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Abstract. In Fe-based superconducting materials, the s4 state with the sign-changing gap in
the clean limit could be changed to the sign-conserving si state by nonmagnetic impurities.
Previous results are obtained for the fixed temperature well below the superconducting critical
temperature T.. We study how the increasing temperature affects the transition between s+ and
S++ states in the two-band model. The calculations show that the s+ — s4 4 transition appears
to be dependent on temperature T, i.e. there exists a narrow range of impurity scattering
rates, where the s; state in dirty superconductor at low temperature is transformed back to
the s+ state by increasing T. With the nonmagnetic impurity scattering rate increasing, the
temperature of such a reverse transition is shifted to 7., while the s state remains solely one
for higher degree of disorder.

1. Introduction

Superconducting iron pnictides and chalcogenides constituting a big family of Fe-based high-
T, superconductors (FeBS) are of most interest due to their peculiarities of normal and
unconventional superconducting states [1, 2, 3, 4, 5, 6, 7, 8]. Namely, they have the same
electronic structure with the Fermi-surface consisting of hole and electron pockets. Moreover,
the system possess the multiorbital character which can be described only by multiorbital and,
respectively, multiband model. Thus, a minimal model is the two-band model [9, 10, 11].
Another peculiarity is the superconducting state whose origin has not been defined yet. There
are two main candidates for the role of superconducting mechanism in FeBS: (i) spin fluctuations
leading to the st superconducting state with a sign-changing gap [8, 12, 13|, and (ii) orbital
fluctuations enhanced by electron-phonon interaction leading to the sign-conserving s state
[14, 15, 16]. Many experiments (such as the spin resonance peak in inelastic neutron scattering
[17, 18, 19, 20], a quasiparticle interference in tunneling experiments [21, 22, 23, 24|, the NMR
spin-lattice relaxation rate [25, 26], and the temperature dependence of the penetration depth
[27, 28, 29]) evidence for mechanism involving the spin fluctuations [27, 28, 29].

Considering the scattering on nonmagnetic impurities in superconductors with different gap
structure, one observes different effects. The presence of any nonmagnetic disorder does not
affect the superconducting critical temperature T, in the s, superconductor [30], which is
similar to behavior of the conventional s-wave superconductors [31, 32]. On the other hand,
T, for the superconductor with sign-changing s+ gap is suppressed by nonmagnetic impurities
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[33]. Such a suppression in unconventional superconductors is similar to the suppression of T,
in conventional superconductors by the magnetic impurities according to the Abrikosov-Gor’kov
theory [34]. However, a series of experiments show that in the FeBS this suppression is less than
it is predicted by the theory [35, 36, 37, 38, 39]. In Refs. [10, 11, 40, 41, 42, 43, 44], it was shown
that the possible reason of the inconsistency with the Abrikosov-Gor’kov theory is a transition
from the s4+ to s, state when the impurity scattering rate reaches some critical value I'*it,

Here we study the nonmagnetic impurity scattering in the two-band model in a wide
temperature range up to T,.. We show that there is a range of I'“i' values for different
temperatures i.e. while the sy state transforms to the s state at low temperature, increasing
the temperature leads to the transition back to the si state.

2. Model and Method
We use the same two-band model as in Refs. [10, 11, 43] with the following Hamiltonian,

H= Z gk,aCTkaockaa + Z uﬁfc}{iagcRiﬁa + HSC’: (1)
k,a,0 Ri,0,0.8

where the operator c;r(a »(Ckao) creates (annihilates) a quasiparticle with the band index o =
(a,b), momentum k, and spin o, {k , is a dispersion of quaziparticles linearized near the Fermi
level, with vp, and kg, being the Fermi velocity and the Fermi momentum of the band «,
respectively. The second term in the Hamiltonian contains the impurity potential UR, at site
R,;, while the last term, whose the exact form is not important for the current discussion, is
responsible for the superconductivity. We assume that the superconducting pairing is provided
by the exchange of spin fluctuations (repulsive interaction) and may include some attractive
interaction (for example, electron-phonon coupling).

The presence of nonmagnetic disorder is considered using the Eliashberg approach for the
multiband superconductors [45]. To simplify the calculations, we use the quasiclassical &-

integrated Green’s functions,
5 gan 0
Wn) = N , 2
s = (57 2 ) &)
where w, = (2n + 1)7T is the Matsubara frequency, and

gan = gﬂan'f—o ® 5’0 + gQan'f—Q ® 5-27 (3)

Here 7; and &; are the Pauli matrices corresponding to Nambu and spin spaces, respectively;
goan and gonn are the normal and anomalous (Gor’kov) &-integrated Green’s functions in the
Nambu representation,

iTNo@an TNgPan

g(]cm = _7~7 g2an = _7~7
\ @2, + P2, \/ @2, + P2,

which depend on density of states per spin at the Fermi level of the corresponding band
(Nap), and on the renormalized by the self-energy order parameter ¢,, and frequency Wan.

(4)

The order parameter ¢, is connected to the gap function A,, via the renormalization factor
Zon = (Dom/wna Le.

Aan = ngm/Zom- (5)

The impurity part of self-energy 3P g calculated in a noncrossing diagrammatic approximation
described by the 7T-matrix approximation with the following equation,

A

ﬁ]imp (wn) = nimpfj + ﬂg(wn)zlmp(w”)7 (6)
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where nin,p is the concentration of impurities, U = U @ 73, is the matrix of impurity potential
(U)as = L{ﬁ? , consisting of intra- and interband parts (U),5 = (v —u)dap + u. The relation
between intra- and interband impurity scattering is set by a parameter n = v/u. Without loss
of generality we set R; = 0.

It is convenient to introduce the generalized cross-section parameter

wNoNpw? {0, Born limit,

o= —F5——"
1+ 72N, Nyu? 1, unitary limit

and the impurity scattering rate

Fa(b) = 2nimp7rNb(a)u2 (1 — O') (8)
2Nimp0 2NimpT Nb(a)u2, Born limit,
=— - ni : -
TNg() ﬁ, unitary limit,

For o an T',, there are two limiting cases: (i) the Born limit corresponding to the weak
impurity potential (7ulNy) < 1), and (ii) the unitary limit corresponding to the strong impurity
scattering (mulNyp) > 1).

3. Results and Discussions

For the calculations, we use the following parameters: the ratio between densities of states is
chosen as Ny/N, = 2, and matrix of coupling constants A is set to be (Aaa; Aab; Aba; Aob) =
(3; —0.2; —0.1;0.5). That gives a positive averaged coupling constant, (A\) = (A + Aap) No/N +
(Moa + Aep) Ny/N > 0, where N = N, + N,. This set of parameters leads to the sy
superconducting state with the critical temperature T, = 40 K in the clean limit and unequal
gaps. The larger gap is positive (band a) while the smaller one is negative (band b). The
S+ — sS4 transition takes place when the sign of the small gap is changed while the sign of the
large gap remains positive [10].

Here we present the smaller gap Ay, for the lowest Matsubara frequency (n = 0) depending
both on the impurity scattering rate and the temperature for two different cases: (i) the Born
limit with ¢ = 0; and (ii) the intermediate scattering with o = 0.5. Qualitatively, the results
for both limiting cases appears to be similar. Thus, we present the results only for ¢ = 0.5, see
figure 1.

Ab(T’ra) / Tco

Figure 1. Dependence of the lowest-
frequency Matsubara gap function
Apn=0, indicated by the color code,
for the band b on I'y, and T in the
intermediate scattering limit, o = 0.5.
All quantities are normalized by Tg.
Green color marks the state with the
vanishingly small gap, Ay, < 1073 T.
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The transition goes through the gapless state with the finite larger gap and the vanishing
smaller gap [10]. As the line of transition is not vertical in figure 1, the critical scattering
rate is a temperature-dependent I'"*(T"). Moreover, if we stay at a fixed Iy in the range
11T < Ty < 1.6, foroc =0o0r 1.5T,9 < I'y < 3.2T,9 for o = 0.5 and increase the temperature,
we observe that while at low temperatures the transition to the s; state already took place
(Ap,, > 0), at higher temperatures the system goes back to the s state (Ap, < 0). Thus, there
is a temperature-dependent sy, — syt transition. With the increasing I'y, the temperature of
this transition is shifted to T, and the system becomes s, for the whole temperature range.

In figure 2 we present temperature dependencies of the gap function A, ,—¢ for several fixed
values of 'y, with ¢ = 0.5. Gap in the band a has the same positive sign for all values of I',
and vanishes at 7T¢. In the clean limit and for the small I';, the sign of the smaller gap Ay, is
negative at all temperatures, see figure 2(b). With the impurity scattering rate increased, the
gap at low temperatures changes sign while at higher temperatures the sign is either reversed
again (small T'y) or the gap vanishes (I', 2 2T,). Therefore, the transition from the sy state to
the s, state is characterized by two parameters, namely, the critical scattering rate T and
the critical temperature 7°*. The latter changes from zero to T.. Thus the s, state becomes
dominant in the initially clean si system for T'y > I'S* and T < T, This is true in both the
Born limit and the intermediate scattering limit.
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Figure 2. Temperature dependence of the lowest-frequency Matsubara gap A, ,—o normalized
by Teo for fixed values of T';, in the intermediate scattering limit (¢ = 0.5) with the band index
a=a (a) and a =0b (b).

Also, we have checked that the similar behavior holds for the higher Matsubara frequencies,
see figure 3 for the illustration of the gaps behavior for n = 3 and n = 10 in the Born limit.

4. Conclusions

In the two-band model for FeBS with the si superconducting ground state in the clean limit, we
studied dependence of the superconducting gaps A, , on both temperature and the nonmagnetic
impurity scattering rate. We show that the disorder-induced transition from the sy to the s;
state appears to be dependent on temperature. That is, in the narrow region of scattering rates,
while the ground state is s4, it transforms back to the sy state at higher temperatures up to
T.. With the increasing impurity scattering rate, temperature of such a sy, — si transition
shifts to the critical temperature 7,. The s; — sy; transition is characterized by the two
parameters: (i) the critical scattering rate T and (ii) the critical temperature T < T,. The
s,y state becomes dominant in the initially clean s+ system for I'y > I'? and T < T,



VII Euro-Asian Symposium “Trends in Magnetism” IOP Publishing

Journal of Physics: Conference Series 1389 (2019) 012065  doi:10.1088/1742-6596/1389/1/012065
4 @ T ‘ 4 o 5 ‘
a a=0 —— 270 ——
35 - Fa=06T 351 M2=0.6T¢o
3 rband a Fa f ;-ﬂco B 3 band a Fa f ;-ﬂco 1
F==x. a~ “~'co i Fe a— “+'co ]
< 25 7 e Ma=5.2T¢ g 2501 . M,a=52Tg
P 1 2l 1
~ ammma Dl S~ :: o o ottt
S af Treiriiiss. 1 g 1t TN ]
& ‘.~.'-::_. qm ~~:.~~~.
05 f SITIISsL 05 f S 1
~. SRR N S _--=.=-=____=_=_______ .
[0 ————— [0 e— CE el . s
05 B ) ] 05 / ] ] N
_, [bandb ‘ | u=07,0%0.0,n=3 " [banab | | | u=07,0%00,n=10
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
T/Te T/Te

Figure 3. Temperature dependence of the gap for higher Matsubara frequencies, A, =3 (a)
and Ay p=10 (b), normalized by T,y for fixed values of I', in the Born limit (¢ = 0). Gaps
corresponding to the band index a (band index b) are shown by dashed (solid) curves.

Experimentally, one can observe the reentrant s4 state by increasing the temperature for the
fixed amount of disorder that results in the low-temperature s; state. For example, the spin
resonance peak in the inelastic neutron scattering should be absent in the low-temperature s
state, but have to appear in the si state at higher temperatures [8, 13, 17, 18]. Temperature
dependence of the penetration depth should also bear specific signatures of the gapless behavior
accompanying the sy — sy transition [11].
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