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Low-frequency resistance noise spectroscopy is applied to investigate bulk single crystals of the intercalated iron-
selenide K Fe;_,Se; superconductors with different iron vacancy orders. Based on a generalized fluctuation model, the
well-observed resistance hump above 100 K is interpreted as an insulator—metal phase transition with a characteristic tran-
sition energy of 0.1-0.6 eV, indicating a highly inhomogeneous energy distribution configuration. In the superconducting
transition regime, we find that the normalized resistance noise scales with resistance R excellently as Sg /R o R's with
the noise exponent /s ~ 1.4. With reduced iron vacancy disordering in enhanced superconductivity K Fe;_,Se, crystals,
the level of resistance fluctuations is greatly suppressed, suggesting a geometrical phase transition for conduction channel,
which is directly related to the microstructure of the crystals.

Keywords: K,Fe;_,Se,, phase separation, noise and chaos, percolation
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1. Introduction

Correlated electron systems have been an important re-
search area in condensed matter physics. In these materials,
the competition or/and coexistence of correlated states, such
as metallic, insulating, magnetic, and superconducting phases,
quite often occurs, leading to a rich phase diagram with un-
conventional ordering phenomena. In many cases this results
in an intrinsic tendency to electronic phase separation.!'=#! For
oxide-based materials, nanoscale inhomogeneous electronic
states include dopant-driven spin or/and charge density stripes
or spatial variations of the superconducting gap in high-7;
cuprates,>8! or the mixed-valence phase separations in man-

%101 Respectively, these effects together with

ganese oxides.|
associated percolation phenomena are essential ingredient for
the understanding of the unconventional superconductivity or
the unusually colossal magnetoresistance.!!!=13]

While the coexistence or microscopic/mesoscopic phase
separations between magnetism and superconductivity is
still under debate for multi-band iron-based superconduct-
ing compounds, 41 the newly discovered iron selenide su-
perconductors A Fe; ,Se; (A = K, TI, Rb, Cs) with un-
conventional superconductivity have greatly enriched the re-
search of iron-based superconductivity.!!”-1°! In these alkali-
intercalated iron-selenides, the iron vacancy with its order

plays a key role in determining their magnetism and su-
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perconductivity.  Scanning tunneling spectroscopy (STM)

studies observed the superconducting gap on a vacancy-free

(201 high-resolution TEM measurements suggested the

surface,
coexistence of two spatially separated phases and the sec-
ond phase being an iron vacancy disordered state.”!! A ma-
jority phase of AggFejgSer (245) with a V5 x5 super-
structure of iron vacancies exhibits an antiferromagnetic
(AFM) order with a large magnetic moment as revealed by
neutron scattering,?>~>*! muon spin rotation,>! and nuclear
magnetic resonance!?®! experiments, while a minority struc-
ture of Ag75Fe;75Se, with V2 x /2 iron vacancy super-
lattice remains paramagnetic and is attributed to a metal-
lic/superconducting phase. The coexistence of such two sep-
arated phases has a tendency to form a scaffold-like (or spi-
der web) filamentary network of conducting phase which ex-
ists on a submicron length scale, as resolved in K,Fe;_,Se>
and Rb,Fe;_,Se; superconductors by high-resolution scan-
ning electron microscopy, as well as scanning nanofocused
x-ray diffraction.!”’?8] On other aspects, the unusual fea-
tures observed in normal-state resistivity,!”! magnetization
loop, %! and optical spectroscopy!®!! measurements were ex-
plained by phase separation scenario within percolative nature.
Considering the complexity of the system, the nature of the
percolation process, however, has not been explored in detail
yet, and the phase separation scenario needs more clarification
in terms of the microstructure and stoichiometry of the super-
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conducting phase for a consistent understanding of its elec-
tronic and magnetic properties.

Resistance fluctuations are sensitive to the degree of the
phase orders of the systems under investigation, and the fluctu-
ation spectroscopy has been used as a powerful method to in-
vestigate the intrinsic dynamics of carriers of a large variety of
magnetic, semiconducting, and metallic/superconducting ma-
terials, in particular, systems close to a metal-insulator tran-
sition (MIT) or the percolation limit. In this work we pro-
vide experimental insight to the effect of iron-vacancy order
on the transport properties by probing low-frequency resis-
tance fluctuations in superconducting K,Fe,_,Se; single crys-
tals. Our result reveals the percolative nature of both normal
state and superconducting transition regimes for such AFM in-
sulator/superconductor mixed compound.

2. Experiment

Single crystals of K,Fe,_,Se, were grown with the
Bridgman technique following a quenching process. By this
quenching process, the resulting crystals contain different
iron-vacancy domain structures which depends on the quench-
ing temperatures, although they have the same stoichiometry
(as determined by an inductively coupled plasma) and the su-
perconducting phase 17%—-20% in volume, as described in de-
tail in Ref. [32]. We choose crystal K 76Fe; 71 Se, which was
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Fig. 1. (a) Back-scattered electron images of SEM measurements on the
cleaved surface of a K¢ 76Fe; 71 Sex crystal (SMP\#1). (b) Temperature
dependence of the resistance of SMP\#1. The dotted red curve is the fit
to the R-T data in high-T regime, yielding a thermally activated energy
gap of 38 meV, see text.

quenched at 473 K as SMP\#1 for our study. The sample is
highly inhomogeneous in chemical stiochiometry on a sub-
micron length scale. It seems that the minority phase, iden-
tified as a conducting component, is in an ordered state in
orientation in the matrix of the majority phase, as shown by
the back-scattered electron images of SEM measurements in
Fig. 1(a). Figure 1(b) shows the temperature 7' dependence of
the resistance (resistivity) R of Ky 76Fei 71Se; in the whole T
region. A pronounced hump in R following an insulator-to-
metal transition (MIT) occurs at 7 = 120 K with an activa-
tion energy of E, = 38 meV, similar to previous report.[17-13]
The MIT is rather broad due to the underlying inhomogeneity
of the coexistence region. Upon further cooling, the sample
undergoes a superconducting transition at the onset temper-
ature of 31.4 K within AT, = 2.7 K between the T's of the
onset and zero-R. The residual resistance (resistivity) is quite
high (400 mQ-cm) comparing with those of other iron-based

superconductors. 33
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Fig. 2. (a) Typical voltage noise spectrum at various sense current / and
T = 40 K for SMP\#1. The colored solid lines are the fits to the data
in log-log plot to display the nature of the low frequency 1/f%-type
noise. (b) Voltage noise spectrum Sy at f = 1 Hz as a function of sense
current /. The red solid line is the log—log linear fitting to display the
relationship of Sy o< I2.
To measure the resistance noise, the crystals were cleaved
and peeled using scotch tape into a dimension of 1.5 x 0.5 x
0.01 mm? with the thinnest side along c-axis. The electric con-
tacts were made quickly using silver paste wiring gold wires
(16 pm in diameter). Noise and voltage measurements were
performed simultaneously by the standard four-probe method
on a Quantum Design physical property measurement sys-
tem with temperature stability of 0.01%. The sense current
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was provided by a 9-V battery and a series of metal-film re-
sistors with resistance a factor of 500-1000 higher than the
sample resistance. The voltage V' across the sample was fed
into a battery-powered low-noise preamplifier (SR560) with
a gain of 100, and the amplified output was processed us-
ing a dynamic signal analyzer (HP35660A) to obtain the volt-
age power spectral density (PSD). In all cases, a zero-current
background spectrum was subtracted to obtain the voltage
power spectral density Sy (f,T), the portion of S(f,T) due
to fluctuations in resistance. As shown in Fig. 2(a), Sy (f,T)
shows a typical 1/f%-like noise spectrum in low frequency
with & close to unit below 100 Hz in the sense currents. The
noise magnitude at f = 1 Hz strictly follows a quadratic law
of Sy(I,f = 1 Hz) o I checked at several Ts, as shown in
Fig. 2(b). This current-dependent noise is an experimentally
important result as it confirms that the noise obtained is intrin-
sic to the samples under investigation.

3. Results and discussion

Figure 3 shows the main results of the voltage (resis-
tance) fluctuations in SMP\#1. The typical raw data of volt-
age spectral density Sy of generic 1/f%-type at selected T's are
shown in Fig. 3(a) in the frequency domain of 0.625 Hz < f <
100 Hz. By log-log fitting as shown in Fig. 3(a) together with
the simultaneously measured V, two parameters, the normal-
ized resistance noise Sg/R> = Sy /V? at 1 Hz and the exponent
a, are extracted as a function of T, and the results presented
in Figs. 3(b) and 3(c), respectively. It is found that the normal-
ized resistance noise power Sg/R> peaks at T, =~ 100 K, about
20 K below the corresponding resistance hump (~ 122 K).
Based on a generalized activation fluctuation model originally
proposed by Dutta, Dimon, and Horn (DDH), the 1/ noise
spectrum is simply deduced from an integration of the Loren-
zian spectra over the distribution of the activation energies for
more and less conductive phases.*! The a exponent of the
1/f* spectral density and the temperature dependence of the

noise are related by34-3%]

1 InS(f,T) dlng(T)

o=1-
In(27 7)) olnT dlnT ’

6]

where g(T) o< T" quantifies the temperature dependence of the
noise level and 7 is the characteristic “attempt time” which
is on the order of the inverse phonon frequency in solids.
Figure 3(c) shows the fit to the data o(T) using Eq. (1)
and the independently extracted Sy (f = 1 Hz, T), yielding
To~2x 10713 s and g(T) o T>. The activated transition en-
ergies we probe for the insulator—metal crossover are roughly
linked to the frequency bandwidth and the temperature by ¢!

Ea~ kgTIn(27£10), )

with kg the Boltzmann constant. This means, in our case, that
the 1/f% noise we measure between 0.1 Hz and 100 Hz and
40 K and 300 K arises from the transition energies between
0.09 eV and 0.6 eV, indicating a highly inhomogeneous en-
ergy distribution configuration.
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Fig. 3. (a) Typical voltage noise spectrum at various 7's for SMP\#1. The
colored solid lines are the fits to the data in log—log plot to display the na-
ture of the low frequency 1/f%-type noise. (b) Normalized resistance noise
Sg/R? at 1 Hz and resistance R as functions of 7. (c) The corresponding
frequency exponent of the 1/f% noise as a function of temperature, o(7).
Circles are the values extracted from the fits to the individual spectra at dif-
ferent temperatures, as in (a). The red solid line is the best fit to the ot (T)
data from the data of Sy (f = 1 Hz,T), see text.

A feature in Sg/R? of the present samples is that in the
superconducting transition region, as illustrated in Fig. 3(b),
the magnitude of the resistance noise shows a narrow plateau
at Tynset, then a substantial rise follows with decreasing T. We
have measured 4 crystals from the same patch, the noise be-
haviors are almost identical. The steep rise in Sg /R2 at Tonset
has also been observed for granular superconductors,3’! high-
T.-cuprates, 383 and organic superconductors,*®! and is in-
terpreted as a result of the percolative nature of the supercon-
ducting transition in these systems. In general, for homoge-
neous superconducting transitions, one expects small fluctu-
ations in the resistance with 7 decrease, since more quasi-
particles condense into cooper pairs leading to a less noisy
volume in bulk. In contrast, for inhomogeneous superconduc-
tors, large fluctuations in the resistance in the transition regime
are expected, because in strongly disordered conductors, the
resistance fluctuations are determined not by the entire vol-
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ume of the conductor but by an essentially smaller volume,

41421 Ty other words, strongly

leading to a large noise level.!
disordered superconductors exhibit an extremely enhanced re-
sistance noise due to the strongly nonuniform critical current
density and electric field distribution confined to narrow paths,
forming a normal metal (insulator)-superconductor Josephson
junction-like network. To substantiate this percolative pic-
ture for the present samples, we study the nature of the resis-
tance fluctuations in more details in the critical superconduct-
ing transition regime. The percolation theory has an important
application for the real disordered systems that the relative re-

sistance noise Sg/R? scales with resistance by a power-law
2539421

IST’; o< R7hs (3)
where [ is the resistor—superconductor network scaling ex-
ponent which is related to the index of percolative conduc-
tion path. In our case of SMP\#I, such scaling law ex-
pressed in Eq. (2) is illustrated in Fig. 4 as we tune R through
changing T. In Fig. 4, Sg/R? scales with R excellently with
;s =2 1.3840.06 in T-domain as R drops to 20% of the normal-
state resistance, details in 7-domain are shown in the inset of

Fig. 4.
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Fig. 4. Scaling of the normalized resistance noise Sg/R> versus the
resistance R of SMP\#1. The red solid line is the log-log fitting line
based on Eq. (2). Inset: normalized resistance noise Sg/R? at f = 1 Hz
(red solid dots) and resistance R (black solid dots) as functions of T in
the vicinity to the superconducting fluctuation region.

For a comparison, we have performed isothermal resis-
tance noise measurements under magnetic field in percola-
tive regime (Fig. 5(a)). The results are shown in the inset of
Fig. 5(b) with T = 29.6 K. By applying H to tune R from the
normal-state at H = 6.5 T to the superconducting transition
regime of H = 0, the corresponding resistance noise level in-
creases by more than one order of magnitude from H =2 T to
H =0, as expected according to the percolation theory. Sim-
ilarly, Sg/ R? scales with R rather well with [ 22 1.48 +0.04,

as shown in Fig. 5(b). Considering that random magnetic
flux motion in a superconducting cluster is one of the sources
of resistance noise when H is applied, the two scaling expo-
nents /5 in T-domain and H-domain are highly self-consistent.
In the existing percolation models accounting for the resis-
tance noise behavior, Kiss ef al. predicted that at a given cur-
rent the number of Josephson junctions in the superconduc-
tive state fluctuates. It is equivalent to fluctuations dp(¢) of
the portion p of short-circuited resistors for a normal-metal—
superconductor mixture. Taking account of the fluctuations in
p, the noise exponent Iy = 2.74 differs from /s = 0.9 +0.32
of the “classical” three-dimensional (3D) random percolation
model in which the noise is generated only by fluctuations of
the non-short-circuited normal resistors.*3] However, our re-
sult of [,; = 1.4 in K¢ 76Fe; 71Se; is quite different from those
of the p-fluctuation or classical 3D random percolation mod-
els. From microstructure point of view, we suggest that the
new noise exponent in K 7¢Fe; 71Se; is correlated to the for-
mation of an orientation-ordered rather than random minor su-
perconducting phase 122 in the matrix of the AFM insulating
phase 245.
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Fig. 5. (a) Typical voltage noise spectrum under various magnetic field
H and T = 29.6 K for SMP\#1. The colored solid lines are the fits to
the data in log-log plot to display the nature of the low frequency 1/f%-
type noise. (b) Normalized resistance noise spectrum Sg /R? at f = 1 Hz
as a function of the resistance R in the vicinity to the superconducting
fluctuation region. The red solid line is the scaling line based on Eq. (2).
Inset: normalized resistance noise SR/R2 at f =1 Hz (red solid dots)
and resistance R (black solid dots) as functions of 7 in the vicinity to
the superconducting fluctuation region (7 = 29.6 K).
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Fig. 6. (a) The T-dependence of resistance of SMP\#2 (Ko 76Fe; 70Se2). In-
set: typical SEM images of the microstructure of SMP\#2. (b) Normalized
resistance noise Sg /R2 at f =1 Hz as a function of 7 for SMP\#2. Arrows

indicate the onset of the superconductive transition in R at low-7" and a peak
in normalized resistance noise at high-7'.

To verify the effect of microstructure of iron vacancy or-
der on the percolative process in K,Fe;_,Se>, we measured
the resistance noise of another superconducting K¢ 76Fe; 70Se»
(SMP\#2) crystal. It is noted that this crystal has the same ma-
terial composition with SMP\#1 but with a different quench
temperature of 673 K (above the AFM ordering temperature
~ 550 K, leading to a different iron vacancy-order state (inset
of Fig. 6(a)).*?) From a comparison in Fig. 6, the effect of the
iron vacancies on both normal and superconducting states can
be seen clearly by a higher T of 210 K for resistance hump,
one order of magnitude lower residue resistivity, an enhanced
Tonset of 32.4 K, and a narrower transition region AT, = 0.9 K
[Fig. 6(b)].
SMP\#2. Correspondingly, the magnitude of the resistance

These results imply a larger metallic phase in

noise shown in Fig. 6(b) is reduced comparing with that of
SMP\#1 by a factor of 2-5 at high Ts. It is interesting to
note a similar peak in Sg/R? at T ~ 100 K, indicating a char-
acteristic energy distribution for the insulator—metal crossover
with that of SMP\#1. However, in the superconducting tran-
sition region the level of Sg/R? is greatly suppressed by an or-
der of magnitude with decreasing 7', in strong contrast to the
case of SMP\#1. In phase separation scenario, this strongly
suppressed resistance noise indicates the improvement of the
Josephson tunnel-junction network, suggesting a possible oc-

currence of geometrical phase transition for conduction chan-
nels, similar to the case of granular superconductors. 4]

4. Summary

We performed low frequency resistance fluctuation

spectroscopy measurement on several superconducting

K.Fe>_,Se; single crystals. A resistance noise peak is ob-
served corresponding to the well-observed resistance hump.
Based on a generalized DDH model the resistance noise peak
together with the resistance hump is interpreted as insulator—
metal transition with a characteristic transition energy about
0.1-0.6 eV. We find evidence of a Josephson junction-like
network in the superconducting transition region, and the re-
sistance noise power scales with resistance R excellently as
Sg/R? o« R™'s with the noise exponent Is ~ 1.4. With im-
proved microstructure of iron vacancy order to enhance the
superconductivity of K,Fe;_,Se crystals, the resistance fluc-
tuations are greatly suppressed due to the establishment of a
much effective conduction/superconducting network.
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