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ABSTRACT

The temperature dependence of excess conductivity o’ (T) has been studied in three polycrystalline samples of the FeSey o4 superconductor, prepared
by different technologies. The measured temperature dependences of the A*(T) parameter, which is associated with the pseudogap in cuprates,
were analyzed using the local pair model. At high temperatures, all three samples exhibit a high narrow maximum along A*(T) at T;~250 K,
which is typical for magnetic superconductors. Below T~ 225K, the dependences A*(T) become different. Over almost the entire temperature
range below Ty, the S2 sample, prepared by solid state reaction without impurities, exhibits a A*(T) that is typical for Fe-pnictides. An exception is
the interval between the structural change temperature T, = 85K and T,, where this A*(T) exhibits an atypical, broad maximum. An analysis of the
obtained dependence suggests the discovery of a pseudogap in this FeSeqo4 sample, below T. Samples S1, containing 4 wt.%Ag, and S3, having a
nominal composition but containing nonsuperconducting hexagonal phase inclusions, both prepared by partial melting, show identical A*(T), but
different from S2. They have a number of features that correlate with temperatures at which there are also features along M(T), and the Hall coeffi-
cient Ry(T) changes signs several times with decreasing 7, which indicates that there is change in the type of charge carriers in FeSe. The A*(T)
dependence of the S3 sample below T has almost no maximum, since the nonsuperconducting impurities of the hexagonal phase in S3 prevent
the formation of paired fermions near T, As a result, S3 also has the minimum local pair density <ntnl>=0.26, determined by comparing
A*(TG)/Amax near T, using the Peters-Bauer theory, whereas the dependence A*(T) does not follow the theory. S1 has the maximum<n 1 n
1>=0.47, supposedly due to the influence of Ag impurities. In S2, which is pure, <n T n |>~ 0.3, which is the same as that of YBa,Cu;0;_s, and
both dependences A*(T) for S1 and S2 follow the theory over a wide temperature range.

Published under license by AIP Publishing. https://doi.org/10.1063/10.0001059

1. INTRODUCTION After superconductivity was discovered in FeSe chalcogenide,"”
which has the simplest structure among all HTSCs,'*'" it was
expected that answers to the abovementioned questions would be
imminent. However, it is obvious that FeSe has a whole number of

rounding the superconducting (SC) pairing mechanism, which properties that are so unusual (see Refs. 13 and 18, and references
enables the formation of Cooper pairs at the SC transition tempera-  therein), that .the issues researchers were trying to tackle were not
ture T.>>100 K. Recently, there has been a noticeable surge of only not clarified, but, perhaps, became even more complicated.

Despite the extremely large number of studies devoted to
researching high-temperature superconductors (HTSCs), more
than thirty years after their discovery there is still no clarity sur-

interest in studying the unusual phenomenon known as the pseu- Indeed, the very dependence of the longitudinal resistivity p(T) in
dogap (PG),"'" which opens in cuprate HTSCs (cuprates) such as FeSe is extraordinary, having a pronounced semiconducting behavior
YBa,Cu;0,_s (YBCO) at a characteristic temperature T* >> T..>" over a wide temperature range above ~315K.'>*" However, below
It is believed that understanding the physics of the PGs would shed ~300K, p(T) it exhibits a metallic course,'””” and assumes a form
light on the SC pairing mechanism in HTSCs. However, the ques- that is characteristic of weakly doped cuprates,”** and iron-
tion of PG physics remains highly controversial.”™"* containing superconductors (Fe-pnictides)'”** As the temperature
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decreases, FeSe becomes a superconductor with a SC transition tem-
perature T, ~ 10K at normal pressure,'“*”** and in a very narrow
range of Se concentrations.”” It has been found that T, can increase
to 38 K when pressure of up to 9 GPa is applied.”™*’ A partial
replacement of Se atoms with S or Te also contributes to an increase
in TC.“’ZS’” In some cases, the combination of pressure and interca-
lation can implement superconductivity at 48 K. It is also reported
that FeSe films one unit cell thick have a critical temperature that
can reach about 109 K,”'~** indicating that new unusual supercon-
ductivity can be observed in these compounds.™

Ultimately, it has been shown that the maximum along p(T)
that was observed in FeSe above 300 K'>*" is neither related to
the electron-phonon scattering, nor the interaction between spin
fluctuations and charge carriers,'” or their thermal activation.™
Most likely, in the range of 350-300 K the electron band structure
of FeSe is rearranged, which can lead to an increase in the charge
carrier density ns and the observed decrease in p(T) with drop-
ping T, as a result (see Refs. 18 and 19 and references therein). It
should also be noted that there are no reports of any structural or
magnetic transition at 300 K.'””" A weakly pronounced structural
transition is detected at Ty, =~ 250 K,’>"” and a well-known struc-
tural transition is observed at T, ~ 90 K.”>***® However, unlike
Fe-pnictides, this transition is not accompanied by a correspond-
ing antiferromagnetic transition (see Refs. 18, 39, and 40, and ref-
erences therein). For this reason, in many articles this behavior in
FeSe is attributed to charge-induced nematicity.'®'”***'~** Such
a transition is associated with spontaneous symmetry breaking in
the x and y directions in the Fe planes, which reduces the lattice
symmetry group from tetragonal to orthorhombic. This fact
reflects the internal electron instability of FeSe, and the complex
evolution of the electron band structure with decreasing tempera-
ture, when the charge carriers change from electrons to holes, and
vice versa.'™”?*"** This follows from measurements of the Hall
and Seebeck coefficients, which change signs several times as the
temperature decreases from 300 K, confirming the conclusion that
FeSe is a compound with two types of charge carriers.”>**** It
can be assumed that FeSe compounds are in the crossover mode
between BCS and Bose-Einstein condensation (BEC)."**>*>*”

The behavior of FeSe considered above differs significantly
from that of cuprates, wherein p(7T) is a linear function in a broad
temperature range above the pseudogap opening temperature
T >> T.''>?>%%7°0 Below T*, the dependence p(T) deviates from
the linear toward lower values, which leads to the appearance of
excess conductivity o’(T), defined as the difference between the
measured conductivity o(7) =1/p(T) and the extrapolated linear
conductivity on(T) = 1/p(T), which corresponds to the normal state
of the sample.'**>*">* For YBCO, in a relatively narrow tempera-
ture range of ~15K above T, the excess conductivity is well
described by the Aslamazov-Larkin (AL)’’ and Hikami-Larkin
(HL)™ (Maki-Thompson contribution (MT)""**>?) classical fluc-
tuation theories. This is the region of SC fluctuations, bounded
from above by the temperature To;,'*** and accordingly, the region
of fluctuation conductivity (FLC), which is characterized by a
nonzero superfluid density n,”" " caused by the formation of fluc-
tuation Cooper pairs (FCP) above T.. In this temperature range,
FCPs behave much like SC Cooper pairs, but without long-range
order,”””" they are the so-called “short-range phase correlations,”

ARTICLE scitation.org/journal/ltp

which should largely obey BCS theory.”””>~>" The study of SC fluc-
tuations as part of cuprate HTSC research has received a lot of
attention (see Refs. 11, 48, 52, and 60, and references therein), since
it was assumed that this is the best way to discover the nature of
the pseudogap.l 1,12,48-50,52

Unlike cuprates, there are almost no studies of SC fluctuations
in FeSe, due to the fact that it is extremely difficult to identify its
normal state. As a result, there are practically no data on the exis-
tence of such FCPs above T, in these compounds, or their possible
effect on the abovementioned unusual properties of FeSe. As
expected, the data on the possible implementation of the PG state
in FeSe compounds, which are reported in a number of articles, are
also highly contradictory.***'~*" In our previous article,’” three
polycrystalline samples of FeSego4 prepared by various methods
(S1, S2, and S3) are used to study the fluctuation conductivity o’(7)
near T, as a function of temperature. It is shown that, as is the case
in cuprates, the 3D-AL and 2D-MT (D is the dimension) fluctua-
tion theories provide an excellent description of the o'(T) depen-
dence in the SC fluctuation region that is observed up to ~20K,
which is approximately two times higher than T, This result,
which unambiguously points to the presence of FCPs in FeSe, at
least in the indicated temperature range, is in agreement with the
earlier studies on magnetic susceptibility'® and microcontact spec-
troscopy in FeSe single crystals.”” Note that up to T,~90 K there
are no features (anomalies) along the p(T) curves, which suggests
that the fluctuation Cooper pairs can exist in FeSe, at least up to
T,.**%17%° Moreover, it is argued in a number of articles that the
features of the PG should start to manifest directly below the struc-
tural transition temperature T,, where the fluctuation effects sup-
press the density of states (DOS) at the Fermi level”””’ by forming
paired electrons above T,°>"" which, by definition, is called a pseu-
dogap.”™'" This idea is supported by magnetoresistance experi-
ments in FeSe, where the corresponding dependences at different
values of the applied constant magnetic field do not obey Kohler’s
rule below T, pointing to the possible rearrangement of the Fermi
surface.”*>*’ However, the questions are: what happens to the
FCPs above 20 K, and does a pseudogap state manifest in FeSe?

To provide clarification on these topics, a thorough examina-
tion of the excess conductivity in three samples of FeSeqq4, pre-
pared via different methods (S1, S2, and S3) is performed in this
article, to glean information about the magnitude and temperature
dependence of the possible PG, A*(T). The calculated dependences
A*(T) have turned out to be typical for magnetic superconduc-
tors.”>’” It is shown that the features manifesting along A*(T) are
in good agreement with the results obtained by other research
methods (see Refs. 18, 24, 44, and 45, and references therein). A
comparison with the Peters-Bauer theory”” is used to estimate the
local pair density in the studied samples near T,, and determine
the relationship between the local pairs and the structural features
of the studied polycrystalline samples. A detailed review of the
obtained results is given below.

2. THE EXPERIMENT

Three FeSej o, samples are prepared using various techniques.
The synthesis of the FeSej o4 samples used in this study is detailed
in Ref. 74. Samples S1, containing 4 wt.%Ag, and S3 without silver
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additives, were obtained using the partial-melting technique.
Sample S2, with a nominal composition of FeSeq o4, was obtained
via solid state reaction (SSR).

Silver is widely used as a dopant, or small additive, in order to
improve microstructure and superconducting properties.””” Our
previous studies established that a small amount of silver added to
FeSeg o4 granules augmented both the internal and intergranular SC
properties.” >’ This consists of increasing the T,, the upper critical
field H.(0), the Ginzburg-Landau parameter , the critical current
and pinning energy, as well as decreasing the width of the SC resis-
tive transition AT,.””

Powder X-ray diffraction (XRD) patterns are collected within
the range of 5.3 to 80° 20 with a constant step 0.02° 26 on a Bruker
D8 Advance diffractometer with CuK, radiation and a LynxEye
detector. The composition is studied using Diffracplus EVA and
the ICDD-PDF2 database.”” It is found that both undoped samples
S2 and S3 consist mainly of the SC tetragonal phase. However, the
S3 sample prepared by partial melting, shows inclusions of a non-
superconducting hexagonal phase. At the same time, the S1 sample,
which was also prepared using partial melting but doped with Ag,
shows no trace of the hexagonal phase. Only a small amount of Ag
was identified as an impurity. Thus, similarly to Sn additives in
FeSe,”’ Ag prevents the formation of a nonsuperconducting hexago-
nal phase and increases the content of the SC tetragonal phase in the
sample. At the same time, the lattice parameters determined from
XRD measurements for the S1 and S3 samples are the same: S3:
a=3.7650 A, c=5.5180 A, and S1: a=3.7671 A, ¢=55193 A. This
confirms the earlier conclusion that Ag most likely does not integrate
into the unit cell.”” The parameters of sample S2 are also almost the
same: a = 3.77598 A, ¢=5.51800 A. The FeSe unit cell is a tetrahedron
in which the Fe ion is in the center, and Se ions are at its vertices,
which corresponds to the space group P4/mmm with parameters
a=3.77 A (Fe-Fe distance) and c=5.52 A (interplanar distance), with
the height of Se ions over the Fe planes zg. = 0.2343 (~ 145 A).">*>**
Thus, the parameters of the FeSeqo, samples measured by us corre-
spond to literature data.

Rectangular samples with dimensions of about 5x1x 1 mm
are cut from pressed tablets. The longitudinal resistivity p,, is mea-
sured using a standard four-probe circuit on the automated
Quantum Design PPMS-14 T system. Silver paste is used to secure
thin wires to the edges of the sample, to ensure a uniform distribu-
tion of current in the central region where the potential probes
with a width of less than 0.3 mm are placed. The contact resistance
of the potential probes is less than 1 Q. It is expected that the
samples in our experiments will have different behaviors as a result
of the varying preparation methods, and the features of the pseudo-
gap parameter temperature dependence A*(T) obtained by measur-
ing the resistivity and excess conductivity, will be analyzed.

3. RESULTS AND DISCUSSION
3.1. Resistive properties

Figure 1 shows the temperature dependences of the resistivity
p(T) = p(T) for all three studied FeSeyq, samples. It is seen that
all p(T) dependences exhibit metallic behavior as the temperature
decreases to T,. The critical temperature T, =T, (p=0) is deter-
mined by extrapolating the linear part of p(T) in the region of the
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FIG. 1. The temperature dependences of resistivity p(T) for all three FeSeq g4
samples (S1, S2, and S3) prepared via different methods (see text). The dotted
lines represent the pp(T) extrapolated to the low temperature region. Insert:
(p = po)/aT as a function of temperature for S1 (dots), defining T* =258 K.
A straight line is drawn for clarity.

SC transition to p(T)=0. Since the width of the resistive transi-
tions, AT,, turns out to be quite small, especially in the case of S1
(AT, ~1K),”* this approach allows us to obtain T, values with a
high degree of accuracy. As expected, the sample doped with silver
(S1) has the highest T.=(9.0£0.05) K and the lowest p
(T=10K) =270 uQ x cm (Table I). In addition, S1 has the largest
resistance ratio R(300 K)/R(10 K), or RRR = 13.6."” This RRR value
is significantly higher than that observed in the case of polycrystal-
line FeSe samples obtained by the self-flux method, where
RRR =9.3,"" which confirms the high quality of the S1 sample
structure.

Accordingly, sample S3 has a noticeably lower T, = (7.8 £0.05) K
and the highest p(T'=10 K) &~ 1010 u€2 x cm (Table I). Most likely, this
is caused by inclusions of the nonsuperconducting hexagonal phase
detected by XRD analysis,”* which can distort the sample’s structure.

Accordingly, the S3 RRR =3.8. Interestingly enough, despite
all of the mentioned differences, the samples S1 and S3 obtained by
partial melting have similarly shaped p(T) dependences (Fig. 1).
Additionally, below ~ 150 K, both resistive curves run parallel to
each other. The lowest T.= (7.7 £ 0.05) K is observed for sample S2
that was obtained by the solid state reaction method. Therefore, in
this case, p(T=10K)~ 838 uQ x cm, which is noticeably larger
than that of S1, and RRR = 3.9 (Table I), which points to the struc-
tural features of the sample that are caused by its preparation
method. As a result, S2 has a differently shaped p(T) curve, which
passes below T, =85K, with a slope that is noticeably smaller than
that of samples S1 and S3. This confirms the assumption that the
properties of FeSe polycrystalline samples substantially depend on
the method of their preparation.”” We expected there to be differ-
ences in the samples’ structural features, and in the study of a pos-
sible pseudogap in FeSe.
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TABLE I. Parameters of S1-S3 FeSeg g4 samples, obtained by analyzing the fluctuation conductivity and A*(T).

p(10K),
Sample uQxcm RRR T, K £.0), A T, K S A, A (Tg), K Tpairs K 2A*(Tg)/kgT,
S1 270 13.6 9.0 2.9 258 6.3 13.0 13.3 70 3.0
S2 838 39 7.7 2.9 259 10.0 7.4 17.7 53 4.6
S3 1010 3.8 7.8 5.6 273 10.0 7.9 10.2 - 3.0

3.2. Excess conductivity and the pseudogap

The magnitude and temperature dependence of the pseudogap
parameter A*(T) for all three samples is calculated in the local pair
(LP) model'" based on excess conductivity o’(T) measurements. As
noted above, o/(T) is determined by the equation

1 1

1

This shows that finding the normal state of the HTSC, which deter-
mines the magnitude and temperature dependence of the resistivity
pn(T), is extremely important for determining o’(T) and therefore,
AX(T)."" In cuprates, pn(T) is a linear function of T over a wide
temperature range above T*.°"** According to the NAFL (Nearly
Antiferromagnetic Fermi-liquid) model,”" this linear dependence
corresponds to the normal state of HTSC, which is characterized
by Fermi surface stability. Below T* p(T) deviates from the linear
dependence toward smaller values, leading to the appearance of
excess conductivity, and the HTSC transitions to the PG state (see
Refs. 11, 18, and 48, and references therein). According to the latest
concepts,"’”"w the rearrangement of the Fermi surface, which
largely determines the unusual properties of cuprates in the PG
region, is possible below T*.

In contrast to cuprates, the normal state of FeSe is rather
undefined. Ultimately, the chosen normal state is shown by the
dashed lines in Fig. 1, based on the considerations detailed in our
previous work.”” Let us note only a few points. As already men-
tioned, the rearrangement of the band structure ends below
~ 300 K, and FeSe transitions to a new state that is characterized by
metallic charge carrier scattering.'**** It has been found that in
this state, the Hall coefficient Ry is practically independent of
temperature,' >*>** and the field-dependent magnetoresistance
MR = [p(H) — p(0)]/p(0), measured at various temperatures, obeys
Kohler’s rule up to T, ~ 85K.">*' Both results indicate the stability
of the Fermi surface in FeSe for this temperature range, which, as
noted above, is the main sign of the normal state of any HTSC.
Moreover, in the relatively short temperature range of ~ 30K
below 290K, the p(T) dependence of all samples turns out to be
linear. Here, we used the criterion [p(T) - pol/aT =1, obtained by
transforming the straight line equation p(T) =aT + poy, where a is
the slope of the extrapolated dependence pn(T), and pq is its inter-
section with the Y axis.””"> In this case, the deviation of [p(T) —
pol/aT from 1, as shown by the insert in Fig. 1 for SI as an
example, allows one to determine T* with a high degree of accu-
racy. We note that this approach to determining py(T) made it pos-
sible to obtain reasonable and self-consistent results, and to

confidently observe both AL and MT fluctuation contributions to
&' (T) when analyzing the fluctuation conductivity.”” However, the
question of possibly realizing the pseudogap state in FeSe turned
out to be much more complicated.****>*' =

3.3. Analyzing the dependence A*(T)

It is believed that in cuprates, the excess conductivity o' (T)
[Eq. (1)] arises as a result of the PG opening and, therefore,
must contain information about its magnitude and temperature
dependence. We also share the opinion that the PG in cuprates
arises due to the formation of local pairs at T< T*,°7'*77%0%52
Classical fluctuation theories such as AL’® and MT, which were
modified by Hikami and Larkin (HL)’* for HTSCs, provide a
perfect description of the experimental ¢’'(7) in cuprates, but
only in the range of SC fluctuations ATq = TOI—TZ"f ~ 15K *(the
definition of T7” is given below). It is obvious that in order to
get information about the PG, we need an equation that
describes the entire experimental curve from T* to~ T;" /. and
contains the PG A*(T) parameter in explicit form. In the absence
of a rigorous fundamental theory, such an equation was pro-
posed in Ref. 82:

_ eA4(1 — T/T*)(exp(—A*/T))
©16hE(0)\/2e sh(2e/e)

where (1-T/T*) and exp(-A*/T) take into account the dynamics
of LP formation at T < T* and their destruction near T, respec-
tively. A4 is a numerical coefficient that has the meaning of the
C-factor in the FLC theory, and A* = A*(T;) is the value of the
PG parameter near T..'"**%*

Solving Eq. (2) with respect to A*(T), we obtain

o (T) (2)

A1 —TIT*)

o (T)16hE,(0)\/2€ o sh(2e/eLy)

where o/(T) is the experimentally measured excess conductivity
over the entire temperature range from T* to T f

Let us note once again that in HTSC cuprates, not only do all
of the sample parameters change at T<T*, but the DOS at the
Fermi level also begins to decrease,”””’ i.e., a pseudogap opens.”"’
It is assumed that this also involves the rearrangement of the Fermi
surface™*>°! which breaks up into Fermi arcs below ™0 1t is
assumed that a correct understanding of the PG physics would also
reveal the SC pairing mechanism in HTSCs, which remains
obscure, > +*7+**%9%7 However, we do not know of any DOS mea-
surements that have been performed for FeSe. Therefore, the

A(T)=Tln 3)
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question of PG manifestation in such HTSCs remains open. In the
absence of other theories, we analyze o'(T) and A*(T) in FeSe using
local pairs, Egs. (2) and (3). The temperature at which pp(T) devi-
ates from linearity, 258 K, is denoted as T*, although there is no
strong evidence to suggest that this is the temperature at which the
PG opens in FeSe. For the same reason, we are not referring to the
parameter A*(T), which we find by analyzing excess conductivity
over the interval from T* to T,, as a pseudogap.

Equations (2) and (3) contain a number of parameters which,
importantly, can be experimentally determined.'">** As such, T*,
the coherence length alon§ the ¢ axis £.(0), and the reduced tem-
perature & = (T-T¢" ")/ T2 are all determined by analyzing the
resistivity and the FLC.”>*""* Here, T7" is the critical temperature
in the mean-field approximation, which separates the FLC region
from the critical fluctuation region, or fluctuations of the SC order
parameter A right near T, not accounted for in the Ginzburg-
Landau theory.”*** To find T2, we use the fact'"”"***” that in all
HTSCs, near T,, o/(T) is always described by the standard equation
of the 3D-AL theory,” in which o' 4z3p~ e 12~ (T—Tfmf)_l/z.
Accordingly, T¢" ¥ is determined by linearly extrapolating the
dependence ¢’% on T in the 3D fluctuation to its intersection with
the temperature axis, since ¢’ >=0 when T — T." ¥ 5% Let us note
that it is always T¢" Y > T.. The Ginzburg temperature is another
characteristic, and it is the point until which the fluctuation theo-
ries are applicable Tg> T" ¥ This temperature is usually deter-
mined by the Ginzburg criterion, which refers to the case when the
mean-field theory stops describing the SC transition®”*’. It is
important that other parameters, such as the theoretical parameter
e, coefficient A,, and A*(T), can also be experimentally deter-
mined in the LP model.

Figure 2 shows the dependence of In ¢’ on In € for sample S2,
over the entire temperature range from T* to T¢", which shows
that in the temperature interval from T,y =24.9K to T, =94.9K,
indicated in the figure by arrows at In €.9; = 0.69 and In €.y, = 2.34,
o' ~expe.” This feature turns out to be one of the main proper-
ties of most HTSCs.'">*>?" As a result, in the interval €., <€ <€.02
(insert in Fig. 2), In ¢’ is a linear function of & with a slope of
0 =0.10, which determines the parameter £}, = 1/o* ~ 10™(Table ).
This approach makes it possible to obtain reliable values of £, for all
other samples, which are also given in Table I. As established in
Refs. 11, 52, and 82, this parameter significantly affects the shape of
the theoretical curves shown in Figs. 2 and 3 at T>> Ty, i.e., signifi-
cantly higher than the SC fluctuation region.

To determine the coefficient Ay, it is also necessary to know
the value A*(T;) used in Eq. (2), which is found by combining the
theory with experimental points, constructed as In ¢’ as a function
of 1/T (see Fig. 3). As can be seen in Refs. 21, 52, and 82, for
example, in these coordinates the shape of the theoretical curve
turned out to be very sensitive to A*(T). In addition, it is assumed
that A*(Tg) = A(0), where A is the SC gap.5 77! Let us emphasize
that it is precisely the A*(Tg) value that determines the true value
of the PG, and is used to estimate the value of the BCS ratio
2A(0)/kgT. = 2A%(Tg)/kgT,. in a specific HTSC sample.””>" The
best approximation of In ¢ at a function of 1/T by Eq. (2) for
sample S2 is achieved at 2A*(T.)/kpT.=4.6+0.2, which slightly
exceeds the limit of the BCS theory for d-wave superconductors
(2A/kpT. ~ 4.28).7>%°
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FIG. 2. The dependence of In ¢’ on In e of sample S2 (triangles) over the
entire temperature range from T* to T;"f. The curve is the extrapolation of the
experiment using Eq. (2). Insert; the dependence of In ’~" on &. The straight
line denotes the region of the linear dependence from €4 to £492. The slope
o determines the parameter £, ="1/oux (see text).

As we know (see Ref. 94, and references therein), cuprates
have an abnormally large energy gap A(0) = Ay; therefore, the ratio
2A/kgT. ~ 5-7 is noticeably larger than that of the BCS theory for
d-wave superconductors.”””” Among the theories that explain the
large values of 2A/ksT, in the tight binding limit,”™ the most
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FIG. 3. In ¢’ as a function of 1/T for sample S2 (triangles) in the temperature
range from T* to .Tg"f The curve is an extrapolation of the experiment using
Eq. (2). The insert shows the FeSe structure that corresponds to the conducting
tetragonal phase.'®®
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popular model is the one in which Cooper pairing in HTSCs is
implemented by the interaction between electrons with spin
fluctuations.”® 'Y However, recent results obtained by angle-resolved
photoemission spectroscopy (ARPES)'’" and scanning tunneling
spectroscopy'”~'** have shown that HTSCs can have a weakly
coupled pairing mechanism, because the critical temperature T, is
determined by the parameter Agc, which is significantly less than
Ao. As a result, the ratio 2Agc/kgT, ~ 4.3, which corresponds to a
d-wave BCS superconductor.”>”” In this case, the low-frequency
spin excitations at the basis of the spin-fluctuation model do
not play a decisive role. In addition, there are also other
models;” '"”? therefore, the question as to the value of 2A/kgT, in
HTSCs remains open.

The mechanism that implements the SC state in FeSe seems to
be even more complex. A number of studies report the existence
of two'”*'% and even three'”” energy gaps in FeSe, which is a
consequence of these compounds’ complex band structure.
Corresponding calculations show that the Fermi surface (ES), in
FeSeqss for example,'”® is quasi-two-dimensional and consists of
hole-like sheets around point I', and electron-like sheets around
point M of the Brillouin zone.'”® Accordingly, it can be assumed
that two different gaps open up on the different sheets of the FS.
The ratios 2A/kpT, obtained in the indicated papers are between
4.3 and 4.6 for the large gap, and between 1 and 2 for the small
gap. Moreover, an analysis of the magnetic field penetration depth
in the ab plane, A,,, using muon-spin rotation (uSR), showed that
the value 2A/kgT, depends substantially on the model chosen to
interpret the obtained data results. It has been convincingly shown
that the best agreement between the experimental data and theory
is achieved by the two-gap s+ s-wave model, for which the ratio
2A/kpT, is 4.49 and 1.07 for the large (A;) and small (A,) gaps,
respectively (see Ref. 106, and references therein). At the same
time, it is emphasized that the superconducting gap in FeSe does
not contain zeros, which is also noted in Ref. 105. Thus, the value
2A*/kpT. = 4.6 = 0.2 obtained by us for S2 is in complete agreement
with the results of Refs. 105-107 for the large gap, which confirm
the correctness of our choice of approach to the analysis of excess
conductivity in FeSe. The dependences of In ¢’ on 1/T, similar to
those shown in Fig. 3, were obtained for samples S1 and S3. In
both cases, the best approximation of In ¢’ as a function of 1/T by
Eq. (2) is achieved at 2A*/kgT,.=3.0 £ 0.2. This is smaller than that
of sample S2, but noticeably larger than that obtained in
Refs. 105-107 for the small gap, where 2A,/kT.=1.07 £0.3.9>'"
This is how we experimentally measure the large gap in FeSe. In
samples S1 and S3, it is substantially smaller than in S2, most likely
due to a change in the FS due to the influence of Ag impurities
(S1) or nonsuperconducting phase inclusions (S3).

Now that €7, and A*(T;) are known, we can return to our anal-
ysis and find the coefficient A4, which is determined by calculating
o/(e) using Eq. (2). By choosing A,, we combine the theory with
the experiment in the 3D AL fluctuation region near T, where In
o/(In €) is the linear function of the reduced temperature € with the
slope A =-1/2""">%" (Fig. 2). As can be seen in the figure, Eq. (2)
with A;=74, €,,=10, and A*(Tg)/ky=2.3T,=17.7K, provides a
good description of the experiment at temperatures between T* and
Tg, as expected. The only exception is the temperature range from
Ty to Teo (In €47 =0.69 in Fig. 2), where, in contrast to cuprates, it
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is assumed that magnetism has an enhanced influence on 2D fluctua-
tions,”” which are not accounted for by our model. The fact that
o/(T) is well described by Eq. (2) (Fig. 2), suggests that Eq. (3) will
give a reliable value and temperature dependence of the A*
parameter. Figure 4 displays the result of analyzing the A*(T) for
sample S2 according to Eq. (3), using the following experimentally
determined parameters: T*=259K, &. (0)=2.9 A, 820 =10,
A, =74, and A*(Tg)/kp=17.7 K. Also shown are the dependences
A*(T) for samples S1 and S3, constructed with an analogous set of
parameters whose values are given in Table I. We assumed that
the temperature dependences A*(T) can provide an answer to
some of the questions outlined above.

The obtained dependences with a narrow maximum at
Tmax=Ta~250K are typical for magnetic HTSCs like
EuFeASOOASSFO.IS’ZB DYOASYOARh&SSRuOA15B4>72 and SmFeASOOJS:mg
and differ substantially from analogous dependences A*(T) for
nonmagnetic cuprates.”’gz’g“ Below Ty (Fig. 4), the A*(T) of all
samples decreases rapidly, and a minimum is observed at
T;~85K. In FeSe compounds, this minimum corresponds to a
structural phase transition from the tetragonal to the orthorhombic
phase at T, (see Refs. 18, 24, 45, and 63, and references therein).
Below T, the parameter A*(T) increases slightly, demonstrating a
maximum at Ty, followed by a minimum at Tg. The insert on
Fig. 4 explains why this a minimum. It shows the dependences A*
(7) for all samples in the SC fluctuation region near T,. The A*(T)
dependences for S1 and S2 are typical of the HTSCs we are consid-
ering, including cuprates and Fe-pnictides (see Ref. 52, and refer-
ences therein). A minimum is always observed at T~ Ty;, which
restricts the SC fluctuation region from above. Then, a maximum
follows near the temperature Ty, at which there is a crossover from
2D MT fluctuations to 3D AL fluctuations.”>®” Finally, there is a
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FIG. 4. The temperature dependences of the A*(T)/kg parameter of samples
S1 (dots), S2 (triangles), and S3 (squares). Solid thin curves are shown for
clarity. The insert shows the same dependences A*(T)/kg in the SC fluctuation
region near Tg.
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minimum at T=Tg;. As we can see, sample S3 is the only excep-
tion. Its behavior does not match the general picture, likely due to
the inclusions of the nonsuperconducting hexagonal phase.

The most clearly marked features at T; and Ty, are observed
along the dependence A*(T) for sample S2, which does not contain
any dopants. Samples S1 and S3 demonstrate a number of additional
features, which are particularly visible in Fig. 5, where A*(T) is
plotted in A*/A’_units. Interestingly, these features correlate with
the features on the temperature dependences of magnetization, M
(T), measured for S1 (dots) and S2 (triangles). As already noted,
there is a pronounced maximum below T* at T ~ 250 K. A number
of studies note the possibility of an additional, poorly studied struc-
tural transition in FeSe at this temperature.”"” It is seen that both M
(T) dependences have a feature at T = T, which points to the possi-
bility of rearranging the magnetic subsystem of FeSeyos at
T ~250 K. Let us emphasize that this experimental fact is another
reason to believe that the normal state in the studied FeSejo,
samples has been chosen correctly (see Sec. 3.2). In the temperature
range from Ty; to ~ 225K temperature range, the dependences A*(T)
of all three samples are decreasing linear functions of T (Fig. 5). It
should be noted that a very similar linear dependence of A*(T) is
observed in a textured EuFeAsQOg gsFg 15 polycrystalline sample with
a close T.=11.0K.”’ Importantly, in Fe-pnictides this linear depen-
dence is observed clearly in the interval between the structural transi-
tion temperature T, and the temperature of the spin-density wave
transition (SDW), Tspw ~ 130 K" Thus, there is a similarity in
the behavior of A*(T) of FeSe and Fe-pnictides. In both cases, the
linear dependence A*(T) begins at the structural transition tempera-
ture. Whether FeSe has a transition to the SDW regime below
~ 225K is not clear — since M(T) has no features, this question
remains open. Figure 5 shows that the dependences A*(T) of samples
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FIG. 5. The temperature dependences of A*/Ayax for S1 (dots), S2 (triangles),
and S3 (squares), as well as the M(T) curves of S1 (points) and S2 (triangles)
(smaller characters). Solid thin curves are drawn for clarity. Vertical dashed lines
without arrows indicate structural transitions at Tgy and T, and dashed lines with
two arrows correspond to temperatures at which the charge carrier type
changes (see text).

ARTICLE scitation.org/journal/ltp

S1, S3 and S2 diverge below T'~ 225 K. Let us emphasize that, below
this temperature, the shapes of the A*(T) dependences for S1 and S3
obtained by partial melting are practically identical, with the excep-
tion of the SC fluctuation region (insert in Fig. 4). At the same time,
they differ markedly from the A*(T) of S2, obtained via solid state
reaction, without any impurities.

Samples S1 and S3 have a minimum along A*(T) near ~190 K
that is absent for S2, the A*(T) of which continues to decrease
monotonously. One can assume that at T'~ 225K, the charge carri-
ers in FeSe start to change from hole to electron, which ends with a
change in the Hall coefficient’s sign, Ry(T), at e~ 190K,
marked with a vertical dash in the figure (see Refs. 24 and 45, and
references therein). At *T,_j, ~ 120 K, the A*(T) of S1 and S3 has a
pronounced maximum, which is also observed on M(T) for S1. At
the same time, the A*(T) of S2 continues to decrease monoto-
nously, approaching a minimum. However, S2 has a feature along
M(T). We note that at this temperature, the FeSe Ry(T) changes
signs again, meaning the charge carriers switch from electrons to
holes Refs. 24 and 45. At T,~ 85K, the rotational symmetry of
FeSe decreases from fourfold (C4) to twofold (C2) as the crystal
structure transitions from the tetragonal to the orthorhombic
phase.''” At the same time, it is assumed that an electronic order
parameter is responsible for this transition.'' Accordingly, at
T, ~ 85K there is a minimum along the A*(T) of all three samples,
but there are no obvious features on the M(T) curves (Fig. 5). The
latter result is consistent with the idea that the FeSe structural tran-
sition at T is nematic.'®'®?%*17¢

As the temperature decreases further, S1 demonstrates a spe-
cific asymmetric maximum along A*(7) at a temperature of
3T},_>e:70 K, indicated by the dotted line in the figure, below
which A*(T) decreases rapidly in an almost linear way to To; (see
insert in Fig. 4). S3 shows a similar dependence of A*(T) below T,
but all the features are much less pronounced. At the same time,
there are no features at >T},_,. =70 K on A*(T) for S2. However, at
this temperature, the slope of M(T) for both S1 and S2 changes,
and below *T,_.=70K, M(T) starts to increase almost linearly,
which continues up to the SC transition. It is interesting to note
that in FeSe, at a temperature of >Tj,_,, ~ 70 K, Ry(T) becomes neg-
ative again, and the charge carrier transition from holes to electrons
finally occurs.”>*” It is possible that under these circumstances, the
magnetic and spin subsystems are somehow transformed, which
leads to the observed linear growth of M(T). The behavioral fea-
tures of FeSe at a temperature of 3T, e~ 70K are observed when
measuring the magnetic susceptibility.''” magnetoresistance,''”
Hall effect,">''” and relaxation time 1/(T,T), as performed in
nuclear magnetic resonance experiments.''” Since all of these
experiments involve a magnetic field, it is most likely that the
observed features are caused by a transformation of the spin subsys-
tem. Therefore, 3T),_,. ~ 70K can be considered as the onset tem-
perature of enhanced anisotropic spin fluctuations, which induce
the momentum-dependent anisotropy of charge carrier scattering
rates over the Fermi surface.”” This behavior can be considered as a
certain transformation of the Fermi surface, which, as noted above,
is a characteristic component of the pseudogap state.'**’

Let us note one more time that there are no features on the
A*(T) dependence of S2 at the onset temperature of enhanced
anisotropic spin fluctuations 3T, = 70 (Fig. 5). This result is
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consistent with the conclusions from Ref. 63 that the features at
3Ty, ~70 are observed in FeSe samples with high RRR values
(=13.6 for S1), but are absent for samples with small RRR (=3.9 for
S2) (Table I). Figure 5 shows that below T, the S2 A*(T) parameter
increases, demonstrating a broad maximum at T, ~53K, fol-
lowed by a minimum at Ty, = 15K, a maximum at Ty~ 8.9 K, and
a small minimum at T~ 84K (see the insert in Fig. 4). This is
also clearly visible on Fig. 6, where the dependence A*(T) is shown
on a smaller scale. This shape of A*(T) fully corresponds with the
temperature dependence of the PG for cuprates.””*>"" Therefore,
the obtained dependence A*(T) indicates that it is possible for the
PG state to implement in FeSe over the T;> T'> T interval, most
likely due to the spin fluctuations which, as noted above, can con-
tribute to the formation of paired fermions above T.. This possibil-
ity is also noted in a number of articles.”"">*>""* As shown in
our previous work,”” FeSeyo, has a region of SC fluctuations near
T., ATgq= Ty,-Tg, where the FCPs behave like SC Cooper pairs, but
without long-range order, with Ty, being approximately two times
higher than T,. That is, Ty; & 20-30 K, which is consistent with the
results of Refs. 46 and 68. Note that in this case, there are no fea-
tures along R(T) all the way to T,. In other words, if the FCPs are
below Ty, then they must also exist at even higher temperatures of
up to T;. Based on these considerations, it is possible to make the
assumption that below T, ~ 85 K FCPs start to form in FeSe, which,
as is the case in cuprates, suppress the DOS at the Fermi
level"***>'12 and contribute to the implementation of the PG (see
Ref. 63, and references therein).

The dependence A*(T) of sample S1 below T; also has a
maximum, the specific shape of which, as mentioned, is most likely
caused by Ag additives. It is logical to assume that a PG also opens
below T in S1, since with a further drop in temperature below Ty,
S1 demonstrates the type of A*(T) dependence that is associated

25 .
T,=89K !
.4 .
AA% A !
20- AAAAAA M&M :
Mot v oo
L A _ !
< A TL=5BK ),
I W \A‘ :
15H 17, =149k 41 7,=85K
L &:/
I 'Y
['1,=84K EAAAAM
10 | I 1 1 s 1 3 1 1 1 1 L 1 1 1 P | L
10 20 30 40 50 60 70 80 90 100 110
T,K

FIG. 6. The temperature dependence of parameter A*(T)/kg for S2, in the
range from Tg” to T,. The arrows indicate the corresponding characteristic tem-
peratures (see text).
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with the PG and is observed in HTSCs in the SC fluctuation region
(see the insert in Fig. 4). In turn, if the A*(T) of S3, which should
be pure together with S2, shows any signs of PG behavior below T,
then they are very weakly expressed (Fig. 5). Most likely, inclusions
of the nonsuperconducting hexagonal phase in S3 suppress the pos-
sibility of FCP formation below T;. The same applies to the region
of SC fluctuations below Ty;, where, as already noted, the depen-
dence A*(T) for S3 is very different from the dependence that is
typical for most HTSCs (see the insert in Fig. 4). It is also interest-
ing to note that the A*(T) of the Fe-pnictide EuFeAsO gsF, 15 has
no maximum, and therefore no PG, in this temperature range (see
Fig. 6 in Ref. 23), since the case of the PG opens at T*=171 K.
This result emphasizes the noticeable difference between the PG
state implementation in FeSe and Fe-pnictides.

Therefore, it is most likely that the FCPs formed below T; are
what determine the SC transition mechanism of FeSe. In fact, at
T> T, the magnetic field does not affect p(7) in any way. Whereas
below T;, the magnetic field noticeably increases the resistivity of
FeSe samples'™'® and references therein). This result is easy to
explain, if we assume that the magnetic field destroys the FCPs
formed below T;. In addition, below T is precisely where Kohler’s
rule is violated, indicating that there is a possible rearrangement of
the Fermi surface,"”* which, as noted above, is the main sign of
the PG state in HTSCs. Interestingly, the scaling behavior of the
magnetoresistance, which follows from Kohler’s rule, is restored
below T~ 25K = Ty, ie., in the SC fluctuation region.” Thus,
it seems reasonable to conclude that the FS stabilizes before the SC
transition.

Figure 7 compares the dependences A*(T)/Ajax of samples S1,
S2, and S3 near T, (see the insert in Fig. 4) with the temperature
dependences of the local pair density in HTSC <n 1 n |> calculated
in the Peters-Bauer theory (PB)”® within the framework of the
three-dimensional attractive Hubbard model for different tempera-
tures T/W, interactions U/W, and filling factor, where W is the
band width. This makes it possible to estimate the value <n 1 n |>
in all three FeSe samples at 7. To do this, we combine the mea-
sured values of A*/A}%.x for S2 at T; with the minimum, and at T,
with the maximum, of each theoretical curve calculated at various
U/W values, thus achieving the best agreement between the experi-
ment and theory over the widest possible temperature range. It is
important that the fitting coefficients found for S2 also be used for
the other two samples. The fitting results for the three U/W values
are shown in Fig. 7. Sample S2 (triangles) shows excellent agree-
ment with the theory at U/W =0.2 (curve 1) over almost the entire
SC fluctuation range. The obtained value <n 1 n |> (Tg) = 0.29 is
practically the same as in YBCO. It can be seen that the maximum
value <n 1 n |> (Tg) = 0.47 is demonstrated by sample S1 doped
with Ag. At the same time, the experimental values of A*(T)
(points) coincide with the theory at U/W=1,2 (curve 4) over a
wide temperature range above 7. Note that <n 1 n |> (Tg) =~ 0.47
is noticeably larger than <n 1 n |> (Ts) ~ 0.3, which we obtained
for optimally doped YBaCuO single crystals.''* This somewhat
unexpected result can be considered as a consequence of the Ag
impurity, which improves both the internal and intergranular SC
properties of FeSe.”””*”" In turn, the dependence A*(T) of sample
S3 (squares) does not coincide with the PB theory. Accordingly, the
local pair density in S3, <n 1 n |> (T) = 0.26, turned out to be the

Low Temp. Phys. 46, 000000 (2020); doi: 10.1063/10.0001059
Published under license by AIP Publishing.

46, 000000-545


https://aip.scitation.org/journal/ltp

Low Temperature

Physics
0.50 }:f*
- [ 2
L N
[N
0.45 'TGI T, '\,i’.
o ™
< 040f 3 **b,
* e,
qﬂ i \..
A ~
< 035F 2
\nfk P LLLIT T L L
-Tgl
030}
0 25 ITTg 1 L 1 " 1 " 1 1 1 1 1

FIG. 7. Curves of A*/A;,, as functions T/T* for FeSeygs samples S1 (dots),

S2 (triangles), and S3 (squares) in comparison with the theoretical curves of <n
1 n |> as functions of T/W, at the corresponding interaction values U/W : 0.2
(1); 0.4 (2); 0.7 (3); 1.2 (4). The arrows indicate the temperatures Ty and Tg.

smallest of the studied samples, as expected. Thus, the obtained
results show that the various defective ensembles arising in
FeSOepo, polycrystalline samples with various manufacturing
methods significantly affect sample properties.

CONCLUSION

For the first time, temperature dependence of the excess con-
ductivity o/(T) is studied in three polycrystalline samples of the
FeSey g4 superconductor, S1, S2, and S3, prepared using different
technologies. From the data obtained in the local pair model, the
calculated temperature dependences of the A*(T) parameter, which
is associated with the pseudogap in cuprates, turned out to be very
informative. The ratio 2A*/kpT.=4.6+0.2 for S2 is in complete
agreement with the results of heat capacity,’”” Andreev spectro-
scopy,mS and muon-spin rotation'”® measurements. Moreover, a
comparison with the results of our last work shows that the SC
energy gap in FeSeq o4 corresponds to the two-gap s + s model and,
most likely, does not contain zeros.

It is shown that at high temperatures, the A*(T) of the three
samples has a shape that is characteristic of magnetic superconduc-
tors (Fe-pnictides), with a narrow maximum at 7 ~250K and a
long linear region decreasing to T'= 225K (Fig. 5). Importantly, the
distinct features on the magnetization M(T) of samples S1 and S2
that are visible at T}, indicate that the rearrangement of the FeSej o4
magnetic subsystem most likely ends at this temperature. Below ~
225K, the samples’ dependences A*(T) vary greatly. The A*(T) of
S1 (4 wt.%Ag) and S3 (with nonsuperconducting hexagonal phase
inclusions), prepared by partial melting, have a number of features
in the form of minima and maxima that correlate with the temper-
atures at which features are also observed on the M(T).
Additionally, the Hall coefficient Ry(T) changes signs several times
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with decreasing T, indicating that FeSe changes charge carrier
type.”’“’“

At the same time, these features are completely absent in the
A*(T) dependence of the impurity-free sample S2, prepared via
solid state reaction. Up to the structural transition temperature
T,=85K, S2 shows a smooth A*(T) curve that is usual for
the Fe-pnictide EuFeAsOqgsFo s with a close T.=11.6K.”’ At
T,=85K, the A*(T) of all samples have a minimum, but there are
no matching features along M(T), which is consistent with the idea
of a nematic structural transition in FeSe at T,.>'®'%*%*!=1¢

Below T, the S2 sample exhibits a broad maximum along A*
(T), which is atypical for Fe-pnictides. An analysis of the obtained
dependence suggests the possible discovery of a pseudogap in the
T < T interval for this FeSe sample, as suggested in a number of
articles.”>*>*>*>% It has been proposed that fluctuation Cooper
pairs (FCPs) begin to form below Ty in FeSe, the presence of which
explains the increase in these samples’ resistance in a magnetic
field, across this temperature range.”*® In addition, Kohler’s rule is
violated below 7,.'”>"' indicating that there is a possible rear-
rangement of Fermi surface, which is the main sign of the PG state
in HTSCs.**”** Tt should be noted that the scaling behavior of
magnetoresistance, which follows from Kohler’s rule, is restored
below T~ 25K~ T(n,“’(’3 i.e., in the SC fluctuation region."7 Based
on this result, it can be assumed that FS stabilization occurs before
the SC transition, which seems reasonable.

Below T, the S1 sample also exhibits a A*(T) shape that
resembles a pseudogap, but is altered by the impact of Ag impuri-
ties. At 3T;He~ 70 K, there is a nonsymmetric maximum, below
which A*(T) decreases linearly with temperature to Tp; (Fig. 5). At
the same time, S2 has no features along A*(T) at T~ 70 K. This
result is consistent with the conclusions of Ref. 63, that the features
at *T,_.~70K are observed in FeSe samples with large RRR
values (=13.6 for S1), but are absent in samples with small RRR
(=3. 9 for S2) (Table I). Below T~ 70K, there is an almost linear
increase in the M(T) of both S1 and S2, which continues until the
SC transition. It is interesting to note that at the FeSe temperature
*Th—e ~ 70 K, indicated by the dotted line in Fig. 5, Ry(T) becomes
negative once again, and the charge carrier type finally changes
from holes to electrons.”** Tt is possible that, at the same time, the
observed linear growth of M(T) is caused by a spin subsystem
transformation (see Ref. 63, and the references therein). Below T,
the dependence A*(T) for the S3 sample has almost no maximum,
which suggests that the nonsuperconducting impurities of the hex-
agonal phase prevent the formation of paired fermions in S3, near
T.. It is also interesting to note that no maximum along A*(7), and
therefore no pseudogap opening, are observed in this temperature
range for the Fe-pnictide EuFeAsOggsFp 15 (see Fig. 6 in Ref. 23),
since in this case, the PG opens at T* =171 K. This result empha-
sizes the noticeable difference between implementing the PG state
in FeSe and in Fe-pnictides.

The local pair density <n 1 n |> of all samples (Fig. 7) is
determined by comparing the A*(T) near T, with the Peters—Bauer
theory.”” For samples S1 and S2, the experimental values of A*(T)
coincide with the theory at U/W=12 (S1) and 02 (S2) over a
wide temperature range above T, which serves as evidence of the
samples” high quality structure. The maximum <n 1 n |> (Tg) =~ 047
is obtained for the S1 sample. This is noticeably larger than <n 1 n |>
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(Ts) = 0.3, which we obtained for optimally doped YBCO single crys-
tals.""* This somewhat unexpected result can be attributed to the
impact of Ag impurities.”~’*”” The value <n 1 n |> (Tg) ~0.29,
found for S2 without impurities, is almost the same as in YBCO. This
result allows us to discuss a common mechanism for the formation of
FCPs near T, in various undoped HTSCs. The dependence A*(T) of
the S3 sample does not coincide with the PB theory, likely due to
the distortions of the crystal lattice caused by the impurities of the
nonsuperconducting hexagonal phase. As expected, the local pair
density <n 1 n |> (Tg) = 0.26 turned out to be the smallest of all
three studied samples. The overall results obtained in this study
show that the different defect ensembles occurring in FeSej o4 poly-
crystalline samples as a result of various manufacturing methods
have a significant impact on sample properties.
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