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Sub-kelvin Andreev reflection spectroscopy
of superconducting gaps in FeSe
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Point contact Andreev reflection studies have been conducted on FeSe single crystals by lowering the tem-

peratures down to 0.5 K. The point contact Andreev reflection spectra were analyzed in the framework of the

two-band model. As a result, the presence of two anisotropic superconducting gaps in FeSe were certainly estab-

lished and their BCS-like temperature dependencies were obtained. The weights of each gap have been deter-

mined and the anisotropy parameter has been calculated. It is shown, that sub-kelvin temperatures are necessary

to ascertain details of the superconducting gap structure, especially for multiband materials when Andreev re-

flection spectroscopy is applied.
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Introduction

FeSe, the simplest among the known iron-based super-
conductors, has been the focal point of intensive study
even after more than a decade of scientific research. It is
believed that the simplicity of the structure may shed more
light on how to clarify the mechanism of superconductivity
in these compounds. The most interesting issue here is
connected with recovering the structure of the supercon-
ducting (SC) gap(s), which may be the key to revealing the
pairing interaction mechanism and understanding the na-
ture of the SC state. The most direct techniques to get in-
formation about the SC gap are spectral methods, such as
angle-resolved photoemission spectroscopy (ARPES),
scanning tunneling spectroscopy (STS) and point-contact
(PC) Andreev reflection (PCAR) spectroscopy.

The most recent investigations of FeSe by using the
above methods [1-11] allowed to make a general conclu-
sion that FeSe is a multiband superconductor, where the
SC gaps reveal anisotropic properties. Hashimoto et al. [1],
utilizing polarization-dependent laser-excited ARPES, re-
ported that the SC gap had a twofold in-plane anisotropy at
the zone-centered hole Fermi surface. They have found
considerable difference between the multi- and single-
domain FeSe samples. The SC gap drops steeply to zero in

a narrow-angle range for the single-domain samples, evi-
dencing for nascent node, whereas, in contrast, the multi-
domain samples show finite gaps at any angle.
Kushnirenko et al. [2] also found anisotropic SC gaps on
hole- and electronlike Fermi surfaces in all momentum
directions by ARPES. The in-plane anisotropy of the SC
gap was explained by both nematicity-induced pairing ani-
sotropy and orbital-selective pairing, while the &, anisotro-
py remains uncertain at the moment. Rhodes et al. [3], us-
ing high-resolution ARPES, have found that on both hole
and electron pockets of the Fermi surface, the magnitude
of the gap follows the distribution of dy, orbital weight,
which, in their opinion, confirms the picture of spin fluctu-
ation mediated superconductivity in FeSe.

One of the first STS studies of FeSe crystalline films by
Song et al. [4] reports a gap function with nodal lines as it
stems from V-shaped zero-bias minimum between the gap
peaks of the tunneling spectra (dI/dV). The SC gap of
2.2 meV was measured to be half as the distance between
the peak positions. Onwards, Kasahara et al. [5] showed
similar features of the tunneling spectra with evident shoul-
ders of the multigap structure, indicating the presence of at
least two superconducting gaps with A = 2.5 and 3.5 meV.
Later, Jiao et al. [6] reported multigap superconductivity
based on their STS measurements on FeSe single crystals,
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where the isotropic s-wave gap is much smaller than the ani-
sotropic s-wave gap of the type Ags (1+acos4@®). It was
shown, that SC gap also remains nodeless on twin bounda-
ries. Sprau et al. [7], using sub-kelvin Bogoliubov
quasiparticle interference imaging, found indications that
both gaps are extremely anisotropic, yet nodeless with gap
maxima oriented orthogonally in the momentum space.
Such a complex gap configuration reveals the existence of
the orbital-selective Cooper pairing.

Early PCAR measurements were performed on break
junctions in polycrystalline FeSe samples [8]. The dl/dV
spectra revealed two sets of subharmonic gap structures due
to multiple Andreev reflection. This was taken as a proof of
the presence of two nodeless SC gaps A7 = (2.75 £ 0.3) meV
and Ag = (0.8 £ 0.2) meV. Our PCAR studies of FeSe sin-
gle crystals are published in series of papers [9-11]. We
extracted two gaps from the measured dV/dI spectra [9] with
gap values similar to those observed in STS experiments
[4,5]. Along with this, in some PC’s we observed the in-
crease in the critical temperature by more than two times
[10]. A more detailed study of the SC gap behavior in FeSe
was presented in [11] by using the method of “soft” PCAR
spectroscopy. Analyzing the dV/dI(V) spectra for 25 (PCs)
we obtained the average gap values Ay = (1.8 + 0.4) meV
and Ag = 1.0 £ 0.2 meV giving the reduced values of the
superconducting coupling strength 2A;/kpT, = (4.2 £ 0.9)
and 2Ag/kpT, = 2.3 = 0.5 for the large (L) and small (S)
gap, respectively. The temperature dependencies of both
gaps revealed standard BCS like behavior. Additionally, a
small gap contribution was found to be within tens of per-
cent, decreasing with both temperature and magnetic field.
The lowest temperature in the above-mentioned study was
only 3 K. At the same time, we found in [11] that the dV/dI
spectra at 3 K may be equally well described by theoretic
curves using an anisotropic single-gap model and a model
with two superconducting gaps. It is known that the tem-
perature is responsible for the resolution in PCAR spectro-
scopy®. Therefore, measurements at lower temperatures are
desirable to get more correct information about the abso-
lute value and anisotropy of the SC gaps. Thus, in the pre-
sent study PCAR measurements were carried out at lower
temperatures down to 0.5 K.

Method

The “soft” PCs were made by placing a tiny drop of a
silver paste between the FeSe sample and a 0.1 mm copper
wire. The same technique was used in [11]. Four of these
contacts made to one crystal are shown in Fig. 1 inset. A
standard 20-lead chip was used as the sample substrate,

Fig. 1. (Color online) FeSe sample clamped within the copper
clip by means of the brass screw and the nut. To create good
thermal contact the screw itself was soldered to the base plate of
the 20-lead chip and coupled electrically with two such leads.
Inset (left top corner): Enlarged image of the FeSe sample with
four “soft” contacts attached.

enabling simultaneous measurements on several “soft” PCs
during one cooling down period. Figure 1 demonstrates
four wires each soldered with two leads on a chip to realize
“pseudo” four-probe measuring configuration since the
sample was also electrically coupled with two separate
leads. The chip itself was clamped to a cold plate of a 3He
refrigerator at ambient conditions. After cooling down the
temperature of the chip was measured and controlled with
a multi-channel controller, which regulates the temperature
in the 0.5-20 K range.

The FeSe samples where grown by flux technique
method. The description of the crystal growth can be found
in [12]. In our experiments we measured PCAR spectra
(differential resistance dV/dI(V)) through a “soft” PC by a
standard modulation method. The schematic picture of
measuring setup is shown in Ref. 13, Fig. 4.3.

Results and discussion

Figure 2 shows temperature (a), (c), magnetic field (b),
(d) variation of the dV/dl spectra for two representative
“soft” PCs. PC spectra measured at the lowest tempera-
tures show a double-minimum structure characteristic for
the Andreev reflection. This structure is suppressed as the
temperature increases, as it is seen in Figs. 2(a) and (c). At
first, it transforms into a single minimum which vanishes
approaching the mark of 12 K similarly to our previous
study [11]. This 7, is a few degrees higher than the bulk

The energy resolution for point-contact spectroscopy is determined by two factors — the temperature 7 and the modulating signal
intensity Viod, if @ synchronous detection of the first derivative of the /-V curve is used. As a result, the resolution of the first de-

rivative dV/dl calculated by relation Ae = \/ (3.53kpT )2 +(2.45 Vmod)2 [13] is between 160—-170 peV at 0.5 K by using typical

Vinod = 20-30 peV. Thus, even at sub-kelvin temperature, the main resolution is determined by the temperature.
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critical temperature 7, = 9.4 K [12]. Higher values of the
local T,.‘s were observed in our previous paper [10] where
we explained different surface and bulk properties on ac-
count of interfacial effects. Figures 2 (b) and (d) show the
magnetic field dependencies of the PC spectra from (a) and
(c) measured at the lowest possible temperature 7= 0.5 K.
Both sets reveal similar field dependencies. In magnetic
fields up to 8 T, the filling of the gap structure is evident and
surprisingly, the suppression of the double-minimum inten-
sity is not followed with the moving of the gap minima to
lower energies, as it is usually observed in classical BCS
superconductors. Unfortunately, the largest magnetic field
B =8 T is much lower than the upper critical magnetic field
of the studied samples, which is above 20 T at 7= 0.5 K
[14]. Thus, we cannot follow the full suppression of the
superconducting gap(s). Our PCAR spectra, shown in Fig. 2,
reveal additional spectral features in the form of symmetric
side maxima above the gap structure at around 3 mV. Figu-
res 2 (a), (b) clearly depict these maxima, while in Fig. 2
(c), (d) they look just like shoulders. The presence of side
maxima above the gap structure of the dV/dI spectra is a
typical signature of the suppression of superconductivity
with high current density and/or temperature increase due
to the transition to the thermal regime with a bias rise of a
non ballistic, likely diffusive PC [15,16].

The measured dV/dl spectra have been fitted to the
Blonder-Tinkham—Klapwijk (BTK) equation [11,17], which
describes the Andreev reflection of quasiparticles at the bal-
listic PC between a normal metal and a superconductor tak-
ing into account the superconducting gap A, the PC barrier
strength Z and the spectral smearing parameter I'. We fo-
cused on the spectra which revealed the lowest presence of
the disturbing side maxima (from Fig. 2(c) and (d)). We also
fitted our data with three modifications of the BTK model,
taking into account an anisotropic s-wave gap, and the
weighted sums of two isotropic or anisotropic gaps. While
fitting data, we considered the so-called scaling parameter S
which is included to fit the intensity of the calculated and
experimental curves, that is S = (dV/dD)exp/(dVidD)theor- For
instance, S = 1 means that the calculated curve also fits the
measured dV/dI in absolute values*, in other words, it fits
its intensity.

In the case of fitting to the anisotropic one gap model, the
energy gap and the spectral smearing parameter were defined
with the anisotropy functions A =AY (1+ocos4®) [6],
F:FO(1+acos4®), where o is the anisotropy parameter.
The fitting parameters are shown in the legends for
Fig. 3(b). The fitting curve is shown as a solid red curve.
The quality of fit is sufficient, however, the scaling pa-
rameter S >>1.
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Fig. 2. (Color online) Temperature and magnetic field variation of the differential resistance dV/dI for two “soft” PCs measured in the
range of the lowest temperature of 0.5 K to 13 K and the magnetic field up to 8 T at 0.5 K.
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Some details of the fitting procedure and the meaning of the fitting parameters are described in Appendix of Ref. 18.
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Fig. 3. (Color online) Comparison of different fit models at tem-
perature 0.5 K. The experimental data are shown as symbols and
fits are shown as a solid (red) line. Legends in each panel show
the fitting parameters.

When we applied a weighted sum of two anisotropic
gap contributions, the number of fitting parameters redou-
bled due to the contribution of the second gap. We reduced
the number of fitting parameters, supposing that Z was the
same for both gaps because this parameter reflects primari-
ly the physical character of the interface, rather than details
of the electronic structure as discussed in [16]. Also, the
same anisotropy a has been predicted for both gaps. While
fitting data we used the weight parameter w, which charac-
terizes the weight of the small gap and (1-w) the large gap
contribution. The fitting result is shown in Fig. 3(a). The
scaling parameter S reveals the value close to 1.

In the case of the isotropic two-gap model, we simply
put a = 0, as described in our previous paper [11]. The fitting
curve plotted in Fig. 3 (c) as a red curve describes our expe-
rimental data similarly to the anisotropic one gap fit (see
Fig. 3(c)), but then again with the scaling parameter S>> 1.

Figure 3 offers the possibility to compare fitting results
of the used one- and two-gap models at 7 = 0.5 K. All
models may help to describe sufficiently accurate experi-
mental curves. The dominant gap value in all curve fittings
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is close to the position of the dV/dI spectral minimum,
which is positioned just above 1 mV in the measured spec-
tra. However, only the anisotropic two-gap fit gives the
scaling parameter S near to 1. It is important to notice that
in this fit we obtained the smallest value for the spectral
smearing parameters I’ g and T’ 2. Therefore, the anisotropic
two-gap model may in our opinion fit our spectra more
accurate. Discrepancies may be visible only between 3 and
6 mV, where the non-Andreev-reflection like side maxima
disturb the spectra. These maxima are strongly sensitive to
the measuring temperature and the applied magnetic field.
This is visible in Fig. 2 where the maxima are shifting to
lower energies (into the gap) at increased temperatures and
magnetic fields. The presence of this disturbing effect may
strongly affect the study of the gap features of the dV/dI
spectra at higher temperatures. Therefore, we were able to
perform an adequate fit and to get temperature dependence
of the fitting parameters only up to 6 K.

Figure 4 shows all of our fitting results. Figure 4(a)
plots the temperature dependencies of the superconducting
gaps with discrete symbols. The gray part of it shows areas
of the possible extrapolations of the data with standard
BCS curves. Possible values of the critical temperature Tc
are between the bulk value 9.4 K and 12 K when the SC
minimum disappears. Note, that a non-Andreev V-type
shape of zero-bias minimum above 9 K (see Fig. 2(c))
most likely testifies to transition to the gapless supercon-
ducting fluctuation region. Therefore, BCS extrapolation
of the gaps to the bulk critical temperature is more accu-
rate. It should also be mentioned that the anisotropy pa-
rameter o has a value 0.31 at low temperature, which is
close to 0.34 reported by [6].

The fitting parameters of the spectral weight w, spectral
smearing Fg and Fg and gap anisotropy o reveal evident
temperature dependencies above 3 K (see Fig. 4). These
dependencies are probably connected with the strong tem-
perature dependence of the side maxima (positioned at 3 mV
at 7= 0.5 K), which are moving into the gap at increased
temperatures disabling correct fitting of the spectral fea-
tures. The weak temperature dependence of the scaling
parameter S (between 1.6 and 1), shown in Fig. 4(b) as red
symbols (@) and an almost temperature-independent value
of the barrier strength (black symbols (®) in Fig. 4(b)) is a
confirmation of the validity of our fitting model with the
weighted sum of two Andreev reflection contributions with
anisotropic energy gaps. The magnetic field dependence of
the PC spectra, shown in Fig. 2 (b) and (d) cannot be ob-
served in a single band system, thus, it represents another
proof of the multiband superconductivity in FeSe samples.

About concerning to the measurements in a magnetic
field, the available field strength was too weak to suppress
superconductivity and the field-effect was mainly observed
in the broadening of the curves (see Fig. 2(b), (d)). As it
was shown in [11], at least a two times larger field is need-
ed to practically suppress the double-minimum structure.
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Fig. 4. (Color online) Calculated temperature dependence of the fitting parameters: SC gaps Ag’ 1» broadening parameter I" g’ 1, barrier Z

and scaling parameter S, weight factor w and anisotropic parameter o.. Shadow area in panel (a) is BCS-like dependence corresponding to the
critical temperature between the bulk value 0of 9.4 K in FeSe and 12 K, the point at which the zero-bias minimum of dV/dI disappears.

Anyway, some noteworthy results are as follows: similar to
what was found in Ref. 11, the SC gap value is robust®
concerning for to the magnetic field strength up to 8 T alt-
hough contribution w of the small gap vanishes, which is
consistent with the observations made in our previous pa-
per [11]. Besides, anisotropy parameter o turned out to be
field independent.

Conclusion

We have performed PCAR measurement in FeSe single
crystals in the sub-kelvin temperature range. It allowed us
to perform high resolution Andreev-reflection measure-
ments in this compound. Analyzing our PCAR dV/dI data
we have shown that two anisotropic superconducting gaps
are responsible for the superconducting properties of FeSe.
The temperature dependencies of the superconducting gaps
determined by dV/dI curve fitting strongly support the ani-
sotropic two-band scenario of superconductivity in this
compound.
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CnekTpockonisi aHApiiBCbKOro BigbutTs
HaanpoBigHWX WinuH y FeSe npu cybkenbBiHOBUX
Temnepatypax

[.11. bBawnakos, H.B. NamatoHoBa, J1.B. TioTpuHa,
J. Kagmarcik, P. Szabd, P. Samuely, FO.I". Hangrok

IIpoBeeHO MIKPOKOHTAKTHI JIOCTIDKEHHS aHAPTIBCHKOTO BijI-
6uTTs U1 MOHOKpHCTaNiB FeSe mpu 3HMmKEHHI TeMmmeparypu 10
0,5 K. MikpoKoHTaKTHI cieKTpH Oyii0 IpoaHali30BaHO B paMKax
JBO30HHOT Mozeni. OIHO3HAYHO BCTAQHOBJIEHO HASBHICTbH JIBOX
AHI30TPOIHUX HAJIPOBIMHUX IIUIMH Ta OTPHMAHO JUII HHX
BKII-noxi6ni TemmnepaTypHi 3anexHocTi. Bu3HadeHO BHeCOK
KOXKHOI 3 IMUIMH Ta mapamMerp asizorpomii. ITokasano, mo cy6-
KeNbBIHOBA TEMIIEpaTypa HeoOXiJHa NpU BUACHEHHI JeTalbHOI
CTPYKTYpPH HaIIPOBIAHOI IUIMHU, OCOOIMBO KOJHM aHIPiiBChbKa
CIIEKTPOCKOIIisl 3aCTOCOBYETHCS JUlsl 0araToO30HHUX MaTepialiBs.

KuirouoBi ciioBa: aHipiiBChKe BiOUTTS, TOYKOBHI KOHTAKT, HAJl-
MPOBIiHI IITHHU.

CneKTpocKonus aHOPEEBCKOro OTpaXKeHus
cBepxnpoBoaswmx wernen B FeSe
npu cybkenbBUHOBLIX TeMnepaTypax

[.11. bBawnakos, H.B. NamatoHoBa, J1.B. TioTpuHa,
J. Kagmarcik, P. Szabd, P. Samuely, FO.I". Hangrok

ITpoBeaeHBI MUKPOKOHTAKTHBIE HCCIEOBAaHUS aHAPEEBCKO-
ro OTpaXeHHs Ha MOHOKpHcTamiax FeSe npu moHmkeHHH TeM-
nepatypsl 10 0,5 K. MUKpPOKOHTAaKTHbIE CIIEKTPBI OBUIM IPO-
aHAJIM3MPOBAaHBl B paMKaxX JABYX30HHOW Moxenu. OIHO3HAYHO
OTIPE/IENICHO HAMYUE IBYX AHM30TPOINHBIX CBEPXMPOBOMAIINX
uiesneil v noyyueHsl Ui HUX TemneparypHsle 3aBucumoctd BKIII
Tuna. Jns xaxxaoW u3 miened yCTaHOBJIEH €€ BKJIAJA M IOCUMTaH
napamerp aHusoTporud. [lokazaHo, 4TO OXJIaXKASHHE IO CYyO-
KEeJIbBUHOBBIX TEMIIEpPaTyp HEOOXOAUMO IJIsl BBIICHEHHUS Ji€Tallb-
HOHM CTPYKTYpBI CBEPXIIPOBOAAIIEH IIenu, 0COOCHHO KOTJa aH[-
peeBcKasi CIIEKTPOCKONMs MNpPUMEHAeTCs M1 MHOTO30HHBIX
MaTepHaoB.

KiroueBsie ciioBa: aHIPEEBCKOE OTPaKCHHE, TOUCUHBIH KOHTAKT,
CBEPXIIPOBOJISIIAS [IETh.
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