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The Hall coefficient of the hole-doped iron arsenide Ba,_,K,Fe,As, (BKFA) is calculated purely on the basis of the
electronic structure, revealed in the angle-resolved photoemission spectroscopy (ARPES) experiments, and compared
to the one measured directly. The observed agreement allows us to state that upon cooling the Fermi surface (FS) in
the optimally doped BKFA gradually evolves to the propeller-like topology, on which the superconductivity develops.
Persistence of the notable temperature dependence in both photoemission and magnetotransport experiments well
above the spin-density-wave (SDW) transition suggests that the FS reconstruction in BKFA is partially decoupled from

the emergence of static magnetism.
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The discovery of iron-based high temperature super-
conductors faced theoreticians and experimentalists with
numerous questions concerning the electronic structure of
newly emerged materials. The low energy electronic band
dispersion, and in particular the shape of the Fermi surface
(FS), are decisive properties of any superconductor, as
they are forming premises for theoretical description of the
superconductivity.” Naturally, the issue of the FS geometry
of iron-arsenide high-7, family was addressed in many
theoretical>® and experimental®'¥ studies. Primarily the FS
was assumed to consist of two hole-like sheets around the
center of FeAs Brillouin zone and two electron-like sheets
at the corners. Contrary to this assumption, some angle-
resolved photoemission spectroscopy (ARPES) studies have
suggested a notable difference in the topology of the low
temperature FS —namely a shallow propeller-like structure
has been detected at the corners of the Brillouin zone, X point
[see Fig. 1(a), and refs. 5-9]. However, the vast majority of
experimental studies on these materials still adhere to the
early ideas of the FS shape in the interpretation of their
results; similarly, most of theoretical studies still use such
FS as a starting basis. Below by means of combined ARPES
and Hall measurements we show that the propeller-like FS
topology is a robust inherent bulk property of the optimally
doped Ba;_,K.Fe;As, (BKFA). Furthermore, temperature
trend of the photoemission and transport signals suggests that
the FS reconstruction in BKFA is partially decoupled from
the formation of the static spin-density-wave (SDW).

The Hall coefficient (Ry), calculated purely on the basis
of the band dispersion, extracted from the ARPES spectra
of BKFA, was compared to the direct magnetotransport
measurements. The demonstrated agreement implies that the
FS of BKFA changes gradually with temperature, and the
superconductivity develops on the propeller-like FS. At the
same time it becomes clear that the band structure, calculated
without any additional order, fails to explain temperature-
dependent transport measurements in iron arsenides, and is
capable to describe only high temperature properties.
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Fig. 1. (Color online) (a) Three-dimensional sketch of low temperature
Ba;_,K,Fe,As, ARPES data, shown for the energy range of approximately
—50 to OmeV. (b) Band dispersion, extracted from fitting of ARPES
spectra,? shown for the energy range of —20 to 20 meV.

Resistivity and Hall effect measurements were carried out
on self-flux-grown single crystals of BKFA with 7. = 36,
30, 25, 23 K and doping levels x = 0.40, 0.284, 0.235, 0.22,
respectively'® in the National Laboratory for Superconduc-
tivity, Institute of Physics, Beijing. Photoemission experi-
ments were carried out on Sn-flux-grown single crystals of
BKFA with T, = 32K and doping level x = 0.32,'3!9 and
later confirmed by measurements of the self-flux-grown
single crystals at the 13-ARPES!” end station at BESSY
synchrotron in Berlin (Helmholtz-Zentrum fiir Materialien
und Energie).

For quasi two-dimensional materials'® the in-plane
conductivity tensor,

Oxx + Soxx Oy
o= ( ’ ) e
_oxy' O xx + 8Gxx

in the presence of external magnetic field, directed along the
c axis, B, can be expressed up to terms in B” through the
integrals over the FS in the following way:'*2")
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Table I. Average vp and pr with approximate error bars, as well as
relative contributions to oy, 0y, and 8oy, for different FS sheets, as derived
from low temperature ARPES measurements on Ba;_,K,Fe;As, (x = 0.32).

(vr) (or)
(CV A) (A_ 1 ) Oxx UA'y (so-xx
Inner [-barrel  0.524£0.05 0.14+0.01 027 084  —0.17
Outer I'-barrel  0.404+0.04 0.30+0.04 045 049  —0.04
X-pocket 0.57:5% 0.06+0.02 0.13 -1.0 —0.51
Blades 0334+0.10 0062002 028 142  —0.56
2
14
0 = — | vr(k) dk, 2
= e [ w0 @)
2 3 2
7°Be va(k
Oy = 2/ i )dk, 3)
L2 ] pe(k)
477’ B2 dupk)]?  viK)
80 = ————— [ 1ur(k +—E dk, (4
== / " )[ o } el CRC

where k is the quasimomentum, v is the Fermi velocity,
o> is the FS curvature radius (note that it is the only
quantity in these formulas that can be negative), dk is the
element of the FS length, t is the quasiparticle lifetime in
the vicinity of the Fermi level (hereafter assumed to be
k-independent), L. is the size of the primitive elementary
cell along the c-axis, h is the Plank’s constant, and e is the
elementary charge.

The band dispersion, which is the input parameter to
calculate o with eqs. (2)—(4), was extracted from the fit of
BKFA ARPES spectra, taken below and above Tc.zz) The
overview of the low-temperature ARPES data and extracted
band dispersion are presented in Fig. 1. Average vp and pp,
as well as contributions from different FS sheets to the
components of the conductivity tensor at the temperature
just above T, are summarized in Table I. We stress that the
propeller-like structure at the corner of the Brillouin zone
develops steadily upon cooling, is not related to the opening
of the superconductinging gap, and is present above the
temperature of magnetic transition, Tspw = 70 K'® (Fig. 2).

The quantities, which are usually measured experimen-
tally, resistivity, Hall coefficient, and magnetoresistivity, can
be expressed in terms of o:

1
p = >
UXX
Oxy
Ry = ,
B- o2, (5)
3p  dox or
P On 0%

Hall effect is one of the few tangible properties of a
crystalline solid, which can distinguish between electron-
and hole-like nature of the FS. Figure 3(a) shows the
comparison of the Hall coefficient of nearly optimally doped
BKFA, calculated from the electronic band structure, to the
directly measured one. The measured Ry exhibits gradual
variation over entire temperature range — smoothly starts
to increase already from room temperature, and shows no
abrupt changes at the SDW transition. Such temperature
dependence of Ry is inline with the temperature trend of
photoemission spectra (Fig. 2), indicating a gradual evolu-
tion of the FS to the propeller-like topology with cooling. In
the calculation the high temperature point corresponds to the
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Fig. 2. (Color online) Temperature evolution of the Ba;_,K,Fe;As, (x =
0.32) Fermi surface (FS), seen in ARPES: the propeller-like structure at
the corner of the Brillouin zone emerges gradually upon cooling. (a, b)
FS, imaged with 50eV excitation energy at 10 and 315K keeping other
experimental conditions the same. (c) Two equivalent energy-momentum
cuts, indicated by white dashed lines in the panels (a) and (b). (d)
Corresponding momentum distribution curves (MDC), integrated around the
Fermi level. (e, f, g) FS, imaged with 80eV excitation energy at 10, 75, and
315K in same experimental conditions. (h) Cuts, indicated in the panels
(e, f, g). (i) Corresponding MDC at the Fermi level. Arrows in panels (c, d,
h, i) indicate the intensity, corresponding to the blades.

FS, obtained theoretically without any additional ordering,?”
while the low temperature point corresponds to the band
dispersion, extracted from ARPES spectra.’” Agreement
between measured and calculated Ry suggests that high
temperature FS indeed resembles the one obtained in
theoretical calculations (somewhat larger measured value
is consistent with remnants of the FS reconstruction even at
room temperature), while the strong increase of Ry at low
temperatures originates from the reconstruction of the FS
into the propeller-like topology seen by ARPES.

Following remark is appropriate here. We have succeeded
to describe the Hall coefficient of BKFA, both the absolute
value and the variation with temperature, within the
isotropic scattering rate approximation; it is known that
such approximation holds for many different compounds,
e.g., it was checked for simple metals and transition metal
dichalcogenides.'®*” Though the temperature-dependent
Ry may result from the lifetime variations over the FS
without any changes in the FS contours®>” (in this case
the anisotropy of the lifetime is usually used as a fitting
parameter), such scenario seem to be incapable of explaining
the Hall coefficient behavior in ferropnictides. The variation
of the scattering rate between hole- and electron-like bands
cannot account for huge changes in Ry of the parent
compound —even assuming the lifetime infinitely larger
for the hole carriers than for electron ones or vice versa, we
arrive at |Ry| = 2.7 x 1072 m?/C, a value 10 times less than
the measured one [see Fig. 3(c) and data in the refs. 28-30].
At the same time the mentioned FS reconstruction may be
able to explain temperature dependence of the Hall effect for
the entire phase diagram.
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Fig. 3.

(Color online) (a) The Hall coefficient (Ry) for nearly optimally doped Ba;_,KFe,As, as calculated on the basis of the band structure and as

measured experimentally (7. = 36 K). Insets show the high and low temperature FSs for Ba;_,K,Fe,As,. The comparison of the measured and calculated
Ry suggests that FS of Ba;_,K Fe,As, evolves from the theoretically predicted at high temperatures to the one observed in low temperature ARPES
measurements. (b) The temperature dependence of the in-plane resistivity for the same material. Knowledge of the band structure and electrical resistivity
allows us to find that the scattering rate just above T, equals 14 meV. (c) Temperature dependence of Ry for Ba;_,K,Fe;As, with different doping levels, and

critical temperatures as indicated in the legend.

Leaving aside the complicated case of low doping levels
with large SDW order parameter, we go to the relatively
simple overdoped material on the electron side of the phase
diagram, BaFe,_,Co,As, (BFCA). For heavily overdoped
BFCA the Hall effect is nearly temperature independent with
Ry ~ (=1 to —2.5) x 107°m?/C,***” while the calcula-
tion from ARPES yields Ry >~ —2 x 107" m?/C (extraction
of the band dispersion from photoemission spectra of BFCA
will be presented elsewhere), providing another evidence for
validity of the formulas (2)-(4) in the case of ferropnic-
tides.’" Similarly, good agreement between calculated from
ARPES and measured parameters was found in the case
of LiFeAs.?>*¥ It is also important to note that for the
mentioned overdoped BFCA and stoichiometric LiFeAs the
Fermi surface indeed consists of hole-like sheets around I’
point and electron-like sheets around the corner of FeAs
Brilloiun zone,> i.e. is close to the obtained in the band
structure calculations, as well as it is in the case of some
other iron arsenides.>> Fermi surface shape and sign of
the Hall effect for some iron arsenides is collected in the
Table II.

Similarly to the expression for Ry, t cancels out from
the expression p? - 8p/(p - B?) [see egs. (2), (4), (5)], which
means that this relation is also defined purely by the band
dispersion. The reconstruction of the electronic structure
results in a strong variation of this quantity. In the case
of BKFA the low temperature value of p?-8p/(p- B?),
calculated for the propeller-like FS, is 20-60 times larger
than the value, calculated for high-temperature theoretical
FS. Note that the magnetoresistivity is determined by the
small FS sheets (see Table I), and therefore the uncertainty
in the calculated value is quite large.

The value of the quasiparticle lifetime near the Fermi
level affects measured signal in different types of experi-
ments — for instance, the electrical conductivity is propor-
tional to 7, and in ARPES t results in the spectral line
broadening. Since experimental resolution also leads to the
broadening of photoemission lines (especially nasty in this
sense is momentum resolution, which may vary from sample
to sample, and is hard to determine), the analysis of the
spectral widths only allows putting the upper limit on the
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Table II. (Color online) Form of the Fermi surface of some iron arsenide
superconductors at the corner of the FeAs Brillouin zone (BZ)33*3% and the
sign of the Hall coefficient.?®?%33 The electron-like bands at the BZ corner
possess smaller effective band mass than the hole-like bands in the BZ
center, and thus contribute more to the electronic transport (if form
comparable FS sheets), implying negative Ry even for zero carrier doping.

Compound FS sheets at the corner of BZ Sign of Ry
Ba, _K,Fe,As 200 (1 decrondite) +
KFe,As, 5 (4 hole-like) ?
BaFe;_,Co,As; @ (2 electron-like) —
LiFeAs @ (2 electron-like) —

BaFe,As, P, © (2 electron-like) —

scattering rate (%/7),® which in the present case is of the
order of 20meV for T 2 T.. A more precise estimate for
7 can be derived from combined knowledge of electrical
conductivity and the band dispersion near the Fermi level by
utilizing eq. (2), which basically says that the electrical
conductivity is proportional to the lifetime multiplied by the
Fermi surface perimeter and the Fermi velocity. In our case
the combination of transport measurements of conductivity
and ARPES measurements of the band dispersion yields
t=5x10""s (h/t =14meV) for T > T. [Fig. 3(b)].
Interestingly, the scattering rate in the superconducting state
can be estimated from spectroscopic data as the width of
the coherence peak, which is independent of the momentum
resolution. For BKFA such estimate at 7 < 10K yields a
scattering rate of 1-2 meV.>® The values of 1, obtained
here from spectroscopic and transport data agree well with
surface impedance measurements.>”

Above we have shown that the temperature-dependent
ARPES (Fig. 2) and Hall data (Fig. 3), measured on BKFA,
consistently point to the reconstruction of the FS to the
propeller-like topology at low temperatures. What could be
the reason for such modification of the electronic structure?
Natural candidate is fluctuations of the SDW order: first,
generally (7, 7) magnetic interaction is well known to be
strong and important in the iron arsenides, and second,
temperature dependencies of the photoemission and magne-
totransport data resemble those of the antiferromagnetic
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fluctuations, detected by nuclear magnetic resonance (NMR)
measurements of BKFA.*” Similar correlation between
the onset of antiferromagnetic correlations and the varia-
tion of the Hall coefficient was recently observed in
BaFe,As,_P,.*'*?) Detailed search for the corresponding
changes in the electronic structure of this material is still to
be performed.

In conclusion, we have found that both magneto-
transport and photoemission measurements are consistent
with the steady evolution of the FS of the optimally
doped Ba;_,K,Fe;As; to the propeller-like topology at low
temperatures. The temperature trend of ARPES (Fig. 2) and
Hall [Fig. 3(a)] signals imply presence of the FS reconstruc-
tion well above Tspw (similar to the reported persistence of
ordering signatures in cuprates*? and dichalcogenides*"),
which in turn suggests that in Ba;_,K,Fe,As, the band
reconstruction is partially decoupled from the static SDW.
For lower doping levels the temperature variation of the Hall
coefficient becomes much stronger [Fig. 3(c), refs. 28-30],
which unambiguously points to a more prominent band
reconstruction in the underdoped samples — most probably,
the entire FS breaks into small pockets, though detailed
picture in this case is still to be drawn.
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