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We report a high-pressure study of simultaneous low-temperature electrical resistivity and Hall effect
measurements on high quality single-crystalline KFe2 As2 using designer diamond anvil cell techniques with
applied pressures up to 33 GPa. In the low-pressure regime, we show that the superconducting transition
temperature Tc finds a maximum onset value of 7 K near 2 GPa, in contrast to previous reports that find a
minimum Tc and reversal of pressure dependence at this pressure. Upon applying higher pressures, this Tc is
diminished until a sudden drastic enhancement occurs coincident with a first-order structural phase transition
into a collapsed tetragonal phase. The appearance of a distinct superconducting phase above 13 GPa is also
accompanied by a sudden reversal of dominant charge carrier sign, from hole- to electron-like, which agrees with
our band structure calculations predicting the emergence of an electron pocket and diminishment of hole pockets
upon Fermi surface reconstruction. Our results suggest the high-temperature superconducting phase in KFe2 As2
is substantially enhanced by the presence of nested electron and hole pockets, providing the key ingredient of
high-Tc superconductivity in iron pnictide superconductors.
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Superconductivity in iron-based compounds has introduced
a new paradigm in our understanding of unconventional
pairing mechanisms in which the repulsive interaction between different Fermi surfaces play a major role [1]. In
the iron superconductors, a wide versatility is found in
the symmetry of the superconducting (SC) gap function,
including sign-reversed full gap (s± ) [2–5] and symmetryimposed (d) [6] or accidental nodal states (nodal s± ) [7,8].
These pairing symmetries have indeed been considered
theoretically and experimentally [9,10], and can undergo
a transition from one to another by chemical substitution
or pressure [8,11–13]. Capturing universal traits in these
symmetries is widely thought to give us the key to understanding high-temperature superconductivity in these fascinating
materials.
Located at the end of phase diagram in hole-doped
(Ba,K)Fe2 As2 [14], the stoichiometric intermetallic compound KFe2 As2 is a promising platform for exploring the
evolution of rich pairing symmetries in iron-pnictide superconductors. While in (Ba,K)Fe2 As2 , the gap symmetry is believed
to be of the fully gapped s-wave type [5,15], in KFe2 As2
both symmetry-imposed [6] and accidental nodal [7,8] gap
functions have been reported, which suggests a transition or
crossover of SC gap function with chemical doping. In addition
to chemical manipulation, recent pressure studies on KFe2 As2
have proposed a possible symmetry change from d- to s± -wave
state to explain the sudden reversal of Tc pressure dependence
at Pc ∼ 2 GPa [12,13].
Here we report a high-pressure study of transport and
structural properties of KFe2 As2 up to 33 GPa, far beyond
previous work. We find two striking features: first, an initial
enhancement of Tc with pressure reaches up to 7 K around
Pc , opposite to that observed in previous pressure work
using hydrostatic pressure cells [12,13,16–18]. Second, upon
applying higher pressure, we reveal another SC phase with
1098-0121/2015/91(6)/060508(5)

maximum Tc of ∼11 K at 15 GPa that is more than double
that of Tc = 4 K at ambient pressure, which emerges together
with a sign change of the dominant charge carrier type as
well as a drastic change in the transport properties. The switch
of carrier type from hole- to electron-like is associated with
a strong first-order structural collapse of the tetragonal unit
cell to a collapsed tetragonal (cT) phase above ∼13 GPa, as
confirmed by x-ray measurements and supported by electronic
band structure calculations. The simultaneous observation of
carrier switch and enhancement of Tc possibly suggests that
interband coupling between hole and electron pockets is the
key ingredient of superconductivity in high-Tc iron-pnictide
superconductors.
High quality single crystals of KFe2 As2 were obtained by
KAs flux method, and placed in contact with the electrical
microprobes of an eight-probe designer diamond anvil cell [19]
configured to allow combinations of both longitudinal and
transverse four-wire resistance measurements. Pressures were
determined from the shift of the ruby fluorescence line [20].
Steatite powder was used as the pressure medium. Transport
measurements (I  ab,H  c) were performed in a dilution
refrigerator. Structural studies were performed at Sector 16
BM-D (HPCAT) of the Advanced Photon Source using a
microfocused (5 × 12 μm), 30-keV incident x-ray beam. The
x-ray sample was cut with a razor blade and loaded into the
sample chamber (40 μm thickness, 130 μm diameter) of a
DAC composed of 300-micron diamond anvils. Neon was
used as the pressure-transmitting medium, and the pressure
was calibrated with NaCl, a small amount of which was
loaded into the chamber along with the DAC. Diffraction
patterns were collected on a MAR345 image plate, and the
data were integrated using the program FIT2D [21]. Lattice
parameters were extracted using JADE and EXPGUI/GSAS software packages [22]. Theoretical calculations were conducted
using the WIEN2K [23] implementation of the full potential
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FIG. 1. (Color online) Enhancement of Tc under pressure.
(a) Temperature dependence of resistance for KFe2 As2 under pressure
of sample no. 1. (b) Low-temperature zoom of resistivity measured at
ambient pressure (without DAC) of sample no. 2 with RRR ∼ 1900.
(c) Suppression of superconducting transition at 14.4 GPa by applying
magnetic field of 15 T.

linearized augmented plane wave method in the local density
approximation. The k-point mesh was taken to be 11×11×11.
As shown in Fig. 1, electrical resistivity measurements were
performed on the same sample at different pressures using
a four-wire configuration. [Resistance rather than resistivity
values are reported due to a possible contamination from highly
anisotropic c-axis conductance of the sample in the DAC;
this is not the case in ambient pressure data; cf. Fig. 1(b).]
At low pressures (i.e., P < 15 GPa), these measurements
reveal a surprising enhancement of Tc that is quite different
from previous reports [12,13,16–18]. At ambient pressure, the
zero-resistance state of KFe2 As2 is observed at 3.6 K, followed
by metallic behavior in the resistivity as shown in Fig. 1(b). On
applying pressure at our lowest value of 3.1 GPa, the transition
temperature determined by zero resistance shows a sudden
jump up to 6 K, followed by a gradual reduction with increasing
pressures up to 9.7 GPa that points to a complete termination
of the superconducting phase near ∼15 GPa. However, at
14.4 GPa we observe a sizable reduction of resistivity below
11 K that is strongly suppressed by applying magnetic field
[see Fig. 1(c)], suggestive of a SC transition. Upon further
pressure increase, the SC transition is gradually reduced, being
completely suppressed to zero temperature near 26 GPa.
We depict the pressure phase diagram of KFe2 As2 with
two SC phases in Fig. 2, defining Tc from the zero resistance
(circles) and onset of the resistive transition (squares). For

FIG. 2. (Color online) T − P phase diagram of KFe2 As2 , with
two distinct superconducting phases occupying different pressure
regimes. The superconducting transition temperature Tc of SC1 phase
(solid circles) is determined from the zero resistance state, and Tconset
(filled squares) in the high-pressure SC2 phase determined from
the onset of resistive transition for samples no. 1 and no. 2 (open
symbols) in Figs. 1(a) and 1(b), respectively. The critical pressure Pc
is defined as the pressure where the sign reversal of Tc (triangles) in the
low-pressure phase dependence has been observed previously [12].
The second superconducting phase SC2 appears above a structural
collapse of the tetragonal unit cell at 13 GPa (see text). Blue dotted line
is the pressure derivative of Tc obtained from the Ehrenfest relation
(see text).

comparison, we also plot Tc from Tafti et al. [12], showing
the sudden reversal in pressure dependence of Tc previously
reported. In the current work, we observe a peak in the lowpressure SC phase (SC1) that appears at the previously reported
critical pressure Pc , rather than a minimum as observed in
other studies [12,13,16–18]. The enhancement (rather than
suppression) of Tc in SC1 can be possibly explained by
the reduction in hydrostatic pressure conditions produced by
the steatite powder in our DAC experiment, as compared
to the previous clamp-cell experiments. While the level of
hydrostaticity at low pressures is generally considered good
in this configuration, the sensitivity of Tc in KFe2 As2 to
uniaxial components may be susceptible to such differences
and may explain the variation of Tc values reported at low
pressures [12,13,16–18].
We can estimate the slope of Tc as a function of uniaxial
pressure by using the thermodynamic relation for the secondorder transition, or the Ehrenfest relation [25,26],
dTc /dP001 = Vm α001 Tc /Cp ,

(1)

where Vm is the molar volume (6.1 × 10−5 m3 ), α001 is the
jump in the thermal expansion coefficient along c axis at the
phase transition, and Cp is the jump in the heat capacity.
Using the experimental data, α001 = 1.8 × 10−6 K−1 and
Cp /Tc = 54 mJ/mol K2 obtained from Ref. [27], we extract
a positive pressure derivative, dTc /dP001 = 2.1 K/GPa, drawn
as a dashed line in Fig. 2. Surprisingly, the calculated Tc (P )
dependence crosses the linear extrapolation of our measured
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FIG. 3. (Color online) (a) Pressure dependence of the residual
resistance R0 and the residual resistance ratio R(300 K)/R0 for
KFe2 As2 (sample no. 1). Inset shows the schematic structural change
from tetragonal to collapsed tetragonal phase. (b) Hall coefficient
obtained from the low field Hall resistivity at 10 K (12 K for
14.4 GPa) as a function of pressure. Inset: typical Hall resistivity
data at 10 K below and above the structural collapse. Dashed line
indicates deviation from linear single-carrier expectation. (c) Roomtemperature x-ray diffraction data, showing sudden decrease of the
c-axis lattice parameter and increase of a around 16 GPa, associated
with a collapsed tetragonal transition. Open symbols at ambient
pressure are obtained from Ref. [24]. Inset: pressure dependence
of c/a.
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the gradual decrease of in-plane resistivity with pressure [18],
a threefold increase in R0 between 3 and 9 GPa is observed,
inconsistent with the estimated increase of R0 by 10% from the
change of geometric factor based on the measured variation of
lattice parameters [Fig. 3(c)]. Corresponding to the increase of
R0 , the residual resistance ratio (RRR) R(300 K)/R0 saturates
at ∼4 around PcT , after showing a strong suppression with
pressure. The strong suppression of RRR in SC2 suggests
a change in the dominant scattering mechanism at low
temperatures. To have a closer look at the abrupt change
of transport properties in SC2, we show the measured Hall
resistivity at 10 K in the inset of Fig. 3(b). In SC1 (P = 4.1
GPa), the Hall resistivity is linear in H below 10 T and its
sign is positive. However in SC2 (P = 16.9 GPa), the Hall
resistivity is negative, strongly indicating a switch of dominant
carriers from hole to electron, but the curvature evinced at
higher fields suggests the persistence of remnant positive
carriers. The dramatic switch is highlighted in the pressure
dependence of Hall coefficient RH obtained from a linear fit to
the Hall resistivity below 5 T [Fig. 3(b)]. Intersecting RH = 0
at a pressure near 13 GPa, the positive Hall coefficient becomes
negative and nearly constant in SC2. Together with the huge
enhancement of Tc in SC2, the switch of dominant carrier is
suggestive of a structural/electronic transition around PcT .
Structural parameters under pressure reveal the prominent
phase transition between the normal state in SC1 and SC2.
At room temperature, we observe an abrupt enhancement
of the lattice parameter a and a sudden reduction of c at
16 GPa without any crystallographic symmetry change, as
extracted from x-ray diffraction data under pressure [Fig. 3(c)].
Combined with no crystallographic symmetry change, the
reduction of c/a in the inset of Fig. 3(c) indicates the
presence of a transition from tetragonal to cT phase at
16 GPa and 300 K, similar to the observation in other 122
systems [29–32]. Although this collapsed transition induces
the observed change in the transport properties, it does not
cause the sizable enhancement of coupling between electrons
and lattice, which could drive the observed high-Tc phase in
SC2. To investigate the lattice properties, we can extract the
bulk modulus B0 at zero pressure and its pressure derivative
B0 from the pressure dependence of unit cell volume (not
shown) by using the third-order Birch-Murnaghan equation of
state [33],
P =

SC1 Tc data very close to Pc . The observation of a maximum
at Pc , rather than a minimum, suggests that, if there is
a SC order parameter symmetry change, then it must be
first order in nature. Alternatively, a crossover is occurring
without symmetry change, or Pc is correlated with the recent
photoemission study revealing the presence of a van Hove
singularity [28].
Accompanied by the large enhancement of Tc in SC2, the
charge transport in the normal state drastically changes around
a critical pressure PcT , as shown by the plateau in residual
resistance R0 shown in Fig. 3(a). Note that the drastic increase
of R0 is not due to a reduction of cross section with pressure,
but to the pressure response of c-axis component in the
measured resistance. In contrast to the previous work reporting

3B0 
7
5
(V /V0 )− 3 − (V /V0 )− 3
2



3(B0 − 4) 
2
(V /V0 )− 3 − 1 ,
× 1+
4

(2)

where V0 is the unit cell volume at ambient pressure. Fixing
B0 = 4 in both the tetragonal and cT phases, we obtain
parameters of B0 = 40.1 GPa for the tetragonal phase, and
B0 = 50.7 GPa for the cT phase. The increase of B0 is rather
small, compared with the large enhancement of B0 observed
in other iron pnictides undergoing a cT transition [31]. It is
likely that the slight increase of B0 in the cT phase with
the higher Tc excludes the simple phonon-mediated weakcoupling superconductivity in SC2 as well as SC1.
Electronic structure calculations suggest that the dramatic
change of transport properties observed in the cT phase
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FIG. 4. (Color online) Theoretical band calculations in KFe2 As2 .
Fermi surfaces in (a) tetragonal (T) phase (0 GPa), (b) collapsed
tetragonal (cT) phase (20 GPa) obtained from the optimized arsenic
height zopt = 0.366, and (c) from preliminarily experimental arsenic
height zexp = 0.386. Density of states in (d) T phase and cT phase
obtained from (e) zopt and (f) from zexp .

originates from a reconstruction of electronic structure. The
schematic band structures of KFe2 As2 in the tetragonal (0
GPa) and cT (20 GPa) phases obtained from our calculations
are shown in Fig. 4. We use the experimental structural
parameters for the tetragonal and cT phases, comparing
the theoretically optimized arsenic height zopt = 0.366 in
the cT phase [Fig. 4(b)] to a preliminary measurement
of the experimental value zexp = 0.386 in the cT phase
[Fig. 4(c)]. These give qualitatively similar band structures,
with notable enhancement of electron cylindrical pockets
centered around the  point. In the tetragonal phase, the Fermi
surfaces consist of large hole bands around the  point and a
small hole pocket around the X point in the Brillouin zone. In
contrast, in the cT phase the hole bands around  point shrink,
becoming more three dimensional in the band. The hole pocket
around the X point vanishes, and instead a cylindrical electron
band appears. Note that the hole bands completely disappear
around the  point in the collapsed phase observed in other 122
systems [34,35]. The appearance of electron bands induced by
the collapsed transition support the switch of dominant carrier
type observed in our experiment.
Besides the dominant carrier change, the appearance of an
electron band gives new insight into the possible SC pairing
scenario of KFe2 As2 in SC2, namely, that associated with
the interband coupling between hole and electron pockets.
Provided the same pairing mechanism in SC1 and SC2, we can
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Danzenbächer, D. V. Vyalikh, M. J. Graf, and A. S. Sefat,
Phys. Rev. Lett. 112, 186401 (2014).
[36] K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kontani,
and H. Aoki, Phys. Rev. Lett. 101, 087004 (2008).

060508-5

