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Current-voltage characteristics (CVCs) of Andreev superconductor—constriction—superconductor (ScS) contacts
in polycrystalline samples of FeSe with the critical temperature T¢ (12 £ 1) K have been measured us-
ing the break-junction technique. In Sharvin-type nanocontacts, two sets of subharmonic gap structures were
detected due to multiple Andreev reflections, indicating the existence of two nodeless superconducting gaps
Ap = (2.75+0.3) meV and As = (0.8 £0.2) meV. Well-shaped CVCs for stacks of Andreev contacts with up
to five contacts were observed due to the layered structure of FeSe (the intrinsic multiple Andreev reflections
effect). An additional fine structure in the CVCs of Andreev ScS nanocontacts is attributed to the existence
of a Leggett mode. A linear relation between the superconducting gap A, and the magnetic resonance energy
Eragres = 2A7 is found to be valid for layered iron pnictides.

© 2011

Among a wide range of iron-based superconduc-
tors [1, 2], the binary compound FeSe has the simplest
crystal structure and a moderate critical temperature
Te = (8-13) K [3,4]. The transition temperature T¢
can be increased to 37 K by applying external pres-
sure [5, 6] or totally suppressed by tensile strain [7]. It
is generally accepted that superconductivity exists only
in tetragonal phase [3,8,9]. At ambient-pressure FeSe
is not magnetically ordered, but its magnetic proper-
ties become more complicated as the external pressure
increases or Se is substituted by Te [10, 11].

A layered structure is a common feature of iron-
based superconductors [12]. In the case of FeSe, the
Fermi surface consists of two intersecting cylindrical
electron Fermi surfaces at, the Brillouin zone corner and
two concentric hole cylinders at the zone center, sim-
ilar to FeAs-based multiband superconductors [13]. Tt
can be expected that FeSe also belongs to the class of
multiband superconductors, which have been studied
intensively since the original theoretical papers [14, 15].

Initially, a two-gap model was proposed by Kresin
and Wolf for cuprate superconductors [16,17]. Exper-
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imental evidence for a two-band superconductivity in
YBasCu3zO7_s5 came from surface impedance measure-
ments [18] and tunneling spectroscopy [19, 20]. Studies
of multigap superconductivity intensified after the dis-
covery of superconductivity in MgB, (2001) [21] and
later in iron pnictides (2008) [22] (see [2,23] for the
details). The model of nodeless multigap superconduc-
tivity in FeSe was supported by experimental studies of
the magnetic penetration depth [24] and quasiparticle
heat transport [25].

A unique property of two-band superconductors
is the existence of a collective excitation (Leggett
mode) [26], which was recently detected in MgB,
[27-30]. Prerequisites of the observation of the Leggett
mode in iron oxypnictides were discussed in [31].

Naturally, the layered structure of iron-based super-
conductors triggered a search for the intrinsic Joseph-
son effect (IJE) [32-34], and some experimental evi-
dence for its existence in oxypnictides was recently pre-
sented [35].

Andreev spectroscopy is a powerful instrument to
measure the superconducting energy gap(s) in a wide
temperature range up to T¢ [36,37]. A number of such
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Fig.1. The morphology of the sample surface as seen
by electron microscopy

measurements have been performed on oxypnictides
RFeAsO;_,F, [38-41]. Studies of the subharmonic
gap structure (SGS) in current—voltage characteristics
of individual Sharvin-type ScS nanocontacts [27, 28, 41]
help to gain valuable information even in the case of
inhomogeneous samples. To make the SGS observable,
the size a of an Andreev contact should be chosen sig-
nificantly smaller than the mean free path [ of quasi-
particles (the ballistic regime) [42]. A typical size a
of a ballistic contact is of the order of (10-20) nm or
less [38,41], and is usually much smaller than the crys-
tallite size in a polycrystalline sample.

Here, we present a systematic study of current—
voltage characteristics of FeSe break junctions at tem-
peratures 4.2 K < T < T¢. Polycrystalline samples of
FeSe have been grown from melt by spontaneous nucle-
ation. Powders of iron (puriss.) and selenium (99.95 %)
were mixed at the molar ratio 1:1, sealed into a quartz
tube and heated to 1100°C at the rate 100°C/h. Af-
ter a holding time of 1 hour, the ampoule was cooled to
986 °C at the rate 1.3°C/h and then quenched by tak-
ing out of the furnace. The morphology of the sample
surface is illustrated by Fig. 1, where grains of typical
dimensions 100 nm are clearly seen.

The quality of the samples was characterized by
measurements of the temperature and field depen-
dences of magnetization performed in the “Quantum
Design” Magnetic Property Measurement System. The
temperature dependence of magnetization measured in
the magnetic field B = 0.01 T, as shown in Fig. 2,
demonstrates an almost complete Meissner effect with
the superconducting transition temperature T about
10.5 K. The superconducting transition width indi-
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Fig.2. The temperature dependence of the magnetic

susceptibility x of FeSe. The upper inset is a magni-

fication of x(T') in the vicinity of the magnetic due to

the presumed Fe;Seg impurity. The lower inset shows
a magnetization loop in FeSe at 2 K

cates a nonuniformity of the superconducting state
in the sample. At T > T¢, the magnetic suscep-
tibility is positive and shows a pronounced kink at
about 133 K, as can be seen in the upper inset to
Fig. 2. Tentatively, this kink can be ascribed to a spin-
reorientation phase transition in the impurity phase
Fe;Seg. This phase is ferrimagnetic with the Curie tem-
perature about 450 K [43]. The presence of a ferrimag-
netic component in magnetization is clearly seen from
finite slopes of M—B curves, shown in the lower inset to
Fig. 2. Without the correction for the demagnetizing
factor, the first critical field of FeSe can be estimated
as Bop = 0.225+0.025 T at 2 K. Both the upper criti-
cal field Beo and the irreversibility field Bj;.,. were not
reached in present measurements.

To produce point contacts in thin plates with di-
mensions about (0.1 x 1.0 x 3.0) mm?, we used the
break-junction technique [41, 44]. Two current and two
potential leads were attached to each plate by an In-Ga

528



MXKIT®, Tom 140, Boi. 3 (9), 2011

Andreev spectroscopy of FeSe ...

dl/dV, a. u.

25 . : : : :
FeSe, Var,s =2ALs/ent,s

T=12K 5

2 3
Vno’r‘m7 mV

Fig.3. The normalized dI/dV characteristics of ad-
justable Andreev ScS break junctions in polycrystalline
FeSe samples at T = 4.2 K: 1 — a single-contact
FS1D02, 2 — a two-contact array FS1DO01, 3, 4 —
three-contact arrays FS1D09 and FS1D10 respectively,
5 — a six-contact array FS1D13. Two sets of sub-
harmonic gap singularities at bias voltages V1, =
= 2Ar/ens and V,s = 2Ag/ens are detectable
(Ar = 2.5 meV and Ag = 0.95 meV). The dashed
and dotted lines display the expected bias voltages V.1,
and Vi

alloy. A crack in the sample was generated at helium
temperature. The I(V) and dI(V')/dV characteristics
of a mechanical point contact between two cryogeni-
cally cleaved surfaces were registered by a computer-
controlled experimental set-up [41]. The dI/dV- and
d?I/dV?-characteristics were measured using a stan-
dard modulation technique. A low-level AC modula-
tion voltage (820 Hz) on potential leads of a contact was
stabilized using a lock-in nanovoltmeter and computer-
controlled digital AC bridge with a PID feedback sig-
nal. The differential conductance of a contact is pro-
portional to the amplitude of the AC feedback current
through the contact.

To evaluate the superconducting gap, two related
methods were used: Andreev spectroscopy of individual

8 ZKOT®, Bem. 3 (9)

I, mA; dl/dV, d*1/dV?, a. u.
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Vnorm7 mV

Fig.4. The normalized I(V), dI/dV, and d*I/dV?
characteristics of the Andreev ScS break junction in
a polycrystalline FeSe sample (a three-contact array
FS1D10) at T = 4.2 K. Two sets of subharmonic
gap singularities at the bias voltages V., = 2Ap /eny,
and Vs = 2Ag/eng are detectable (Ar = 2.7 meV
and Ag = 1.0 meV). The dashed and solid lines re-
spectively show the expected bias voltages V., and
Vas. The vertical bar displays the expected bias volta-
ge (AL +As)/e

ScS Sharvin-type contacts (the gap was calculated from
SGS in dI(V')/dV characteristics [45-47]) and intrinsic
Andreev spectroscopy (natural stacks of Andreev con-
tacts in the c-direction, the intrinsic multiple Andreev
reflections effect [48,49]). It is possible to switch be-
tween these two different regimes of measurements in
one experiment simply by readjusting the contact with
a micrometric screw. An additional advantage of this
technique is the existence of clean cryogenically cleaved
surfaces used for the contact formation.

In studying intrinsic multiple Andreev reflections
effect in FeSe samples, we used natural nanosteps-
and-terraces structures, which were always present on
the top of atomically flat crystal surfaces [50]. The
I(V) characteristics of such nanosteps (j || ¢) are
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Fig.5. The normalized dI/dV characteristics of the
Andreev ScS break junctions in a polycrystalline FeSe
sample (three-contact arrays, Tc = 12.5 K) at T =
= 4.2 K. Two sets of subharmonic gap singularities
at the bias voltages V., = 2Ar/eny and V,s =
= 2Ag/ens are detectable (Az = 2.6 meV and
As = 0.95 meV). The dashed and dotted lines re-
spectively show the expected bias voltages V., and
Vas. The solid lines display the expected bias voltages
:l:(AL + As)/e

actually characteristics of stacks of superconductor—
insulator-superconductor (SIS) (or superconductor-
normal metal-superconductor (SNS)) contacts due to
the layered structure of the compound. In one measur-
ing cycle, it is always possible to find several nanos-
teps with different heights by readjusting the con-
tact [48,49]. We note that nanosteps are located in
between of the two surfaces forming a crack, which
protects these nanosteps from being overheated by the
measuring current.

The main features of I(V) characteristics of ScS
Sharvin-type contacts in a classical single-gap super-
conductor comprise a pronounced excess current at low
bias voltages and a subharmonic gap structure, show-
ing sharp dips of the differential conductance dI/dV at
bias voltages [45-47]:

dI/dv, a. u.
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Fig.6. The normalized dI/dV characteristics of the
Andreev ScS break junctions in a polycrystalline FeSe
sample (two-contact arrays FS2D08 and FS2DO09,
Te =125 K) at T' = 4.2 K. Two sets of subharmonic
gap singularities at the bias voltages V., = 2Ar /ent
and V,s = 2Ag/ens are detectable (Az = 2.95 meV
and As = 0.7 meV). The dashed and dotted lines
respectively show the expected bias voltages Vi

and Vs
2A

V=— n=12... (1)
en

Usually, SGS is explained by multiple Andreev re-
flections at interfaces of the point contact. In the
case of a two-gap superconductor, there exist two in-
dependent SGSs, corresponding to the gaps Ap and
Ag. When the amplitudes of the gaps differ signifi-
cantly (A7, > Ag) and only the channels L — L and
S — S are dominant, there is no difficulty in mea-
suring both SGSs. This type of structure was ear-
lier observed in excess-current characteristics of ScS
break junctions in MgB. [27,28] and LaFeAsO;_,F,
[41]. When the L — S channel becomes significant,
an additional structure appears, being most noticeable
at the bias voltage V' = (Ar + Ag)/e [51]. In this
investigation, we assume that the theoretical model of
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Kiimmel et al. [45] is applicable to our break junctions
with excess-current characteristics.

The quality of the SGS strongly depends on the ra-
tio of the mean free path [ to the radius of the contact
area a [45]. In this investigation, it was possible to
observe several (up to 4) singularities in SGS and to
calculate both gaps Ay and Ag with sufficient accu-
racy. We note that the accuracy significantly decreases
when the two SGSs corresponding to two different gaps
overlap. Luckily, for FeSe nanocontacts (ScS, Sharvin-
type), the subharmonic gap structures are separated
due to a pronounced difference in Ay and Ag values
(Figs. 3-6).

Another difficulty in analyzing experimental data
arise from the appearance of stacks of Andreev con-
tacts while using the break-junction technique (due to
the presence of natural nanosteps-and-terraces struc-
tures on the cleavage surfaces [50]). The bias voltage
Va,m = m(2A/en) corresponding to the subharmonic
gap structure for stacks is “quantized” (m is the number
of contacts in a stack). We see this when we readjust
the contact with a micrometric screw and the number
of contacts m changes. In one experiment, it is easy
to obtain several contacts with different m. Usually, m
varies in the range from one to five or six. There are
two important properties of current-voltage character-
istics of these stacks: 1) when normalized to a single
contact, the SGSs for individual contacts and stacks
coincide within experimental errors (Fig. 3) and 2) the
SGS in dI/dV characteristics of stacks is much sharper
than the SGS for individual contacts (Figs. 3-6).

There are definitely two superconducting gaps
(A = (2.75 £ 0.3) meV and Ag = (0.8 £ 0.2) meV)
in FeSe (Figs. 4-7, Table). The superconducting pa-
rameters in Ref. [24] (a two-band model version) are
also added to Table for comparison. In accordance
with the two-band model, the intraband coupling in
one of the bands is weak and superconductivity in this
band is induced by the “driving” band through the in-
terband coupling (this is illustrated by model calcula-
tions shown in Fig. 2 in Ref. [52]). As a result, the
zero-temperature gap ratio 2Ag/kgTe for the “weak”
band is significantly smaller than the BCS value (Ta-
ble). This is also the case for LaFeAsO;_,F, [41] and
MgB, [27-29].

Additional Andreev singularities in Figs. 4 and 5 at
bias voltages V' = £(A; + Ag)/e are most probably
caused by the opening of the L — S channel due to a
strong interband scattering [51].

We estimate the local critical temperature T of
FeSe nanocontacts T = (12.5 + 0.5) K from the tem-
perature dependence of the large gap Ar(T) (Figs. 8
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Fig.7. The dependences of bias voltages V.1 =

= 2Ar/en; and V,s = 2Ag/ens on 1/ng,s for

the investigated Andreev ScS contacts. The solid

lines correspond to Arp = (2.75 + 0.25) meV and

Ags = (0.84+0.2) meV. Dashed lines indicate spreading
of data

and 9). This temperature corresponds to the onset tem-
perature of the resistive transition of a sample, mea-
sured before creation of a crack (Fig. 9). A quick de-
crease of the small gap Ag(T) (Figs. 8 and 9) quali-
tatively agrees with calculations in Ref. [52]. Due to
a weak interband coupling (A;; < A;;), the function
Ag(T) deviates significantly from the standard BCS
dependence, but the critical temperature T is the
same for both gaps (see insets to Fig. 2 in Ref. [52]).
It is worth noting that a close doublet structure of An-
dreev singularities for ng = 1 (see Figs. 8 for example)
could result from the four-band nature of the electron
spectrum of FeSe [1,2].

The sharp line shape of Andreev singularities com-
posing the SGS for a high-quality nanocontact (Fig. 6)
points to nodeless gaps Ay, and Ag in FeSe. This con-
clusion is also supported by the comparison of our ex-
perimental data (Fig. 4, the d?I/dV? characteristic)
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Table. Superconducting parameters of FeSe samples at T'= 4.2 K and ambient pressure

Sample TC7 K AL (4.2 K) A5(4.2 K) QAL(O)/kTC 2A5(0)/kTO
Present investigation
FS1D08
125+ 1.0 2.5+0.2 1.0£0.2 46=£0.8 19+04
(three contact array)
FS1D09
125+ 1.0 2.5+0.2 1.0£0.2 46=£0.8 19+04
(three contact array)
FS2D01
125+ 1.0 2.3+0.3 1.1£0.2 43+£08 2.0+0.5
(three contact array)
FS2D09FIN
125+ 1.0 29+0.2 0.6£0.1 54+0.8 1.1+0.3

(two contact array)

Data from [24]

FeSe 8.3 1.63 0.38 4.59 1.07

dI/dV7 arb. un. AL, As, meV, R- 3007 Ohm

FeSe, samp. FS1, two contact array {§ - 3.5 ' ' ' ' ' '

3.0 4

AL(T) R(Tj/

FeSe, samp. FS1
20 b To=(125+05) K
AL(0) = (2.7£0.3)
Ag(0) = (0.7 £0.2)

2.5

15 |
1.0 | |
0.5 bO ]
As(T)
-8 —6 —4 -2 0 | | —
Viorm, mV 0 2 4 6 8 10 12 14

T, K

Fig.8. Subharmonic gap structures in dI/dV charac-
teristics of a break junction in FeSe (sample FS1) at
different temperatures (Tc = 12.5 K). The subhar-
monic gap structure dips labeled with nz and ng are
indicated. A close doublet structure of the Andreev sin-
gularities for ns = 1 could be result from a four-band
nature of the electron spectrum of FeSe [1, 2]

Fig.9. The temperature dependences of the A (T)
and Ags(T) gaps in FeSe (sample FS1) and the
sample resistance R(T) (Te = (12.5 £ 0.5) K,
AL(0) = (2.7 + 03) meV, and Ag(0) =
= (0.7 £ 0.2) meV). Solid and dashed lines are the
theoretical BCS-type dependences A(T')
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Vnm“m, mV

Fig.10. The normalized dI/dV characteristic of the
Andreev ScS break junction in a polycrystalline FeSe
sample (two-contact array FS2D07, Tc = 12.5 K)
at T = 4.2 K. Two sets of subharmonic gap sin-
gularities at the bias voltages V., = 2Ar/eny and
Vas = 2Ag/ens are detectable (A7, = (2.3+0.2) meV
and As = (0.8 = 0.2) meV). An additional fine struc-
ture at the bias voltages V.1, = (2A1 + mEy)/ent,
marked by dotted lines, is possibly caused by a reso-
nant emission of m Leggett exitons with the energy
Ey = (1.8 £0.1) meV in the process of multiple And-
reev reflections (nr, = 1)

with the theoretical results in Ref. [53] for an s-wave
superconductor with a nodeless gap. Theoretical plots
of the derivatives of the dynamic conductance d*I/dV?
vs. the bias voltage [41, 53] display a rather symmetric
behavior (as in Fig. 4). For a d-wave superconductor, a
strong asymmetry in the form of the Andreev singular-
ity develops due to the presence of nodes in A(p) [53].

We have observed an additional fine structure in
the CVCs of FeSe break junctions at bias voltages
Var = (2A1 + mEy)/eny, (Fig. 10), which closely re-
sembles the structure caused by a resonant emission of
m Leggett plasmons [26] in the process of multiple An-

2A 1, 2As, meV

12 , , , , ,

. KFezASz [59]

O FeSe(p) [52]

A FeSeTe [60]

10 - @ FeSe (pres. inv.) T
@ LiFeAs [61]

> LiFeAs [63]

V LaOFeAs [41]

" /A LaOFeAs [62] i
+ FeSeTe [64]

AL /kTe = 4.6

0 5 10 15 20 25 30 35
T, K
Fig.11. Superconducting gap parameters 2A; and

2As vs. the critical temperature T for iron-based
superconductors KFeyAsy [59], FeSe (under external
pressure [52]), FeTeq.5Seo.5 [60], FeTei_,Se, [64],
FeSe (present investigation), LiFeAs [61,63],
LaFeAsOo.0Fo.1 [41], and LaFeAsO_,F, [62]

dreev reflections in MgB, contacts [27-29]. If this is
the case, the energy of the Leggett plasmon for FeSe
Ey ~ 1.8+0.1 meV is close to 2A ¢ and does not there-
fore contradict the requirements for the observation of
the resonance in a two-band superconductor with node-
less gaps [31].

It was pointed out previously [54-57] that inelastic
neutron scattering data can provide a valuable informa-
tion about the symmetry of the superconducting gap
in novel superconductors. Calculations have shown, in
particular, that a prominent hump structure unrelated
to the resonance mechanism must appear in the dy-
namic spin susceptibility just above the 2A energy in
the case of an s, -wave state (the fully gapped s-wave
state without sign reversal) [57]. Recently, the experi-
mental linear dependence of the spin resonance energy
E,es on T with the average slope 4.7kT¢ was pre-
sented for several iron-based superconductors (Fig. 5
in Ref. [58]). Within experimental errors, this depen-
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dence is coincident with the plot of the superconducting
gap parameter 2A [, vs. the critical temperature T for
FeSe (this investigation) and iron-based superconduc-
tors KFeyAss [59], FeSe (under external pressure [52]),
FeTep5Sep.5 [60], FeTe;_,Se, [64], LiFeAs [61,63],
LaFeAsOg gFo 1 [41], and LaFeAsO, _,F, [62] (Fig. 11).
Although the scattering of data is quite significant, two
linear dependences emerge with 2A, /kTe = 4.6 £0.3
and 2Ag/kTe = 1.2£0.2 (Fig. 11). The coincidence of
2A1/kTc (Fig. 11) and E,.s/kTc (Fig. 5 in Ref. [58])
supports the version of a fully gapped s-wave state
without sign reversal [57].

In conclusion, current—voltage characteristics in
polycrystalline FeSe samples have been measured
using the break-junction technique. The individual
ScS Sharvin contacts and stacks of SNS contacts
(natural nanosteps-and-terraces structures) show
subharmonic gap structures due to multiple Andreev
reflections. Two sets of SGSs were detected, indicating
the existence of two nodeless superconducting gaps
Ap = (2.75+£0.3) meV and Ag = (0.8 £0.2) meV. The
layered structure of FeSe allowed observing well-shaped
current—voltage characteristics in stacks of Andreev
contacts with up to five contacts. An additional fine
structure in the CVCs of Andreev ScS nanocontacts
is attributed to the existence of a Leggett mode. A
linear relation between the superconducting gap Ap
and the magnetic resonance energy Epqgres = 2A[ is
found to be valid for layered iron pnictides.
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