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Sudden reversal in the pressure dependence of T,
in the iron-based superconductor KFe,As,

F. F. Tafti', A. Juneau-Fecteau', M-E. Delage’, S. René de Cotret', J-Ph. Reid'’, A. F. Wang?, X-G. Luo?,
X. H. Chen?, N. Doiron-Leyraud' and Louis Taillefer"3*

Proximity to an antiferromagnetic phase suggests that
pairing in iron-based superconductors is mediated by spin
fluctuations™, but orbital fluctuations have also been
invoked®. The former typically favour a pairing state of ex-
tended s-wave symmetry with a gap that changes sign between
electron and hole Fermi surfaces®® (s.), whereas the latter
yield a standard s-wave state without sign change® (s, ). Here
we show that applying pressure to KFe,As; induces a sudden
change in the critical temperature T, from an initial decrease
with pressure to an increase above a critical pressure P.. The
smooth evolution of the resistivity and Hall coefficient through
P. rules out a change in the Fermi surface. We infer that there
must be a change of pairing symmetry at P.. Below P, there is
compelling evidence for a d-wave state'®, Above P, the high
sensitivity to disorder rules out an s, state. Given the near
degeneracy of d-wave and s.. states found theoretically’>-"°, we
propose an s_. state above P.. A change from d-wave to s-wave
would probably proceed through an intermediate s + id state
that breaks time-reversal symmetry?°-22,

KFe,As; is a stoichiometric iron arsenide with a superconducting
critical temperature T, = 4K. It is a member of the extensively
studied 122 family of iron-based superconductors®. Single crystals
can be grown with very high purity, making it by far the cleanest of
the iron-based superconductors. Its high hole concentration is such
that its Fermi surface does not contain the usual electron pocket
at the X point (of the unfolded Brillouin zone); it consists mainly
of three hole-like cylinders: two located at the zone centre (I")
and one at the corner (M; Fig. la). There is no antiferromagnetic
order, but there are antiferromagnetic spin fluctuations, detected by
inelastic neutron scattering®. In iron-based superconductors, spin
fluctuations generally favour the sy pairing state in which the gap
changes sign between hole and electron pockets'™ (Fig. 1b). In the
absence of the electron pocket at X, this mechanism becomes much
less effective, and functional-renormalization-group calculations
find that a d-wave state (Fig. 1c) is the most stable state in
KFe,As, (ref. 15). Other theoretical methods find that sy and
d-wave states are very close in energy'”'®. Experimentally, thermal
conductivity studies in KFe,As, make a compelling case for d-wave
symmetry'®": line nodes are found to be vertical and present on
all Fermi surfaces, and the thermal conductivity is independent of
impurity scattering, as expected of symmetry-imposed line nodes.
A d-wave state is also consistent with penetration depth data'®.
However, in a recent angle-resolved photoemission spectroscopy
(ARPES) study of KFe,As,, vertical line nodes in the gap were
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Figure 1| Fermi surface of KFe;As; and possible superconducting states.
a, Schematic of the main Fermi surface sheets of KFesAsy, inthe k, =0
plane, shown in the unfolded Brillouin zone (with one Fe per unit cel)3. It
consists of two zone-centred hole pockets (hy and hy) and one hole pocket
at M (h3). b, Sketch of the main Fermi surface sheets of K;_,BayFesAs», at
x= 0.4, with an electron pocket (e) at X (and no hole pocket at M)3. The
standard s pairing state (type |) involves full gaps on each pocket, with a
sign change from + on the hole pockets (hy, hy) to — on the electron pocket
(e). ¢, d-wave pairing state'®, where the gap changes sign as the azimuthal
angle crosses the zone diagonals (dashed lines). This symmetry forces the
gap to have nodes (zeros) on all Fermi surface sheets that cut those
diagonals (small open circles). d, Illustration of an sy pairing state (type I)
where the gap changes sign from + on the inner I'-centred hole pocket (hy)
to — on the outer I'-centred hole pocket (hy) (see ref. 27).

observed on only one of the three Fermi surfaces®. To explain this,
a particular kind of s;. state was proposed®” where the sign change is
between the two I'-centred hole pockets (Fig. 1d).

To help clarify the situation, we have studied the effect of
hydrostatic pressure on KFe,As,, by measuring the resistivity and
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Figure 2 | Pressure dependence of T, in KFe,As;. a, Pressure dependence in KFey As,, with filled circles representing sample A (from colour-coded
resistivity data in b,c) and open circles sample B. The critical pressure P. =17.5 kbar marks the transition from a decreasing to an increasing T.. The dashed
lines are linear fits to the data within 10 kbar on either side of P¢. b, Isobars of p(T) in sample A, normalized to unity at T=4K, for three pressures below
P, as indicated. ¢, The same as in b, for pressures above P¢, with p normalized at T =2.5K. T, is the temperature below which p(T) = 0. The relative
accuracy on T¢ is better than 2% (Supplementary Fig. S2); the relative uncertainty on the value of pressure is 0.2 kbar. The grey arrows show how T.

moves with pressure.

Hall effect in two single crystals, labelled sample A and sample B
(Supplementary Information). As seen in Fig. 2a, we find that T,
decreases initially with pressure, as found elsewhere®, but once
the pressure is increased above a critical value P, = 17.5kbar, it
suddenly starts to rise. T, varies linearly on either side of P,
producing a V-shaped dependence of T, on P. This sharp inversion
in the effect of pressure on T. is our central finding, reproduced
in both samples (Supplementary Fig. S1). There are two possible
mechanisms: a Lifshitz transition, whereby the Fermi surface
undergoes a sudden change; or a phase transition with broken
symmetry. In Fig. 3a, we see that the Hall coefficient Ryy inthe T =0
limit remains completely unchanged by pressure, right through P,
(Fig. 3b). A Lifshitz transition, such as the appearance of an electron
pocket, would produce a sudden change in Ry;(0). It can therefore
be excluded as a possible cause for the rise of T beyond P..

We deduce that a phase transition occurs at P.. Any density-wave
or structural transition that breaks translational symmetry would
reconstruct the Fermi surface, and cause associated anomalies in
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the transport properties. Such transitions are therefore ruled out
by the absence of any anomaly in Ry (Fig. 3b) and in the electrical
resistivity p (Fig. 3c) at P.. Note that density-wave phases such as
the antiferromagnetic phase in Ba, _,K,Fe,As, with x < 0.4 generally
compete with superconductivity and so produce a dome-shaped
curve of T, versus P or x (refs 1,2,12), not a V-shaped curve as
seen here (Fig. 2a). We conclude that what occurs at P. is not a
transition in the normal-state electronic properties, but a transition
to a superconducting phase of a different symmetry.

For the phase above P, the effect of impurity scattering on
T. rules out the standard s, , state. At ambient pressure, 4% Co
impurities in KFe,As, suppress T, to zero'>—the critical value of
the residual resistivity being pf™ = 4.5uQ cm (refs 11,13). This is
consistent with a d-wave state, whose T, is expected to vanish when
the scattering rate is of the order of T, (ref. 11). We measured
the resistivity of a sample of KFe,As, with 3.4% Co impurities,
in which py =3.8uQ2cm and T, = 1.7K at ambient pressure
(Supplementary Fig. S3). Under pressure, the T, of this Co-doped

NATURE PHYSICS | VOL 9 | JUNE 2013 | www.nature.com/naturephysics

© 2013 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nphys2617
http://www.nature.com/naturephysics

NATURE PHYSICS o1 10.1038/NPHYS2617 LETTERS

a 0.5
P =8.9 kbar

= 13.6
3 L

& 21.0
£

I
[+

\
049 5 10 15 20
T2 (K?)
b 0.8 C 10
06
P, 3
£ 04 -@ @-----i---- GOO@------ S '
£ : g :
Q:I i E i
02+ :
! 2+ ;
T -0 i T=20K i
0.0 ‘ - \ Ll
0 10 20 30 % 10 20 30
P (kbar) P (kbar)

Figure 3 | Hall coefficient and resistivity of KFe;As; under pressure. a, Hall coefficient Ry of KFeoAs; as a function of temperature, plotted as Ry versus

T2, measured in sample A for a magnetic field of 13 T along the ¢ axis of the tetragonal lattice, at different values of the applied pressure P, as indicated (see
also Supplementary Fig. S4). The lines are linear fits to the data, extrapolated to T =0 to yield the residual values, Ry (0). b, Pressure dependence of Ry (0),
seen to remain completely unchanged throughout the range investigated. ¢, Pressure dependence of p measured in sample A at T=20K, seen to decrease

monotonically through P.. The solid line is a smooth fit through all data points.

sample is suppressed to zero and does not re-emerge above P,
(Fig. 4). This shows that the superconducting state above P, cannot
be s, a state that is insensitive to non-magnetic impurities.
Neither could this high-pressure state be the same s. state as
in the usual BaFe,As,-based superconductors (with an electron
pocket at X), because T in these materials is very robust against
impurity scattering®.

A plausible candidate for the phase above P, is the s. state
proposed in ref. 27 (for ambient pressure), with a sign change
between the two hole pockets at " (Fig. 1d). Given the similarity
of these two pockets, inter-band scattering is likely to be significant
and T, is therefore expected to be rather sensitive to disorder, as
observed. The fact that, above P, T, rises even though p continues
to decrease (Fig. 3¢) is consistent with calculations for this type of
s+ state, which require that the interaction between fermions be
largest at small momentum transfer”’. As mentioned above, this
type of sy state is consistent with the ARPES study that finds a
large, angle-dependent gap on the two I'-centred hole pockets and a
small nodeless gap on the M-centred hole pocket®®. We suggest that
the state measured by ARPES at ambient pressure is this s state,
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stabilized at the cleaved (polar) surface of KFe,As, even though the
bulk is in a d-wave state.

In iron-based superconductors with a Fermi surface that
contains hole and electron pockets (Fig. 1b), the natural proximity
of s; and d-wave states was nicely revealed by calculations' where
the strength of the (7, ) spin fluctuations (connecting two nearby
electron pockets) was gradually increased for a fixed strength of
(7, 0) spin fluctuations (connecting hole and electron pockets).
A V-shaped variation of T, is obtained, as the superconducting
phase goes from s, to d-wave. Impurity scattering suppresses T
on both sides of the transition and opens up an intermediate
region without superconductivity'. This is the phenomenology we
observe in KFe,As,, where an analogous mechanism of competing
interactions may be at play even if the Fermi surface does not
contain an electron pocket.

Our proposal is that the V-shaped dependence of T; on pressure
in KFe,As, reflects a change of pairing symmetry, most likely from
a d-wave state below P, to an s, state above P.. To confirm this
interpretation, measurements that probe the superconducting state
below T, will be needed, especially above P.. Note that when d-wave

351

© 2013 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nphys2617
http://www.nature.com/naturephysics

LETTERS NATURE PHYSICS po1:101038/NPHYS2617

4 12.

Reid, J-Ph. ef al. From d-wave to s-wave pairing in the iron-pnictide

superconductor Ba;_,K,Fe,As,. Super. Sci. Technol. 25, 084013 (2012).

L 13. Wang, A. F. et al. Anomalous doping effects of Co impurities on the iron-based

o superconductor KFe,As,: Evidence for a d-wave superconducting state.

h Preprint at http://arxiv.org/abs/1206.2030 (2012).

g . Hashimoto, K. et al. Evidence for superconducting gap nodes in the

“a. zone-centered hole bands of KFe,As, from penetration-depth measurements.

- Phys. Rev. B 82, 014526 (2010).

15. Graser, S. et al. Near-degeneracy of several pairing channels in multiorbital
models for the Fe-pnictides. New J. Phys. 11, 025016 (2009).

16. Thomale, R. et al. Exotic d-wave superconducting state of strongly hole-doped
K,Ba,_.Fe;As,. Phys. Rev. Lett. 107, 117001 (2011).

17. Suzuki, K., Usui, H. & Kuroki, K. Spin fluctuations and unconventional pairing
in KFe,As,. Phys. Rev. B 84, 144514 (2011).

18. Maiti, S. et al. Evolution of the superconducting state of Fe-based compounds

e with doping. Phys. Rev. Lett. 107, 147002 (2011).
19. Fernandes, R. M. & Millis, A. J. Suppression of superconductivity by Neel-
type magnetic fluctuations in the iron pnictides. Phys. Rev. Lett. 110,
117004 (2013).

2 1‘5 e 2‘0 ——— 2‘5 B 20. Lee, W. C., Zhang, S. C. & Wu, C. Pairing state with a time-reversal symmetry
breaking in FeAs-based superconductors. Phys. Rev. Lett. 102, 217002 (2009).
P (kbar) 21. Stanev, V. & Tesanovic, Z. Three-band superconductivity and the order
parameter that breaks time-reversal symmetry. Phys. Rev. B 81, 134522 (2010).
Figure 4 | Effect of impurity scattering on T, in KFeAs;. Pressure 22. Platt, Ch. et al. Mechanism for a pairing state with time-reversal symmetry

breaking in iron-based superconductors. Phys. Rev. B 85, 180502 (2012).
23. Wen, H-H. & Li, S. Materials and novel superconductivity in iron pnictide
superconductors. Annu. Rev. Condens. Matter Phys. 2, 121-141 (2011).
24. Lee, C. H. et al. Incommensurate spin fluctuations in the hole-overdoped
superconductor KFe,As,. Phys. Rev. Lett. 106, 067003 (2011).
Graf, M. J. et al. Electronic thermal conductivity and the Wiedemann—Franz
law for unconventional superconductors. Phys. Rev. B 53, 15147-15161 (1996).
26. Okazaki, K. et al. Octet-line node structure of superconducting order parameter
in KFe,As,. Science 337, 1314-1317 (2012).
27. Maiti, S., Korshunov, M. M. & Chubukov, A. V. Gap symmetry in KFe,As, and
the cos 40 gap component in LiFeAs. Phys. Rev. B 85, 014511 (2012).
Bud’ko, S. L. et al. Hydrostatic and uniaxial pressure dependence of the
superconducting critical temperature of KFe,As, single crystals. Phys. Rev. B
86, 224514 (2012).
29. Kirshenbaum, K. ef al. Universal pair-breaking in transition-metal-substituted
iron-pnictide superconductors. Phys. Rev. B 86, 140505 (2012).
Khodas, M & Chubukov, A. V. Interpocket pairing and gap symmetry in
Fe-based superconductors with only electron pockets. Phys. Rev. Lett. 108,
247003 (2012).

dependence of T in KFe;As; for a nominally pure sample (open circles,
sample B) and a sample with 3.4% Co impurities (filled squares,
K(Fe1_xCoyx)2Asy with x=0.034, from resistivity data in Supplementary
Fig. S3). The dotted lines are linear fits to the pure data within 10 kbar on
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points of the impure sample. Note how T is suppressed by the addition of
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both sides of the transition are highly sensitive to impurity scattering.

and s-wave phases come together, an intermediate s+ id phase  2s.
that breaks time-reversal symmetry is likely to intervene'****°. One
signature of such a phase is a spontaneous internal magnetic field
that appears below T¢, which could in principle be detected with
muons, in clean samples of KFe, As, at pressures near P,. 30.
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