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found a clear correlation between the magnitude of the

residual resistivity and the resistivity anisotropy. This indicates that the resistivity anisotropy originates from anisotropic impurity
scattering due to dopant atoms. The magnitude of the residual resistivity was also found to be a parameter controlling the
suppression rate of the AFO ordering temperature. Therefore, the dominant role of doping in the AFO phase is to introduce
disorder to the system, distinct from that in the PT phase.

B INTRODUCTION Identification of the roles played by chemical doping is

another important issue. In the case of high-T, cuprates, a

(AF) metals with orthorhombic lattice distortions in_their crucial role of doping is to tune the carrier concentration and in
. . o some cases to introduce disorder.'®"" In an analogous way, for
parent phase, can be turned into high-transition-temperature

(high-T.) superconductors by chemical substitution/ doping.l_4 ei(lample,l subst11t<ut10n Tf Co (K}? lfor Fe -(Ba) El 1113 aF &S,
The temperature—doping (T—x) phase diagram of iron chemically works as electron (hole) doping, which is also
P ping x) P 8 supported by the evolution of the volume of the Fermi surface

pnictides is similar to that of high-T. cuprates in that the (ES) as observed by ARPES.'>"® On the other hand, the phase
. )

The iron arsenides, which are in most cases antiferromagnetic

system moves from an AF phase to a superconducting (SC) diagram of BaFe,As, with P substituted for As, which does not
phase as the doping level increases. As in the case of the high-T. change the carrier concentration (dubbed as isovalent doping),
cuprates, it is worth investigating the evolution of the electronic is similar to that in other doping cases.* This suggests that
state with doping in order to understand the real nature of the changing the carrier concentration is not the only effect of
AF metallic state and how it is linked to the SC phase. doping.

One notable feature of the antiferromagnetic/orthorhombic To date, the evolution of physical properties with doping has
(AFO) phase of iron-based superconductors is an anisotropic been investigated for one Particular system, However) to
electronic state. In the AFO phase of iron arsenides, the achieve a unified view of the phase diagram of iron-based
anisotropic electronic state has been revealed by neutron superconductors, a comprehensive study to investigate the
scattering,® transport,® and optical measurements’ and by similarities and differences among various doping routes leading
angle-resolved photoemission spectroscopy (ARPES)® and toward the superconducting phase is necessary. In this work, we
scanning tunneling spectroscopy (STS).” Except for the focused on the AFO phase of the representative iron arsenide
resistivity anisotropy, the origin of the anisotropy in these BaFe,As, and investigated the effects of Co, P, and K doping by
spectra is inherent to the electronic state of the AFO phase, studying the doping evolution of the in-plane resistivity and its
which is characterized by stripe-AF spin order and anisotropy. We found that in all the three cases the major role
orthorhombic lattice distortions, possibly connected to orbital
ordering/polarization. Extensive theoretical and experimental Received: November 14, 2012
efforts have been devoted to understanding its origin. Published: January 23, 2013
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Figure 1. Doping evolution of the temperature dependence of the in-plane resistivity for (a) Ba(Fe,_,Co,),As,, (b) BaFe,(As,_,P,),, and (c)

Ba,_,K.Fe,As, in the underdoped regime.

of doping is to introduce disorder, the effect of which is
strongly dependent on the dopant site. We show that strength
of the scattering from dopant atoms controls the suppression
rate of the AFO phase as well as the resistivity anisotropy.

B RESULTS AND DISCUSSION

Doping Evolution of the In-Plane Resistivity in the
AFO Phase. Figure 1 shows the temperature dependences of
the in-plane resistivity for Ba(Fe,_,Co,),As,, BaFe,(As,_,P,),,
and Ba, K Fe,As,, covering the doping range from x = 0 to
the composition just above the AFO—SC coexistence region.
The resistivity of the parent BaFe,As, exhibits an abrupt
decrease below T, = 143 K associated with the transition from
the paramagnetic/tetragonal (PT) phase to the AFO phase.
The decrease in the resistivity despite the loss of carrier density
is due to a reconstruction of the Fermi surface in the AFO
phase that generates high-mobility carriers, which dominate the
charge transport.'*'® The residual resistivity is quite low (p, ~
10 pQ cm) for a well-annealed high-quality crystal.

When Co is substituted for Fe, the residual resistivity in the
AFO phase rapidly increases up to x = 0.04 (Figure 2a), which
indicates that the Co atom works as a strong scattering center.
For x = 0.02, po/x ~ 60 uQ cm/x(%Co), which is comparable
with the residual resistivity produced by a Zn impurity
introduced into underdoped cuprates.'® With further doping,
however, the residual resistivity starts to decrease, accompanied
by the appearance of superconductivity. A drop in the
scattering rate was observed 1n the IR spectrum for
Ba(Fe,_,Co,),As, for x > 0.04."° This result suggests the
formation of unusual impurity states around a Co atom in the
AFO phase.

In the case of BaFe,(As,_,P,),, the doping evolution of the
resistivity is qualitatively similar to that of Ba(Fe,_,Co,),As,.
However, the magnitude of the residual resistivity (Figure 2b)
is smaller than that of Ba(Fe,_,Co,),As, by an order of
magnitude, indicating that a P atom substituted for As scatters
carriers less strongly than a Co substituted for Fe. The
isovalency of P to As is probably responsible for the weaker
scattering.

The doping evolution of the in-plane resistivity of
Ba,_,K,Fe,As, is entirely different from that observed in the
above two cases. The residual resistivity is smaller by an order
of magnitude. In view of the fact that annealing is difficult for
Ba, K Fe,As, crystals and as-grown crystals therefore likely
contain crystal disorder/deficiency near the FeAs block, the K-
induced residual resistivity of Ba,_ K, Fe,As, would be
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Figure 2. Doping dependence of the residual resistivity of (a)
Ba(Fe,_,Co,),As,, (b) BaFe,(As;_,P.),, and (c) Ba;_,K.Fe,As,.
Dashed lines indicate the increases in residual resistivity upon doping,
and the increasing rates (indicated by the slopes) are also shown. (d—
f) Phase diagrams for the three compounds based on the in-plane
resistivity measurements. Also shown are the suppression rates of AFO

ordering (—dT,/dx).

practically zero over the whole doping range. Therefore, the
magnitude of the residual resistivity, or the strength of the
impurity scattering by dopant atoms, gets smaller as the dopant
site moves farther away from the Fe plane. It should be noted
that the scattering strength of an individual dopant atom shows
an overall decrease with increasing dopant concentration, Wthh
is certainly associated with weakening of the AFO order."”
Below, we show that the strength of the impurity scattering is
intimately related to the magnitude of the resistivity anisotropy
as well as the suppression rate of the AFO order.
Suppression of the AFO Phase by Chemical Sub-
stitution. In the case of cuprates, the AF order is rapidly
destroyed by doping a small fraction of holes (~2%)"® but it is
robust toward Zn substitution for Cu and persists at Zn
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Figure 3. (a—d) In-plane resistivity anisotropies of selected compounds: (a) annealed Ba(Fe;43C0q,),As,; (b) as-grown BaFe,(Asyg,Pg3),; (c) as-
grown Bag Ko sFe,Asy; (d) as-grown and annealed BaFe,As,. The annealing times were different for the annealed-1 (shorter) and annealed-2
(longer) BaFe,As, samples in (d). (e) Difference in the residual component of the in-plane resistivity (Ap, = p, — p,) at low temperature as a
function of the residual resistivity. p indicates the threshold value of the residual resistivity at which the resistivity anisotropy appears.

concentrations as large as 25%.'” These experimental results
can be reproduced by the magnetic frustration and magnetic
dilution models for a two-dimensional Heisenberg antiferro-
magnet,” respectively. We investigated the suppression rate of
the AFO order (—dT,/dx) for the three kinds of doping into
BaFe,As,.

In the case of Co doping, the AFO phase is radically
suppressed at a rate of (—dT,/dx) =~ 10 K/x(%Co) below x =
0.05 (Figure 2d). With further doping (x > 0.0S), super-
conductivity appears and the decrease in T speeds up. If one
assumes that each Co atom introduces one mobile electron
(although there is controversy about whether the substituted
Co atoms supply carriers”' ~>®), it seems to frustrate the Fe spin
order.

The isovalent P substitution neither introduces charge
carriers nor dilutes the Fe spins, so the effect of P substitution
on the AF spin order is expected to be very weak. However, as
in the case of Co doping, P doping reduces T at a rate of
(—dT./dx) ~ 3 K/x(%P) for x < 0.2, about one-third of that
for Co doping (Figure 2e). The case of K doping is unusual.
Substitution of a K atom for a Ba atom adds one hole to the AF
order state, but the suppression rate of Ty is very small, at least
in the low-doping region (Figure 2f). We obtained only three
data points in the underdoped regime, but the data in refs 24
and 2S5 confirm that the suppression of T is very slow, with
(—dT,/dx) < 0.5 K/x(%K) up to x < 0.15, although T starts to
decrease rapidly once the SC phase appears (x > 0.15) and
coexists with the AFO phase.

These results for the three types of doping show that the
mechanism of suppression of the AFO phase with doping in
BaFe,As, is quite different from that of the localized spin AF
order in cuprates. Interestingly, we notice that for the three
types of doping, the suppression rate of the AFO phase
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decreases in the order of decreasing residual resistivity
produced by doping. This suggests that a disorder effect plays
a substantial role in the suppression of the AFO phase. On the
basis of itinerant magnetism [spin density wave (SDW)],
Vavilov and Chubukov explained a linear suppression of T
(Ty) as a disorder/impurity effect with the suppression rate
being determined by the carrier scattering rate,” in apparent
agreement with the present results. In fact, the T, suppression
rate is also very small in the 1111 systems LnFeAsO,_,F, and
LnFeAsO,_, (Ln = rare-earth element),””** where the dopant
atoms or vacancies are located at the O site far away from the
FeAs block.

At this point, the possibility that a change in the lattice
parameters with doping is another driving force for suppressing
the AFO order should also be considered. It is known that the
AFO order is also suppressed by the application of hydrostatic
pressure.”” For P doping, the lattice constants shrink
appreciably in both the a and c¢ directions, so the reduction
in volume is most remarkable.>® The relatively rapid decrease in
T, in the P-doping case despite the fact that the residual
resistivity is a factor of ~10 smaller than that of the Co-doped
compound indicates that the chemical pressure effect is also at
work in suppressing the AFO order. Since the volume
reduction rate is smaller for Co doping®" and much smaller
for K doping,®* the chemical pressure effect is not expected to
be significant in those two cases.

We see that in all the three cases, T rapidly decreases once
the SC phase appears and coexists with the AFO order. A naive
explanation for this is that the AFO—PT/SC transition is
essentially first order, and hence, T, should have exhibited a
discontinuous decrease at the transition. In this context, a small
spatial fluctuation of the dopant concentration would lead to
coexistence/phase separation of the two phases and make T
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decrease continuously but rapidly. As supportive evidence, in
the case of application of pressure, which is a cleaner control
parameter than chemical doping, and in the doped 1111
system, where the effect of dopant disorder is weakest, T
decreased sharply and there was almost no AFO-SC
coexistence region.29

It should be noted that a major effect of these chemical
dopings in the PT phase is to change the Fermi surface by
adding extra electrons or holes or by exerting chemical
pressure.***** A disorder effect due to dopant impurities
may be seen in the superconducting dome (T.—x curve). The
maximum value of T, and the width of the dome decrease in
the order of K, P, and Co doping (Figure 2d—f), which is just
the order of increasing disorder strength observed in the AFO
phase.

Origin of the In-Plane Resistivity Anisotropy. Origi-
nally, the resistivity anisotropy was considered to arise directly
from the intrinsically anisotropic electronic state of the AFO
phase. For the Co-doped system, the resistivity along the
shorter b axis with ferromagnetic spin alignment (p,) is always
higher than that along the longer a axis with antiferromagnetic
spin alignment (p,). This looks odd in view of, for example, the
double-exchange mechanism but is in agreement with the
anisotropy in the low-energy optical conductivity (o, > o).
The anisotropy in optical conductivity is explained by theories
that take into account stripe-AF spin order and/or orbital
correlations (ordering).*

In the preceding work,*® we investigated the anisotropy of
the in-plane resistivity in the AFO phase of underdoped
Ba(Fe,_,Co,),As,. We found that (1) the resistivity anisotropy
at low temperatures almost vanishes for clean BaFe,As,, (2) a
finite anisotropy is induced by Co doping in the residual
resistivity component, and (3) the anisotropy in as-grown
crystals probably arises from crystal defects present in nearby
FeAs blocks. These findings evidenced that the resistivity
anisotropy originates from the anisotropic impurity scattering
by doped Co atoms/crystal defects. A Co impurity atom
introduced into the AFO phase is supposed to polarize its
electronic surroundings with intrinsic anisotropy, thereby
working as an anisotropic scattering center. The impurity-
induced resistivity anisotropy scenario is supported by optical
measurements performed on detwinned Ba(Fe,;_,Co,),As,."”
The width of the Drude component, which is proportional to
the carrier scattering rate 1/7, was found to increase in
proportion to the Co concentration and become larger along
the b axis than along the a axis. Moreover, recent STS
measurements discovered the formation of g-axis-aligned
electronic dimers surrounding each Co in the AFO state of
Ca(Fe,_,Co,),As,” in agreement with our speculation of the
anisotropic Co impurity state.

Here we extended the measurements to P- and K-doped
compounds. Figure 3b,c shows the in-plane resistivity
anisotropies of BaFe,(As,_,P,), (x ~ 0.13) and Ba,_,K,Fe,As,
(x = 0.16), respectively, and the results for Ba(Fe,_,Co,),As,
(x = 0.02), which has similar values of T, are also shown
(Figure 3a). Unfortunately, the measurements on the P- and K-
doped compounds were performed on as-grown crystals.
Damaged or contaminated surface layers of annealed crystals
should be removed in order to obtain reliable data. However,
since the as-grown P- and K-doped crystals were thinner than
the Co-doped one, the crystals became too thin for application
of uniaxial pressure after the damaged surface layers were
removed.
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BaFe,(As;_,P,), was found to show a sizable resistivity
anisotropy as well. As in the case of Ba(Fe,_,Co,),As,, the
resistivity along the b axis was higher than that along the a axis.
However, in view of the fact that the dopant concentration x
was larger for the P-doped case, the magnitude of the
anisotropy was smaller. Thus, it is likely that a doped P atom
forms a similar anisotropic impurity state and acts as an
anisotropic scattering center with a smaller scattering cross
section than for a Co impurity.

By contrast, Ba;_ K Fe,As, did not show a discernible
anisotropy (Figure 3c), in agreement with the previous
report.3 It was argued that resistivity anisotropy is a property
inherent to electron-doped compounds. However, the presence
of anisotropy in the isovalent P-doped compound calls this
hypothesis into question.

The absence of resistivity anisotropy seems odd in view of
the results for Co and P doping, as a sizable residual resistivity
(30—40 uQ cm) was observed for the K-doped compound.
However, when collecting the in-plane resistivity anisotropy
data for various samples, including as-grown Ba(Fe,_,Co,),As,,
we found a correlation between the magnitude of the resistivity
anisotropy, Ap, = p, — p, and the residual resistivity p,
measured for the free-standing (twinned) crystal, which
coincides with the average residual resistivity (p, + p,)/2
(Figure 3e). Since the magnitude of p, is a measure of the
impurity scattering rate, this correlation confirms again our
conclusion that the resistivity anisotropy originates from
impurity scattering, irrespective of the sign of the introduced
charge carrier (electron or hole). Furthermore, there appeared
to be a threshold value of the residual resistivity (pi ~ 50 uQ
cm) above which finite Ap, appeared. This suggests that when
the impurity potential is too weak, the unusual anisotropic
impurity state is not formed, as might be the case with K
doping and the annealed parent comﬁound.

As we demonstrated previously,"*** both residual resistivity
and resistivity anisotropy decrease after annealing. Particularly
for BaFe,As,, sufficient annealing makes the resistivity
anisotropy vanishingly small at low temperatures (Figure 3d).
This in turn implies that the as-grown crystal might contain
defects and impurities in nearby FeAs blocks that also can act as
anisotropic scattering centers. Thus, the resistivity anisotropy of
the as-grown BaFe,(As,_,P,), crystal might be induced by both
P atoms and crystal defects. To estimate the genuine resistivity
anisotropy induced by P atoms, we compared the magnitudes
of p, for as-grown and annealed BaFe,(As,_,P,), (x =~ 0.13).
The value of p, was ~130 pQ cm for the as-grown crystal,
which was reduced to 80 u€2 cm after annealing. Annealing
would be expected to reduce the defect density considerably, so
po for the annealed crystal should be attributable for the most
part to the contribution from the P impurity. Since this value is
well above the threshold value pif, the P impurity likely induces
the residual resistivity. From the correlation between p, and Ap
displayed in Figure 3e, the magnitude of Ap induced by the P
impurity would be 20—40 §Q cm.

As-grown Ba,_ K Fe,As, is also expected to contain crystal
defects. However, in view of the small value of p, for the x =
0.16 crystal (~37 uQ cm), which is below pf, the contribution
to Ap, from the crystal defects is negligibly small. The
formation of crystal defects is probably inhibited under the
conditions for the crystal growth of K-doped compounds.
Therefore, it is reasonable to conclude that the K impurity
potential is too weak to induce resistivity anisotropy. The
possibility that the anisotropy induced by crystal defects
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accidentally compensates for that due to the K impurity with
opposite sign has been ruled out.***°

We have shown that the anisotropic elastic scattering from
dopant impurities is responsible for the resistivity anisotropy at
low temperatures in the AFO phase. However, as displayed in
Figure 4, the anisotropy Ap = p, — p, gradually increases as the
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Figure 4. Resistivity anisotropy Ap = p, — p, plotted as a function of
temperature for (a) Ba(Fe,_,Co,),As, with x = 0, 0.02, and 0.04 and
(b) BaFe,(As,_,P,), with x = 0.13 and Ba,_,K,Fe,As, with x = 0.16.

temperature is raised toward T,. Above T, Ap drops sharply
after showing a cusp at T but remains finite at temperatures
well above T,. As the temperature rises, inelastic scattering
processes progressively dominate. Therefore, the enhanced
anisotropy at high temperatures is indicative of the presence of
an anisotropic contribution to the inelastic scattering process.
According to Fernandes et al,> this gives rise to the resistivity
anisotropy combined with impurity scattering. This mechanism
might explain the enhanced anisotropy at elevated temperatures
below T, as well as the anisotropy above T,. The anisotropy
above T, (in the tetragonal phase) is usually attributed to a
manifestation of the rotational-symmetry-broken nematic
phase.’ However, because the resistivity anisotropy arises
predominantly from impurity scattering and the temperature
range of the anisotropy above T expands with Co/P doping
and shrinks after annealing, it would be possible to suppose that
an extrinsic mechanism is also at work, such as short-range
AFO order locally induced around impurity atoms.

B CONCLUSIONS

We have investigated the doping evolution and dopant-site
dependence of the in-plane resistivity for BaFe,As, to pursue
the effect of doping on the AFO phase. The strength of the
dopant impurity scattering was found to be a control parameter
for the suppression of the AFO ordering temperature, in
addition to the chemical pressure exerted by substituted dopant
atoms. It also controls the magnitude of the resistivity
anisotropy, which arises from an anomalous impurity state
formed around a dopant atom. The anisotropy diminishes
when the dopant site is away from the Fe plane and the
impurity potential is too weak to form such an impurity state.
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Therefore, the major effect of doping on the AFO phase is to
introduce disorder. Formation of the anomalous impurity state
around a dopant atom is a hallmark of a unique electronic state
of the AFO phase that might be regarded as a spin-charge-
orbital complex. The fact that the superconducting transition
temperature T, attains maximum values near the AFO—SC
phase boundary suggests that fluctuations of such a complex
may be relevant to the formation of Cooper pairs in doped iron
arsenides.

B EXPERIMENTAL SECTION

Single crystals of Ba(Fe, ,Co,),As, BaFe,(As,_,P,),, and
Ba,_,K Fe,As, were grown by the self-flux method."®*"** The actual
compositions of the samples were determined by inductively coupled
plasma and energy-dispersive X-ray analyses. The crystals were cut in a
rectangular shape along the tetragonal [110] directions, which become
a or b axes in the orthorhombic phase. Typical dimensions of the
Ba(Fe,_,Co,),As, crystals were 1.5 mm X 1.5 mm in the ab plane and
0.5 mm in thickness along the ¢ axis. In the case of BaFe,(As,_.P,),
and Ba,_,KFe,As,, the crystals were thinner (0.1-0.2 mm in
thickness). The crystals of Co- and P-doped BaFe,As, were sealed
into an evacuated quartz tube together with BaAs powder and
annealed for several days, since annealing remarkably improves the
transport properties in the ordered phase of BaFe,As),* indicating
that the as-grown crystals contain appreciable amount of defects/
impurities that might inhibit the observation of the intrinsic charge
transport in this system. However, for K-doped BaFe,As,, annealing
damaged the crystals, so the measurements were done on as-grown
crystals. For detwinning, the rectangular-shaped crystals were set in an
uniaxial pressure cell and detwinned by the apﬂlication of compressive
pressure along the tetragonal (110) direction.** The resistivities along
the a and b axes were measured simultaneously using the Montgomery
method* without releasing the pressure. The measurements were
performed using a Quantum Design Physical Property Measurement
System (PPMS).
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