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Comprehensive study of out-of-plane transport properties in BaFe,As,: Three-dimensional
electronic state and effect of chemical substitution
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We investigated the out-of-plane transport properties of parent and chemically substituted BaFe,As, for
various types of substitution. Based on the studies of the Hall coefficient and chemical-substitution effect,
we have clarified the origin for the unusual temperature dependence of out-of-plane resistivity p.(7") in the
high-temperature paramagnetic-tetragonal phase. Electron (hole) carriers have an incoherent (coherent) character,
which is responsible for nonmetallic (metallic) p (7). Although the electron and hole contributions are almost
comparable, a slightly larger contribution comes from electrons at high temperatures but from holes at low
temperatures, resulting in a maximum in p.(7'). In the low-temperature antiferromagnetic-orthorhombic phase,
the major effect of substitution is to increase the residual-resistivity component, as in the case for the in-plane
transport. In particular, Co atoms substituted for Fe give rise to strong scattering with large ac anisotropy. We
found that K substitution induces a nonmetallic behavior in p.(T') at low temperatures, which is likely due to a

weakly localized nature along the c-axis direction.
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I. INTRODUCTION

High-transition-temperature (high-7.) superconductivity
emerges in layered compounds such as copper oxides and
iron pnictides. Copper oxides are characterized by a highly
two-dimensional nature, which is definitely one of the key
ingredients to give rise to high-T, superconductivity. In this
two-dimensional system, the electronic properties can be
discussed only within the CuO, plane, while the out-of-plane
charge dynamics does not play an important role in the essential
physics. By contrast, it is known that two-dimensionality or ac
anisotropy in iron pnictides is much smaller than in copper
oxides, and thus, the iron pnictides should be considered an
anisotropic three-dimensional system. Therefore, to compre-
hensively understand the electronic state of iron pnictides, it
is indispensable to investigate not only the in-plane but also
the out-of-plane properties. Nevertheless, not many studies
have been reported on the charge dynamics in the out-of-plane
direction, partly because of the lack of large or thick single
crystals.

The BaFe,As, family, the most extensively studied materi-
als among iron pnictides, show a very small anisotropy [1,2].
This is a multiband system, in which there are hole Fermi
surfaces (FSs) at the center of the Brillouin zone and electron
FSs at the zone corner [3,4]. Since the hole FS is significantly
warped around the Z point, the out-of-plane transport seems
to be dominated by hole carriers. BaFe, As, exhibits a magne-
tostructural phase transition from a paramagnetic-tetragonal
(PT) to an antiferromagnetic-orthorhombic (AFO) phase at
Taro, and superconductivity is achieved by suppressing the
AFO phase with chemical substitution (or doping) or applying
pressure [5,6]. The AFO order has attracted much interest
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because of its exotic electronic state associated with breaking
the fourfold rotational symmetry of the lattice, spin, and
orbital [7]. A study of the in-plane resistivity using annealed
single crystals revealed that the dominant role of chemical
substitution in the AFO phase is to introduce disorder into
the system and that a clear correlation is present between the
magnitude of the residual resistivity (RR) and the in-plane
resistivity anisotropy [8].

Out-of-plane transport properties of the BaFe,As, family
have been intensively studied by Tanatar et al. [1,2,9—12]. They
systematically measured the temperature dependence of the
out-of-plane resistivity of as-grown BaFe,As, substituted by
various elements over a wide range of substitution. The focus
was on the evolution of the resistivity in the PT phase with
substitution, especially on a resistivity maximum at 7*, which
was discussed in terms of the pseudogap opening [2]. This
scenario seems reasonable but cannot account for the different
composition dependence of T*: Co substitution decreases 7*
[2], whereas Ru, P, and K substitution increase it [10-12].
Regarding the effect of chemical substitution in the AFO
phase, there has been no detailed study so far. A tendency
of an increase in resistivity was seen in the results reported
by Tanatar ef al. [2,10-12], implying that, as in the PT phase,
the disorder effect associated with impurity scattering is also
dominant in the AFO phase. A quantitative comparison with
the in-plane transport properties is, however, difficult owing to
the lack of precise out-of-plane resistivity measurements using
annealed samples.

In this paper, we investigate the out-of-plane resistivity of
parent and slightly substituted BaFe,As;. To clarify the sub-
stitution effect also in the AFO phase, we chose compositions
showing the AFO order and used annealed single crystals for
the measurement. We found that, in the PT phase of BaFe,As,
contributions for the out-of-plane transport from electrons and
holes, which have an incoherent and a coherent character,
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respectively, are comparable. Chemical substitution changes
the balance between electrons and holes, and a resistivity
maximum shows up at the temperature of dominant carrier
crossover. In the AFO phase, the major effect of substitution
for the out-of-plane transport is to introduce disorder. Co atoms
are strong scatterers with large ac anisotropy. K substitution
induces an upturn in the resistivity at low temperatures, which
arises from a weakly localized nature along the c-axis direction.

II. EXPERIMENT

Single crystals of parent and substituted BaFe,As, were
grown using the FeAs-flux method described elsewhere
[13]. For the growth of samples containing K, we used a
stainless-steel container instead of a quartz tube to avoid
a chemical reaction with vaporized K [14]. We prepared
slightly substituted samples with various elements which
show the AFO order: Ba(Fe;_,Co,),As,, Ba(Fe;_,Ru,),As,
BaFe,(As|_P,),, Ba;_K,Fe,As,, and Ba;_,Sr,Fe,As, (re-
ferred to as Co-Bal22, Ru-Bal22, P-Bal22, K-Bal122, and Sr-
Bal22, respectively). Co and K substitutions work as electron
and hole doping, respectively, and isovalent Ru, P, and Sr
substitutions do not change the balance between electrons
and holes. The substitution concentrations were determined by
energy-dispersive x-ray analysis, and the c-axis lattice constant
was in good agreement with the corresponding composition.
The samples were annealed in an evacuated quartz tube
together with BaAs at 800 °C for several days [15,16].

The out-of-plane resistivity was obtained using the Mont-
gomery method [17]. The advantage of this method is that
we can measure the out-of-plane and in-plane resistivities
simultaneously. Samples were cut into rectangular solids with
dimensions of (1.0-1.5) x (0.7-0.9) x (0.3-0.6) mm> (a x
a x c for high-temperature tetragonal axes) while taking care
not to include cracks or FeAs flux. Gold wires were attached
to the four corners of the smaller ac face with a silver paste
(inset of Fig. 1). The length of 1.0-1.5 mm in depth is long
enough to make almost no impact on the computed resistivity
value. Measuring several times for each composition, we
determined the absolute values of resistivity within an error of
10%. At room temperature, the out-of-plane resistivity of the
compositions investigated here ranges between 1.0 and 1.3 m<2
cm. The out-of-plane Hall effect and magnetoresistance were
measured on a sample of 0.5 x 0.2 x 1.0 mm?® (a X a x ¢)
with the electrical current along the ¢ axis and the magnetic
field perpendicular to the current. The resistivity value obtained
in the magnetoresistance measurement using the four-probe
method is consistent with that measured using the Montgomery
method.

III. RESULTS

A. Transport properties of BaFe,As;

Figures 1(a) and 1(b) show the temperature dependences of
the out-of-plane and in-plane resistivities [0.(T") and pq,(7T)]
of BaFe,As,, respectively. In the high-temperature PT phase,
papr(T) decreases with decreasing temperature, while p.(T")
monotonically increases down to the AFO transition tempera-
ture Taro. The behavior of p.(T) is slightly different from the
result reported by Tanatar et al. [2,9-12], in which p.(T) of
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FIG. 1. Temperature dependence of (a) out-of-plane and (b) in-
plane resistivity of as-grown and annealed BaFe, As,. The inset shows
a photograph of the sample for the Montgomery method. (c) The ac
resistivity anisotropy p./p.» as a function of temperature.

BaFe,As, shows a peak at ~200 K and a metallic temperature
dependence below the temperature. This might arise from an
admixture of an in-plane component because they measured
slablike samples with the shortest edge along the ¢ axis.
Below Taro, both p,;, and p, show a significant decrease. The
annealing treatment increases Tapo from 137 to 142 K and
significantly reduces the resistivity in the AFO phase, whereas
the resistivity in the PT phase does not show an appreciable
change. The RR is quite small (~10 ©€2 cm) for both p, and
Pab» indicating the high quality of the annealed sample.

The temperature dependence of the ac anisotropy of re-
sistivity p./pgq» is shown in Fig. 1(c). The anisotropy is ~4
at room temperature, increases with decreasing temperature,
and takes a maximum value of ~6 at Thrg. Below Taro,
the anisotropy starts to decrease and becomes less than 2 at
low temperatures. Interestingly, no significant change in the
anisotropy was observed between the as-grown and annealed
samples. This indicates that the rates of suppression of p. and
Pap DY annealing are almost the same.

Figure 2(a) shows the magnetic-field dependence of the out-
of-plane Hall resistivity p,, measured on annealed BaFe,As;
up to 9 T. p,, exhibits a linear field dependence above Taro,
whereas the curve becomes concave upon entering the AFO
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FIG. 2. (a) Magnetic-field dependence of the out-of-plane Hall re-
sistivity p,, for annealed BaFe, As,. The inset shows the configuration
of the Hall-effect measurement. The sample was cut into bars with the
longest edge along the ¢ axis. Current flows along the c-axis direction.
(b) Out-of-plane Hall coefficient Ry as a function of temperature.
Ry is determined from the slope of p,(B) in the low-field limit.
Taro is indicated by the vertical line. (c) Magnetic-field dependence
and (d) the field derivative of the out-of-plane magnetoresistance for
annealed BaFe,As, at various temperatures below Tapo. The gray
lines indicate that the derivative of the magnetoresistance changes its
slope at ~1.5T.

phase. This behavior arises from the multiband nature with
carriers with very different characters and is also observed for
in-plane Hall resistivity of BaFe,As; [16], although the curva-
ture is milder for the present out-of-plane case. In Fig. 2(b), the
out-of-plane Hall coefficient derived from the data in Fig. 2(a)
is plotted as a function of temperature. The Hall coefficient
is negative at room temperature and increases with decreasing
temperature, resulting in a sign change to positive below 200 K.
Below Taro, the Hall coefficient becomes negative again.
The temperature dependence below Tapp is monotonic but
shows a shoulder structure at ~100 K. At this temperature,
a similar behavior is observed in the study of the in-plane Hall
effect [18]. The present result indicates that the band-structure
modification occurs three-dimensionally in BaFe,As,.

In Figs. 2(c) and 2(d), we show the magnetic-field depen-
dence of out-of-plane magnetoresistance and its derivative with
respect to magnetic field for annealed BaFe; As,, respectively.
The magnetoresistance is greatly enhanced with decreasing
temperature in the AFO phase, whereas itis tiny in the PT phase
(not shown). The magnitude reaches ~90% at T = 5 K and
B =9T, indicative of a quite high mobility of carriers, although
the value is smaller than the in-plane magnetoresistance [16].
A kink structure observed in the derivative at ~1.5 T [Fig. 2(d)]
evidences the presence of a B-linear component. This structure
has already been reported in the in-plane magnetoresistance
and is discussed in terms of quantum transport of Dirac-cone
states [16,19]. Our result indicates that a Dirac nature is also
present for the out-of-plane transport in BaFe, As,, suggesting
a three-dimensional Dirac system.

B. Evolution with chemical substitution

Figure 3 summarizes the results of the resistivity mea-
surement for as-grown and annealed Co-, Ru-, P-, K-, and
Sr-Bal22. The annealing effect for the substituted samples is
the same as in the case for the parent compound BaFe,As,.
The annealing treatment increases Tapo by several kelvins.
The resistivity in the PT phase is hardly affected by anneal-
ing, whereas that in the AFO phase dramatically decreases.
The resistivity anisotropy does not change by annealing for
the whole temperature range. Hereafter, we mainly focus
on the results for the annealed samples.

In the PT phase, the in-plane resistivity does not show a large
change with substitution within the composition range in the
present work [Figs. 3(f)-3(j)]. Only a small decrease in p, is
observed for Co- and P-Ba122. On the contrary, a pronounced
change is seen in the out-of-plane resistivity. For Ru-, P-, and
K-Bal22 [Figs. 3(b)-3(d)], chemical substitution decreases o,
and significantly increases the slope of p.(T) [dp.(T)/dT],
giving rise to alocal maximum at 7*. p.(T") of Co-Ba122 shows
a downward parallel shift [Fig. 3(a)]. A local maximum shows
up due to suppression of the AFO order with substitution rather
than a change in the slope of p.(T). For Sr substitution, only a
subtle change was observed for the compositions investigated
here [Fig. 3(e)].

The substitution effect in the AFO phase is rich in diver-
sity depending on the species of substituted elements. For
pab(T), it turns out that the predominant effect of substitution
is to introduce disorder, leading to an increase in the RR
component [8,20,21]. A large increase is indeed observed for
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FIG. 3. Temperature dependence of resistivity for as-grown and annealed Co-, Ru-, P-, K-, and Sr-Bal22. (a)—(e) Out-of-plane resistivity
p(T), (£)—() in-plane resistivity p,,(T), and (k)—(0) ac anisotropy of resistivity p./p.,. Results for as-grown samples are indicated by open

symbols.

Co substitution [Fig. 3(f)], in agreement with the previous
study [20]. On the other hand, the effect is small for isovalent
substitutions: Sr substitution shows no discernible change
[Fig. 3(j)], and a small resistivity increase is seen for Ru and P
substitution [Figs. 3(g) and 3(h)]. p.(T) for K-Bal22 shows
a nonmonotonic evolution with x [Fig. 3(i)]. The residual
resistivity initially increases with K substitution but begins to
decrease with further substitution after reaching a maximum
atx = 0.04.

The composition dependence of p.(T) below Targ is similar
to that of p,(T) except for K substitution. As in the case
for p.,(T), a large increase in p.(T) is observed for Co
substitution [Fig. 3(a)]. Ru and P substitution slightly increase
the resistivity, while Sr substitution gives no appreciable
change. On the contrary, p.(T') for K-Bal22 shows not only a
significant increase but also a peculiar temperature dependence
at low temperatures. A clearly nonmetallic behavior was
observed below 40, 35, and 20 K for x = 0.04, 0.06, and
0.08, respectively. This feature is more prominent for as-grown
samples.

The temperature dependence of the resistivity anisotropy in
the PT phase is similar to p.(7") because of lower temperature
dependence in p,(T). The anisotropy at 300 K (o./p4 ~4)
is nearly independent of compositions. The anisotropy above
Taro barely changes with Co substitution, whereas the other
four substitutions decrease it. In the AFO phase, the anisotropy
increases with substitution, although Sr substitution gives rise

to an indiscernible change. For K-Bal22, the anisotropy at
low temperatures is extremely large due to the nonmetallicity
in p.(T). The most enhanced anisotropy was observed for x =
0.06 (o/pap ~16 at T =5 K).

IV. DISCUSSION
A. Electronic state in BaFe,As,

The temperature dependence of p,; for BaFe;As, exhibits
ametallic behavior in the PT phase. Since BaFe,As; is a multi-
band system, contributions from hole and electron carriers have
to be considered. For the in-plane conduction, it turned out
that holes are strongly scattered incoherent carriers and the
dominant contribution comes from coherent electrons [18,22].
The small number of electrons gives rise to the relatively high
resistivity at room temperature (~0.3 m£2 cm) and a moderate
temperature dependence, or a bad-metallic behavior.

On the other hand, p.(T) above Tago increases with
decreasing temperature. The FS of BaFe,As; is composed
of warped cylinders, among which the hole FS around the
Z point is the most warped, and thus, the dominant carrier
along the ¢ axis is considered to be holes [1]. An issue to
be addressed is why p.(T) exhibits a nonmetallic behavior in
BaFe,As; in spite of a rather three-dimensional FS and small
anisotropy. Tanatar et al. pointed out that the presence of the
resistivity minimum observed for heavily Co-doped samples,
as well as low anisotropy values, rules out a crossover between
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incoherent and coherent transport [2]. Together with the fact
that the temperature dependence of the >As NMR Knight
shift for Co-Ba122 shows a mild slope change around 7* and
becomes weaker below T [23], they claimed that the carriers
(presumably holes) are affected by a charge-gap formation,
leading to the nonmetallic temperature dependence [2].

The present result of the Hall coefficient in Fig. 2(b) offers
an alternative interpretation for the out-of-plane transport. In
the PT phase, the contributions of electrons and holes are nearly
balanced, and the prevailing carrier changes from electrons
at high temperatures to holes below 200 K. The slope of
p.(T) becomes gentler with decreasing temperature, and p,
is almost temperature independent near Taro [Fig. 1(a)]. This
indicates that, contrary to the case for the in-plane transport,
electron carriers are incoherent and would be affected by
a charge-gap opening, while hole carriers dominant at low
temperatures are coherent. The origin of the c-axis charge
gap has to be clarified, but that is beyond the scope of this
paper. The presence of the incoherent carriers governing the
high-temperature out-of-plane transport is consistent with the
result of the c-axis optical spectroscopy on BaFe,As, [24].
In the c-axis optical conductivity spectrum, no clear Drude
response was observed at room temperature, and a small Drude
term becomes appreciable with decreasing temperature. The
Drude term arises from the warped part of the hole sheet. It
should be noted that our scenario is in line with the NMR result
[23]. The slope change in the temperature-dependent Knight
shift for BaFe,As, is present at ~200 K. At this temperature,
the Hall coefficient changes its sign [Fig. 2(b)], and unlike
the result by Tanatar et al. [2], p.(T) for BaFe,As, does not
show a maximum. The contribution from incoherent electrons
becomes minor below 200 K, which leads to the milder but
finite temperature dependence of the Knight shift.

Upon entering the AFO phase, both p,, and p. suddenly
decrease. Although the FS reconstruction across the AFO
transition leads to the loss of the carrier density, a decrease
in the scattering rate surpasses this effect, giving rise to the
reduction of the resistivity below Taro [18]. The negative
values of the Hall coefficient indicate that electrons dominate
the c-axis conduction in the AFO phase as in the in-plane
case. We observed the dramatic decrease in the anisotropy
below Taro. This three-dimensional nature coincides with
the reconstruction of the FS [4]. The anisotropy decreases
with decreasing temperature and takes a minimum value of
~1.7 in the residual-resistivity region, in good agreement with
the value estimated using the plasma frequency w, and the
scattering rate 1/t obtained with optical spectroscopy [24,25].

B. Substitution effect in the PT phase

In the PT phase, the substitution effect is stronger in p.(7T")
than in p,;(T). For the compositions studied in the present
work, p.(T) shows only a tiny change with substitution
above Tago. On the other hand, p.(T) exhibits a dramatic
evolution by a few percent chemical substitution. In particular,
composition dependence is prominent for Ru-, P-, and K-
Bal22, in which the low-temperature resistivity significantly
decreases, giving rise to a resistivity maximum at 7. With
increasing substitution content, 7* is raised. No correlated
feature was observed in p,,(T') around T* (Fig. 3). For Co and

Sr substitution, the temperature dependence hardly changes,
but a resistivity maximum appears in the Co-Bal22 associated
with a suppression of Taro. As mentioned above, incoherent
electron carriers dominate the out-of-plane conduction at
high temperatures, and a crossover of dominant carriers from
incoherent electrons to coherent holes results in the weakening
of the nonmetallicity. Hence, it is natural to consider that a
further increase in the hole contribution would lead to a metallic
behavior in p.(7T') and thus a resistivity maximum.

Chemical substitution affects the electronic state in various
ways. First, it changes the FS by injecting charge carriers or
by varying the (local) crystal structure via chemical pressure.
Second, substituted atoms introduce disorders into the system,
leading to carrier scattering. Among these effects, the disorder
effect is minor in the PT phase, as evidenced by a decrease
in resistivity by substitution [22], although this effect is
dominant in the AFO phase [8], as will be discussed later. For
isovalently substituted Ru-, P-, and Sr-Bal22, the dominant
effect of substitution should be chemical pressure. In addition
to chemical pressure, a change in the carrier number has to be
considered for Co- and K-Bal22, corresponding to electron
and hole doping, respectively.

For Ru- and P-Bal22, a small amount of substitution
significantly increases T7*. This can be understood in terms
of the change in the FS induced by chemical pressure. Since
the warping of one of the hole sheets around the Z point
is enhanced by Ru and P substitution [26,27], the hole con-
tribution to the out-of-plane transport becomes stronger, and
the metallic temperature dependence manifests itself at higher
temperatures. However, it seems difficult to explain why Sr
substitution barely changes p (7). To address this issue, we
have to see the change in the crystal structure with substitution.
Itis well known that the band structure of iron pnictides is very
sensitive to the local crystal structure, the As-Fe-As bond angle
a [28], or the pnictogen height from the Fe plane Ap, [29].
Both Ru and P substitution make « and hp, larger and lower,
respectively [30,31], but ~5% Sr substitution leads to only a
tiny change in « and hp, [32]. Indeed, the band structure of
BaFe,As, does not change largely by Sr substitution, whereas
P substitution gives an appreciable change [30]. Thus, the Sr
concentration in the present study is too small to change the
local crystal structure, inducing a significant change in the band
structure. Note that SrFe,As, exhibits metallic p.(T) in the
PT phase and shows a smaller anisotropy than BaFe,As, [1],
consistent with the highly warped FS of SrFe;As, [33].

Next, as to Co- and K-Bal22, T* varies in opposite
ways: T* decreases with Co substitution and increases with
K substitution. Co (K) substitution makes « and hp, larger
(smaller) and lower (higher), respectively [34,35], which
means that the variation of 7* cannot be explained by the
chemical-pressure effect. Therefore, carrier doping should be
considered a major effect. K substitution corresponding to
hole doping increases the number of coherent hole carriers,
which facilitates a metallic behavior of p.(T) starting from
higher temperatures. Meanwhile, Co substitution decreases
the hole carrier number and hence lowers 7*. In Ref. [2],
for heavily Co-substituted compounds, a metallic behavior
was observed at high temperatures. Electrons with a rather
incoherent character would gain coherence by a large amount
of electron doping.
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FIG. 4. Composition dependence of (a) out-of-plane and (b) in-
plane RR for annealed Co-, Ru-, P-, and Sr-Bal22. The data for
RR,, reported in Refs. [8,21] are also plotted. RR. and RR;, linearly
increase with x, as indicated by the dashed lines. (c) Composition
dependence of RR. and RR,, for K-Bal22. In contrast to the
other substitutions, the evolution with substitution is nonmonotonic.
Dashed lines just connect the values for x = 0 and 0.04.

Summing up, all these results of chemical-substitution
effects on T* turn out to be strong support for our proposed
model for the out-of-plane conduction in the previous section.

C. Substitution effect in the AFO phase

Contrary to the evolution of the resistivity in the PT phase,
chemical substitution increases p, and p,;, below Tapo. Except
for K and Sr substitution, both p.(T) and p.,(T) show an
almost parallel upward shift, i.e., an increase in the residual-
resistivity component. This indicates that the disorder effect
dominates in the AFO phase. Such a prominent disorder effect
stems from a small number of carriers enjoying exceedingly
small scattering.

TABLE I. Increasing rate of out-of-plane and in-plane residual
resistivity for the five substitution systems, corresponding to the
slopes of the dashed lines shown in Fig. 4. The anisotropy of the rate
is also shown. For K substitution, the RR does not show a monotonic
composition dependence, and the values are calculated using RR . and
RR,;, for x = 0 and 0.04. No appreciable increase in RR was observed
for Sr-Bal22.

Element
Co Ru P K Sr
RR./x (u2 cm/%) 162 7.8 8.4 94* <1
RRp/x (uS2 cm/%) 45 34 35 8.9% <1
Anisotropy 3.6 2.3 24 11

“The RR does not linearly increase with x.

To analyze the disorder effect in detail, we plot the RR of
annealed samples as a function of substitution concentration
x in Fig. 4. The values were obtained from fitting p.(7) and
pap(T)below 50 K using a quadratic function of temperature. In
Fig. 4(b), the data for the in-plane RR (RR;) for Co-, Ru-, and
P-Bal22 reported in previous studies are also plotted [8,21],
in good agreement with the present result. It has already been
clarified that RR,;, linearly increases with substitution [8,21].
InFig. 4(a), alinear composition dependence is clearly seen for
the out-of-plane RR (RR,), evidencing again that the primary
effect of chemical substitution in the AFO phase of BaFe,;As;
is to introduce disorder into the system. In Table I, we show
an increasing rate of RR for each chemical substitution. This
value indicates the slope of the dashed lines in Fig. 4 and can
be a good measure to see the strength of the disorder effect
quantitatively. Among the five kinds of substitutions studied
here, Co substitution shows the largest values both for RR, and
RR,;, indicating that introduced Co atoms work as very strong
scattering centers. The strengths of impurity scattering for Ru
and P are comparable and weak. The scattering generated by
Sr atoms is extremely weak, keeping the RR unchanged within
our experimental precision.

The increasing rate of RR. with substitution is larger than
that of RR,;. In Table I, the anisotropy of the slope is also
shown. Neglecting the carrier multiplicity in iron pnictides,
the resistivity is simply expressed as the Drude formula:
p = m*/ne’t, where m* and n stand for the effective mass and
the carrier number, respectively. In the system with impurity
scattering, 1/t is written as a sum of the scattering rate of
a pristine material 1/7y and that originating from impurity

1/Timp,
m* (1 1 1 /1 1
p=—\—F—)x=5|=+—)
ne \17  Timp @y, \%  Timp

Thus, when the impurity scattering is isotropic, the anisotropy
of the disorder effect is determined by the anisotropy of a)g
(oxn/m™) or the effective mass m ™. From the optical study [24],
the anisotropy of a)g can be estimated to be ~1.7. Although
the value is slightly smaller than the anisotropy for Ru and P
substitution, the anisotropy of the effective mass is considered
to be a major cause of anisotropic scattering for isovalent
substitution.
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The anisotropic effective mass alone, however, cannot
explain the large anisotropy for Co substitution. Therefore,
another mechanism has to be considered. One candidate is
an anisotropic impurity state induced by a substituted Co
atom in the AFO phase. In this scenario, Co atoms polarize
its electronic surroundings anisotropically, giving rise to an
anisotropic scattering cross section. The scanning tunneling
spectroscopy measurement observed such an anisotropic state
[36], and this has been discussed as one of the possibili-
ties to produce the in-plane resistivity anisotropy [20,37]. A
similar anisotropic scattering may exist in the in-plane and
c-axis directions. Another candidate is orbital-selective carrier
scattering. The FS of iron pnictides is composed of all five
Fe 3d orbitals, and carriers with 3d> character should play
a crucial role in the out-of-plane transport. If a Co atom
scatters carriers with 3d,> character more strongly, such orbital-
selective scattering results in a larger increasing rate of RR..

Different from the other four substitutions, K substitution
gives the nonsystematic evolution of the resistivity in the AFO
phase. As shown in Fig. 4(c), RR, rapidly increases from
the parent compound, takes a maximum at x = 0.06, and
shows a decrease with further substitution. On the other hand,
RR,;, reaches a maximum at x = 0.04 and then moderately
decreases. There is no correlation between the composition
dependences of RR. and RR,;,. Moreover, the nonmetallic
temperature dependence was observed for p,. [Fig. 3(d)]. Some
mechanism must be at work in addition to a simple disorder
effect, which will be discussed in the next section.

Using the RR value at x = 0.04, we estimated the increasing
rates of RR, and RR;, to be 94 and 8.9 12 cm/ %, respectively.
Although a simple comparison is impossible due to the distinct
temperature dependence of resistivity, these values are smaller
than those obtained for Co substitution. Interestingly, the esti-
mated anisotropy (~11) is tremendously large when compared
with those of the other substitutions. This can be understood in
terms of the substitution lattice site. K atoms are substituted for
Ba, which locates far away from the conduction Fe layer. The
introduction of impurity into the blocking layer barely affects
the in-plane conduction, but for the out-of-plane conduction,
a change in the environment of the blocking layer should be
highly influential for carriers moving along the c-axis direction.

Such a highly anisotropic behavior is not observed for Sr
substitution. This is because isovalent substitution of Sr*>* for
Ba?" can generate only tiny scattering, whereas aliovalent
substitution of K™ has a huge impact on the motion of carriers.
In this sense, the strong scattering for Co doping might arise
from the difference of the valence of Co from +2, as suggested
by the near-edge x-ray absorption fine-structure measurement
[38]. It is also worth noting that, among the three isovalent
substitutions, the in-plane scattering induced by P atoms is not
intermediate in magnitude between those by Ru and Sr but
comparable to that for Ru substitution [21]. This is counter-
intuitive because Ru substitution, which introduces disorder
in the conduction layer, is expected to cause the strongest
scattering. The strengths of the out-of-plane scattering for P
and Ru substitution are also comparable. The present result
indicates that As plays a crucial role in the electrical conduction
both parallel and perpendicular to the Fe layers, consistent with
the x-ray absorption measurements [38,39].

D. Origin of the resistivity upturn in K-Ba122

The evolution of resistivity in the AFO phase with K
substitution is distinct from that for the other substitutions.
In particular, the resistivity upturn at low temperatures cannot
be explained by the normal disorder effect, which increases
only the RR component. This feature is observed for the widest
temperature range in p.(7") for x = 0.04, and a similar behavior,
albeit very weak, is also observed for p,,(T) in the same
composition. For x = 0.06 and 0.08, the upturn is observed
only for p.(T"). Hence, such a behavior shows up in a narrower
doping range for p,;(T'). This is why this characteristic feature
has not been pointed out, although a signature was discernible
with a careful inspection of previously reported data [40,41].

One of the possible origins of the resistivity upturn is the
Kondo effect. The scattering of conduction electrons in metals
due to dilute magnetic impurities gives rise to a logarithmic
temperature dependence of resistivity and thus a resistivity
minimum at a finite temperature. This effect should work
isotropically, but the resistivity minimum temperature is differ-
ent in p.(T) and p.;(T) of K-Bal22. A nonmetallic behavior
shows up only in p.(T) for x = 0.06 and 0.08. Moreover,
a K atom cannot be considered a magnetic impurity. These
facts rule out the Kondo effect as the origin of the resistivity
upturn.

A more plausible scenario is a weakly localized nature in
a disordered system. In such a system, it is known that the
conductivity shows InT and T?/? dependence for two and
three dimensions, respectively, where p is an exponent in
the temperature dependence of the scattering rate 1/t o< 77
[42]. Recently, resistivity measurements on iron-based ladder
compounds Ba;_,Cs,Fe,Se; under high pressure revealed
that the metallic samples show an insulating behavior at low
temperatures [43]. The resistivity exhibits the In 7' behavior,
indicative of a weakly localized two-dimensional nature. In
this compound, Ba atoms locating away from the conducting
layers are replaced with an alkali-metal element. This seems to
be reminiscent of K-Bal22 in the present study. A pronounced
upturn is observed in the as-grown crystals, and we show the
temperature dependence of conductivity for x = 0.04 and 0.06
in Fig. 5(a). For each composition, the conductivity exhibits a
T-linear behavior at low temperatures. Applying the three-
dimensional case to these results, we obtain p ~ 2, which
implies that the inelastic scattering comes from the electron-
electron interaction. The system is rather three-dimensional,
and only the carriers moving along the c-axis direction feel
the random potential in the blocking layer induced by K
substitution. The resistivity upturn vanishes for x = 0.13,
probably because the localization effect is suppressed by the
change in the impurity potential and/or the carrier number.

One of the effective ways to verify the weak-localization
effect is an observation of negative magnetoresistance.
Figure 5(b) demonstrates magnetoresistance of as-grown K-
Bal22 for x = 0.04. Contrary to expectations, we observed
no signature of negative magnetoresistance. In disordered
three-dimensional systems, the magnetic-field dependence of
conductivity is proportional to /B, and its proportionality co-
efficient is independent of the details of the electronic structure
of the system [44], allowing us to estimate the magnitude
of negative magnetoresistance to be ~0.6% at 5 K and 7 T.
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FIG. 5. (a) Temperature dependence of c-axis conductivity for
as-grown K-Ba122 with x = 0.04 and 0.06. The conductivity shows a
T -linear behavior at low temperatures, as indicated by the solid lines.
(b) Magnetic-field dependence of the out-of-plane magnetoresistance
for x = 0.04.

Probably, the effect of weak localization is not strong enough to
overcome the rather large positive magnetoresistance resulting
from the multiband nature.

V. SUMMARY

We performed the out-of-plane transport measurements on
parent and slightly substituted BaFe;As, with five elements.
In the PT phase of the parent compound, we revealed almost
balanced contributions of electrons and holes to conduction
along the ¢ axis. Contrary to the in-plane transport, the
electrons moving along the ¢ axis are incoherent. With de-
creasing temperature, the contribution from coherent holes
grows and exceeds that from electrons at low temperatures.
Chemical substitution changes the balance between holes and
electrons via the local-structure change and/or the carrier-
doping effect, and a crossover of the dominant carrier with
temperature manifests itself as a maximum in p.(7). In the
AFO phase, an introduced atom works predominantly as a
scattering center. Each substituted atom generates a different
strength of carrier scattering, resulting in a different rate of
increasing resistivity with substitution. Co atoms substituted
at the center of the conduction plane are very strong scatterers
with a large ac anisotropy. Isovalent substitutions of Ru
and P give rise to a moderate increase in the resistivity,
and Sr substitution has no effect. The resistivity upturn was
observed prominently in p.(7) of K-Bal22, which makes
the resistivity for K-Bal22 highly anisotropic. The upturn is
likely attributed to a weakly localized nature along the c axis.
Our result highlights the diversity of the substitution effect
on BaFe;As, depending on the lattice site and the element
species.
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