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We report on electrical resistivity, magnetoresistance (MR) and Hall effect measurements in four non-
superconducting BaFe;_yTMAs, (TM = Mn, Cu and Ni) single crystals with small values of the chemical
substitution x. The spin density wave (SDW) ordering that occurs in these systems at temperatures T ~
(120-140) K, in close vicinity to a tetragonal/orthorhombic transition, produces significant modifications
in their magneto-transport properties. While in the magnetically ordered phase the MR is positive and its
magnitude increases with decreasing temperatures, in the paramagnetic regime the MR becomes vanish-
ingly small. Above the spin density wave transition temperature (Tspw) the Hall coefficient Ry is negative,
small and weakly temperature dependent, but a remarkable change of slope occurs in the Ry versus T
curves at T = Tspw. The Hall coefficient amplitude, while remaining negative, increases steadily and sig-
nificantly as the temperature is decreased below Tspw and down to T = 20 K. The qualitative behavior
of both MR and Hall coefficient is weakly dependent on the chemical substitution in the studied limit.
The experiments provide strong evidence that scattering of charge carriers by magnetic excitations has to
be taken into account to explain the behavior of the resistivity, magnetoresistance and Hall effect in the
ordered phase of the studied compounds. Effects of multiple band conduction also must be considered
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for a complete interpretation of the results.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Because of its peculiar electronic properties along with its simi-
larities with the high temperature cuprate superconductors (HTCS),
the Fe-pnictide superconductors have fascinated scientists since
its discovery in 2008 [1]. As the cuprates, the Fe-pnictide super-
conductors have parent compounds showing an antiferromagnetic
ground state. Also similar to the HTCS, superconductivity in the
Fe-pnictides can be achieved by doping the precursor compounds
with electrons or holes. Contrasting with the cuprates, supercon-
ductivity in the Fe-pnictides may also be obtained by applying
pressure [2]. Further, the precursors of the iron based supercon-
ductors are metallic and the antiferromagnetism is related to sta-
bilization of a spin density wave (SDW) state [3,4]. Nevertheless,
it is currently accepted that the simultaneous presence of both lo-
calized and itinerant moments is necessary to explain magnetism,
transport and other electronic properties of these compounds
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[5-7]. The typical T —x phase diagram of Fe-pnictides shows
that the parent compounds and underdoped samples exhibit
a tetragonal, paramagnetic phase at high temperatures, while
an orthorhombic, antiferromagnetic phase characterizes the low-
temperature state. The structural and magnetic transitions are
gradually suppressed upon doping the parent compound with se-
lected impurities, and above a certain threshold of the chemical
substitution, a superconducting ground state is stabilized [2].
Among several known families of iron based superconductors,
the 122 family is the most studied. One of the parent compounds
of this family is the BaFe,As,, which displays a structural (tetrag-
onal to orthorhombic) transition closely followed by a SDW phase
transition at T ~ 140 K. Furthermore, a superconducting transition
can be induced by external pressure or chemical substitutions. The
substitutions can be either out or inside the Fe-As planes. The first
case is represented by the partial substitution of Ba atoms by K
atoms (hole doping). Substitution inside the planes are achieved
by partially substituting the Fe atoms by Co, Ni, Cu, Rh or Pd
[2,8-12] (electron doping), or the As atoms by P atoms (iso-
valent substitution). All these substitutions disrupt the magnetic
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order and, depending on the impurity concentration, induce super-
conductivity. However as similar results are obtained by applying
external pressure, it is still controversial whether chemical substi-
tution in fact leads to an effective charge doping and is the main
factor driving superconductivity in the BaFe,As, compound [13,14].
On the other hand, although substitutions such as Mn [15] and Cr
[16] also suppress the SDW phase, the superconducting state is not
observed due to the strong magnetic pair-breaking mechanism in-
duced by these impurities.

An important feature in the electronic structure of the Fe-
pnictides is the presence of both electron and hole pockets on
their Fermi surface [2,8]. As a consequence, it has been diffi-
cult to identify the microscopic phenomena giving place to mag-
netism and many doubts remain on the mechanisms governing the
electric charge transport in these systems. To shed new light on
the discussion of this specific subject, we have studied electrical
magneto-transport properties in several non-superconducting com-
pounds of the Ba-122 family. In particular, we have experimentally
investigated the magnetoresistance (MR) and Hall effect (HE) of
BaFe, ,TMyAs, (TM = Mn, Cu, Ni) single crystal samples in the
very low doping limit. We also report on resistivity versus temper-
ature measurements at zero applied magnetic field.

In general, the transversal MR (uoH || cLI, where I represents
the electrical current and c is the principal symmetry axis) of 122
compounds is positive and displays an unusual temperature de-
pendence becoming negligibly small for T > Tspw [17,18]. On the
other hand, the longitudinal MR (uoH || ab || I where ab refers
to the planar orientation) is negative, and tough small, it is still
measurable in the paramagnetic region [19]. The longitudinal MR
behavior in the disordered region was explained as resulting from
the spin-disorder suppression mechanism produced by the exter-
nal magnetic field [19]. Conversely, no explanation is found in the
literature for the temperature and field dependent behavior of the
transversal MR, which is the one studied here. The Hall coefficient
(Ry) shows a strong temperature dependence in compounds of the
122 family [20,21]. In particular, the absolute value of Ry has a
drastic increase when the temperature decreases below Tspy in
non-doped and slightly doped compounds. Some attempts to ex-
plain this behavior include (i) a Fermi surface reconstruction at
Tspw [20-22], or (ii) the effect of conduction by multiple bands.
However, in undoped and slightly doped compounds as those stud-
ied here, the magnetic transition is very sharp, in some cases con-
sidered weakly first order [23], so that the first interpretation does
not adequately explain the observed variations of Ry in tempera-
tures far below Tspw. The second explanation implies that, if not
accompanied by another effect, strong modifications in the elec-
tronic band structure should occur all along the magnetic ordered
phase. These controversies show that the mechanisms governing
the magneto-transport phenomena in the 122 Fe-pnictides are still
not completely understood. In this work we present evidences that
carrier scattering by magnetic excitations leading to anomalous
contributions both to the MR and HE should be considered as a
relevant mechanism for describing the magneto-transport proper-
ties of these systems

The results here described strongly suggest that not only
multiple-band conduction, but also scattering by magnetic excita-
tions, must be taken into account for explaining both the MR and
HE in the magnetically ordered ground state of the undoped and
slightly doped 122 Fe-pnictides.

2. Experimental details

Single crystals of BaFe,_,TMAs,, x =0 and x = 0.020, 0.012
and 0.015 were synthesized for TM = Mn, Cu and Ni, respec-
tively. These concentrations were estimated by Energy Dispersive
Spectroscopy (EDS) and wavelength-dispersive X-ray spectroscopy

Table 1

Lattice parameter along the c—axis and the magnetic
transition temperatures for the studied samples of
BaFe, yTMyAs, (TM = Mn, Cu, Ni).

Sample c(A) Tspw (K)
x=0 13.021 + 0.001 135 + 3
Mno,020 + 0.006 13.022 + 0.003 121 + 3
Cuo012 + 0.004 13.011 + 0.001 123 £ 1
Nio015 + 0.005 13.034 + 0.002 121 + 2

(WDS) analyses. We further compared the measured SDW tem-
peratures with predictions of the phase diagrams found in liter-
ature. This last criterion is useful because of the large uncertain-
ties related to the employed EDS and WDS techniques in the limit
of low impurity concentration. The crystals were grown by using
the In-flux method as reported in Ref. [10]. None of our four sam-
ples shows superconductivity and no detwinning processes were
attempted on the obtained crystals.

X-rays diffraction and resistivity measurements were performed
for characterization. The magnetic ordering temperature Tspy was
estimated from the temperature derivative of the zero field electri-
cal resistivity curves. Table 1 displays the values of Tspyw and the
c—axis lattice parameters extracted from the experiments above
mentioned.

Electric transport measurements were carried out by using a
standard four probe method. The electric contacts were made with
silver epoxy and Cu wires in platelet-like crystals. The contact
leads for voltage measurements were attached to the same edge
of the sample for measuring the longitudinal resistance, and to
opposite edges for the transversal resistance. Measurements were
performed upon the application of magnetic fields with magnitude
between 0 and + 9 T and orientation parallel to the c—axis. The
magnetoresistance was determined from the average peyen = (04 +
p—)/2 of the longitudinal measurement and the Hall resistivity
from pyyy = (p+ — p—)/2 of the transversal voltage measurement.
The term p,,_ refers to the vertical direction positive/negative of
the magnetic field, respectively. All the magneto-transport experi-
ments were performed with a low-frequency AC bridge of a com-
mercial PPMS@ platform manufactured by Quantum Design, Inc.

3. Results and discussion
3.1. Resistivity

The temperature-dependent electrical resistivity curves for the
studied samples are presented in Fig. 1. The magnetic transition is
signaled by a typical kink in the p vs. T curves. The transition tem-
perature is clearly diminished upon chemical substitution. In addi-
tion, the absolute values of the resistivity in the substituted com-
pounds are significantly larger than that in the parent compound.
Thus in the low x limit, the studied chemical substitutions seem
to play the role of scattering centers increasing the relaxation rate
rather than as donor/receptor atoms increasing the electron/holes
density. The inset in the (a) panel of Fig. 1 shows the residual re-
sistivities (p;) of the substituted samples compared with that of
the pure compound; there we include a point obtained from Ref.
[24] for a sample of BaFe;q93C0ggyAs,. The data for the substituted
samples are calculated for x = 0.01, then normalized with respect
to the residual resistivity of the pure specimen. We note that the
behavior of p; across the series of compounds is similar to that
observed in dilute alloys, where p; increases when the charge of
the impurity relative to that of the host also increases because of
its higher cross section.

A close look at the p vs. T curves in Fig. 1 near the kink
observed at Tspyw reveals that the resistivity goes through a
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Fig. 1. Resistivity as a function of the temperature for the four studied samples.
The magnetic ordering temperatures (Tspw) are indicated. The inset in the (a) panel
shows the ratio between the residual resistivity of the substituted-samples with
respect to that of the pure compound (see text).

maximum in the form of a faint cusp at this temperature. Although
the magnetic transition is accompanied by a slight orthorhombic
distortion in the studied compounds [2], we rather ascribe this
maximum to the opening of a small gap, or pseudogap, near the
Fermi level because of the antiferromagnetic ordering. This max-
imum is often identified as the super-zone effect, commonly ob-
served in the resistivity of antiferromagnetic metals near the or-
dering temperature [25]. Alternatively, it has been argued that, in
the absence of magnetic field, the kink in the pvs.T plot, where
the resistivity drops sharply below Tspy, can be explained by the
existence of one or two (one for each type of carrier) successive
Lifshitz transitions [26].

1,620
e 2K
B 50K BaFeyAsy ,
L2H s 1w0k| Ap/po=aluH)
_ 4 125K
< e 135K
50'8 A 300K
0.4
0.0
0 9 ] 6 5
ot (T)
3.0 X 1072
2.5 : ;E;i BaFe;_,Mn,Asy (2 =0.020) °
2.0 : Ap/po = a(pgH)
<15
U
T10p ()
0.5
0.0 bbb q4q9<e¥«
0 9 1 G S
uoH (T
g X 102
Zlle 2K . A
B 50K BaFe,_,Cu,Asy (2 =0.012)
6r| » Ap/po = alpH)"
5 <
& ||a
§4
<3
2
1
0
0 2 4 G 3
/mH (T)
4% 102
e WK .
3l ;:]'()I‘K BaFe,_,Ni,Asy (x =0.015)
< K| Ap/p=almH)
52 A 300 K
T .
1 (@)
! G Nl O
0 o= 1 6 S

Fig. 2. MR as a function of the magnetic field («oH || ¢) in several fixed tempera-
tures. Solid lines are fits to Ap/pg = a(ioH)®?, where b ~ 1.5 for all samples and
temperatures. The MR is nearly zero for temperatures above Tspy.

3.2. Magnetoresistance

In Fig. 2, the MR is shown as a function of the magnetic field at
several fixed temperatures for all the studied samples. In Fig. 3 the
temperature dependence of the MR is presented at the fixed fields
uoH = 4, 6 and 8 T. In both figures the MR is given as Ap/p(0)
where Ap = p(H) — p(0).

Fig. 3 shows that the MR amplitude is negligible in temper-
atures above Tspy for all studied samples. This particular result
strongly suggests that the electrical transport in these systems is
not a single-band conduction process. According to the simplest
two-band model, the low-field MR is given as [27]:

ety — te)? 1o
Apr ——————— 1
PR ot ()
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Fig. 3. MR amplitude as a function of the temperature at three different fields.

where o is the conductivity of the hole (electron) band and
In(e) 1s the respective mobility. In view of the results in Fig. 3, the
above expression ensures that the mobilities for holes and elec-
trons are approximately the same above Tspw. The situation is
quite distinct in the ordered phase, where the MR is fairly large
and positive. In this region Eq. (1) does not describe adequately
the observed results. At first, as shown in Fig. 2, the experimen-
tally determined MR may be described as ApxaH?, where a is a
constant and b ~ 1.5 for all samples and temperatures. This be-
havior deviates from the quadratic field dependence predicted by
Eq. (1). Secondly, within the two-bands scenario one would have to
suppose that some severe Fermi surface reconstruction at T = Tgpw
[20,22] forces the mobilities @ and puj, to become significantly
different at this temperature. Moreover, this difference should in-
crease as the temperature decreases into the magnetically ordered
state.

140t[ o - 20 K ®
120} [ ®-® 100 K

Mn Fe Ni Cu

Fig. 4. Absolute magnetoresistance Ap = p(H — p(0)) for the measured samples in
T =20 K and 100 K under the applied field poH =9 T. The data are normalized to
that for the pure sample.

We propose a description of the MR data in the temperature
range below Tspyw by considering the effect of spin-dependent
scattering. Since the 122 Fe-pnictides order antiferromagnetically,
the application of a magnetic field disrupts the imbalance of the
staggered magnetizations. Then, instead of reducing spin-disorder,
as is the case in ferromagnetic metals, the field enhances the cross-
section for spin-flip scattering. Roughly, one would expect that the
field-dependent resistivity increases as [28]:

p(H) o c(S)?, (2)

where c is a constant and (S) ~ [n(1) —n(])] is the field induced
difference between the densities for electrons with spin parallel
and anti-parallel to the field orientation if one assumes that the
antiferromagnetism comes from a SDW state. On the other hand,
(S) must be interpreted as the net magnetization if one supposes
that localized moments in the Fe atoms governs the magnetically
ordered phase of the studied compounds. In any case, the field dis-
turbs the cooperative spin alignment and should increase the elec-
tron scattering rate. The fact that the MR increases as a power law
of the field with exponent b ~ 1.5 indicates that (S) increases sub-
linearly as a function of H.

The occurrence of a magnetic contribution to the resistivity in
our samples is also suggested by results plotted in Fig. 3. In these
plots, one observes that the amplitude of the MR as a function of
T is qualitatively reminiscent of an order parameter that becomes
non-zero in temperatures T < Tspw. This behavior is independent
of the applied field and is consistent with Eq. (2). We are thus led
to consider that the MR of lightly substituted 122 Fe-pnictides is
originated from dissipative electron scattering by spin excitations
in the antiferromagnetic phase. This hypothesis contrasts with the
previously proposed mechanisms based only on the two-band con-
duction model with large dominance of one type of carrier below
Tspw [20,21,24].

Fig. 4 shows Ap = p(H) — p(0) for our samples in tempera-
tures T =20 K and T =100 K, and field uoH =9 T. The data are
normalized to that of the pure sample. The results in Fig. 4 roughly
indicate that the general behavior of field-dependent electron scat-
tering rate does not change drastically with chemical substitution
and, at least at the concentration range studied here, it does not
show a systematic dependence on the substituting atom.

Fig. 5 shows the Kohler plot for our Cu-substituted sample. The
Kohler’s rule is violated in a large temperature interval inside the
magnetically ordered phase (50 K < T < Tspw ). The Kohler’s rule is
generally invalid in multiple band conductors. Moreover, violations
of Kohler’s rule can be related to distinct scattering times of the
charge carriers, with possible different temperature dependencies
in the presence and absence of magnetic field and/or field depen-
dent scattering times [29]. Thus, to our understanding, violations of
Kohler’s rule in our samples should be interpreted as an indication
of the presence of the carrier scattering by magnetic fluctuations
in the ordered phase of our samples.
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Fig. 5. Representative plot showing the violation of the Kohler’s rule in the mag-
netic phase of the Cu-substituted sample for temperatures T 2 50 K.

3.3. Hall effect

Figs. 6 and 7 show the results from the Hall effect experiments
carried out in the studied samples. In Fig. 6 the Hall resistivity pxy
is presented as a function of the magnetic field at several fixed
temperatures. In all cases pyy is a linear function of woH. In this
respect, our pure sample differs from others reported in literature
[17] where the pxy vs. uoH curves present a slight positive cur-
vature for fields uoH 2 2 T. We speculate that our pure specimen
presents some kind of disorder which has the same effect in pxy as
the addition of impurities. This could also explain the fact that our
pure sample to have a Tspyw ~ 135 K, slightly lower than the com-
monly reported value Tspw ~ 140 K. In Fig. 7 the Hall coefficient
Ry is shown as a function of the temperature for all samples. The
Hall coefficient was obtained from the slope of the straight lines
fitted to the pxy vs. uoH data in Fig. 6.

In Fig. 7 one observes that Ry is negative, small and weakly
temperature dependent in the paramagnetic region (T > Tspw)-
At the magnetic ordering temperature, a remarkable change oc-
curs in the Hall coefficient: while remaining negative, R; becomes
strongly temperature dependent, so that its magnitude increases
roughly linearly by more than one order of magnitude as T de-
creases toward zero. The negative sign of Ry in the whole stud-
ied temperature range indicates that, at these doping levels, the
transport is dominated by electrons in all the studied samples. The
fact that |[Ry(T)| decreases almost linearly to small values when T
approaches Tspy from below, and shows a remarkable change of
behavior at this temperature, is in agreement with the temper-
ature dependence of the magnetoresistance amplitude shown in
Fig. 3. Also, the weak dependence of the Ry magnitude on the im-
putity atom is remarkable in the results of Fig. 7. Consequently,
in accordance with the resistivity and magnetoresistance results,
the Hall effect data in Fig. 7 suggest that substituting atoms at
the Fe site of the 122 Fe-pnictides act mostly as scattering cen-
ters than as effective dopants, at least within the concentration
limit studied here. This result is in agreement with previous re-
ports which suggested that the main role of the distinct chemi-
cal substitutions in the Ba122 family is to provide local distortions
near the Fe site [14,30,31], so that subtle variations of the struc-
tural parameters play a major role to explain the phyical properties
of the Fe-pnictides [32].

The behavior of Ry in the paramagnetic region is in accordance
with the expectations for conduction by two currents, consistently
with the previously described magnetoresistance results. According
to the two-band conduction model the Hall coefficient is written as
[27]:
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Fig. 6. Hall resistivity as a function of the applied magnetic field in several fixed
temperatures. Solid lines are fit to straight lines.

6 7 8

The small values of Ry in the paramagnetic regime indicate nearly
compensated transport by holes and electrons; it means that not
only mobilities, but the electron and hole conductivities are close
to each other in the paramagnetic phase in all cases.

In the paramagnetic region, where the effect of magnetic order
can be neglected, authors in Ref. [33] theoretically proposed that
the variation of Ry with the temperature can be understood by in-
troducing an additional term to the Hall effect which origin is be-
yond the Boltzmann approximation. This supplementary term cor-
responds to vertex corrections to the quasi-particle currents. These
corrections are argued to be necessary because of the mixing pro-
duced by the exchange of spin fluctuations between the electron
(e) and hole (h) bands. Others suggest that the temperature de-
pendence of Ry in T > Tspy is associated with the momentum-
dependent scattering off spin fluctuations and the ellipticity of the
electron pockets [34,35].
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On the other hand, explanations for the temperature depen-
dence of Ry in the magnetically ordered region include, in most
cases, a severe Fermi surface reconstruction generated by the or-
thorhombic distortion accompanied by the SDW ordering. While
some authors consider the reduction of the charge carriers density
[20,32,36], others propose that a reduction of the hole mobility or
an enhancement of electron mobility is the dominant phenomenon
[21,24].

Here, we propose that contributions related to magnetic excita-
tions are also important to explain the Hall effect in the ordered
state of 122 Fe-pnictides. In particular, we associate an extraordi-
nary, or anomalous contribution to the Hall effect in addition to
the ordinary one described by Eq. (3). Since the ordinary contribu-
tion is very small due to the almost compensated two-band con-

duction, we suggest that the Ry magnitude in the temperature re-
gion below Tspy largely comes from the anomalous term.

The anomalous contribution to the Hall effect (AHE) is mostly
associated with ferromagnetic metals. It is parametrized as a linear
function of the magnetization, so that the total Hall resistivity is
written as [37]:

Pxy(H) = o (RoH + RsM), (4)

where (1o is the vacuum permeability, Ry is the ordinary Hall co-
efficient, M is the magnetization and Rg is the anomalous Hall
coefficient. The first term in the right side of Eq. (4) represents
the ordinary Hall effect due to the Lorentz force and the second
one is the anomalous contribution. At first glance, since antifer-
romagnetic metals have zero net spontaneous magnetization, Eq.
(4) rules out the description of the Hall effect in these materials.
Consequently, up to now an anomalous contribution to the Hall
effect has not been taken into account for explaining the behav-
ior of the magneto-transport phenomena in Fe-pnictides. However,
we must note that antiferromagnetic metals can also develop an
AHE induced by non-collinear spin structures [38,39], and even
non-frustrated collinear lattices may develop anomalous contribu-
tions to the Hall current [40] as observed in the U,PdGas; [41] and
Nd;_4CaxBg [42] compounds.

Equation (4) is an empirical relation which should not be taken
as universal, neither suitable for all materials [37]. However, since
antiferromagnetic materials can develop a field-induced magne-
tization, which may be approximately written as M = x.r(T)H,
where x(T) is a temperature dependent effective susceptibility,
here we assume the validity of Eq. (4) to describe the results in
Figs. 6 and 7. Then we write:

Pxy(H) = oRyH, (5)
where
Ry = Ro + Yeps(T)Rs(T). (6)

Based on the results shown in Fig. 7, we suppose that Ry =~ Ry
in the paramagnetic phase. A small contribution from an anoma-
lous term coming from scattering by magnetic impurities, and cor-
rections as those considered in Refs. [33-35], might lead to the
temperature dependence of Ry in the T > Tgpy region. As a work-
ing hypothesis, we assume that Ry remains small (Ry ~ 10~9 C/m3
in all cases) below Tspw, so that the strong temperature depen-
dence of Ry in this temperature range is due to the anomalous
Hall contribution. Thus, we suppose that Ry(T) = xer(T)Rs(T) for
T < TSDW'

Key ingredients to develop AHE are the multi-orbital charac-
ter of the charge carriers, spin-orbit interaction and time-reversal
symmetry breaking. The multi-orbital character of the carriers in
the Fe-pnictides is already known. The existence of spin-orbit in-
teraction in these compounds was theoretically predicted [43], and
experimentally corroborated by ARPES measurements [44]. The ap-
plication of a magnetic field naturally breaks the time-reversal-
symmetry, but an intrinsically broken time-reversal symmetry re-
lated to the particular magnetic ordering in the 122 compounds
should be present in order to generate an enhanced AHE. At this
point, one might consider that some “hidden” magnetic order
[45] accompanying the SDW state plays a role to explain the bro-
ken time-reversal symmetry in the 122 Fe-pnictides.

Taking the above considerations into account, we propose that
the inclusion of an anomalous term for explaining the Hall effect
results in the magentic state of our samples is a reasonable as-
sumption. Of course this statement leads to the issue of determin-
ing the origin of the AHE in these materials. Four mechanisms are
conventionally assumed to produce AHE in ferromagnetic materi-
als [37,46]. The so-called intrinsic mechanisms are related to Berry
phase effects on the Bloch wave-functions of the charge carriers
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under the influence of spin-orbit scattering. Two different possibil-
ities may occur: the Berry phase may accumulate in the reciprocal
space giving origin to a dissipationless transverse current [47], or
the carriers can accumulate a Berry phase in the real space due
to canting of localized spins. The former is called the Karplus-
Luttinger (K-L) contribution [47] and the last one is known as the
spin-chirality mechanism [48]. Two extrinsic mechanisms for AHE
are due to the interaction of the charge carriers with atomic mag-
netic scattering centers in the material and depend on the concen-
tration of those single-ion moments; these are the skew-scattering
and side-jump contributions [46].

Identifying experimentally the contribution of each mechanism
to the AHE of a given material may be difficult. In general, a useful
procedure is to plot the anomalous Hall coefficient as a function
of the longitudinal resistivity assuming that these quantities relate
to each other through a simple power-law with the form Rg o p,g(.
The K-L theory predicts that S = 2 [46,47]. For the skew-scattering
mechanism the exponent is 8 = 1 provided that pxy increases lin-
early with the concentration of single-ion moments. For the side-
jump one also expects = 2, since the effect should depend on
the square of the single-ion moment concentration [46]. As a gen-
eral trend, the K-L mechanism is expected to describe the AHE
in systems where the magnetic moments distribute periodically in
the lattice. Skew-scattering is dominant in dilute magnetic alloys
while side-jump should prevail in concentrated magnetic alloys. In
the case of our experiments, since y (T) data are not available for
our samples, we are unable to single out the value of Rg(T) from
the Ry value. However, measurements of M/H existing in the lit-
erature for pure and substituted 122 compounds, with similar and
higher content of the Mn impurity [49] show a temperature de-
pendence that is reminicent of the Ry results in Fig. 7(b). In other
words, the temperature dependence of Ry can be largely dictated
by X ef(T)-

Even so, if we consider that x.{(T) is approximately constant
in a large temperature interval inside the magnetic region in pure
and very low substituted samples [49,50], we obtain the relation
Ry o Rg(T) x p,ff(. Thus, in this case we can evaluate the depen-
dence of Ry, or equivalently of pxy, on pxx. The results for pxx in
Fig. 1 and pyy in Fig. 6 show that the longitudinal and Hall resis-
tivities in the samples studied here are in anti-correlation in the
magnetically ordered phase; that is, pxx increases while py, de-
creases when plotted as functions of the temperature in the range
T < Tspw. Then, one can not relate the Hall resistivity to a sin-
gle power-law of the longitudinal resistivity with exponent g = 1
or B = 2. This fact suggest that the AHE in our samples could be
due to the spin-chirality mechanism [51]. The theory for this effect
does not predict any correlation of Rg with the longitudinal resis-
tivity [52]. When identified experimentally, the contribution of the
spin-chirality to the AHE does not show any obvious dependence
with pxx(T) [53]. The spin-chirality mechanism implies that canting
of local spins with respect to the magnetization must occur, so that
the triple product (§ . §J> X §,:) of neighboring spins is non-zero.
This canting may be static and related to local disorder. Because
of the presence of microscopical defects as twinning, dislocations
and vacancies, lattice distortions are likely to occur in profusion
even in single crystal samples of the 122 Fe-pnictides (especially
in the presence of chemical substitution) [41]; consequently, spin-
chiralities can be good possible generators of the AHE in this sys-
tems. However, the mechanism of spin-chiralities can also be rel-
evant in collinear spin systems, provided that the inelastic scatter-
ing rate for conduction electrons is larger than the relaxation rate
for the spin excitations [53].

In order to obtain an additional insight on the Hall effect in the
low temperature region, in Fig. 8 we plot the tangent of the Hall
angle (tan ®y = pxy/pxx) as a function of the temperature for the
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Fig. 8. Tangent of the Hall angle for an applied field noH = 4 T as a function of the
temperature for the studied samples. Solid straight lines in the low temperature
region are fits of the experimental points to Eq. (7).

studied samples. This parametrization for the Hall effect is of lim-
ited value here since the residual resistivity represents a large con-
tribution to the total resistivity of these samples in the whole tem-
perature range. However, a remarkably simple result is obtained in
the region T < Tspy, Where tan ®y behaves as a linear function of
the temperature as:

tan Oy = o — BT. (7)

Table 2 lists the parameters « and f obtained from the best fits
to Eq. (7) in the low temperature range in Fig. 8.

The behavior of the tangent of the Hall angle in the magneti-
cally ordered region as described by Eq. (7), can not be explained
with the single conduction band model. In this case, one expects
that tan®y = w.t, where w. is the cyclotron frequency and t
is the electron transport relaxation time. In the simplest two-
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Table 2
Fitting parameters for the tangent of the Hall angle in the
magnetic phase of the listed systems according to Eq. (7).

Sample —a(1072) B(10-4) (K1)
x=0 8.5 7.2
Mnog 020 + 0.006 41 32
Cuoo12 + 0.004 41 3.5
Nio,015 + 0.005 32 25

band model, one may write tan ®y = (0,W, Ty — OeweTe)/ (O} +
0e), where wy(e) and ) are the cyclotron frequencies and relax-
ation times for holes (electrons), respectively. Unless assuming a
rather unusual and somewhat conflicting temperature dependen-
cies for the relaxation times and/or conductivities for holes and
electrons, it is impossible to describe results for tan ®y in the re-
gion T < Tspw with basis solely on two-band conduction. Then,
results in Fig. 8 also led us to suppose that the Hall effect in the
magnetically ordered state of the undoped and slightly doped 122
Fe-pnictides is mostly due to an anomalous component. This com-
ponent behaves differently than those identified in ferromagnetic
systems and should be related to the particular antiferromagnetic
ordering of the 122 Fe-pnictides, where both local moment and
SDW type orderings coexist [5-7]. We note that pxy, and pxx are
also in anti-correlation in the cuprate superconductors (HTSC), so
that the tangent of the Hall angle in these materials also decreases
when the temperature increases [54,55]. As for the Fe-pnictides,
the existence of AHE in the HTSC is a matter of controversy. How-
ever, the presence of antiferromagnetic correlations is relevant in
these two systems. In the pure and slightly doped Fe-pnictides,
long-range SDW stabilizes into an antiferromagnetic ordering at
non-zero temperatures. By using quasi-particle interference imag-
ing, antiferromagnetic spin fluctuations have already been iden-
tified as the principal electron-boson interaction in Fe-pnictides
[56]. In the HTSC, spin fluctuations have been detected by neu-
tron scattering experiments and may underly the pseudogap phe-
nomenon [57]. These excitations may be short-ranged and dynami-
cal SDW, but can significantly affect the transport properties if they
last long enough in comparison to the carrier relaxation time.

It is also relevant to observe that the temperature dependence
of the Hall angle shown in Fig. 8 and described by Eq. (7) extrap-
olates to a non-zero and large value at T = 0. Within the interpre-
tation that ascribes a magnetic origin for pyy at low temperatures,
this result also suggests that the role of spin chiralities is dominant
to explain the Hall effect in the 122 Fe-pnictides.

As a final remark, we stress that the multi-band character
of the charge carriers in the studied compounds must also be
taken into consideration in order to completely describe their
magneto-transport properties. Two-band conduction explains the
small magnetoresistance and Hall resistivity generally observed in
the paramagnetic high temperature phase. Although authors in
Ref. [58] consider that three bands, two electron-type and one
hole-type, must be considered to fully account for the magneto-
transport properties of the pure BaFe,As, compound, in the phe-
nomenological description of the magnetoresistance and Hall ef-
fect results in our substituted compounds, it seems good enough
to consider a simpler picture where a single current of electron-
type carriers adds to conduction by holes. Our results indicate that
multi-band conduction alone hardly explains the behavior of both
properties in the low-temperature ordered phase, since one has to
suppose that besides the occurrence of a drastic Fermi surface re-
construction at Tspyy, progressive modifications of the band struc-
ture ocurr below this temperature. A physically more simple de-
scription of the magneto-transport properties of the 122 Fe pnic-
tides might be achieved by considering the effect of scattering by
magnetic excitations, which have been proven to be important in
these compounds [43,44,56].

4. Summary

We have measured the electrical resistivity, magnetoresistance
and Hall effect in slightly substituted samples of the BaFe, TMxAs;
system. Four single crystals were investigated, one pure sample
with no Fe substitution, and three samples where TM = Mn, Cu,
and Ni. Within the studied concentration regime, all three types of
substituting atoms diminish the magnetic temperature transition
by approximately 15 K with respect to that of the pure sample.
From our resistivity and magneto-transport experiments we con-
clude that in the low dilution limit the chemical substitutions at
the Fe sites rather behave as scattering centers, and little changes
are produced in the carrier density.

The obtained results were discussed with basis on a scenario
where the magneto-transport phenomena in the magnetically or-
dered phase of 122 Fe-pnictides are mostly governed by mag-
netic excitations. We then assume the occurrence of magnetic,
or anomalous, contributions to the magnetoresistance and to the
Hall effect in the ordered state. Indications of the validity of our
approach are: (i) the temperature dependence of the magnetore-
sistance amplitude is reminiscent of a magnetic order parameter
which becomes non-zero at T < Tspy; (ii) a large and temperature
dependent anomalous Hall contribution explains the enormous in-
crease in the absolute value of the total Hall coefficient in the mag-
netic phase; (iii) the anomalous Hall resistivity does not show a
simple power law scaling with the longitudinal resistivity; (iv) the
tangent of the Hall angle varies linearly with the temperature be-
low Tspw and extrapolates to a finite value at T = 0,suggesting that
the anomalous Hall effect of the 122 Fe-pnictides is due to the
spin-chirality mechanism.

Finally, the multi-orbital character of the charge carriers and
some Fermi surface reconstruction at the structural and magnetic
transition might be taken into account in a detailed description
of the magneto-transport properties of the studied compounds. In
particular, two-band conduction is the most natural explanation for
the practically zero magnetoresistance and the very small Hall re-
sistivity that are systematically observed in the paramagnetic high
temperature phase. In the magnetic ordered phase, however, scat-
tering by magnetic excitations plays a relevant role.

Acknowledgments

This work was partially financed by the Brazilian agen-
cies FAPERGS, FAPESP (Grants 2012/05903-6, 2012/04870-7
and 2011/01564-0), and CNPq (Grants PRONEX 10/0009-2,
304649/2013-9 and 442230/2014-1). J.P. Pefia benefits from a
CNPq fellowship.

References

[1] Y. Kamihara, T. Watanabe, M. Hirano, H. Hosono, J. Am. Chem. Soc. 130 (2008)
3296-3297.
[2] J. Paglione, R. Greene, Nat. Phys. 6 (2010) 645-658.
[3] D.J. Singh, Physica C 469 (2009) 418-424.
[4] J. Dong, et al., EPL 83 (2008) 27006.
[5] LW. Harriger, H.Q. Luo, M.S. Liu, C. Frost, J.P. Hu, M.R. Norman, P. Dai, Phys.
Rev. B 84 (2011) 054544.
[6] J. Zhao, et al., Nat. Phys. 5 (2009) 555-560.
[7] M. Liu, et al.,, Nat. Phys. 8 (2012) 376-381.
[8] K. Ishida, Y. Nakai, H. Hosono, JPS] 78 (2009) 062001.
[9] M.M. Piva, et al., J. Phys. Condens. Matter 27 (2015) 145701.
[10] T.M. Garitezi, et al., Braz. ]. Phys. 43 (2013) 223-229.
[11] P.C. Canfield, S.L. Bud'ko, Annu. Rev. Condens. Matt. Phys. (2010) 27-50.
[12] N. Ni, A. Thaler, A. Kracher, ].Q. Yan, L. Bud’ko, P.C. Canfield, Phys. Rev. B 80
(2009) 024511.
[13] T. Yamazaki, et al., Phys. Rev. B 81 (2010) 224511.
[14] PES. Rosa, et al., Sci. Rep. 4 (2014) 6252.
[15] M.G. Kim, et al., Phys. Rev. B 82 (2010) 220503.
[16] A.S. Sefat, et al., Phys. Rev. B 79 (2009) 224524.
[17] H.-H. Kuo, et al., Phys. Rev. B 84 (2011) 054540.
[18] KK. Huynh, Y. Tanabe, K. Tanigaki, Phys. Rev. Lett. 106 (2011) 217004.


http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0001
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0001
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0001
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0001
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0001
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0002
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0002
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0002
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0003
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0003
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0004
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0004
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0004
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0005
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0005
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0005
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0005
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0005
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0005
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0005
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0005
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0006
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0006
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0006
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0007
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0007
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0007
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0008
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0008
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0008
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0008
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0009
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0009
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0009
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0010
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0010
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0010
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0011
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0011
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0011
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0012
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0012
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0012
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0012
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0012
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0012
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0012
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0013
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0013
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0013
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0014
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0014
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0014
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0015
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0015
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0015
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0016
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0016
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0016
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0017
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0017
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0017
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0018
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0018
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0018
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0018

38 J.P. Pefia et al./Physica C: Superconductivity and its applications 531 (2016) 30-38

[19] ER. Albenque, D. Colson, A. Forget, Phys. Rev. B. 88 (2013) 045105.

[20] ER. Albenque, D. Colson, A. Forget, H. Alloul, Phys. Rev. Lett. 103 (2009)
057001.

[21] L. fang, et al., Phys Rev. B 80 (2009) 140508(R).

[22] M. Yi, et al.,, Phys. Rev. B 80 (2009) 174510.

[23] J-H. Chu, ].G. Analytis, C. Kucharczyk, LR. Fisher, Phys. Rev. B 79 (2009)
014506.

[24] A. Olariu, F. Rullier-Albenque, D. Colson, A. Forget, Phys. Rev. B 83 (2011)
054518.

[25] G.T. Meaden, Electrical Resistivity of Metals, Heywood Books, London, UK,
1966.

[26] Y. Wang, et al., Phys. Rev. Lett. 114 (2015) 097003.

[27] J.M. Ziman, Principles of the Theory of Solids, 2nd edition, Cambridge Univer-
sity Press, 1972.

[28] T. Kasuya, Progr. Theor. Phys. 16 (1) (1956) 1.

[29] R.H. Mackenzie, J.S. Qualls, S.Y. Han, ].S. Brooks, Phys. Rev. B 57 (1997) 11854.

[30] T.M. Garitezi, et al., . Appl. Phys. 115 (2014) 17D711.

[31] PES. Rosa, C. Adriano, T.M. Garitezi, T. Grant, Z. Fisk, R.R. Urbano, P.G. Pagliuso,
Sci. Rep. 4 (2014) 6543.

[32] ZP. Yin, K. Haule, G. Kotliar, Nat. Mater. 10 (2011) 932.

[33] L. Fanfarillo, E. Cappelluti, C. Castellani, L. Benfatto, Phys. Rev. Lett. 109 (2012)
096402.

[34] M. Breitkreiz, PM.R. Brydon, C. Timm, Phys. Rev. B 88 (2013) 085103.

[35] M. Breitkreiz, PM.R. Brydon, C. Timm, Phys. Rev. B 89 (2014) 245106.

[36] Z.P. Yin, K. Haule, G. Kotliar, Nat. Phys. 7 (2011) 294.

[37] N.A. Sinitsyn, J. Phys. Condens. Matter 20 (2008) 023201.

[38] J. Kubler, C. Felser, EPL 108 (2014) 67001.

[39] H. Chem, Q. Niu, A.H.M. Donald, Phys. Rev. Lett. 112 (2014) 017205.

[40] X. Chen, S. Dong, J.M. Liu, Phys. Rev. B 81 (2010) 064420.

[41] V.H. Tran, Mater. Sci .Poland 26 (4) (2008).

[42] ]. Stankiewicz, A.D. Bianchi, Z. Fisk, JPCS 200 (2010) 012192.

[43] R.M. Fernandes, O. Vafek, Phys. Rev. B 90 (2014) 214514.

[44] S.V. Borisenko, et al., Nat. Phys. 12 (2015) 311.

[45] J.P. Rodrigues, E.H. Rezayi, Phys. Rev. Lett. 103 (2009) 097204.

[46] N. Nagaosa, ]. Sinova, S. Onoda, A.H. McDonald, N.P. Ong, Rev Mod. Phys. 82
(2010) 1539.

[47] R. Karplus, J.M. Luttinger, Phys. Rev. 95 (1954) 1154.

[48] Y. Taguchi, et al., Science 291 (2001) 2573.

[49] A. Thaler, et al., Phys. Rev. B 84 (2011) 144528.

[50] A.S. Sefat, R. Jin, M.A. McGuire, B.C. Sales, D.J. Singh, D. Mandrus, Phys. Rev.
Lett. 101 (2008) 117004.

[51] H. Kawamura, Phys. Rev. Lett. 90 (2003) 047202.

[52] G. Tatara, H. Kohno, Phys. Rev. B 67 (2003) 113316.

[53] F. Wolff-Fabris, P. Pureur, J. Schaf, V.N. Vieira, l.A. Campbell, Phys. Rev. B 74
(2006) 214201.

[54] N.P. Ong, Physical Properties of the High Temperature Superconductors, Vol 2,
World Scientific Singapore, 1990.

[55] M. Grayson, L. Rigal, D.C. Schmadel, H.D. Drew, PJ. Kung, Int. J. Mod. Phys. B
16 (2002) 3148.

[56] M.P. Allan, et al., Nat. Phys. 11 (2015) 177.

[57] P. Dai, et al., Science 284 (1999) 1344.

[58] S. Ishida, et al., Phys. Rev. B 84 (2011) 184514.


http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0019
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0019
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0019
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0019
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0020
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0020
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0020
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0020
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0020
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0021
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0021
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0021
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0022
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0022
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0022
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0023
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0023
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0023
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0023
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0023
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0024
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0024
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0024
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0024
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0024
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0025
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0025
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0026
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0026
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0026
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0027
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0027
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0028
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0028
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0029
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0029
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0029
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0029
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0029
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0030
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0030
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0030
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0031
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0031
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0031
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0031
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0031
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0031
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0031
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0031
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0032
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0032
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0032
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0032
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0033
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0033
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0033
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0033
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0033
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0034
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0034
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0034
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0034
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0035
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0035
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0035
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0035
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0036
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0036
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0036
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0036
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0037
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0037
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0038
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0038
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0038
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0039
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0039
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0039
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0039
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0040
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0040
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0040
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0040
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0041
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0041
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0042
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0042
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0042
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0042
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0043
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0043
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0043
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0044a
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0044a
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0044a
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0044
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0044
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0044
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0045
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0045
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0045
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0045
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0045
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0045
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0046
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0046
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0046
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0047
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0047
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0047
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0048
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0048
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0048
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0049
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0049
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0049
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0049
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0049
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0049
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0049
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0050
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0050
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0051
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0051
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0051
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0052
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0052
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0052
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0052
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0052
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0052
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0053
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0053
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0054
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0054
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0054
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0054
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0054
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0054
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0055
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0055
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0055
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0056
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0056
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0056
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0057
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0057
http://refhub.elsevier.com/S0921-4534(16)30158-7/sbref0057

	The role of magnetic excitations in magnetoresistance and Hall effect of slightly TM-substituted BaFe2As2 compounds (TM = Mn, Cu, Ni)
	1 Introduction
	2 Experimental details
	3 Results and discussion
	3.1 Resistivity
	3.2 Magnetoresistance
	3.3 Hall effect

	4 Summary
	 Acknowledgments
	 References


