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The nature and value of the order parameters (OPs) in the superconducting Fe-based oxypnictides
REFeAsO,_,F, (RE=rare earth) are a matter of intense debate, also connected to the pairing mechanism which
is probably unconventional. Point-contact Andreev-reflection experiments on LaFeAsO;_/F, gave us direct
evidence of three energy scales in the superconducting state: a nodeless superconducting OP,
A=2.8-4.6 meV, which scales with the local T, of the contact; a larger unconventional OP that gives
conductance peaks at 9.8—12 meV, apparently closes below 7. and decreases on increasing the 7, of the
contact; a pseudogaplike feature (i.e., a depression in the conductance around zero bias) that survives in the
normal state up to 7%~ 140 K (close to the Néel temperature of the undoped compound), which we associate
to antiferromagnetic spin fluctuations coexisting with superconductivity. These findings point toward a com-
plex, unconventional nature of superconductivity in LaFeAsO,_,F..
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I. INTRODUCTION

The recent discovery of high-temperature superconductiv-
ity in the rare-earth iron-based oxide systems REFeAsO,_,F,
with T, ranging from 26 K (RE=La) (Ref. 1) to 43-55 K
(RE=Sm and Nd) (Refs. 2-4) has aroused an extraordinary
interest in the scientific community. Some of these materials
feature the highest critical temperature known so far with the
exception of copper oxide superconductors and show a num-
ber of intriguing similarities and subtle differences with
them. The LaFeAsO,_,F, system, for example, has a quasi-
two-dimensional (2D) structure which consists of charged
(La0)% layers alternating with (FeAs)® layers—the latter
apparently playing the key role for the occurrence of
superconductivity—and a quasi-2D Fermi surface made up
of multiple disconnected sheets, which immediately suggests
the possibility of multiple order parameters (OPs) as in
MgB,. The parent (undoped) compound LaFeAsO features a
long-range  antiferromagnetic ~ (AF)  spin-density-wave
(SDW) order>® and, on doping with electrons, the magnetic
order is disrupted while superconductivity emerges—with 7'
up to 26 K according to the original report,' further increased
by high-pressure synthesis’ or oxygen deficiencies.® More-
over, the standard electron-phonon mechanism for the super-
conducting pairing cannot explain the observed high critical
temperature.” An unconventional, spin-fluctuation-mediated
pairing has been proposed instead.!”

Direct measurements of the superconducting OP are of
crucial importance in this context. A direct knowledge of the
OP, of its dependence on temperature and of its symmetry in
k space, is indeed necessary to clarify the pairing mechanism
in a superconductor.'"!> The use of spectroscopic techniques
such as scanning tunneling microscopy or angle-resolved
photoemission spectroscopy (ARPES) is unfortunately still
hindered by the polycrystalline nature of the samples of this
Fe-As superconductor. Point-contact spectroscopy (PCS), in-
stead, allows the determination of the OP also in present-day
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polycrystalline samples. Unfortunately, PCS measurements
recently carried out in oxypnictides'>"!7 have led to often
contradictory results. For example, early experiments in
SmFeAsO,_,F, strongly point toward a single BCS order
parameter'® but other authors claim evidence for multiple
d-wave OPs in the same material.'* More recently, we have
found evidence for multiple isotropic gaps in this
compound.'® In the case of LaFeAsO,_,F,, early PCS data"
were interpreted as giving evidence of a single d-wave order
parameter.

Here, we report on PCS measurements in the Andreev-
reflection regime that reveal the presence of two order pa-
rameters and a pseudogaplike feature in the superconducting
state of LaFeAsO,_,F, (La-1111). The smaller OP, A,, is
certainly a superconducting one and does not show node
lines but features a nonconventional behavior as a function
of temperature. The second OP is much larger than A, fea-
tures a more conventional temperature dependence but ap-
parently closes before T.. As a function of the critical tem-
perature, the first OP is always close to the standard s-wave
BCS value, while the second rapidly decreases on increasing
T, and apparently vanishes or merges with the first at
T.~31 K. Finally, we reproducibly observed a pseudogap-
like depression in the conductance around zero bias, both in
the superconducting state and in the normal state, which per-
sists up to temperatures close to the Néel temperature of the
parent compound.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of LaFeAsO,_,F, with nomi-
nal F content x=0.1 were grown according to Ref. 19 by
solid-state reaction using LaAs, Fe,O3, Fe, and LaF; as start-
ing materials. A mixture of the four components was ground
and cold pressed into pellets, placed into a Ta crucible,
sealed in a quartz tube under argon atmosphere, and annealed
for 50 h at a temperature of 1150 °C. The samples present
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FIG. 1. (Color online) The resistivity of a La-1111 polycrystal-
line sample used for the PCS measurements. The inset shows a
magnification of the superconducting transition. Arrows indicate the
deviation from the low-temperature linear behavior (7=31 K) and

the onset of the superconducting transition defined as
T"=T(90%)=27 K.
large (5-20 wm) crystallites in a more disordered

matrix. Resistivity measurements show bulk superconductiv-
ity with a critical temperature (defined at 90% of the
resistive transition) 79"=27 K and a transition width
AT.=T(90%)—-T(10%)=~4 K. The resistivity actually devi-
ates from its low-temperature linear behavior already at
T=31 K, as shown in Fig. 1. The local F content as mea-
sured by micro-EDX (energy-dispersive x-ray spectroscopy)
is uniform within the crystallites but can vary from one to
another (with a spread Ax=0.02). This will be reflected in a
variation in the local critical temperature of the point con-
tacts and of the order parameters.

Point-contact Andreev-reflection measurements were per-
formed by using a slightly modified technique in which the
point contact is not made by pressing a sharp metallic tip
against the sample surface but by putting a small spot
(@<50 wm) of conducting paste (containing Ag grains
whose size is 2—10 wm) on the freshly exposed surface of
the sample.?>?! This ensures a very good thermal and me-
chanical stability of the contacts, prevents thermal drifts (so
that the contact occurs in the same place at any temperature)
and, in particular, avoids possible lattice distortions due to
the pressure applied by the tip. This is particularly important
in these materials, where a systematic effect of the pressure
was often seen to drive the emergence of zero-bias
anomalies. 310

When performing PCS measurements, one should in prin-
ciple systematically check that every junction fulfills the
condition for ballistic transport in the contact—i.e., that the
contact size a is smaller than the electronic mean-free path €.
In our case, the real contact occurs on a nanometric scale
between single Ag grains in the paste and the sample surface.
Due to the way the contact is fabricated, the presence of
parallel contacts is also possible within the area of the Ag
spot.2%2l As a consequence, there is no directly accessible
information on the size a of the single nanocontacts. Neither
the mean-free path € in this material is well known and its
extraction from the resistivity by using a simple free-electron
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FIG. 2. (Color online) Three examples of raw conductance
curves measured in different point contacts on the same polycrys-
talline LaFeAsO,_F, sample. The contact resistance Ry is indicated
in the label. Arrows indicate the two peaks related to the smaller
order parameter A; and the (more or less pronounced) features re-
lated to a second, larger energy scale, A,. The thick black line in
each panel represents the normal-state conductance measured at 7.

model is a very rough approximation because of the small
density of charge carriers.?> This problem is common to all
the PCS measurements in oxypnictides appeared so far. In
these conditions, the reliability of the measurement can only
be judged a posteriori by looking at the shape of the con-
ductance curves. When they do not show sharp dips®® or
other signs of heating effects, a ballistic conduction can be
assumed and the curves can be used for further analyses.

III. EXPERIMENTAL RESULTS

Figure 2 reports three representative examples of raw
point-contact conductance curves at various temperatures up
to the normal state (bottom thick line). The voltage is defined
to be negative when electrons are injected into the supercon-
ductor. Some interesting pieces of information can be gath-
ered by simply looking at these curves.

First, all the curves show two clear peaks at low bias plus
additional structures (peaks or shoulders) at a higher voltage
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but no zero-bias peak (ZBP). This is common to all the spec-
tra we measured. The absence of a ZBP in our curves, in-
stead observed (especially in low-resistance contacts) by
PCS measurements in this and other Fe-based
superconductors'*~17 is probably related to the “soft” point-
contact technique we used, which does not involve pressure
applied to the sample and suggests that the ZBP may not be
an intrinsic feature of PCS spectra in LaFeAsO,_,F,. This
clearly excludes the possibility of a d-wave symmetry for the
superconducting gap.’*

The second thing one can see in Fig. 2 is that the normal
state measured at 7, (bottom thick line) is always concave
with a systematic asymmetry. This asymmetry is common to
all point-contact'>!%16 and tunnel spectra®-® measured in
Fe-As-based superconductors. As for the concavity, it sug-
gests the existence of a partial suppression in the density of
states about the Fermi level in the normal state. In the fol-
lowing, we will refer to this structure as the pseudogaplike
feature, meaning that there is no direct connection with the
peculiar phenomenology of the pseudogap in cuprates. A
closer inspection of the “tails” of the curves in Fig. 2 shows
that this pseudogaplike feature is also present below T. (i.e.,
it coexists with superconductivity) and becomes deeper and
deeper on cooling. Unfortunately, due to the very high criti-
cal fields”’ in LaFeAsO,_,F,, the actual normal state at low
temperature (for example, 4.2 K) is not accessible experi-
mentally.

The third thing to notice in Fig. 2 is that the shape of the
low-temperature curves, with the structures indicated by ar-
rows, suggests the presence of multiple OPs—as a matter of
fact, these curves look very similar to those measured in pure
and doped MgB,. The possibility of multiple OPs has been
proposed, for this material, on the basis of critical-field
measurements®’ and it could well be compatible with the
Fermi surface, made up of separate sheets:>> recent ARPES
measurements in Bag¢K,sFe,As, have indeed shown the
opening of different OPs on the various sheets of the Fermi
surface, which might be a general property of the Fe-As-
based superconductors.?®%’

Let us then assume that the features indicated by arrows
in Fig. 2 are the hallmark of two superconducting OPs (an
alternative analysis of the data, in the hypothesis that only
the smaller one is a superconducting OP, is given in Appen-
dix C). The amplitudes of these OPs can then be obtained, as
in MgB,, through a fit of the experimental data with a suit-
able two-channel model in which the normalized point-
contact conductance G is the weighted sum of two
Blonder-Tinkham-Klapwijk (BTK) contributions®® general-
ized to take into account broadening effects’>?!3! and the
angular distribution of the injected current at the interface:*
G=w,G™+(1-w,)G5™. The parameters of this model—
that we will call “generalized two-band BTK model”—are
the OP magnitudes A; and A,, the potential barrier param-
eters Z; and Z,, the broadening parameters I'; and I', plus
the weight w, (see Appendix B for details). Prior to this
fitting procedure, a normalization (i.e., division by the
“normal-state” conductance when A;=A,=0) must be per-
formed. As noted above, here the normal-state conductance
at T<<T. is certainly more concave than that measured at 7,
but is not directly measurable. We therefore tried to simulate
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FIG. 3. (Color online) (a) Symbols: conductance curves of a
point contact with 7,=28.6 K [the same as in Fig. 2(a)] after nor-
malization. The normal state at 7<<T,, experimentally inaccessible,
was here estimated as explained in Appendix A. Solid lines indicate
the generalized two-band BTK fit. Inset: comparison between the
two-gap (solid line) and single-gap (dashed line) BTK fit of the
low-temperature conductance curve (symbols). (b) Temperature de-
pendence of the amplitudes of the OPs, A and A,, extracted from
the two-band BTK fit (solid symbols). Error bars indicate the un-
certainty related to the fitting procedure. Dashed lines are guides to
the eye. The inset reports the values of the broadening parameters
I'; and I'y; the values of the barrier parameters Z; and Z, and of the
weight w; are temperature independent and are indicated in the
label of the main panel. Open symbols indicate the values of A; and
A, obtained with a different normalization (see Appendix A for
details). The uncertainty (not indicated) is of the same order of
magnitude as in the case of solid symbols.

it by using a B-spline curve that connects the tails of the
conductance curves (at V>20 mV) with a suitable point at
zero bias. Further details are given in Appendix A where we
also compare this procedure with a second kind of normal-
ization that consists in simply dividing all the conductance
curves by the experimental normal state at 7,, vertically
translated if necessary. Although both procedures are neces-
sarily approximated and contain some elements of arbitrari-
ness, it will be shown that the final results (in particular, the
trend of the OPs as a function of temperature) are rather
robust against the choice of the normalization process.
Figure 3(a) shows an example of conductance curves nor-
malized with the first method (symbols) compared to the
relevant two-gap fit (solid lines) as a function of temperature
[the raw data are those shown in Fig. 2(a)]; the inset shows a
comparison between the single-gap fit (dashed line) and the
two-gap one (solid line). The OP values resulting from the
two-gap fit of the curves shown in Fig. 3(a) are reported in
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Fig. 3(b) as solid symbols; triangles in the inset represent the
broadening parameters I'; and I', while the temperature-
independent values of the barrier parameters Z; and Z, and
of the weight w, are indicated in the label. The gap ratios are
2A,(0)/kpT,=3.23+0.34 and 2A,(0)/kzT.=8.5%0.5, in
good agreement with the recent findings of NQR in
LaFeAsO 9,F ¢s.>> The decrease in the OPs on increasing
the temperature, although regular and smooth, is definitely
nonconventional. The larger OP, A,, actually shows a
roughly BCS-like behavior up to about 22 K but, above this
temperature, it either disappears or becomes so small that it
is impossible for the measurement to discern it. The smaller
OP, A, follows a non-BCS temperature dependence with a
tail up to the critical temperature of the contact when the
normal-state conductance is recovered. Note that it is very
unlikely that this tail belongs to the large gap since the last
few conductance curves below 7, present a small peak at
zero bias that absolutely cannot be reproduced with the val-
ues of I', and Z,—unless one admits an abrupt discontinuity
in these parameters. The odd behavior of A, and A, has been
observed in all the contacts we measured and it can be easily
shown not to depend on either the normalization or the fitting
procedure. As a matter of fact, the choice of the normaliza-
tion affects the values of the OPs (especially A,) but not their
trend as a function of temperature, as shown in Fig. 3(b)
(open symbols). Moreover, the unconventional tail of A,
does not depend on whether we perform a two-band BTK fit
of the whole conductance curves or a single-band BTK fit of
their central part, disregarding the structures related to A, as
in Ref. 13 (see Appendix C for details). Finally, it is worth
noting that the unconventional temperature dependence* of
A, and A, is not an artifact due to the point-contact tech-
nique we used because the same measurements carried out in
other systems such as MgB, (Ref. 20) and CaCq (Ref. 21)
gave temperature dependencies of the OPs in almost perfect
agreement with theoretical predictions with no high-
temperature anomalies.

As a further example, Fig. 4(a) reports the conductance
curves of Fig. 2(c) after normalization (with the first
method). The experimental data (symbols) are compared to
the relevant generalized two-band BTK fit (solid lines). In
the inset the two-gap fit (solid line) of the low-temperature
conductance curve (symbols) is compared to the single-gap
one (dashed line). The OPs resulting from the two-band fit
are shown together with the other fitting parameters in Fig.
4(b). The similarity with Fig. 3(b) is clear although these two
figures refer to two contacts with different resistance, placed
in a different position on the sample surface, and featuring a
different local critical temperature.

For the same contact as in Fig. 4(a), we also studied the
effect of magnetic fields on the conductance curves. Figure
5(a) reports the experimental normalized conductance (sym-
bols) measured at 1.8 K in magnetic fields of increasing in-
tensity up to 8 T, compared to the relevant generalized two-
band BTK fit (lines). The OPs extracted from the fit are
reported in Fig. 5(b) as a function of the magnetic-field in-
tensity (solid symbols). The slope of the two trends (roughly
linear, on this scale) is rather different and might indicate
that A, is more sensitive to the magnetic field than A,.

As already pointed out, the different local F content in the
crystallites gives rise to a distribution in local T, values (al-
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FIG. 4. (Color online) (a) Temperature dependence of the con-
ductance curves of a contact with 7,=27.3 K [the same as in Fig.
2(c)]. The experimental curves (symbols) were normalized as in
Fig. 3; solid lines represent the generalized two-band BTK fit. Inset:
comparison between the two-gap (solid line) and single-gap (dashed
line) BTK fit of the low-temperature conductance curve (symbols).
(b) Temperature dependence of A; and A, as obtained from the
two-band BTK fit. The values of the other fitting parameters are
also indicated in the label and in the inset. Lines are guides to the
eye. The similarity with Fig. 3(b) is clear.

ready evident in Fig. 2) but also affects the OP values. Figure
6(a) reports the normalized conductance curves of a 15 ()
contact with 7,=31.0 K. This is an unusually high value for
the critical temperature in LaFeAsO,_,F,, although bulk T.
values higher than 26 K have been reported for samples syn-
thesized at high pressure’ (up to 41 K) or with oxygen
deficiencies® (31.2 K). The latter possibility cannot be ex-
cluded in our samples so that F doping and O deficiencies
might concur in determining the local T of the crystallites. It
is interesting to note that this very high local critical tem-
perature corresponds to the deviation of the p(T) curve from
linearity (see Fig. 1). The experimental curves of Fig. 6(a)
(symbols) can be fitted very well with a generalized single-
band BTK model (with only A, I', and Z as parameters). The
fitting curves are shown as lines in Fig. 6(a) and the best-
fitting values of the order parameter A are reported in Fig.
6(c). In this case the use of the alternative normalization
(division by the shifted normal state at 7,) gives A values
that, at any temperature, differ by less than 10%. The ratio
2A(0)/kgT, is equal to 3.44—close to the standard BCS
value for weak coupling in s wave—but the temperature de-
pendence is non-BCS and features the characteristic tail al-
ready observed in Fig. 3(b). The persistence of this anomaly
also in the absence of a larger OP automatically excludes any
possibility of proximity effects due to A, as the origin of the
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FIG. 5. (Color online) (a) Magnetic-field dependence of the con-
ductance curves of the same point contact as in Fig. 4. All the
measurements were taken at 1.8 K. Symbols represent experimental
data, lines are the best-fitting curves. (b) Magnetic-field dependence
of A and A, extracted from the fit of the curves shown in (a). Lines
are only guides to the eye. The inset reports the magnetic-field
dependence of the broadening parameters I'; and I'; while Z;, Z,,
and w, are the same as in Fig. 4.

tail (on the other hand, this is already ruled out by the ap-
parent closing of A, before T,). The presence of a single OP
is also shown by the magnetic-field dependence of the con-
ductance curves [Fig. 6(b)] and by the corresponding plot of
A as a function of the field [Fig. 6(d)]. A fit of these points
(solid line) with a function A(B)=A(0)\1-B/B,, (as ex-
pected for a bulk type-II superconductor'"'?) would lead to
B.,=55 T, in reasonable agreement with direct critical-field
measurements.?” However, it is worth noticing that a two-gap
fit is possible as well and that the presence of A, cannot be
completely excluded. This is shown in the inset of Fig. 6(a)
where the two-gap fit (solid line) of the low-temperature con-
ductance curve (symbols) is compared to the single-gap one
(dashed line). Although the single-gap fit is slightly better,
the two fits look comparable. Moreover, in the two-gap fit,
A, (=5.4 meV) is very close to A; (=4.4 meV) and their
error bars overlap, which means that the two gaps might not
be distinguishable (see Fig. 7).

The values of A; and A, obtained in contacts with differ-
ent local 7, values are reported as a function of the T, itself
in Fig. 7 (solid and open circles) together with the gap value
obtained from the one-gap fit (open squares). Although at
present the number of measurements is small, a picture
seems to emerge in which A, slightly increases with 7, while
A, quickly decreases until a single (or two, very close to
each other) superconducting order parameter with BCS value
is observed in the highest-7, contact. If the critical tempera-
ture is related to the effective local F content, Fig. 7 can be
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FIG. 6. (Color online) (a) Conductance curves of a 15 () point
contact with 7.=31.0 K after normalization (symbols) together
with the generalized single-band BTK fit (lines). At T=1.8 K the
best-fitting parameters are A=4.59 meV, I'=3.27 meV, and Z
=0.40. Inset: comparison between the two-gap (solid line) and the
single-gap (dashed line) BTK fit of the low-temperature conduc-
tance curve (symbols). The use of the two-band model does not
sensibly improve the fit. (b) Magnetic-field dependence of the con-
ductance curves of the same contact. All the measurements were
taken at 1.8 K. (c) Temperature dependence of the OP extracted
from the single-band BTK fit of the curves shown in (a). The trend
is definitely non-BCS and very similar to that shown in Figs. 3(b)
and 4(b) for A,. The dashed line is only a guide to the eye. (d)
Magnetic-field dependence of the OP extracted from the fit of the
curves shown in panel (b). This behavior is compatible with that
predicted for type-1I superconductors and with a critical field on the
order of 55 T.

converted in a phase diagram for the LaFeAsO,_F, com-
pound. This result needs verification from further measure-
ments in samples with different, well-controlled doping con-
tent across the superconducting dome. If confirmed, it would
largely enrich our knowledge of the phase diagram for
LaFeAsO,;_,F, and establish interesting similarities between
the behavior of A, and that of the pseudogap in high-T,
cuprates® (note that, however, here A, is not a pseudogap).

Let us then investigate the evolution of the normal-state
conductance with temperature. To do so, we measured the
conductance curves of our point contacts up to 7=200 K,
also expanding the voltage range up to about 100 mV. The
results for two contacts are shown in Fig. 8; note that panel
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FIG. 7. (Color online) Values of A; and A, (solid and open
circles) from the two-gap fit of the low-temperature conductance
curves of different point contacts, reported as a function of the
critical temperature of the contact. Gap values obtained from the
single-gap fit of some of these curves are reported as well (open
squares). Error bars also take into account the different normaliza-
tions. The spread in 7, values is due to the fact that the sample
presents homogeneous, large crystallites with various F concentra-
tions embedded in a disordered matrix. The measurements show
that A, is always close or below the BCS value (solid line) and
increases with T, while A, is well above the BCS line and decreases

on increasing T,, until a single (or two, very close to each other)
BCS OP is observed.

(b) refers to the contact with the highest T',. The normal state
at T, (upper thick line) is asymmetric and “pseudogapped”
with two broad structures (at energies on the order of
50 meV or more, thus much greater than both A; and A,)
that are progressively smoothed out on increasing the tem-
perature. Their shape is very similar to that observed by PCS
in materials with long-range SDW order, such as
URu,Si,.**%” No such long-range SDW order was observed
in superconducting LaFeAsO,_,F, by neutron-scattering or
muon spin-relaxation studies;3¥3° however, these techniques
can only detect quasistatic magnetic order while photoemis-
sion and tunneling (or Andreev-reflection) spectroscopies,
being sensitive to electron dynamics, can detect phenomena
on a much shorter time scale. The proximity of the supercon-
ducting state to the AF SDW state of the parent compound>
indeed suggests the persistence, in the doped compound, of
spin fluctuations that have already been invoked as the origin
of the pseudogaplike feature, also observed by photoemis-
sion spectroscopy*®*! in the same material. This picture has
been recently substantiated theoretically by showing that, in
systems with reduced dimensionality (<3D), local AF fluc-
tuations, even on a short range, can give rise to corrections in
the self-energy of quasiparticles that, in turn, allow a
pseudogap to be opened at the Fermi level.*> The connection
between the pseudogaplike feature of our curves and spin
fluctuations is further supported by the fact that the
pseudogaplike feature is progressively filled on increasing
the temperature and completely disappears at 7%~ 140 K
[see Figs. 8(a) and 8(b)], even in the contact with the highest
T.. This temperature is strikingly close to the temperature at
which long-range magnetic order appears in the parent, un-
doped compound.>®
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FIG. 8. Two examples of temperature dependence of the con-
ductance curves measured up to temperatures well above 7. The
first nonsuperconducting conductance curve (upper thick line)
clearly shows a pseudogaplike feature which is progressively filled
on increasing the temperature and disappears at about 140 K (bot-
tom thick line). The temperatures corresponding to the thick lines
are highlighted in the labels.

IV. CONCLUSIONS

To summarize, point-contact spectroscopy measurements
in the new Fe-As-based superconductor LaFeAsO,_,F, gave
us the first evidence of three energy scales coexisting in the
superconducting state of this novel superconductor. The first
is a nodeless superconducting gap A; that gives rise to clear
coherence peaks in the conductance curves, is almost BCS in
value, scales with 7, but displays a non-BCS temperature
dependence with a high-temperature tail. The absence of
node lines crossing the Fermi level is suggested by the ab-
sence of zero-bias conductance peaks in the conductance
curves. The high-temperature tail is present in all the con-
tacts and does not depend on either the normalization of the
curves or the model used to fit them (single-band BTK for
the fit of the central part alone, as in Ref. 13, or two-band
BTK for the fit of the whole conductance curve). Inciden-
tally, this tail is very similar to that observed by PCS in the
heavy-fermion superconductor CeColns.*?

The second energy scale is related to a larger order pa-
rameter that gives rise to peaks or shoulders in the conduc-

184526-6



COEXISTENCE OF TWO ORDER PARAMETERS AND A...

tance curves, well distinct from those related to A;. If this
second-order parameter is interpreted as being a supercon-
ducting one, its amplitude A, can be extracted from a gener-
alized two-band BTK fit of the conductance curves. A, turns
out to have a more conventional temperature dependence
than A, but seems to close at T<<T,, has a very high ratio
2A,(0)/kgT,>5, and decreases on increasing the critical
temperature of the contact (in a striking similarity with cu-
prates) until it disappears or becomes almost coincident with
A, when T.=31 K. All these features are unconventional, in
the sense that they are inexplicable within a standard two-
band Eliashberg theory for boson-mediated
superconductivity.** This might suggest for the large OP a
nonsuperconducting (maybe magnetic) origin; in this case its
amplitude can only be estimated by looking at the position
Apeqx of the peaks/shoulders in the conductance curves. It can
be shown (see Appendix C) that even in this case the trend of
Apeax as a function of the temperature, of the magnetic field,
and of the critical temperature of the contact would remain
qualitatively the same.

The third energy scale is on the order of 50 meV or more
and is set by a pseudogaplike depression in the PCS spectra,
that although clearly visible at T=T,, is also present in the
superconducting state and influences the shape of the super-
conducting conductance curves. This feature turns out to be
progressively filled on increasing the temperature but persists
well above T, and up to the Néel temperature of the undoped
compound (7*~ 140 K). This finding points toward a rela-
tionship between AF spin fluctuations (which remind of the
long-range antiferromagnetic order in the undoped com-
pound) and the pseudogaplike feature, and then suggest that
AF spin fluctuations coexist with superconductivity below
T..

Let us conclude by saying that these results, if compared
to recent findings of PCS in other Fe-As superconductors of
the 1111 family [SmFeAsO,_,F, (Refs. 18 and 26) and
NdFeAsO,_,F, (Ref. 17)] and of the 122 family
[Bag 55K 4sFe,As, (Ref. 45)] as well as with ARPES results
in Bag ¢K4Fe,As,,282% point toward a general picture for
Fe-As-based superconductors despite the differences be-
tween the various materials. Within this unified picture, two
OPs with different amplitude open up on different sheets of
the Fermi surface, the smaller more or less BCS in value, and
the larger with a strikingly non-BCS amplitude. Moreover, a
pseudogaplike feature, probably related to spin fluctuations,
persists in the normal state. If confirmed, these signs of con-
vergence toward a unified picture of Fe-As-based supercon-
ductors would be an important result and would pose serious
constraints on any theoretical model for superconductivity in
these compounds.
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malization of the conductance curves. (a) Dark gray circles repre-
sent the raw conductance curve at 4.3 K. The normal state at
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necting the black points with a B-spline function. In this way, the
calculated normal state at 4.3 K is deeper than the measured normal
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pseudogaplike feature suggested, for example, by the conductance
curve at T=21.8 K (light gray circles). (b) All the curves are di-
vided by the measured normal state at 7. (solid line), translated if
necessary (e.g., at 7=21.8 K, dashed line).
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APPENDIX A: NORMALIZATION OF THE
CONDUCTANCE CURVES

In this section we give further details about the normal-
ization of the raw conductance curves, which is necessary to
extract the OP values through a generalized two-band BTK
fit. As previously said, the normalization is not straightfor-
ward since the shape of the normal state depends on
temperature—the zero-bias dip or pseudogaplike feature be-
ing progressively filled on increasing temperature. This is
evident above T, but can be inferred also in the supercon-
ducting state by looking at the tails of the conductance
curves.

In panel (a) of Fig. 9 we report a subset of the conduc-
tance curves shown in Fig. 2(a). By comparing the normal-
state conductance at 7.=28.6 K (open circles) to the curve
at T=21.8 K (light gray circles) the progressive “filling” of
the background (and the consequent increase in normal-state
zero-bias conductance, NZBC) on increasing the temperature
is clear. Therefore the normal state at 7=4.3 K should coin-
cide with that at 7, for V>20 mV but should also feature a
smaller NZBC. The solid line, constructed by connecting the
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black points with a B-spline function, is a guess for that
normal state and is the curve by which the experimental data
at T=4.3 K (dark gray circles) were divided. The same pro-
cedure was used for the other temperatures, respecting the
progressive increase in the NZBC. The results of the fit per-
formed after this normalization were shown in Fig. 3(b) and,
for other point contacts, in Figs. 4(b), 5(b), and 6(c).

In panel (b) of Fig. 9, a different possible choice for the
normalization is described. Here we simply used the normal-
state conductance at T, (vertically translated if necessary) to
normalize all the curves. For example, the curve at
T=4.3 K was divided by the normal state at T (solid line)
while the curve at 7=21.8 K was divided by the normal
state translated downward of a suitable amount (dashed line).
This second procedure clearly gives rise to some anomalies
at high bias where the normalized curves will depart from
unity (the same happens in Ref. 13, Supplementary Informa-
tion). The amplitudes of A; and A, obtained from the fit of
the conductance curves normalized in this way were reported
in Fig. 3(b) as open symbols. Despite the large difference in
the normalization, at low temperature the amplitude of A,
changes by less than 10% and that of A, by less than 1.5%.

APPENDIX B: THE GENERALIZED TWO-BAND BTK
MODEL

The fit of the normalized curves, in the hypothesis that
both the order parameters are superconducting, was per-
formed by supposing that the conductance can be expressed
as the sum of suitably weighted contributions

G(E) =w,GE™(E) + (1 - w))GE™(E),

where each conductance is given (at 7=0, for simplicity) by
the Blonder-Tinkham-Klapwijk model*® generalized to the
three-dimensional case

/2

o5 E, p)cos($)de

—/2

/2 4
f UN,i(¢)COS(¢)d¢

—7/2

G{™(E) =

where i=1,2 is the band index, ¢ is the angle the direction
of injection makes with the normal to the interface, and

cos(¢)?

onid) = m,

O-S,i(Ev d))
1+ UN,i(¢)|Fi(E)|2 +[oy(P) - 1|F(E)*?
|1+ [on(P) - l]Fi(E)2|2

where the parameters Z; and Z, are related to the height of
the potential barrier at the interface. The functions F;(E) are
given by

= UN,i( @)

(E+iT) = (E+iT;)* - A?
|A]

F(E)=

and contain the order parameters A; and A,. As a further
generalization, we included in the model the broadening pa-
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rameters I'; and T, as imaginary parts of the energy E.3! In
our case, I'; and I', account for both the (small) intrinsic
lifetime broadening and other effects—related to the experi-
mental technique and thus extrinsic—that smooth the curves
and decrease the amplitude of the Andreev signal. Their val-
ues are always smaller than the corresponding OP amplitude,
and increase on increasing temperature and magnetic-field
intensity. In the absence of theoretical indications, the weight
w; was taken as an adjustable parameter to be fixed by the fit
at the lowest 7 and B=0 and then to be kept constant in all
the fits at higher temperature and magnetic field. Actually, in
most cases we got w;=0.5-0.6. The parameters Z; and Z,
that enter equation for oy ;(¢) are related to the height of the
potential barrier at the interface and are independent of both
temperature and magnetic field.

APPENDIX C: ANALYSIS OF THE PCS SPECTRA IN THE
CASE OF A NONSUPERCONDUCTING ORIGIN OF
THE LARGER OP

One important question arising from the results shown in
Figs. 2—4 and 6 is whether A; and A, are both superconduct-
ing OPs or, instead, one of them has a different origin. In the
main text we assumed that they are both superconducting
OPs, which seems to be more and more confirmed by other
experimental findings in Fe-As-based superconductors.
However, at the present stage of knowledge we cannot com-
pletely exclude a different hypothesis. Some experimental
facts find a simpler explanation if one admits that A, is not a
superconducting OP: (i) the anomalous temperature depen-
dence with the large OP A, apparently closing at T<<T,; (ii)
the very high value of the ratio 2A,(0)/kzT. [at the lowest T,
on the order of 8]; (iii) the decrease in A, on increasing T.;
and (iv) the faster decrease in A, in magnetic field. The first
three findings find no explanation within the standard two-
band Eliashberg model** even if a weak (very strong) cou-
pling and a very large (small) effective boson frequency are
used for the band related to A (A,).

If we suppose the large OP not to be superconducting
(but, for example, of magnetic origin) we clearly cannot ob-
tain its amplitude by means of the generalized two-band
BTK fit. In this case, instead, the normalized point-contact
conductance can be expressed as

G(V) =w,GFTE(V) + (1 = w))GE™(V),

which is the weighted sum of a BTK contribution (contain-
ing A;, I';, and Z,) and of a contribution from plain tunnel-
ing into a density of states N,(E) which is not flat but con-
tains structures determined by the larger OP

&f(E+eV)] .

Gt;nn(v):J NZ,N(E)|:_ (7(€V)

Here N, y(E) is the normalized density of states (DOS) and
f(E) is the Fermi function at the temperature at which the
measurement was carried out. In principle, at 7=0 the con-
ductance G5™(V) coincides with the normalized DOS while
at 7+#0 it contains a thermal broadening term.

The shape of the tunnel-conductance contribution
G5™(V) cannot be extracted directly through a fit of the con-
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FIG. 10. The two contributions Gt (line) and G3™ (symbols)
to the total point-contact conductance shown in Fig. 3(a). The sum
of these contributions, divided by 2, gives the original conductance
curve. G?TK is obtained by fitting the central part of the original
conductance curve, disregarding the additional features at higher
energy. G5™ is then obtained by subtraction as explained in the
text.

ductance curves since the functional form of N, y(E) is not
known. One could think to simulate it with a smeared BCS-
like tunnel spectrum but (i) this would again implicitly as-
sume that the second OP is superconducting and (ii) this is
exactly what one does using the two-band BTK model (at
least if Z, is large, as in the case of Fig. 3).

The best thing to do is thus to extract G5™(V) from
the experimental conductance curve G**P(V) (normalized so
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FIG. 12. (Color online) (a) Magnetic-field dependence of A
from GY"™ (open circles) and of the values of A; from G®™ (open
squares) obtained from the conductance curves of Fig. 5(a) com-
pared to the results of the two-band BTK fit (solid symbols). (b)
Values of A; and A, (open squares and open circles) from the
superconducting and tunneling contributions to the low-temperature
conductance curves of different point contacts, reported as a func-
tion of the local 7, of the contact. The result of the two-band BTK
fit is also shown (solid symbols) for comparison.

as to get rid of the pseudogaplike feature) by subtraction of

superconducting contribution. For example, let us start from
the low-temperature normalized curve of Fig. 3(a) and
suppose that it is the superposition of a superconducting
contribution (related to the small gap A;) and of a nonsuper-
conducting one, for simplicity with equal weights:
G(V)=0.5 G¥™®(V)+0.5 GY™(V). The numerical factor of
0.5 is necessary to ensure a correct normalization. The su-
perconducting part can be approximately determined by fit-
ting only the central part of the curve (as it was done in Ref.
13) and the nonsuperconducting part can be determined by
subtraction. The two partial contributions to the conductance,
G]fTK(V) (theoretical curve that fits the central part of the
experimental conductance) and G5 (V) (experimental points
after subtraction) are depicted in Fig. 10.

The BTK fit of the central part of the curve was obtained
by using A;=2.67 meV, I'|=1.07 meV, and Z,=0.25.
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FIG. 11. (Color online) (a) Temperature dependence of G5™
obtained from the conductance curves of Fig. 3(a). (b) Temperature
dependence of the peak position Ay in G5™ (open circles) and of
the values of A; from G? TK (open squares) compared to the result
of the two-band BTK fit of the same curves (solid symbols).

These parameters differ only slightly from those given by the
generalized two-band fit of the same curve. The curve shown
by symbols in Fig. 10, representing G5™(V), has clear peaks
at about £9.5 mV whose position can be used as an evalu-
ation of the larger OP, if it is believed to be nonsupercon-
ducting.

The same procedure can be followed at any temperature.
The resulting tunnel contributions to the conductance are de-
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picted in Fig. 11(a) and the energy position of their peaks,
Apea> are reported in Fig. 11(b) together with the values of
the small gap A, used in the fit of GE'* (open symbols). The
values of the two gaps obtained from the generalized two-
band BTK fit of the conductance curves are also reported for
comparison (solid symbols). Note that the value of the small
gap changes very little and its high-temperature tail does not
depend on whether the fit is two band or single band.

Incidentally, the G5™ curves and the temperature depen-
dence of Ap., are strikingly similar to the findings of
ARPES concerning the largest order parameter in
BaOI6K0‘4F62ASZ.28’29

All the data presented in the main text of the paper can be
reinterpreted by supposing that the larger order parameter is

PHYSICAL REVIEW B 79, 184526 (2009)

not superconducting and thus applying the same procedure
described above. The values of the amplitude of the large OP
are different from those obtained with a two-band BTK fit
but the general trend of this amplitude as a function of the
magnetic field and of the critical temperature of the junction
is the same. This is clearly shown in Fig. 12(a), which
reports the magnetic-field dependence of the gaps [solid
symbols, obtained from the curves of Fig. 5(a)] compared to
the corresponding values of A; and A ..« (open symbols). In
Fig. 12(b), the dependence of the OPs on the local critical
temperature is finally shown, obtained from the analysis
of the low-temperature conductance curves of different
contacts.
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