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FIG. 3. (Color online) Pressure-temperature phase diagram of
Ba1−xKxFe2As2 for x = 0.19, showing the antiferromagnetic (AF)
ordering temperature TN, the superconducting (SC) transition tem-
perature Tc, and the anomaly at T0, as a function of pressure. Error
bars are smaller than the size of the symbols. We attribute the anomaly
at T0 to the onset of a new phase (NP), whose order has yet to be
determined. P ! is the critical pressure above which the new phase is
present.

a temperature labeled T0. In Fig. 2, a zoom at low temperature
shows that T0 moves up under pressure, in contrast to TN which
moves down.

The superconducting transition moves up with pressure
initially, and it becomes sharper where Tc is maximal. At
pressures where the new phase is present, Tc moves down
with pressure and the transition widens. At P > 1 GPa, the
onset of the superconducting drop is independent of pressure.

Phase diagram. In Fig. 3, the evolution of TN, T0, and
Tc with pressure is displayed on a phase diagram for x =
0.19. Initially, Tc rises as TN falls, reflecting the competition
between antiferromagnetic and superconducting phases. At
low pressure, the pressure-tuned competition mimics the well-
known concentration-tuned competition (Fig. 4). Tc reaches a
maximal value of 20.0 ± 0.2 K at P " 1 GPa, and then it falls.
The peak in Tc coincides with the point where the T0 and Tc

lines intersect; we label this pressure P !. (The point T0 < Tc

at 1.08 GPa was determined by the application of a magnetic
field to lower Tc; see Fig. 5.)

Qualitatively identical phase diagrams are obtained for all
four samples (Fig. 6). With increasing x, the antiferromagnetic
phase shrinks, while the new phase expands (to higher
temperature and lower pressure). The peak in Tc(P ) correlates
with the appearance of the new phase, i.e., it coincides with
P !. As shown in Fig. 7(a), TN decreases with doping the same
way at zero pressure and at 2.4 GPa. At 2.4 GPa, T0 increases
linearly with doping, so that T0 and TN are expected to become
equal at x " 0.23. The maximum Tc attained under pressure,

FIG. 4. (Color online) Evolution of the superconducting tem-
perature Tc of underdoped Ba1−xKxFe2As2 as a function of the
corresponding antiferromagnetic temperature TN, obtained by varying
either x at ambient pressure (open black symbols) or pressure at fixed
x, for four values of x, as indicated. The data come from neutron
(open diamonds, Ref. 10) and transport (open squares, Ref. 12)
measurements. The line is a guide to the eye. The small vertical
lines indicate the position of P !. Note that pressure and doping have
the same effect in both decreasing TN and increasing Tc, until pressure
induces the onset of a new phase at P !, whereupon Tc drops from its
otherwise monotonic increase vs P and x.

T max
c , increases with x [Fig. 7(b)]; at high x, it approaches

the value of Tc at zero pressure since P ! moves down with x
[Fig. 7(c)].

Discussion. A drop in the resistivity could have a number
of possible origins. First, we rule out the possibility of an
incomplete superconducting transition by studying the effect
of a magnetic field. In Fig. 5, ρ(T ) for x = 0.19 is shown
at H = 0 and 15 T. While Tc shifts down by ∼7 K, T0 is
only suppressed by about 0.7 K. A second possibility is a
Lifshitz transition. Within a single antiferromagnetic phase,
the Fermi surface can undergo a second reconstruction below
the original one at TN when the spin-density-wave order
parameter exceeds a certain critical value. However, such a
Lifshitz transition is unlikely to be the explanation here, as T0
and TN respond in opposite directions to both pressure (Fig. 6)
and K concentration (Fig. 7).

Instead, the phenomenology strongly suggests that a second
phase transition occurs at T0, to a new phase with currently
unknown order. Let us mention two possible density-wave
scenarios. The first is a charge-density wave. Angle-resolved
photoemission spectroscopy data on BaFe2As2 have revealed
highly parallel sections of the Fermi surface inside the antifer-
romagnetic phase.16 Such features suggest the possibility of
an incommensurate charge-density-wave instability favored
by the good nesting conditions, which may be improved by
tuning x and applying pressure.

A second possibility is that TN and T0 are the onset
temperatures of two successive spin-density-wave phases.
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FIG. 1: (a) (upper panel) The band-structure with two cir-
cular hole pockets at � and two electron pockets at X and
Y, using the unfolded Brillouin zone with one Fe atom per
unit cell. The arrows refer to two equivalent nesting wavevec-
tors Q

X

= (⇡, 0) and Q
Y

= (0,⇡) (lower panel) Possible
magnetic ground states of the Fe-lattice: (b) the C2 antifer-
romagnetic stripe phase with �

X

= 0 and �
Y

6= 0; (c) a C4

magnetic state, in which |�
X

| = |�
Y

| 6= 0, that is compatible
with tetragonal lattice symmetry (other possible C4 magnetic
structures are discussed in the Supplementary Information);
(d) magnetic order in which |�

X

| << |�
Y

| 6= 0. Note that
the Néel transition at low temperatures, T

N2 , from phase (b)
to phase (c) is first order, while the transition from phase
(b) to phase (d) is of the second order in which an additional
small component of �

X

appears below T
N2 . Our experiments

are more compatible with scenario (c).

The interaction term in the Hamiltonian H
int

con-
tains all symmetry-allowed interactions between low-
energy fermions, which include inter- and intra-band
scattering processes [25]. We present the explicit form
of H

int

in the Supplementary Information. The mean-
field equations on �

X

and �
Y

are obtained by in-
troducing �

X

= (1/2N)
P

k

c†1,k↵~�↵�

c2,k� and �
Y

=

(1/2N)
P

k

c†1,k↵~�↵�

c3,k� and using them to decouple
four-fermion terms into anomalous quadratic terms with
inter-band ”hopping”, which depends on �

X

and �
Y

.
We diagonalized the quadratic form, re-expressed c

i,k↵ in
terms of new operators and obtained a set of two coupled
self-consistent equations for �

X

and �
Y

.

We solved the mean-field equations numerically as a
function of two parameters, �0 and �2 (see Supplemen-
tary Information for details). The parameter �0 = 2µ
represents the mismatch in chemical potentials of the hole
and electron pockets (�0 = 0 when the electron and hole
pockets are identical). �2 = "0m(m

x

� m
y

)/(2m
x

m
y

)
is proportional to the ellipticity of the electron pockets.
We focused on the two SDW-ordered states– the antifer-
romagnetic stripe state with �

X

6= 0 and �
Y

= 0, in
which C4-symmetry is reduced to C2 and on the SDW
state with �

X

= �
Y

, in which C4-symmetry is pre-

FIG. 2: Phase diagram of Ba1�x

Na
x

Fe2As2. The blue points
are the coincident antiferromagnetic and orthorhombic tran-
sition temperatures, T

N

, into the C2 phase, and the red point
is the observed transition temperature into the tetragonal C4

phase, all measured by neutron di↵raction. The green points
are the superconducting transition temperatures, T

c

, deter-
mined from magnetization data.

served. As we said, the two states are degenerate at zero
ellipticity and perfect nesting, when �2 = �0 = 0. Once
the ellipticity becomes non-zero, the stripe state wins
immediately below the Neel temperature T

N

. The C4-
preserving state (with �

X

= �
Y

) is a local maximum
and is unstable at T  T

N

.

By solving the equations at lower temperature, we
found that, at a finite �0, the C4-preserving state also
becomes locally stable below some T < T

N

, and at an
even lower T < T

N2 , its free energy becomes smaller
than that of the stripe phase, i.e., at T = T

N2 the system
undergoes a first-order phase transition in which lattice
C4 symmetry gets restored. (see Fig.1(c)). Because T

N

falls as the Fermi surface mismatch �0 increases, the new
C4-preserving phase in practice exists only in a narrow
region of the phase diagram close to the suppression of
SDW order. This behavior is illustrated in Fig. 2. We
also analyzed a four-pocket model with two hole pockets
and found another scenario for a second SDW transition.
Namely, the AF stripe order �

Y

initially involves only
fermions from a hole pocket which has higher density of
states. Below some T < T

N

, fermions near the remain-
ing hole pocket and near the electron pocket at X, not
involved in the initial stripe order, also produce SDW in-
stability, and the system gradually develops the second
order parameter |�

X

|, which distorts the stripe AF or-
der. The corresponding low T spin configuration is shown
in Fig.1(d). In this case, however, the C4 symmetry re-
mains broken at all temperatures. Our experimental data
taken as a function of doping are more consistent with a
first-order transition and restoration of C4 symmetry (see
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states at the Fermi level N0,S and N0,L , respectively. The
analysis presented in Ref. 41 shows that the quasiparticle
states in the vortices are highly confined in the L band but
only loosely bound in the S band. Therefore the quasiparticle
states of the vortices in the S band start to overlap already in
weak fields and the resulting density of states equals that of
the normal-state N0,S at H!Hc2. The situation can be visu-
alized as a vortex lattice involving the L-band states, coex-
isting with the normal state in the S band where the energy
gap is suppressed. This model explains very well the behav-
ior of the electronic specific heat in a magnetic field.2,42 The
field-induced suppression of the smaller gap is claimed to be
consistent with the results of point-contact measurements3,9
and recent scanning tunneling spectroscopy experiments.43
In terms of the two-gap model, the saturation of the thermal
conductivity much below Hc2 may be regarded as the result
of the closing of the energy gap in the S band. The heat
transport via quasiparticles of the band associated with the
larger gap is significant only in the vicinity of Hc2, and,
eventually, above Hc2 the full normal-state electronic heat
transport is restored. The lack of a substantial dependence of
!e on the field orientation for H!Hc2 is an obvious conse-
quence of the weakly anisotropic 3D nature of the " bands.
From this we conclude that the smaller gap must open in the
" band. The rapid increase of the number of quasiparticles in
the " bands also naturally explains the very fast drop of
!ph(H) in small fields, because the corresponding excited
quasiparticles are the dominant scattering centers for
phonons at low temperatures.
A more quantitative analysis of !e(H) can be made for

the lowest temperatures where, as may be seen from Fig. 3,
the phonon contribution is relatively small in comparison
with the field-induced electronic contribution. At very low
temperatures, the phonon scattering by electronic quasiparti-
cles is less effective35; therefore, !ph(H"0) should not
much deviate from !ph(H#0). Indeed, at temperatures of
0.60 and 1.02 K, there is no initial decrease of !(H) in small
fields. Assuming that the phonon contribution is essentially
H independent and that the smaller gap is completely sup-
pressed in fields exceeding 20 kOe, we may establish the
individual contributions to !e of the quasiparticles associated
with either the # or " band. This is illustrated in Fig. 6. A
possible reduction of !ph with increasing H could slightly
change this ratio in favor of !e ," , but only by a few percent.
The ratio !e ," /!e ,# is 0.57/0.43, as estimated from the !(H)
data at T#0.60 K. This ratio is remarkably close to the ratio
of the densities of electronic states in the two bands,
N0," /N0,# of 0.58/0.42, as calculated by Liu et al.15
and 0.55/0.45 by Belashchenko et al.44 Similar ratios of
0.55/0.45 and 0.50/0.50 have been extracted from tunneling
spectroscopy measurements43 and from specific heat
experiments,2 respectively. From this comparison, we reach
the important conclusion that the electron mean free paths on
different sheets of the Fermi surface are close to being equal.
Indeed, the electronic thermal conductivity may be calcu-
lated from !e#CevFl/3, where Ce is the electronic specific
heat. Since Ce ,i$N0,i and the ab components of the Fermi
velocity vF ,i (i#" ,#) are similar for different sheets of the
Fermi surface in MgB2,45 the equality !e ," /!e ,#

%N0," /N0,# is tantamount to saying that, at low tempera-
tures, the ratio of the electron mean free paths in different
bands l" /l# is close to unity. This observation is essential in
view of the current discussion of the possibly different im-
purity scattering rates in different bands of electronic states
of MgB2.46–48
Although the absence of any particular feature at Tc in the

zero-field !(T) data, discussed in Sec. IV B, gives only
qualitative support for the existence of parts of the Fermi
surface with a gap much smaller than predicted by the stan-
dard BCS theory, the magnetic-field-induced variation of the
low-temperature thermal conductivity may be regarded as
strong evidence in favor of the multigap scenario.
At the same time we believe that the model of Haas and

Maki49 for explaining the thermodynamic and optical prop-
erties of MgB2 is not appropriate. They proposed the k de-
pendence of a single energy gap to adopt the form of a pro-
late ellipsoid. Our claim is based on the comparison of our
data set with similar results for materials with strongly an-
isotropic gap functions. In Fig. 7, we redraw a figure from
Ref. 50, which compares the field-induced variation of !e at
temperatures well below Tc for different conventional and
unconventional superconductors, amended by our data for
MgB2 at T#0.60 K. The Nb data51 reveal the typical salient
features of a clean, almost isotropic s-wave superconductor,
and confirm the very weak energy transport by quasiparticles
far below Hc2, in agreement with Eq. &8'. A considerably
faster, almost linear in H, increase of !e is observed for a
superconductor with nodes in ((k), here exemplified by
UPt3.52 A similar H variation of !e has been observed for
LuNi2B2C, which led the authors of Ref. 50 to claim an
anisotropy of the energy gap (max /(min"10. The increase of
!e(H) in MgB2 is much faster than in any of these materials.
For the field direction H!c , more than half of the normal-
state thermal conductivity is restored already at H
#0.05Hc2. This means that, with increasing H, instead of the

FIG. 6. Separation of the individual contributions of the #- and
"-band quasiparticles, and the phonons to the normal-state thermal
conductivity of MgB2 at T#0.60 K.
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