides have aroused remarkable interest [1,2].
Although many new compounds exhibiting SC with high-
transition temperature (7;) have been found, complete com-
prehension of the mechanism of SC is still unclear and
controversial. Considering the crystal structure of the Fe-
based superconductors found so far, all the compounds have
two-dimensional conducting planes composed of a square
lattice of Fe atoms coordinated tetrahedrally by pnictogens or
chalcogens [2]. Although there is no finding of SC in Fe-based
compounds with one- or three-dimensional structures, eluci-
dating the electronic states of those compounds is expected to
give an important clue to the mechanism of SC as well as a
strong hint in the search for new superconducting materials.

Recently, AFe,;Ses [3—11] (A = K, Cs, and Ba), a series of
quasi-one-dimensional spin-ladder compounds, have attracted
much attention due to their similar structural motif as those of
Fe-based superconductors. In the crystal structure of BaFe,Se;
(space group, orthorhombic Prnma), Fe** ions are coordinated
tetrahedrally by Se?~ ligand ions, and each FeSe, tetrahedron
is connected to another by sharing edges, forming a Fe ladder
extending along the b axis (the inset of Fig. 1). Though a
superconducting transition at 7, = 11 K is found for BaFe,Se;
in an earlier study [3], later reports [4—7] confirmed the Mott
insulator with a charge gap of 0.2 eV. The compound undergoes
an antiferromagnetic (AFM) transition at 240-256K
[3-5,7]. The magnetic structure is revealed to be block type:
four Fe spins form a ferromagnetic cluster and the cluster
aligns antiferromagnetically with another [5]. Importantly,
the magnetic moment is much reduced from the theoretically
expected high-spin value 45 to 2.75ug, possibly because the
compound is in the vicinity of the metal-insulator transition
boundary. An interesting question is the carrier-doping
effect in this compound. If one can successfully introduce
mobile carriers as in the case of two-dimensional Fe-based
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superconductors, one can possibly metallize the system and
render the system superconducting. However, this cannot be
easily achieved, since the strong electron correlation effect is
prominent in a one-dimensional structure, making the carriers
localized. Indeed, the hole-doped system Ba;_,K,Fe,Se;
exhibits insulating behaviors at any x values. Here, we
employ the Co substitution for BaFe,Se; to investigate the
electronic structure of the electron-doped ladder compound.
Our systematic study on the transport, magnetic, and optical
properties reveals that the substituted Co atoms have a dual
nature: electron-carrier dopant and localized moment.

II. EXPERMENT

Single crystalline Ba(Fe;_,Co,),Se; (0 < x < 0.15) was
synthesized by the slow-cooling method. Small Ba chunks,
Fe powders, Co powders, and Se powders were mixed
together according to the stoichiometric ratio Ba:Fe:Co:Se =
1:2(1—x):2x:3. The mixture was then placed into a carbon
crucible, and the crucible was sealed in a quartz tube under
0.3 atm of Ar atmosphere. The quartz tube was heated at
1150 °C for 40 h and slowly cooled to 750 °C at approximately
6 °C/h. The black crystal was obtained with a typical size
of 5x2x1 mm?. The crystals were characterized by x-ray
diffraction at room temperature using SmartLab and R-AXIS
RAPID Il diffractometers (Rigaku), where Cu Ko and Mo K«
radiations are used, respectively. The chemical composition of
the obtained crystals was determined to be the same as the
nominal composition within an experimental accuracy of Ax
= +0.02 by energy-dispersive x-ray spectroscopy (EDX). The
critical doping level turned out to be x = 0.15, above which
some impurity phases emerge.

The electrical resistivity was then measured by the standard
four-probe method at ambient and high-pressure conditions;
in the latter case, hydrostatic pressure was generated by a
cubic anvil cell immersed in a cryostat [12]. The magnetic
susceptibility was measured by a superconducting quantum
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FIG. 1. (Color online) The doping dependence of the lattice
parameters and volume (a), the obtained activation energy (E,)
deduced from the resistivity in the temperature region between 230
and 300 K (b), and the magnetic transition temperature (7y and 7 *)
(c) for Ba(Fe;_,Co,),Se; (0 < x < 0.15). The inset shows the
block-type magnetic structure for BaFe,;Se;. AFM and SG in (c)
stand for the antiferromagnetic and spin glass states, respectively.

interference device magnetometer (Quantum Design). Polar-
ized reflectivity spectra were measured for the bc surface
polished with Al,O3 powders. A Fourier-transform infrared
spectrometer and a grating spectrometer were used for mea-
surements in the energy range of 0.1-0.9 and 0.7-4.3 eV,
respectively. Optical conductivity spectra were obtained from
the reflectivity spectra by the Kramers-Kronig transformation.

III. RESULTS

Figure 1(a) shows a relative change of unit-cell parameters
and volume determined via the powder x-ray diffraction pat-
terns taken for the ground single crystals of Ba(Fe;_,Co,),Ses.
There is a clear decrease in the a value perpendicular to the
two-leg ladder plane. On the other hand, the b value along the
leg direction and the ¢ value along the rung direction slightly
depend on the x value. These lattice parameter changes are
reminiscent of Co-substituted BaFe,As, [13,14], in which a
large lattice shrinkage perpendicular to the FeAs plane with
increasing Co content is observed. The volume shrinkage on
substituting Co atoms is more consistent with the smaller
jonic radius of Co?* ions (0.58 A) than with Fe?* ions
(0.63 A) [15]. Note that despite the changes of lattice parameter
on the Co doping, the space group of Ba(Fe;_,Co,),Ses
remains unchanged and belongs to the orthorhombic Pnma as
confirmed by our single crystal x-ray diffraction measurements
(data not shown).

PHYSICAL REVIEW B 90, 085143 (2014)

(@)

<024 026 028 030 032
10 10°

0% =0}

107

p(Qcm)

10’ lx:cws 10°

x=0.15

—_—
[N
bt Bt BhAbion BhA e BhAbion BhAdens Bhhdis Bhiiie |

PSS 1T
006 0.09 0.12 0.15 0.18

7172

Ba(Feo.85000.15)zse

P=0GPa 010

3

b Bt Bk B Shie B Mo ik |

3lP=8GPa |
0 100

200
T (K)

FIG. 2. (Color online) Temperature (7') dependence of resistivity
(p) along the ladder direction for Ba(Fe,_,Co,),Se; with x =0,
0.025, 0.05, 0.075, 0.10, 0.125, and 0.15 under ambient pressure (a)
and the same data for Ba(Fe( g5Coy.15),Se; under the pressure (P) of
0,2,4, 6, and 8 GPa (b). The inset of (a) shows the fitting results to the
variable-range-hopping model. The inset of (b) shows the pressure
dependence of the calculated activation energy (E,).

300

The temperature (7)) dependence of the resistivity (p) along
the leg direction for Ba(Fe;_,Co,),Ses (0 < x < 0.15) is
shown in Fig. 2(a). All the samples investigated here are insu-
lators in the measured 7 regime. On Co substitution, the resis-
tivity at 300 K decreases from 7.8 2 cm at x = 010 0.06 2 cm
at x = 0.15, indicating that the system becomes closer to
a metallic state. Indeed, the charge gap (E,) estimated by
the fitting of p between 230 and 300 K with the thermal-
activation-type equation is suppressed from 0.24 eV at x = 0
to 0.09 eV at x = 0.15, as shown in Fig. 1(b). In contrast to
the activation behavior at the high T regime, p at the low
T regime is well described by the variable-range-hopping
(VRH) model p o exp[(A/T)"/1+9], where A and d donate
the characteristic energy and the dimension in the VRH
model. The dimension characterizing the conducting behavior
gradually changes fromd =3 atx =0tod =1 atx = 0.15,
as shown in the inset of Fig. 2(a); the mechanism of this
crossover phenomenon is not clear at present.

In order to survey the possible metallization, we performed
high-pressure resistivity measurements for a selected sample
x = 0.15. As shown in Fig. 2(b), upon application of pressure,
p gradually decreases, and the p value under 8 GPa at 300 and
50 K is almost one and five orders of magnitude smaller than
the p value under ambient pressure, respectively. However,
no metallic state is observed. The p at 230 < 7 < 300 K
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FIG. 3. (Color online) Temperature (7') dependence of the mag-
netic susceptibility (x) for Ba(Fe,_,Co,),Se; with x =0, 0.025,
0.05, 0.075, 0.10, 0.125, and 0.15. The magnetic field of 5 T is
applied to the three principal axes: a, b, and ¢ axes correspond to
the layer, leg, and rung directions, respectively. The data taken at the
zero-field-cooled condition are shown; in addition, for x = 0.15, the
data taken in both the zero-field-cooled and field-cooled conditions
are shown. The arrows indicate the magnetic transition at 7y and T *.
Note that each curve is shifted by 1x10~* emu/mol Oe for clarity.
The inset shows the Curie-Weiss fitting between 50 and 175 K for x
along the a axis at x = 0.15.

can be well fitted with the thermal-activation-type equation,
and the obtained activation energy is plotted in the inset of
Fig. 2(b). These results indicate that the localization of the
doped electrons is quite robust in the present system.

Figure 3 shows the T dependence of the magnetic suscep-
tibility (x) measured under a magnetic field of 5 T applied
along the three principal axes for Ba(Fe;_,Co,),Se;. The
susceptibility for x = 0 shows a nearly linear decrease with
decreasing T at the high 7' regime, which is in stark contrast
to the conventional Curie-Weiss behavior in Mott insulators.
This abnormal decrease of x on cooling is also discernible in
the paramagnetic state of BaFe,As, (Ref. [16]) and LaFeAsO
(Ref. [17]), and is likely related to the evolution of an an-
tiferromagnetic correlation. Indeed, strong antiferromagnetic
fluctuations are observed by the powder neutron diffraction
in the paramagnetic state of BaFe,Ses; (Ref. [5]). Another
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striking feature is that x at x = 0 displays a strong anisotropy
below Ty = 210 K; this corresponds to the long-range AFM
ordering. Ty is slightly lower than the reported values 240, 255,
and 256 K, probably due to the undetectable Fe deficiencies in
the EDX analysis [3-5,7]. A faster drop of x along the a axis
indicates that the a axis is the easy axis, consistent with the pre-
vious neutron scattering studies [5,9]. On further cooling, the x
curve shows an additional anomaly at around 7 * = 45 K; such
an anomaly, though also reported in the earlier susceptibility
study [4], is not observed in the powder neutron diffraction
profiles [5,7]. At present, the origin of this anomaly remains
unclear; however, we speculate that the magnetocrystalline
anisotropy is more pronounced below T * for a certain reason.

When Co atoms are substituted into the Fe site, Ty decreases
gradually. A further increase of Co contents results in the
disappearance of AFM ordering at x = 0.125. We also note
that the difference between the x value along the layer
direction and the yx value along the other two directions
at the lowest 7 measured is greatly suppressed on the Co
substitution, which is likely related to the reduced magne-
tocrystalline anisotropy. On the contrary, the T* transition is
quite robust against the Co substitution, and persists up to
x = 0.15. Hence, a magnetic phase without commensurate
magnetic order appears as the ground state at x = 0.15. Since
there is a difference in the x curves taken in the field-cooled
and zero-field-cooled conditions below T* at x = 0.15, we
identify the low-temperature phase as the spin glass or cluster
glass state. One possible mechanism of the formation of this
glassy state is that the increase of the magnetic anisotropy
below T'* bears anisotropic spins, which easily freeze into the
glassy state.

The x curve in the paramagnetic state continues to decrease
on cooling at the low x range; however, it turns from a gradual
decrease on cooling at the high T regime to a gradual increase
on cooling at the low T regime (typically below 100 K) at the
high x range. The gradual increase in y at the low T regime
becomes more distinct with increasing x, and this phenomenon
is most likely due to the formation of localized moments of the
Co*t ions. To estimate the effective moments of Co?* ions, we
fit x along the a axis for x = 0.15 between 50 and 175 K with
the modified Curie-Weiss law y = xo + %, as shown in the
inset of Fig. 3. xo and C are obtained to be 0.0026(1) emu/mol
and 0.200(4) emu K/mol, respectively. If we assume that xg
and Curie-Weiss terms represent contributions from Fe and
Co atoms, respectively, we can deduce the effective moment
of Co®* spins to be jier = 2.30up, which is slightly larger
than the theoretical value of the low-spin state of Co?* ions
(tett = 1.73up).

Reflectivity and optical conductivity spectra with the light
polarization along the leg direction for x = 0 and 0.15 are
shown in Figs. 4(a) and 4(b), respectively. In the optical
conductivity spectrum of x = 0 at room temperature, one can
see two Mott-like excitation modes at the energy £ = 0.6 and
1.7 eV; the absorption edge of the low-energy mode is close
to twice the activation energy determined from the resistivity,
0.2 eV. In comparison with it, in the spectrum of x = 0.15 at
room temperature, the mode at £ = 1.7 eV is slightly weak-
ened, and the low-energy tail structure shows up in the 0.6 eV
mode. On cooling the x = 0.15 sample, a dip feature appears at
0.4 eV and one can recognize a new excitation mode at 0.2 eV
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FIG. 4. (Color online) Reflectivity (a) and optical conductivity
(o) spectra (b) as a function of photon energy for BaFe,Se; (broken
lines) and Ba(Feg5Coq 15)2Ses (solid lines). The modes A and B
correspond to an excitation from in-gap states, and a Mott excitation,
respectively. The inset of (a) depicts the band structure involved with
the low-energy optical excitations. LH and UH indicate the lower and
upper Hubbard bands of Fe 3d electrons.

[labeled by A in Fig. 4(b)]. This 0.2 eV mode corresponds to
the excitation related to the electron carriers introduced by the
Co substitution. The formation of such in-gap states indicates
that the electrons are successfully doped into a band composed
of Fe and Co d orbitals by the Co substitution; however, they
are localized around Co atoms, keeping the system an insulator.

IV. DISCUSSION

Now, we discuss the phase diagram of Ba(Fe;_,Co,),Ses
by comparing it with those of Ba(Fe;_,Co,),As, and
La;_,Sr,CuQy4, which are prototypical Fe-based and cuprate
superconductors, respectively. (1) The parent compound
BaFe,Sejs is a Mott insulator with a small charge gap; therefore,
in terms of the electron correlation effect, the compound is
located in between the correlated metal BaFe, As, and the Mott
insulator with large charge gap La,CuOy. (2) The magnetic
structure of BaFe,Se; as a block type differs from the stripe
type in BaFe;As; and the checkerboard type in La,CuQy.
The block-type magnetism in BaFe,Se; is hardly explained
by the weak-coupling nesting instability as in BaFe,As, and
the strong-coupling superexchange interaction as in La,CuOy.
Previous reports [5-7] revealed that the block-type AFM
ordering of BaFe,Se; is driven by the large lattice distortion,
hinting at the importance of orbital degrees of freedom. (3)
The charge gap of Ba(Fe;_,Co,),Se; gradually decreases
with increasing x; however, the metallic state never appears
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at any x value in contrast to the metallic state achieved
in Ba(Fe ;_,Co,),As, and La,_,Sr,CuQO4, which might be
explained by the localized electrons in the one-dimensional
structure compared with the two-dimensional structure. (4)
The Ty is suppressed with increasing x in Ba(Fe;_,Co,),Ses
asinthe cases of Ba(Fe_,Co,),As; and La,_, Sr,CuO4. How-
ever, the critical concentration x., where the antiferromagnetic
long-range order is fully destroyed, differs in between: x, ~
0.125in Ba(Fe;_,Co,),Ses, x. ~ 0.038 in Ba(Fe _,Co,),As,
(Ref. [18]), and x. ~ 0.02 in La,_,Sr,CuQO4 (Ref. [19]).
The largest x. in Ba(Fe;_,Co,),Se; could be caused by an
insulating nature of the system; mobile electrons can easily
destroy the long-range AFM ordering. (5) The spin glass
state appears after the long-range magnetic order has been
destroyed in Ba(Fe;_,Co,),Ses, contrasting with the direct
transition from the antiferromagnetic and superconducting
states in Ba(Fe_,Co,),As;. Instead, the appearance of the
spin glass state resembles the phase diagram of La,_, Sr, CuOy4
(Ref. [20]). One interpretation of these features is that the
disorder effect on the magnetism is much more pronounced in
the Mott insulating state on the verge of Mott transition.

Up to now, we have simply assumed that electrons are
doped by the Co substitution; however, we should recall a great
controversy on the substituting effect of transition-metal atoms
such as Co, Ni, and Cu in Fe-based superconductors [21-25].
Wadati et al. proposed a localization model in which the extra
electrons of the transition metal are fully localized within
the muffin-tin sphere of the substituted site and hardly affect
the Fermi surface [21]. This claim apparently contradicted
many observations that the Fermi surface volume estimated
by angle-resolved photoemission spectroscopy (ARPES) as
well as the effective carrier number estimated by the Hall
coefficient measurements evolves as itinerant electrons are
doped by the chemical potential shift [26-28]. The latest
first-principles calculations narrow the gap between theory
and experiment by revealing that the Co substitution results in
the emergence of incoherent carriers accompanied by the loss
of coherent spectral weight; this means the existence of both
localized and itinerant carriers [22]. This dual nature of doped
electrons is confirmed by the detailed ARPES experiments for
Ba(Fe;_.M,),As, (M = Co, Ni, and Cu), which demonstrate
that the extra electron number estimated from the Fermi surface
volume is smaller than the nominal value depending on the
depth of the impurity potentials of the substituted transition
metal [23].

Even though our study on Ba(Fe;_,Co,),Se; is not yet
extended to ARPES measurements, the dual role of the substi-
tuted Co atoms manifests itself through a close inspection
of the resistivity and magnetic susceptibility data. At the
low x region (0 < x < 0.1), the substituted Co atoms mainly
play the role of carrier dopant. This is indicated by the fact
that the resistivity decreases greatly and the activation energy
shows an obvious decrease with increasing x, which can be
well understood as the carrier density increase by the Co
substitution. Moreover, the AFM ordering is suppressed by the
Co substitution, further evidence of the substituted Co atoms
serving the mobile electron carriers to the system. If the Co**
spins are fully localized keeping the electronic configurations
of each Fe?* ion the same as in the parent compounds, Ty is
not as sensitive to the x value as in the case of Zn-substituted
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La,CuOy4 (Refs. [29,30]). On the other hand, the substituted
Co atoms also behave as the localized moment at the high x
region (0.1 < x < 0.15). This can be seen from the weakened
tendency of resistivity decrease and the nearly same activation
energy between x = 0.125 and 0.15. More importantly, in
these compositions, there appears a tendency to a gradual
increase in x at the low 7 regime as the manifestation of
the localized moments. The localized moments are considered
to freeze below T* at x = 0.15, exhibiting the spin glass
transition.

Finally, we briefly discuss the reasons why the Fe-based
ladder compound Ba(Fe;_,Co,),Ses is hardly metallized. As
discussed above, electrons are successfully incorporated into
the Fe 3d bands by the Co substitution and are responsible
for the conduction at the low x region. Simultaneously, the
antiferromagnetic order becomes unstable. However, at the
high x region, the doped electrons are more easily trapped
around the substituted Co atoms due to the strong impurity
potential. In other words, the random potential introduced
by the site disorder between the Fe*™ and Co’* ions is
so strong that the electrons are localized according to the
Mott-Anderson localization mechanism. This localization of
carriers prevents the further decrease of resistivity and disables
the metallization. Considering these electronic states, we can
propose several methods to metallize BaFe,Se;. One is the
use of carrier doping by replacing Ba and Se sites, since
the chemical substitution into these sites does not bear a
large disorder in the electronic structure. Since the hole-doped
system Ba;_,K,Fe,Se; (Ref. [9]) has been proved to be an
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insulator, it is better to try the electron doping. Another useful
method is to increase the dimensionality by applying pressure.
Not only uniaxial pressure but also hydrostatic pressure is
known to modify the effective dimensionality of the electronic
system, since the lattice is compressed in an anisotropic
manner in the one-dimensional system. If one can widen the
bandwidth by increasing the dimensionality, the electrons can
be delocalized and possibly form Cooper pairs. The applied
pressure of 8 GPa in our measurements is not enough, therefore
experiments in much higher pressure are highly expected.

V. CONCLUSION

We report the resistivity, magnetic susceptibility, and
reflectivity spectra for the single crystals of Ba(Fe;_,Co,),Ses
(0 < x < 0.15). We found a successive decrease of resistivity
with the Co substitution, keeping an insulating behavior. The
antiferromagnetic transition temperature decreases gradually,
and the antiferromagnetic long-range order is fully suppressed
at x = 0.125. At x = 0.15, the spin glass state was found
to be the ground state. We discussed the dual role of the
substituted Co atoms: the electron dopant and the localized
moment. The site disorder introduced by the Co substitution
and the smaller bandwidth in the one-dimensional structure
prevent the metallization of this spin-ladder system.
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