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The experimental transport scattering rate was determined for a wide range of optimally doped
transition metal-substituted FeAs-based compounds with the ThCr2Siz (122) crystal structure. The
maximum transition temperature 7T, for several Ba-, Sr-, and Ca-based 122 systems follows a univer-
sal rate of suppression with increasing scattering rate indicative of a common pair-breaking mech-
anism. Extraction of standard pair-breaking parameters puts a limit of ~26 K on the maximum
Te for all transition metal-substituted 122 systems, in agreement with experimental observations,
and sets a critical scattering rate of 1.5 x 10'* s™! for the suppression of the superconducting phase.
The observed critical scattering rate is much weaker than that expected for a sign-changing order
parameter with strong interband scattering, providing important constraints on the nature of the
superconducting gap in the 122 family of iron-based superconductors.

PACS numbers:

The discovery of iron-based superconductors in 2008
breathed new life into the study of high tempera-
ture superconductivity, with numerous families of com-
pounds since discovered, characterized and extensively
studied'. Intermetallic iron-based systems with the
ThCraSis “122”7 structure and doped with transition
metal (TM) substitution on the iron site remain the most
widely studied due to the feasibility of synthesizing large
single-phase crystals coupled with the ability to substi-
tute a plethora of TM elements for iron. With supercon-
ductivity induced by substuting almost any of the TM
elements in the Fe, Co, and Ni columns, the robust-
ness of these superconductors to disorder — in particu-
lar, disorder focused directly in the active pairing layer
— provides a striking constrast to the sensitivity found
in other unconventional superconductors. Furthermore,
this robustness initiated one of the early challenges to the
proposed s+ sign-changing gap symmetry?, and has been
toted as evidence for a non-sign-changing s-wave pairing
symmetry3.

The role of TM substitution in both promoting a su-
perconducting state and shaping the phase diagrams of
the 122 systems is an important topic of ongoing debate.
In the Ba-based 122 systems, the substitution-induced
positioning of the superconducting phase scale reason-
ably well with d-electron count (with the exception of
Cu substitution)?, and ample evidence of modifications
to band structure, carrier concentrations and magnetic
interactions support a rigid band shift doping model!.
However, theoretical models predicting the localization
of added d-electrons and the importance of impurities
raise questions about this approach®®. Moreover, the
similarity of the phase diagram produced by nominally
isovalent Ru substitution”® to that of its aliovalent coun-
terparts necessitates a better understanding of the true
nature of TM substitution.

In this study we compare the elastic transport scat-
tering rate and superconducting transition temperature
T. for a wide range of optimally doped TM-substituted

122 compounds and observe a universal correlation that
follows an Abrikosov-Gor’kov (AG)-like pair-breaking
suppression for all types of transition metal substituents
and alkaline earth cations. We show that the large vari-
ations in optimal 7T, values found in different 122 sys-
tems are due to variations in impurity scattering rate,
but are also limited by an ideal zero-scattering limit that
lies much below the T, values of alkali metal-doped 122
systems. We discuss implications for order parameter
structure as well as constraints on the inter- and intra-
band coupling strength determined by the universal re-
lation.

Single crystals of AFe;_,TM,Asy compounds (with
A=Ba, Sr; TM=Co, Ni, Pd, Pt) were synthesized us-
ing the FeAs self-flux method described previously?. TM
concentrations were determined by wavelength disper-
sive x-ray spectroscopy (WDS). Resistivity and Hall ef-
fect data were measured in a commercial cryostat with
Hall coefficient (Rp) values obtained by antisymmetriz-
ing field sweeps at constant temperature between -5 T
and +5 T. To minimize geometric factor errors in de-
termining scattering rates, six-wire measurements were
used to simultaneously determine longidudinal (ps,) and
transverse (pgy) resistivities, using gold wire and silver
paint contacts with typical contact resistances of ~ 1 Q.
Transition temperatures for samples measured by our
group were determined by the mid-point of the resistive
transitions, and are well documented in previous publica-
tions to coincide with magnetization measurements®12.
Data obtained from the literature utilized the same cri-
teria when possible, and used stated values otherwise.

Unlike the BaFesAs, family, the maximum or “opti-
mal” transition temperature T,(mq.) for different TM-
doped versions of the SrFeyAsy system exhibits a wide
variation of values, reaching ~20 K for Co, Rh and
Ir 101116 K for Pt'2, 9 K for Ni® and 8 K for Pd
substitution'®. As a prime example, we directly com-
pare the phase diagrams of the SrFe, ,Ni,As,? and

SrFe,_,Pt,Asy'? systems in Fig. 1. As shown, the anti-
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FIG. 1: Phase diagrams of the SrFes_,NigzAso? and

SrFes_ Pty Ass'? systems. Antiferromagnetic (triangles) and
superconducting (diamonds) transition temperatures are plot-
ted for Ni- (open symbols) and Pt-doped (closed symbols) sys-
tems. The similar rate of suppression of the magnetic phases
and the position of the superconducting domes, with optimal
doping at x ~ 0.16 for both cases, is to be contrasted with
the considerably different T'.(y,q) values of 9 K and 16 K for
Ni- and Pt-doped series, respectively.

ferromagnetic order transition 7T’x follows an almost iden-
tical decline as a function of either Pt or Ni substitution,
with minimal difference between the two systems. The
similar positioning of the superconducting dome for each
system at an optimal concentration of x ~ 0.16 follows
that expected for the nominally equivalent addition of
two d-electrons from both Pt and Ni substituents, as
compared to that of SrFey_,Co,Ass with only one d-
electron contribution and a significantly larger optimal
doping of = ~ 0.24'3. However, a significant factor of two
difference is apparent in T (,;,q,) values, presenting an in-
triguing contrast in two systems with nominally identical
phase diagrams.

With similar modification of unit cell parameters!'?,
identical oxidation states and nearly identical phase di-
agrams in both substitution series, we consider intrinsic
variations in pair-breaking scattering rates as the pri-
mary origin of this contrast. Following previous studies,
which have shown that electron bands dominate trans-
port in the TM-doped systems'# 6 and optical conduc-
tivity studies which indicate a single dominant Drude-like
component' 18 we utilize a simple one-band model'?:2°
to estimate the elastic (T' = 0) transport scattering rate,
allowing for broad comparisons between different sys-
tems and data sets. The normal state scattering rate,
I = ﬁ%, where e is the electronic charge and m™* is
the effective mass, is determined from transport mea-

""""" LI L A |
T T T T T T T
5 o i R . A SFe  Pd  As
~ - = ‘AA’AA ‘ o | .
600 > 000004 —¢ [ ] SrFe,  Nij As, -
2 I | L 2 SrFe1 7000030A32
L= v V BaFe Pt As
T G 2R v 5
o 4L v i
I 1 1 L 1 1 1 1 1
c 400 + 0 20 40 60 80
(&)
G
=1
N
Q
200 -
, _
TN
i |
L -
o 4.1 . L
0 100 200

Temperature (K)

FIG. 2: Six-wire measurements of resistivity (main panel) and
Hall coefficient (inset) of optimally-doped SrFes;_,Pd.Ass,
SrFes_,NizAsa, SrFes_,CorAse and BaFes_,Pt,Ase, with
T values of 7, 8, 17 and 20 K, respectively. The schematic
depicts the configuration of the six-wire measurement.

surements by extrapolating the resistivity p;, and Hall
coefficient Ry to zero temperature using power law fits
over an extended range of temperatures above T,. We use
an effective mass of m* = 2m, based on the measured
values for the electron bands in CaFeyAs23, SrFes Asy?!
and BaFe,;Asy?? from quantum oscillation measurements
and an optical conductivity measurement on optimally
Co-doped BaFepAsy?4.

Six-wire measurements were used to determine both
Pz and Ry simultaneously for several optimally-doped
samples with a range of T, values, thereby significantly
reducing geometric factor error in calculating I' by elim-
inating sample thickness dependence. Shown in Fig. 2,
four different optimally-doped TM-substituted samples
(Ni-, Pd-, Co- and Pt-based with T, values of 7 K, 8 K,
17 K, and 20 K, respectively) exhibit an observable dif-
ference in absolute resistivity values dominated by a rigid
shift in the zero-temperature elastic contribution pg, as
evident from the comparable inelastic contributions (i.e.,
slope of p(T')). The resulting contrast in T, values fol-
lows this trend, with a systematic reduction of T, with
increasing pg.

We compare the resultant 7. (I") values with those cal-
culated for all optimally doped TM-substituted 122 sam-
ples with p,, and Ry values available in the literature,
as shown in Fig. 3. (All data corresponds to systems
with electron-dominated transport with the exception of
Ru substitution, for which we utilize the electron com-
ponent of p,, extracted with a two-band analysis and
n. from ARPES measurements®’ to obtain a value of T’
that can be compared with the other data.) Remark-



ably, all T, values follow the same trend of suppression
with increasing I'; as expected in the AG formalism for
a superconductor with increasing levels of pair-breaking
impurities?®25-27 but surprising in light of the variety of
systems presented. In particular, there is no clear trend
associated with species of alkaline earth cation or tran-
sition metal substituent except for an average reduced
scattering rate for Ba-based systems. This is likely cor-
related with both the lower substitution concentrations
required to reach optimal doping as well as the lower
Tn ordering temperatures in BaFesAsy as compared to
both SrFe;As, and CaFesAsy; . Note that I' values for
BaFes_,Co,Ass and BaFes_,Ni, Assare nearly identical
to those obtained in optical conductivity measurements'®
if we assume the same effective mass values, providing a
confirmation of our analysis.

The rate of suppression of T,, defined by the critical
scattering rate I'. where T, is completely suppressed,
is in general dependent on the type of scatterers and
the order parameter symmetry: according to Anderson’s
theorem, fully-gapped s-wave superconductors only re-
spond to magnetic impurities, while unconventional pair-
ing symmetries can be affected by both magnetic and
nonmagnetic impurities?®. Assuming predominant non-
magnetic scattering as evidenced by a paramagnetic nor-
mal state and no obvious indication of enhanced mag-
netism due to TM substitution (e.g., absence of any en-
hanced susceptibility)?!2, the presence of non-magnetic
pair-breaking points to a sign-changing order parameter.
However, several substitution®”2 and irradiation?%-30:31
studies report a much weaker rate of suppression than
that expected for a sign-changing order parameter; cal-
culations for an ideal st superconductor with full gaps
on both bands?® and strong interband scattering yield
[e(s4) = 1.8x 1013 §7120:30:32 with similar values for the
d-wave case?S. Shown in Fig. 3, a fit to the typical AG
functional form?® yields a value I'; = 1.5x 10 s~! corre-
sponding to a critical mean free path of ~ 1.1 nm (using
Fermi velocity vy = 1.7 x 10° m/s?!), close to the ex-

pected superconducting coherence length ¢ = 2.8 nm?3.

However, this value is also an order of magnitude
weaker than the expected T'.(sy ), presenting a significant
challenge to models considering a fully gapped s4 pair-
ing symmetry, particularly in the presence of strong in-
terband scattering®. But calculations using the T-matrix
approximation for an s state emphasize that both inter-
and intra-band scattering in the unitary limit can be de-
creased with appropriate parameters, resulting in a pos-
sible four-fold increase of I'.3* that may offer an expla-
nation, and may in fact be used to extract the relative
strength of inter- and intraband scattering in these sys-
tems. In addition, recent studies that consider the ef-
fects of disorder on both superconductivity and compet-
ing states®® provide an alternative explanation for the
apparent weak pair-breaking effects observed throughout
the iron-based superconductor family.

The optimum clean-limit (I'=0) transition temper-
ature T,y is an important parameter since it is the
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FIG. 3: Effect of transition metal substitution on 7. val-
ues of a wide variety of 122 superconductors at optimal
doping concentrations, plotted as a function of the experi-
mental transport scattering rate I' = ep/Ruam™ (see text).
Closed symbols indicate six-wire measurements (see text),
and open symbols indicate values obtained from literature
data for (1) CaFe1.92Cog.0s Asa??, (2) BaFes_,Coy Asy 1916
(3) BaFes_NipzAsy 748 (4) SrFe1.74Co0.26 As2?®  and (5)
SrFe;.g4Nig.16As2 (p0=212 ;J/QCITI7 RH(O K):1.4 x 1079
mS/C)50. Samples of SrFes_,,Co, Asy and SrFez—,Ni,Ass de-
noted with an “a” are annealed (see text and footnote®®).
All T, values follow a universal rate of suppression with I’
well described by an Abrikosov-Gor’kov fit (dashed line) that
is much weaker than expected for a superconductor with st
symmetry and interband scattering (dotted line)2%-30:32,

value that should be utilized in considering the in-
trinsic pairing strength. Our determination of T,y =
26 K is consistent with the well-established maximum
T. value of ~ 25 K found among all TM-doped 122
systems', as well as with extrapolated estimations of
pressure- and doping-optimized systems such as shown
in the comparison of BaFey_,Ru,Ass substitution and
pressure dependence®®. But this observation raises an
intriguing question about why 7T,y does not approach
that found in higher T, intermetallic systems including
Sr1_,K,FesAsy, Baj_,K,FesAsy and BaFeyAsy_P,t,
which have calculated I' values in the range shown in
Fig. 3. In contrast to the typical explanation of a re-
duced level of active-plane disorder as the reason for
higher T, values in the alkali metal-doped systems, the
determination of T,y and its failure to reach ~ 40 K sug-
gests a fundamental asymmetry in pairing strength be-
tween electron- and hole-doped systems that does not
arise from scattering differences alone (although the ef-
fects of strong scattering in the hole bands'41%19:37 can-
not be discounted as a factor in the observed asymmetry).



A universal T,(I") relation suggests a similar pairing
potential for all TM-doped 122 compounds that is dis-
rupted by a common scattering mechanism. It is not
clear why certain TM substitutions induce more scat-
tering than others, but dramatic variations in seem-
ingly similar elemental substitutions are not unprece-
dented. For instance, the BaFes_,Ru;Ass system re-
quires ~ 30-40% Ru substitution to obtain optimal dop-
ing, which is almost four times higher concentration than
Co substitution but results in a very similar value of
Te(maz) - Such a contrast has been argued to arise from
the aliovalent versus isovalent nature of, respectively,
Co and Ru substituents, but recent work has put this
into question. Mossbauer studies of BaFes_,,Co,Ass and
BaFey_Ni,Asy find no change in d-electron population
with substitution®®, while an x-ray absorption study re-
veals no change in the Fe valence with Co substitution
in BaFey_,Co,As23”. Furthermore, recent calculations
suggest that substituted d-electrons can remain localized
at the substituent sites®, either still resulting in a rigid
band shift® or generating a phase diagram strikingly sim-
ilar to that expected from a rigid band shift*°.

Variations in impurity or disorder levels due to details
of substitution chemistry likely play a key role in ex-
plaining the variation in I'" values observed in the 122
series of superconductors. This is corroborated by ob-
servations of enhancements in 7, values after anneal-
ing crystals of both low- and high-I" systems, in par-
ticular BaFes_,Co,Asy*! and SrFes_,Niz Asy??, respec-
tively, and confirmed by our study of a SrFe;_,Ni,Ass
crystal with six-wire measurements obtained before and
after annealing: as shown in Fig. 3, the shift of data
along the AG curve indicates an inverse relation between
T. and T'*3. In the case of BaFey_,Co,As»*!', annealing
was shown to enhance 7, to a maximum value of 25 K,
consistent with our determined T,y value. The reason
why the BaFes;_,Co,Ass system is closest to the clean
limit is not known, however a lack of observable disor-
der in Fe-As bond lengths in BaFes_,Co,As; may have
provided an important insight**; it would be interesting
to perform the same study on high-I" systems to confirm
this scenario.

In conclusion, we have demonstrated the existence of
a universal pair-breaking relation for a wide range of op-
timally transition metal-doped 122 systems, suggesting
a common scattering mechanism and pairing potential
across the series. The rate of suppression of T, and the
contrast between the optimum (zero-scattering) T,o value
of ~26 K and the higher T, values achieved in non-
transition metal substitution series provides important
constraints on the pairing symmetry and mechanism in
the intermetallic iron-based superconductors.
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