Superconductor Science and Technology

PAPER

Decisive proofs of the s+ = 54+ transition in the temperature dependence
of the magnetic penetration depth

To cite this article: V A Shestakov et al 2021 Supercond. Sci. Technol. 34 075008

View the article online for updates and enhancements.

This content was downloaded from IP address 84.237.90.20 on 06/09/2021 at 08:52


https://doi.org/10.1088/1361-6668/abff6f
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssypM9cT1oM5pBInS8QWTQCU-Q7taCVMuCh81nkWFS1mYBjOM1ST2MlZ_9OBQAqGLUSOkwo7-WI9CqqtV2V-f6-cZHIdMUgCFcyn1a8uvJOP4tYImpAUuxECF88ZKgTjIV8r1kLLQZiC0RBpRhbWKRPrLtJui0VYYBxwnYNbkG3XVroBw7oVzRL66-US57C9n86E9kjkbdXDyiQZAUTbgxsNgKP4Kw0fzQRrWAzlA1YKVc4Suv0N-_nga6BSPAgIcda4Nipb-7nre3d5tsGNgqBNbNT-DJ0BVU&sig=Cg0ArKJSzDU1GnuqOjCj&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

I0OP Publishing

Superconductor Science and Technology

Supercond. Sci. Technol. 34 (2021) 075008 (7pp)

https://doi.org/10.1088/136 1-6668/abff6f

Decisive proofs of the s- — s
transition in the temperature
dependence of the magnetic penetration

depth

V A Shestakov', M M Korshunov'>*

, Yu N Togushova’ and O V Dolgov**

! Kirensky Institute of Physics, Federal Research Center KSC SB RAS, 660036 Krasnoyarsk, Russia

2 Siberian Federal University, 660041 Krasnoyarsk, Russia
3 PN. Lebedev Physical Institute RAS, 119991 Moscow, Russia
4 Donostia International Physics Center, 20018 San Sebastian, Spain

E-mail: mkor@iph krasn.ru
Received 8 March 2021, revised 27 April 2021

Accepted for publication 10 May 2021
Published 31 May 2021

Abstract

®

CrossMark

One of the features of the unconventional sy state in iron-based superconductors is possibility
to transform to the s, state with the increase of the nonmagnetic disorder. Detection of such a
transition would prove the existence of the s state. Here we study the temperature dependence
of the London magnetic penetration depth within the two-band model for the s+ and s |
superconductors. By solving Eliashberg equations accounting for the spin-fluctuation mediated
pairing and nonmagnetic impurities in the 7-matrix approximation, we have derived a set of
specific signatures of the s+ — s transition: (1) sharp change in the behavior of the
penetration depth A, as a function of the impurity scattering rate at low temperatures; (2) before
the transition, the slope of AAL(T) = A(T) — AL(0) increases as a function of temperature, and

after the transition this value decreases; (3) the sharp jump in the inverse square of the
penetration depth as a function of the impurity scattering rate, )\L_Z(Fa), at the transition; (4)
change from the single-gap behavior in the vicinity of the transition to the two-gap behavior
upon increase of the impurity scattering rate in the superfluid density py (7).

Keywords: unconventional superconductors, iron pnictides, iron chalcogenides, impurity

scattering, penetration depth

(Some figures may appear in colour only in the online journal)

1. Introduction

Unconventional superconductivity is full of surprises even
in the thought to be simple cases. For example, 7, in con-
ventional superconductors with the s-wave gap is insensit-
ive to the nonmagnetic disorder and decreases rapidly with
the increasing number of magnetic impurities [1, 2]. On the
contrary, the unconventional sign-changing d-wave gap in the

* Author to whom any correspondence should be addressed.

1361-6668/21/075008+7$33.00

high-T, cuprates and s1 gap in the iron-based superconduct-
ors leads to the suppression or in some cases to the satur-
ation for the sy gap) of the critical temperature by scatter-
ing on the nonmagnetic impurities [3-9]. Even more fascinat-
ing is the possibility to change the gap structure of multiband
superconductors by the disorder. That is, the nodal angular-
dependent extended s-wave gap may become nodeless due
to the impurity averaging [10]. And the s1 gap may trans-
form to the sign-preserving s, gap with the increase of dis-
order [11-13]. Even the reverse transition, from the s; to
the s4 state, is possible when the effect of temperature is

© 2021 IOP Publishing Ltd  Printed in the UK
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considered [14]. Existence of such an interesting s <+ sy
transition, however, have to be proved. Observation of it may
be tricky because the both states are fully gapped and both
order parameters belong to the same symmetry class. Thus
the specific heat and thermal conductivity measurements as
well as angle-resolved photoemission spectroscopy (ARPES)
are not the decisive tools of the first choice because they do
not provide a direct probe of the changes happening at the
transition. Intriguing possibility comes from the temperature
dependence of the optical response and the London penetra-
tion depth A (7). In particular, the st <> s transition goes
through the gapless state that should reveal itself as the qual-
itative change of the form of A\, (7T) [11, 12].

There is been at least two reports claiming the
observation of the discussed transition. Namely, in
Ba(FCOQCOO.])zASz [15] and in Ba(Fe] _thx)2A82 [16] with
the nonmagnetic disorder in both systems introduced via a
proton irradiation. Latter study is supplied with the theoretical
calculations, which are questionable in some points. Firstly,
plasma frequency w, changes with disorder by an order of
magnitude, from 1.21 to 0.0821 eV and then grows back to
0.139eV°. Since w), is the property of the conduction electrons
and there is no evidences that the proton irradiation severely
affects the Fermi surface, there is no grounds to expect such
a huge change in w,. The same is true for the analysis in
the subsequent studies by the same group [17, 18]. Secondly,
generalized cross-section parameter ¢ also changes very much
with the irradiation, from O to 0.278. The parameter itself con-
trols the considered scattering limit, i.e. it equals zero in the
weak (Born) limit and becomes unity in the strong (unitary)
limit. Again, there is no solid grounds to expect that o would
change with the addition of disorder created by the protons.
As for the experimental observations in [16], the sudden jump
in the A\ (T) dependence after the first dose of protons and
the appearance of the long tails near 7. signifying a non-
mean-field behavior emphasize the complexity of the studied
system.

All the mentioned issues call for the formulation of the strict
signs of the s+ — 54 transition, which would allow to unam-
biguously assert its presence. Here we theoretically analyze
the low-temperature behavior of the London penetration depth
within the two-band model for the ‘dirty’ superconductor. We
derive the unmistakable signs of the transition from s to sy 4
state, detection of which would point towards existence of the
transition.

2. Model and approach

Except for the extreme hole and electron dopings, the Fermi
surface of most of iron-based materials consists of two or three
hole sheets around the I' = (0, 0) point and two electron sheets

5 References [17, 18] and supplementary materials of reference [16] contains
claim that w), is of the order of a few meV’s, which is a typo since the typical
value for metals should be around few eV’s.

around the M = (m, m) point of the two-iron Brillouin zone.
Scattering between them with the large wave vector results
in the enhanced antiferromagnetic fluctuations, which lead to
the pairing with the order parameter that change sign between
electron and hole pockets—the so-called sy state [19-21].
Alternatively, the orbital fluctuations may lead to the sign-
preserving s state [22-26]. Since most experimental data
including observation of a spin-resonance peak in the inelastic
neutron scattering and the quasiparticle interference in tunnel-
ing experiments are in favor of the s scenario [20, 27], later
we consider the pairing due to spin fluctuations.

Impurity scattering in the multiband system is much more
complicated than in the single band case [11, 28-34]. One of
the conclusions was that the system having the s state in the
clean case may preserve a finite 7, in the presence of non-
magnetic disorder due to the transition to the s, state. It
was obtained both in the strong-coupling 7 -matrix approxim-
ation [11] and via a numerical solution of the Bogoliubov-de
Gennes equations [35, 36].

Topology of the Fermi surface in iron-based materials
makes it sensible to use a two-band model as a comprom-
ise between simplicity and possibility to capture the essential
physics. Previously, we have studied the s — s transition
in such a model and shown that the transition can take place
only in systems with the effective intraband pairing interaction
present [11]. Physical reason for the transition is quite trans-
parent, namely, if one of the two competing superconducting
interactions leads to the state robust against impurity scatter-
ing, then although it was subdominating in the clean limit, it
should become dominating while the other state is destroyed
by the impurity scattering [12].

Here we use the two-band model [11, 12, 14] with the fol-
lowing Hamiltonian,

H= Z gk,acltagckacr + Z Uﬁ.ﬂckwckﬁa + Hsc,
R;,0,0,8
(D

where the operator c]tw(ckag) creates (annihilates) a quasi-
particle with the band index o = (a, ), momentum k, and spin
03 &k,o = Vra (kK — Kpo ) is the dispersion of quasiparticles lin-
earized near the Fermi level, with vg,, and kg, being the Fermi
velocity and Fermi momentum of the band «, respectively.
The second term in the Hamiltonian contains the impurity
potential Ug, at a site R;, while the last term, whose exact
form is not important for the current discussion, is respons-
ible for the superconductivity. We assume that the supercon-
ducting pairing is provided by the exchange of spin fluctu-
ations (repulsive interaction) and may include some attract-
ive interaction (for example, electron—phonon coupling). All
thsese interactions enter our theory through the normal and
anomalous self-energy parts, which depend on the matrix of
coupling constants A, see Ref. [21] for details.

The presence of nonmagnetic disorder is considered
within the Eliashberg approach for multiband superconduct-
ors [37]. To simplify the calculations, we use the quasiclassical
&-integrated Green’s functions,

k,a,0
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where w,, = (2n + 1)7T is the Matsubara frequency, and
gan = goanTo ® G0+ gZ(xn7A'2 ® o2, 3)

Here, 7; and 6; are the Pauli matrices corresponding to Nambu
and spin spaces, respectively; goan and g»o, are the normal
and anomalous (Gor’kov) &-integrated Green’s functions in
the Nambu representation,

ITN o Wan 7T]Vozq;om
= T —
\ Wen + B \ ©an t Do

which depend on the density of states per spin at the Fermi
level of the corresponding band (N, ;), and on the order para-
meter ¢, and frequency @, renormalized by the self-energy.
The order parameter ¢~>Om is connected to the gap function A,
via the renormalization factor Z,,, = @ay /Wy, i.€.

“

80 an = —

Aom = (;{)an/zan- (5)

The impurity part of self-energy $imp s calculated in the non-
crossing diagrammatic approximation described by the 7 -
matrix approximation with the following equation,

S (03, = iU + U (w0) 5™ (), ©)

where njyp is the concentration of impurities, U=U®",is
the matrix of the impurity potential (U),, :Z/lo‘iﬁ , consist-
ing of intra- and interband parts (U) , 5 = (v — u) dap + u. The
relation between the intra- and interband impurity scattering
is set by a parameter 1) = v/u. Without loss of generality we set
R;=0.

It is convenient to introduce the generalized cross-section
parameter:

0,Born limit,
1, unitary limit

2 NaN 2
s plU { (7)

o=—F——
1+ 72 N,Nyu?
and the impurity scattering rate:

Fa(b) =2 nimpﬂ'Nb(a)uz (1 - O')

)

2 Rinpo . Znimprb(a)MZ,Born limit,
TNy (p) Tl'[}\j:r(‘:) ,unitary limit

For ¢ and T, there are two limiting cases: (1) Born limit cor-
responding to the weak impurity potential (muN, ) < 1), and
(2) unitary limit corresponding to strong impurity scattering
(ﬂuNa(b) >1).

In the local limit, the London magnetic field penetration
depth is related to the imaginary part of the optical conductiv-
ity o' (w,q = 0) at zero momentum q (in the local, i.e. Lon-
don, limit),

w XX
- Im o (w,q =0), )

where x and x’ are axes directions of the Cartesian coordin-
ates and c is the velocity of light. If we neglect the effects
of strong coupling and, in general, Fermi-liquid effects,
then for the clean uniform superconductor at zero temperat-
ure we have 1/A; =3 wpa/c =), wy/c, where wyy =

/8 me2 N, (0) (v}, vi., ) is the electron plasma frequency for
the band «, N, (0) is the density of states at the Fermi level,
and vy, is the x-component of the Fermi velocity. For impurity
scattering, vertex corrections from noncrossing diagrams van-
ish due to the q = 0 condition. Thus, penetration depth for the
multiband system can be calculated via the following expres-
sion [12]:

1 (wpa)Z 2
— = CpoNTpNT . S2an
v Zn:wNa\/aamBan

In the experiments, along with A\, the following quantities are
measured: the temperature variation of the penetration depth:

(10)

AN(T) = A(T) = A(0), Y
and the so-called ‘superfluid density’:
AL(0)

ps(T) = 5 (12)
AL(T)

3. Results

The calculations are done in the intermediate impurity scat-
tering limit, o0 =0.5. For simplicity, we exclude the intra-
band impurity scattering assuming 17 =0 and set u =0.7 and
v=0. Plasma frequencies for two bands are taken from dens-
ity functional theory calculations [38, 39] and are equal to
Wpq =2.34 eV and wy, = 1.25 eV. The values are typical for
iron pnictides, see [40].

The behavior of the sy state heavily depends on the sign
of a coupling constant averaged over the bands (A). Latter is
calculated using the following equation:

(A) = (Aaa  Ap) 32+ (Aot A) 2, (13)
where N =N, + N, is the total density of states. The ratio
N, /N, = 1/2 and the spin fluctuation spectrum are the same as
considered in the earlier studies [11, 12, 34]. The same is true

for the matrix of the coupling constants: A = Aaa A
Apa App
ith the following elements: A = 3 02 for the
W wing A= —01 05

s1 order parameter with (A) > 0 and the critical temperature

To=414K, A= ( _% —% ) for the s+ order parameter
. " 3 02
with (A) <0and T, =39K,and A = 01 05 fors

superconductor with T.o =41.4 K.

It was shown before [14], that the scattering rate I‘;’” at
which the transition between s+ and s, states takes place
is temperature-dependent. In the intermediate scattering limit,
o0 =0.5, for T=0.01T, we have """ = 1.15T .
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Figure 1. Inverse square of the penetration depth, )\L_z(Fa), at
temperatures 0.017.9 < T < Ty for the s state with (A) >0

(a) and (A) < 0 (b), and for the s+ state (c). Here, 0 = 0.5, v=0.
I's and T are normalized by 7. For T =0.017 and T = 0.027 o,
the graphs almost overlap.

3.1. Penetration depth \; and )\L‘2 in a wide temperature
range

Since the optical conductivity, and thus the inverse square of
the penetration depth is the response function, see equation (9),
it is )\52 that can be directly observed and measured, not Ay,
itself. Therefore, from the point of view of experimental detec-
tion of the transition, it turns out to be more convenient to con-
sider )\;2 instead of A\;. In figure 1(a), the s — s transition

@) 100 [[ T=001Tg ——— S, (A)>0
T=017Tg ------- i T. —414K
T=0.35T i co= =
T=052Tyy — - — !
2 T=0.69T, !
5 T=0.87Tg i
.e 1
< i
z !
E !
I
L

(b) T=001T, T Js. (A <0
T=019T g - - ----- [
T =0.38T¢ : iTcO =39.0K
T=057Tg — - — o
£ 100 || T=0.76T, h ! .
c I
=} ]
g |
@ i
Py 1
- 1
s i
£

14
(© ‘ i ‘ ‘ ‘
IR — e
=y [ I -
T=0.35T Tep=41.4K

In(A,), arb. units

10 L L L L L

Figure 2. Log plot of the penetration depth A\ (T',) at various
temperatures 0.017.0 < T < T for the s state with (A) > 0 (a)
and with (A) < 0 (b), and for the s state (c). Here, c = 0.5, v=0.
I'y and T are normalized by T'co. For T =0.01T ;9 and 7T =0.02T .o
the graphs almost overlap.

at T=0.01 — 0.027 ,p manifests itself as a jump in )\ZZ(Fa).
There is a well pronounced minimum at the transition point.
Note that the minimum can not be eliminated by changing the
scale of the graph. For the s, gap, figure 1(c), )\22 slightly
decreases as a function of I, retaining a finite value below 7',
while for the s gap with (A) < 0, figure 1(b), inverse square
of the penetration depth vanishes rapidly at any temperature.
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Figure 3. Penetration depth Az (I';) at temperature 7 = 0.017 for
the s4 state with (A) > 0 and with (A) < 0, and for the s
superconductor. Here, 0 =0.5, v=0. I'; and T are normalized by

T 0. Data points from [16] are shown in the inset to demonstrate the
nonmonotonic experimental dependence of Ar(7 — 0) and
qualitative similarity with our result for the s4 state with (A) > 0.

At any temperature above approximately 0.027 .y, the
s+ — sS4y transition is not very pronounced, see figure 2(a).
Moreover, the behavior of A, for the s state with (A) > 0 and
the s state are similar up to 7 ~ 0.8T .o, compare figures 2(a)
and (c). At higher temperatures, however, \; increases faster
as a function of T'; in the former case. It happens because
T. in the s state emerging after the s; — s transition
appears to be suppressed more intensively than the ‘genuine’
544 state shown in figure 2(c). And at 7 > 0.87,, there is
a range of impurity scattering rates starting from b (“pair
breaking’) for which the superconductivity is fully suppressed.
In figure 2(a), it is shown for T=0.87T. In the case of
the s4 state with (A) < 0, nonmagnetic disorder destroys the
superconducting state at any temperature within the range of
0.01T,y < T < Ty, which is indicated by the presence of I‘E'b'
at each temperature, see figure 2(b).

3.2. Penetration depth at a minimal temperature T— 0

Because we use Matsubara technique in our calculations, we
can not consider exact zero temperature case. Apparently,
this is in line with the experimental situation where one can
not make measurements at 7= 0. Therefore, we set \.(0) =
)\L(T: Tmin) with Typin = 0.017 .

As is seen in figure 3 (blue curve), the transition between
the s+ and s, superconducting states is manifested in the
penetration depth at 7 — 0 as a sharp change in the depend-
ence of A\, on the impurity scattering rate. Before the trans-
ition, Az (I",) rapidly increases indicating the suppression of
the s+ gap. The similar behavior is obtained for the s state
with (A) < 0, see the green curve in figure 3. After the trans-
ition, which can be seen as an abrupt jump in A; (', ), the pen-
etration depth increases less intensively that corresponds to
the s, state shown by the red curve in figure 3. Note that
the slope of the curve before the transition is different from
that after the transition, which is an additional indication of

T, =0.0Tg /

T,=1.0Tg ---- K 1
[=20T ——- /

T, =3.0T, N

I,=35T, - — A |

s, (A)>0
Tep=414K

-

(c) 8 ‘
T, =00T.
7| Ta=1.0Tg ---- ]
r,=20Tg ——-
°ll Blser® ’
a=990lc0 -
§ 5 1
<
° 4
<
a3 |

Figure 4. Temperature variation of the penetration depth

AMNL(T) = AL(T) — Ar(Tmin) for the s+ state with (A) > 0 (a) and
with (A) < 0 (b), and for the s state (c). Calculations were done
in the intermediate scattering limit, o = 0.5, with the interband-only
impurity potential, v=0.0u. I'; and T are normalized by T .

the transfer from s to s; state. By and large, the blue curve
in figure 3 reproduces qualitatively the experimental results
obtained by Ghigo et al [16], however, there are some quant-
itative difference.

3.3. Temperature variation of the penetration depth A\ (T)

To calculate the variation of the penetration depth AN, (T)
using equation (11) we again set A;(0) & Ar(Tmin ). Depend-
ence of AA (T) on the impurity scattering rate I', in the
s+ and s states are shown in figure 4. For the s, gap,
figure 4(c), the slope of AA,(T) decreases with the increasing
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Figure 5. Superfluid density p, for the s+ state with (A) >0
(a) and (A) < 0 (b), and for the s superconductor (c). Here,
0=0.5,v=0.T, and T are normalized by 7 ..

T',, while the slope for the sy gap with (A) < 0, figure 4(b),
becomes steeper. In the case of the sy gap with (A) >0,
figure 4(a), both of these features are present: before the s+ —
s44 transition the slope increases, and after the transition it
decreases.

Two gaps for the s state, initially (at I', = 0) having dif-
ferent values, start to change with disorder so their magnitudes
become closer. Thus the initial two-gap behavior switches to
the single-gap-like dependence of A\, (T) at higher I',,. Such a
change is the reason for the crossing of different curves around
0.6T o in figure 4(c).

4.5
4 | band a band b 1
I,=0.0T, r,=0.0T,, ——
35 TI,=38Ty ---- I,=3.8Ty --»- 1
3 [=75Tg ——- [,=75Tg —=—| |
I, =10.0T I, =10.0T,

1/)»5, 10° cm=2

Figure 6. Temperature dependence of )\L_2 for the s+ state with
(A) <0.T, and T are normalized by T'.

3.4. Temperature dependence of the superfluid density ps(T)

For the pure si superconductor with (A) > 0, the temper-
ature dependence of the superfluid density py(T) defined by
equation (12) demonstrates an exemplary behavior for a two-
band superconductor having two unequal gaps, see figure 5(a),
I'; =0 case. Increasing the impurity scattering rate changes
the two-gap behavior of p in the vicinity of the s+ — s4
transition into the one that is specific for a single-gap s-wave
superconductor. This happens because the smaller gap goes
through zero while changing its sign. Further increase of the
concentration of impurities restores the two-gap behavior of
ps(T) that tends to a single-gap one at the highest values of
I'; in the s; 4 state. Such a situation is quite different from
the case of the s1 state with (A) < 0, which exhibits in our
calculations the single-gap behavior of p,(7T') despite the pres-
ence of two unequal gaps, see figure 5(b). The reason for
this is the qualitatively similar temperature dependence of
/\L_2 for both gaps, see partial contributions from both bands
into A\, *(T) in figure 6. The behavior shown in figure 5(a)
also differs from that for the s, superconductor, figure 5(c),
which changes directly from the typical two-gap dependence
for low scattering rates to the single-gap p,(T) for high values
of [',.

Based on figures 4 and 5, we admit that in the clean limit
there is no difference between s, state and s4 state with
(A) > 0 in such quantities as AX; and p;.

4. Conclusions

Here we derived specific features of the s — s | transition in
the temperature and impurity scattering rate dependencies of
the penetration depth. Observation of those features can serve
as criteria for detection of the transition. First one is the sharp
change in the dependence of the penetration depth A, on the
impurity scattering rate at 7 — 0. Moreover, the slope of the
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curve before the transition is different from that after the trans-
ition, which is an additional indication of the transfer between
the s1 and s states.

Second feature is connected to the slope of the relative
change in the penetration depth, AN, (T) = AL(T) — A.(0), as
a function of temperature—before the s+ — s transition the
slope increases, and after the transition it decreases.

Third feature is the sharp jump in the inverse square of the
penetration depth as a function of the impurity scattering rate,
A %(T,), at the s — s transition.

And the last one is the temperature dependence of the super-
fluid density p,(7’) that exhibits almost the single-gap behavior
in the vicinity of the s1 — s4 transition and upon increase
of the impurity scattering rate restores the two-gap behavior.

Results here are obtained in the intermediate scattering
limit, o = 0.5. Changing o would change the exact position of
the transition in the 7-I",, phase diagram, see [14]. The trans-
ition itself, however, remains in a wide range of o’s except for
the unitary limit (¢ = 1) with nonuniform impurity potential
1 # 1. Therefore, the discussed specific features of the pen-
etration depth can be observed for a system exhibiting the
S+ — S44 transition in a wide range of parameters.
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