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For high-critical-temperature (high-7;) superconductors, the normal state transport properties at low temper-
atures are of great importance to understand the Fermi surface structure and carrier profile. In this work we
studied the doped ultrathin Ba 57K¢ 43Fe;As, system, a member of the optimally doped 122-type multigapped
iron-based superconductors with complex superconducting gap structure. To explore the normal state resistivity
below the zero-field superconducting 7;, both Co and Zn dopants were substituted into the superconducting
Fe,As, layer to suppress the superconductivity. The temperature dependence of in-plane resistivity below T
reveals a typical metallic behavior with the magnetic fields up to 45 T along c¢ axis. A linear dependence of
Hall resistivity (po,y) is observed for Bay 57K 43FesAs, and Bag 57K 43(Feg.96Zng 04 )2As, at high magnetic field,
indicating a conventional metal profile. Nevertheless, the Co dopants lead to a decreasing dp,,/dH when the
field is above 20 T. Such transformation of carrier transport properties may be contributed by band shift within a

two-carrier model.

DOLI: 10.1103/PhysRevB.103.184511

I. INTRODUCTION

The high-critical-temperature (high-7;) superconducting
mechanism of iron-based superconductors is still an open
question, due to the complex multigapped Fermi surface
structure contributed by five 3d bands [1-4]. Angle-resolved
photoemission spectroscopy, as the most direct probe of band
structures, has indicated that the detailed topology of the
Fermi surface consists of three small hole pockets around the
I' = (0, 0) point and two electron pockets around the M =
(r, m) point in the two-Fe Brillouin zones [5—-8]. Therefore,
both hole- and electron-type carriers participate in the trans-
port, of which the dominator could be alterable, depending
on the doping levels. Consequently, the transport properties of
the iron-based superconductors are fundamentally manifold.
Thus, the temperature and magnetic field dependence of resis-
tivity and Hall coefficient below T; are essential to understand
the carrier profile with the occurrence of superconductivity.

In the intensively studied high-7; cuprate superconduc-
tors, the temperature dependence of in-plane resistivity could
be either metallic or insulating below the zero-field T,
which was generally studied under an extremely high mag-
netic fields due to their considerably high upper critical
fields [9-22]. Particularly, in the hole-doped cases of un-
derdoped (La;_,Sr,),CuO4 [23] and Biy(Sr;_,La,),CuOg¢
[24], the temperature dependence of in-plane resistivity in-
creases logarithmically below zero-field 7; under a pulsed
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high field, indicating a superconductor-insulator transition
(SIT). Such unique phenomenon is quite unexpected be-
cause superconductors are known as metallic systems in the
optimal and overdoped regimes. For example, in the electron-
doped PrggiLaCego9CuOy4_y [25], the low-temperature re-
sistivity maintains a metallic normal state in all doping
regimes.

However, only a few studies have been performed on
iron-based superconductors to investigate the normal state
properties below zero-field 7. so far. The resistivities of
(Ba,K)FeyAs; [26] and LaFeAsO;_.F, [27] show a slight
upturn below zero-field 7; after the partial suppression of
superconductivity by a pulsed field up to 60 T [28]. In
SmFeAsO;_,F, [29], high fields similarly induce a logarith-
mic insulating behavior in the resistivity below the zero-field
T., which is probably related to the large magnetoresistance.
The strange metal behavior usually appears as a suppression
of magnetic orders in both cuprates and iron-based supercon-
ductors, where the temperature-dependent resistivity violates
the parabolic Fermi liquid behavior. Besides, the Hall mea-
surements also reveal unconventional results, such as an extra
component of Hall coefficient in the isovalent substituted
BaFe,(As;_,P,), [30], which is correlated to the quantum
critical physics and superconductivity. It should be pointed out
that the previous results are based on bulk crystals, while most
iron-based superconductors exhibit a strongly metallic behav-
ior which would dramatically limit the transport measurement
sensitivity. To manifest the intrinsic transport properties, the
measurements on micro- or even nanoscaled single crystalline
device would be a promising solution [31].
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FIG. 1. Scheme of the ultrathin sample in a standard Hall-bar
shape. The current is applied in the ab plane with the magnetic field
parallel to the ¢ axis. The sample resistance R is much larger than
R; and R,, where R; and R, are electrode resistance and contact
resistance, respectively. V., and V,, represent the longitudinal and
transversal voltage, respectively.

In this work we investigate the transport properties
of the Bags7K(43FerAs, (BK), the Co-doped Bag 57K 43
(FC()_97C00,03 )2A52 (BKCO), and the Zn—doped Ba0,57K0_43
(Feo.96Zng.04)2As, (BKZn) crystals. The BK crystal is a hole-
doped system in optimal doping regime with the highest T,
of 38 K. Due to the considerably large upper critical field,
it is difficult to suppress the superconductivity by magnetic
field [26]. However, it is found that a slight substitution of Co
(Zn) dopants for Fe sites within the superconducting Fe,As,
layers can prominently suppress 7; from 38 K to 25 and 20 K,
indicating the enormous influence of impurity scattering and
the carrier concentration modulation effect [32]. The tempera-
ture dependence of the in-plane resistivity with high magnetic
fields below T remains metallic instead of showing an upturn
as observed in previous results [26]. The Hall resistivities
of BK and BKZn are linear dependent with high magnetic
fields, indicating a conventional metal profile. Nevertheless,
an obvious nonlinear dependent Hall resistivity is observed in
BKCo with the field above 20 T, which may be contributed by
the band shift based on a two-carrier model.

II. EXPERIMENT

The single crystals of BK, BKCo, and BKZn were synthe-
sized by a high-pressure technique as introduced in previous
work [33]. The stoichiometric contents of Ba, K, Zn, and
Co were confirmed by energy-dispersive x-ray spectroscopy
(EDX), which reveals an atomic ratio of 0.57:0.43 between
Ba and K, and a doping content for Co and Zn of 3% and 4%,
respectively. The synthesized single crystals were patterned
into a standard Hall-bar shape by the photolithography and
etching processes described in Ref. [32], as shown in Fig. 1.
The as-prepared sample geometry is 20 um in length, 5 um in
width, and ~100 nm in thickness.

The transport measurements under pulsed high fields were
performed at the Institute for Nanoscale Physics and Chem-
istry (INPAC) in KU Leuven. A 45 T pulsed magnetic field
was applied along the ¢ axis with the pulse width less than
10 ms. The longitudinal resistance and Hall resistance were
measured by lock-in amplifier systems at a frequency of
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FIG. 2. (a) Temperature dependence of normalized resistivity
p/ P30k for BK, BKZn, and BKCo. (b) Phase diagram of the 122-
type hole-doped superconductors.

7.77 kHz. Field dependence of resistivity curves reveal no
hysteresis in the increasing and decreasing field processes.

We would like to point out that the most important recipe
of the present measurement is the design of ultrathin samples.
In the pulsed high magnetic field measurements, it is crucial
that the sample should dominate the power loading. Compared
with the bulk samples [26], the resistance R is dramatically
enhanced in our 100 nm thick samples, which could increase
the measurement sensitivities [26,34]. The resistance of the
electrodes R, is about 1 €2, which is one or two orders of mag-
nitude smaller than R. The interface between the electrodes
and the crystal is an ideal ohmic contact with the contact re-
sistance R, < 1 Q2 as well. Therefore, a thermal effect induced
by the contact resistance is negligible.

III. RESULTS AND DISCUSSIONS

A. Superconductivity properties

From the temperature-dependent resistivity curves shown
in Fig. 2(a), the T, of BK, BKCo, and BKZn are estimated
to be 38, 20, and 24 K, respectively. The suppression of
T. indicates both Co and Zn dopants contribute the Cooper
pairs scattering due to the anisotropic superconducting order
parameters which is consistent with our previous studies [33].

Considering the phase diagram of the 122-type hole-doped
superconductors as given in Fig. 2(b), BK possesses the
largest superconducting gap with the doping level x = 0.43
[35-37]. With a small amount of Co or Zn dopants, the super-
conductivity is dramatically restrained as shown in Fig. 2(a),
providing the possibility to explore the low-temperature trans-
port properties of normal state, specifically, far below the
temperature of zero-field T;.

B. Magnetoresistance measurements

The isothermal magnetoresistivities of BK, BKCo, and
BKZn under pulsed high magnetic fields are shown in Fig. 3.
Since there is no distinct hysteresis, data from the sweep-up
process are selected. For the BK sample, while the applied
field can hardly kill the superconductivity, with Co or Zn
doping, however, the superconductivity can be suppressed
pronouncedly.

Figure 4 represents the temperature dependence of resis-
tivity extracted at different fields from Fig. 3. For the near
optimally doped crystal BK, the 45 T field can only restrict
the T;. from 38 to 30 K, while for BKCo and BKZn, the T are
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FIG. 3. (a)—(c) Magnetic field dependence of magnetoresistivity at temperatures around zero-field 7; for BK, BKCo, and BKZn, respec-
tively. The magnetic pulsed field is up to 45 T along the ¢ axis. The values of H,, are determined by the cross points of the linear fittings of

transition slopes and normal states, as illustrated by the dashed lines.

suppressed from 20 to 4.3 K and 24 to 12 K, respectively.
It should be noted that the p,,-T curve of BK persists a
nearly linear decrease under 45 T, and the BKCo and BKZn
samples remain metallic under high field below zero-field T¢,
which is in contrast with the metal-insulator-transition upturn
in some cuprate superconductors [23]. Compared with the
cuprates, the Fermi surface of the iron-based superconductors
exhibits a complex structure, where five bands may contribute
to the superconducting gaps. Therefore, chemical potential
modulated by Co or Zn doping would possibly induce a Fermi
surface reconstruction. While in our cases, slight impurity
doping can hardly reconstruct the Fermi surface according
to the physical properties near optimally doped BK [26,32],
leading to the similar metallic behaviors of BKCo and BKZn
shown in Figs. 4(b) and 4(c).

On the other hand, the magnetic impurity ions could scatter
conduction electrons or the quasiparticles as the so-called
Kondo effect, which can induce a characteristic change in
electrical resistivity, especially at low temperature. Since the
bulk crystals could hardly avoid the defects, the resistivity
“hump” always exist under the high magnetic field [26,38].
For instance, a tremendous metal-insulator transition occurs
on the low-temperature p,,-T curves of K¢ 7Fe; 46Se; g5Teo. 15
superconductors, which is attributed to the intrinsic real-space
structure or electronic state phase separation [38]. In this
work, the metallic p,,-T curves under high fields suggest

a high-quality crystalline sample. Besides, both Co and Zn
ions serve as nonmagnetic roles compared with the host Fe
ions, owing to the considerably large spin moment of Fe ions
[33,39].

The upper critical field (H,,) versus temperature for BK,
BKCo, and BKZn are plotted as red circles in Fig. 5. For all
three samples, H., show linear temperature dependence near
the 7. and the slopes (dH.»/dT )y, are 4.5, 3.3, and 4.1 T/K,
respectively. The orbital limiting fields H C"Zrb (0 K) estimated by
the Werthamer-Helfand-Hohenberg (WHH) formula [40] are
120, 41, and 61 T, respectively (see the dashed lines in Fig. 5).
The critical field can be affected by spin-paramagnetic effect
and spin-orbital coupling, with the relation between T and H,
expressed as [41]

1 > 1
In|{-) = — — |2 1
“Q) v;g{uw+u (vl
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o [2v+ 1+ (h+ Aso)/1]

) o

where 1 =T/T,, h=(4/7)*[Ha(T)/|(dHe2)/dT|z.), and
Maki parameter o and Ay, represent the strength of spin-
paramagnetic effect and spin-orbital coupling, respectively.
Since the spin-orbital coupling often enlarges the H,,, here we
only consider the spin-paramagnetic effect contribution. The
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FIG. 4. (a)—(c) Temperature dependence of resistivity under zero and pulsed high fields for BK, BKCo, and BKZn, respectively.
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FIG. 5. (a)-(c) Upper critical fields H., plotted as function of temperature for BK, BKCo, and BKZn, respectively. Here the H,, is extracted
from Fig. 3. The solid and dash lines correspond to the Werthamer-Helfand-Hohenberg (WHH) theory calculated H,, with the Maki parameter

« of zero and best-fitting value.

solid curves in Fig. 5 are the fitting results by Eq. (1), which
are in good agreement with the experimental results. The fitted
Maki parameters « are 1.20.2, 0.20.2, and 0.250.2 for BK,
BKCo, and BKZn, respectively. H(0) are estimated to be
77,40, and 59 T according to He(0) = [H3°(0)]/(1 + «*)%.
Apparently, the effect of spin-paramagnetic limit is more sig-
nificant in the BK sample, while the orbital limit dominates
the H,; in Co- and Zn-doped samples.

C. Hall effect measurements

In order to explore the carrier profile, the Hall measure-
ments were performed under high magnetic fields. Figure 6

shows the Hall resistivity (p,,) as a function of magnetic field
for BK, BKCo, and BKZn. The p,, is evaluated by

Pxy = [pxy(HJr) - pxy(H_)]/zs 2

where p,,(H ) and Pxy(H™) are the transversal resistivity
under positive and negative magnetic field, respectively. All
the py, are positive, suggesting a hole-type carrier domination
for charge transport, despite the fact that Co or Zn doping can
provide additional electron carriers.

For the BK sample, the p,,-H curves above T obey a linear
relation with magnetic fields up to 45 T as shown in Fig. 6(a).
Below T, px, keeps zero at low magnetic field due to the
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FIG. 6. (a)—(c) Isotherms of Hall resistivity versus uoH for BK, BKCo, and BKZn, respectively. The curves are offset vertically for clarity.
The dash lines correspond to the linear fitting p.,(H) = RyH, where Ry is the Hall coefficient. For relatively high temperature in the normal
state, p,, demonstrates a nonlinear relation with 11oH, thus, the Ry is estimated by linear fitting within low field region. For the low-temperature
data, Ry is extracted where the field has suppressed the superconductivity completely.
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FIG. 7. Magnetic field dependence of differential Hall resistivity
dpyy/dH for BKCo. Inset shows the enlarged view for the sign
reversal region.

superconducting state. With the field increasing, p,, increases
rapidly because of the elimination of superconductivity, and
restores the conventional linear magnetic-field dependence.
The linear p,,-H curves in the normal state indicate that high
magnetic field can hardly modify the carrier properties.

With Co doping, however, the linear field dependence of
the Hall resistivity only persists in the low field region, similar
to our previous result in the normal states [32]. Surprisingly,
with the field increasing to 20 T, the p,, gradually drifts
[see Fig. 6(b)] and the differential Hall resistivity do,,/dH
turns to be negative as shown in Fig. 7, indicating a growing
contribution of electron carriers. The sign reversal of d o, /d H
is a direct indicator for the carrier profile change and will be
discussed below.

With Zn doping, the p,, exhibits an almost linear depen-
dence with H when the temperature is far above 7. (50 K),

as shown in Fig. 6(c). Nevertheless, when the temperature
is just above T, i.e., 25 and 30 K, the p,, reveals a slight
upturn phenomenon as field up to 30 T. The almost linear
behavior of p,,-H curves indicates that it is difficult to find
reasonable parameters of the two-band model with either two
p-type carrier or p- and n-type carrier. Besides the carrier
compensation, other mechanisms may also contribute to oy
which need more evidence.

The temperature dependence of p,, in BK, BKCo, and
BKZn, defined as Ry = px,/H, are estimated according to
the linear fitting of p,,-H curves (seen as dashed lines in
Fig. 6) and plotted as a function of temperatures in Fig. 8.
The Ry(T) values at high T from previous work, marked
with blue circles, evolves consistently to low 7', marked
with red circles. Note that there is no apparent indicator
for the normal-superconducting transition due to the vortex
motion, which is consistent with the magnetoresistance mea-
surement (see Fig. 3). The Ry curves in Fig. 8 demonstrate a
temperature dependent behavior at high temperature regions
(above about 100 K), and almost temperature independent
in low-temperature regions. Additionally, the effective carrier
concentrations (7.¢r) of BK, BKCo, and BKZn are evaluated to
be 1.4 x 1072, 7.4 x 10?!, and 5.2 x 10?! cm™3, respectively,
and increase with temperature increasing. Here the carriers
are hole type for all samples, and a slight impurity doping
is unlikely to greatly modify the carrier value, regardless of
Co (1 electron/Fe site) or Zn (almost O electron/Fe site due
to localizations [42]). However, a electron-type carrier contri-
bution is observed in BKCo under high magnetic field, as can
be seen by the negative slope of py,-H in Fig. 6(b).

D. Sign reversal of d p,, /dH

Generally, a sign reversal of Hall resistivity is often ob-
served in the cuprate superconductors such as the underdoped
YBa,Cuz 0O, below T with high magnetic field [43], which is
generally attributed to the flux-flow regime. Since the system
is within a magnetic vortex liquid phase, the vortex motion
would contribute to the modification of Hall resistivity as
well. However, in the present Co-doped samples, a decreasing
Hall resistivity with the sign reversal in d px,/dH occurs far
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FIG. 8. (a)—(c), Temperature dependence of Hall coefficient for BK, BKCo, and BKZn, respectively. The blue circles are evaluated from
the Hall resistivity in the normal state under a static field of 9 T, while the red circles are from the pulsed high field measurements. Data of the
BKCo sample are from the linear fitting of p,,(H) = RyH in the low field region as shown in Fig. 6(b).
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above the T;, which cannot be simply interpreted by the vortex
motion.

Another possibility is the competition between hole and
electron carriers. Considering the Fermi surface structure of
the BK crystal, which comprises three small hole pockets
around the I' = (0, 0) point and two electron pockets around
the M = (;r, m) point in the 2-Fe Brillouin zone, the order
parameters are opposite for these two bands and have different
magnitudes. The p,, of a multiband system can be given as
[44]

B B (muu} —nep?) + (np — no)piulB? 3

eneig € (M — Nepte)? + (n — ne)2pu2 p2B?’

Pxy =

here neg is the effective carrier concentration. In the multiband
nature we can extract the n.g according to Drude model,

Nett = (M + nete)* [ [y — npl], )

where n, (n.) and w, (u.) are the hole (electron) carrier
concentration and mobility, respectively. In most BK systems,
the magnitudes of bands located on hole pockets are consider-
ably greater than those on the electron pockets, resulting in a
hole-type carrier dominated transport property. With the sub-
stitution of Fe sites by Co ions, electron carriers are induced
into the Fe,As, layers, and modify the chemical potential. As
aresult, the size of inner hole pockets decreases, while that of
electron pockets at the M point increases. In this scenario, the
signs of netr and d p,,/dH depend on the relative magnitude of
the respective densities n, and ny, as described in Eq. (4). Ina
two-hole-carrier model, the carrier profile is similar. However,
the carrier density and mobility are independent of magnetic
fields at a fixed temperature in this model, regardless of the
carrier type. It is unusual to obtain a decreasing Hall resistivity
in the high field limit in such situation. Actually, the mobility
may be field dependent when the field is large enough, which
is given as

w = et /m*, 5)

where e is the electron charge, 7 is the scattering rate which
can be a field dependent factor, and m* is the effective mass of
the carrier, indicating the much more complicated scattering
mechanisms in such multiband systems.

Considering the large magnetic fields applied, several
known phenomena could affect the Hall coefficient. One is
the band shift which modified the Fermi surface topology
and the interband scattering rate. In addition, the magnetic
breakdown of the orbits might also enhance the scattering rate,
where carriers would break through other paths, giving extra

scattering possibilities. Unfortunately, the absence of quantum
oscillation in these samples prevents us from further analysis.
The decreasing Hall resistivity is also reminiscent of the cor-
relation to strange metal and quantum critical physics [30],
where the strange metal component of Ry exponentially de-
creases starting at zero field. However, these signals can only
be observed in the high field limit in our case, indicating the
different natures of correlation between these systems. Here
the most promising scenario is the magnetic-field-induced
Fermi-surface modification, while a full understanding of the
phenomenon requires quantitative assessments on changes in
Fermi surfaces and scattering mechanisms.

IV. CONCLUSION

In conclusion, we have studied the normal state transport
properties of BK, BKCo, and BKZn by applying pulsed high
magnetic fields below zero-field 7.. Owing to the slight dop-
ing of Co or Zn, the T; can be suppressed from 38 K to 25
and 20 K for Co and Zn-doped crystals, respectively. As a
result, the in-plane resistivity was driven into the normal state
under the magnetic field of 45 T. The temperature depen-
dence of in-plane resistivity below 7, demonstrates a metallic
behavior as the normal state. By using the WHH model to
extrapolate to 0 K, the upper critical fields are observed as
77, 40, and 59 T for BK, BKCo, and BKZn, respectively. In
the high magnetic fields, the Hall resistivity of BK and BKZn
reveals a linear dependence with fields, suggesting the carrier
dominated contributions. However, the field dependence of
resistivity of BKCo reveals a linear to nonlinear transition as
the field ramps up to about 20 T. The decreasing dp.,/dH
is probably due to the bands shift for the carrier transport
modification within the two-carrier system. The results could
expand the understanding of the carrier correlation in these
systems.
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