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We report measurements of electrical resistivity under pressure to 5.8 GPa, magnetization to 6.7 GPa, and ac
susceptibility to 7.1 GPa in KFe2As2. The previously reported change of slope in the pressure dependence of the
superconducting transition temperature Tc(p) at a pressure p∗ ∼ 1.8 GPa is confirmed, and Tc(p) is found to be
nearly constant above p∗ up to 7.1 GPa. The T -p phase diagram is very sensitive to the pressure conditions as
a consequence of the anisotropic uniaxial pressure dependence of Tc. Across p∗, a change in the behavior of the
upper critical field is revealed through a scaling analysis of the slope of Hc2 with the effective mass as determined
from the A coefficient of the T 2 term of the temperature-dependent resistivity. We show that this scaling provides
a quantitative test for the changes of the superconducting gap structure and suggests the development of a kz

modulation of the superconducting gap above p∗ as a most likely explanation.
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Since the discovery of superconductivity in
LaFeAs(O1−xFx) [1], the iron-based superconductors
have been the focus of numerous experimental and theoretical
studies. Taking advantage of the lessons learned from the
cuprate high-temperature superconductors, the investigation
of the symmetry of the superconducting state has been
given priority [2]. However, unlike the cuprates, the gap
structure of the iron-based superconductors is not universal
and several gap symmetries have been proposed both
experimentally and theoretically [3]. The stoichiometric
compound KFe2As2, which has a superconducting transition
temperature Tc ≈ 3.5 K, is one of the cleanest examples
where different gap structures appear likely [4–15]. Recently,
it has been suggested that a change of pairing symmetry
from d wave to s wave occurs upon applying pressure to
KFe2As2 [9]. The argument was based on the experimental
observation of a change in the pressure dependence of Tc

from negative to positive at p∗ ≈ 1.8 GPa. Following this
study, ac magnetic susceptibility and de Haas–van Alphen
(dHvA) oscillations under pressure confirmed the change
of slope in Tc(p) at p∗ and supported the earlier inference
that this change is not due to drastic modifications of the
Fermi surface [16]. A similar change of slope of Tc(p) was
also observed in CsFe2As2 [17]. Although there have been
theoretical predictions that the d-wave and s-wave states
are very close in energy [14,18,19], the experimental data
available so far do not provide information about the changes
in the superconducting gap function at p∗.

In this study we significantly extend the pressure range of
previous studies (∼2.5 GPa [9,16]) to 7.1 GPa. We confirm
the observation of a change of slope in Tc(p) but find that
the phase diagram is very sensitive to the hydrostaticity
of the pressure medium in this high-pressure range. In addition,
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we report on the temperature dependence of the upper critical
field Hc2 with the magnetic field applied along the c axis
under pressure. By scaling (−dμ0Hc2/dT |Tc

)/Tc versus the A

coefficient of the T 2 term of the resistivity, we find a change
at p∗ which allows for a quantitative test of the modification
of the superconducting gap structure. The present data are not
able to test whether a change in symmetry between d wave and
s wave actually takes place at 1.8 GPa. We find, however, that
such a change alone would not be sufficient to account for our
results. We suggest that a kz modulation of the superconducting
gap is involved in the slope change at p∗.

The Fermi surface of KFe2As2 has been investigated ex-
perimentally by dHvA oscillation [16,20] and angle-resolved
photoemission spectroscopy (ARPES) [4,21,22] experiments.
The Fermi surface consists of three hole cylinders at the � point
[α (inner), ζ (middle), and β (outer) bands], and four small
hole cylinders near the X point (ε band). ARPES experiments
down to 2 K indicate that the gap is nodeless on the α and β

bands, and nodal with octet line nodes on the ζ (middle) band
[4]. The nodes have also been detected by thermal conductivity
[5,6], penetration depth [7], and nuclear quadrupole resonance
[8]. The question of whether those nodes are accidental with
an s-wave state [4] or imposed by symmetry in a d-wave
state [6,9] is still under debate [10]. Other possibilities include
a time-reversal symmetry breaking s + id state [11–14], or
an s + is state between two kinds of s± states which has
been proposed upon Ba doping in Ba1−xKxFe2As2 [15] in
the vicinity of x ∼ 0.7 where deviations in the jump in
specific heat have been observed [23,24]. In this context,
the evidence for a change of gap function under pressure in
KFe2As2 illustrates the near degeneracy of these states and
the possibility of studying the interplay between different
superconducting states. Our results suggest that, in addition
to the considered possible in-plane symmetry of the gap
functions, a kz modulation of the superconducting gap is
involved in the slope change at p∗.
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FIG. 1. (Color online) Superconducting phase diagram for
KFe2As2 determined from our resistivity and ac susceptibility
measurements [28]. For the latter, filled symbols are used when
pressure was applied on liquid helium, whereas open symbols are
used when pressure was applied on solid helium (at 10 K). The
dashed line is a guide to the eye which does not use the two data
points where the pressure was applied on solid helium. The data from
Refs. [9,16] are also shown.

In this study, several high-quality single crystals of
KFe2As2 were grown from KAs flux as detailed in Ref. [25].
For the electrical resistivity measurements, pressure was
applied at room temperature using a modified Bridgman
cell [26] with a 1:1 mixture of n-pentane:isopentane as a
pressure medium. The ac susceptibility measurements to
hydrostatic pressures as high as 7.1 GPa were carried out
in a membrane-loaded diamond-anvil cell [27]. Helium was
used as pressure medium. To promote hydrostaticity, pressure
was increased at temperatures well above the melting curve
of helium, unless stated otherwise. Further experimental
details are given in the Supplemental Material [28] (see also
Refs. [9,16,26,27,29–49]) together with other measurements
using less hydrostatic pressure media.

The superconducting phase diagram obtained from ac
susceptibility and resistivity measurements is shown in Fig. 1.
The previously reported change of slope in Tc(p) at p∗ ≈
1.8 GPa [9,16] is confirmed. Tc increases very slowly above
p∗ up to 7.1 GPa. A remarkable property of this phase
diagram is its strong sensitivity on the pressure conditions.
As shown by the open symbols in Fig. 1, Tc is increased
when the pressure is applied on solid helium by comparison
with liquid helium. As expected, the effect is even more
dramatic with less hydrostatic media. When using a 1:1
mixture of Fluorinert FC70:FC77, Tc is only slowly reduced
with pressure and Tc ≈ 3.19 K at our pressure limit of 5.8 GPa
[28]. In our dc magnetization measurements using Daphne
7474, a second superconducting dome is even obtained with
a maximum Tc as high as 3.8 K at 5.5 GPa, which is above
the room temperature solidification point of this medium [28].
Such a large sensitivity to the hydrostaticity is most likely a
consequence of the anisotropic uniaxial pressure dependence
of Tc. In KFe2As2, ∂Tc/∂pa|0 ≈ −1.9 K GPa−1 along the
a axis, whereas ∂Tc/∂pc|0 ≈ +2.1 K GPa−1 along the c

axis [49]. Under hydrostatic conditions, the three axes will
contribute equally to give rise to the phase diagram presented
in Fig. 1. However, under nonhydrostatic conditions, as already

explained in Refs. [32,42], the pressure will be larger along
the c axis and smaller in the ab plane. This results in larger
values of Tc and a modification of the superconducting phase
diagram [28].

Not only do we confirm the kink in Tc(p) previously
reported [9,16], but we observe that Tc remains roughly
constant up to 7.1 GPa. A Lifshitz transition can produce
such a kink in Tc(p). In that case, the observed increase
of Tc just above p∗ is consistent with the formation of a
new Fermi-surface pocket [50]. However, no anomaly was
observed in the Hall coefficient to support this mechanism [9],
and dHvA oscillations indicate no drastic change in the Fermi
surface up to ∼2.5 GPa [16].

We note that the change in slope at the characteristic pres-
sure of 1.8 GPa could be a simple consequence of the fact that
the uniaxial pressure dependencies of Tc are of opposite sign
and large. At ambient pressure, ∂Tc/∂pa|0 ≈ −1.9 K GPa−1

and ∂Tc/∂pc|0 ≈ +2.1 K GPa−1 in Ref. [49] or ∂Tc/∂pc|0 ≈
+1.1 K GPa−1 in Ref. [42]. These partial derivatives cancel
each other to a considerable degree, yielding a hydrostatic
pressure derivative that is negative. Any nonlinearity in Tc(pa)
or Tc(pc) would generate a much larger relative nonlinearity
in the dependence of Tc on hydrostatic pressure Tc(p). For
example, were the magnitude of ∂Tc/∂pa to gradually decrease
by a factor of ∼ 3 under 3 GPa hydrostatic pressure, ∂Tc/∂pc

remaining constant, the hydrostatic pressure dependence Tc(p)
would be forced to pass through a minimum. We also note that,
even though the modulus of elasticity is almost identical along
the a and c axis, the first derivative of the modulus is over an
order of magnitude smaller along the c axis [17]. This implies
a larger compression along the c axis, so that the effect of
pressure on Tc may become dominated by the pc component.
In such a scenario, a theoretical explanation of the uniaxial
pressure dependencies of Tc would be the key to understanding
the slope change at p∗.

Another possibility that may even induce the previous
idea is a transition to a superconducting phase of a different
symmetry. In such a case, changes in other thermodynamic
quantities, such as the thermal expansion or the specific heat,
are also expected. However, the combination of high pressures
and low temperatures makes the experimental investigations of
these quantities challenging. Figure 2 shows the temperature
dependence of Hc2 for the magnetic field applied along the
c axis at different pressures. At ambient pressure, the upper
critical field along the c axis is known to be due to the orbital
limit with negligible effect due to the Pauli limit [49,52]. With
increasing pressure, as Tc decreases, Hc2 is also decreasing.
Interestingly, above p∗ where Tc remains roughly constant or
increases very slowly, Hc2 continues to decrease (see inset of
Fig. 2). In the following, we will relate this decrease with a
commensurate decrease of the electrons’ effective mass.

Figure 3 shows the low-temperature dependence of the
resistivity as a function of T 2 at various pressures (full
lines). For each pressure, we performed fits with a Fermi
liquid behavior ρ = ρ0 + AT 2 up to 8 K (dashed lines). The
pressure dependence of the A coefficient is shown in the inset.
At ambient pressure, A ≈ 0.02 μ	 cm K−2, in agreement
with previous reports [5,52–54]. Under pressure, A decreases
smoothly, which is consistent with the decreasing trend in
effective mass observed in dHvA oscillations [16].
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FIG. 2. (Color online) Temperature dependence of the upper
critical field Hc2 at different pressures. The data were determined
using a resistive transition offset criteria (ρ = 0, see Ref. [25]). We
note that, unlike the use of the transition midpoint criteria, the chosen
offset criteria agree more closely with ambient pressure specific heat
measurements [51]. The inset shows the pressure dependence of Hc2

at 0.5 K.

In Ref. [55], the Helfand-Werthamer theory is examined
for the case of uniaxial anisotropy with an anisotropic
superconducting gap. For H ||c (one-band case, clean limit):
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FIG. 3. (Color online) Electrical resistivity ρ of KFe2As2 at
different pressures at low temperatures as a function of T 2. The
dashed lines show fits of the resistivity to a Fermi liquid behavior
ρ = ρ0 + AT 2. The pressure dependence of the A coefficient is
shown in the inset. The dashed line represents A(0)/(1 + βp)2 where
β = 0.16(1) GPa−1.
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FIG. 4. (Color online) Plot of (−dμ0Hc2/dT |Tc
)/Tc vs the A

coefficient of resistivity. Each point corresponds to a different
pressure. All measured points fall onto two lines of different slope
corresponding to p < p∗ and p > p∗. The two insets show a
schematic gap structure with the appearance of a modulation along
kz above p∗.

where N (0) is the total DOS at the Fermi level EF per spin.
Assuming that the A coefficient of the T 2 term of the resistivity,
when resistivity is measured along x, obeys A ∝ n/〈vx

2〉, the
A coefficient in the tetragonal case will reflect the dependence
on 1/(v0

2〈μc〉):
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where the carrier density n can be estimated from Hall
measurements. A more detailed expression for A can be found
in various publications [56,57] and would lead to a more
complicated expression than that given in Eq. (2). A refinement
to the case of several bands would certainly be of interest. In
the present form, Eq. (2) shows a proportionality between the
slope of Hc2 at Tc and the A coefficient. This result is known
for heavy fermions, both quantities being proportional to the
square of the effective mass [58,59].

Figure 4 shows the plot of (−dμ0Hc2/dT |Tc
)/Tc versus A.

All measured points fall onto two straight lines of different
slope corresponding to p < p∗ and p > p∗. It is remarkable
that both lines go through the origin as expected from the
proportionality relation in Eq. (2). Equation (2) indicates that
a change of slope when plotting (−dμ0H

orb
c2

/dT |Tc
)/Tc versus

A implies a change in either n, 	, or μc. In KFe2As2, the carrier
density does not change significantly with pressure as inferred
from Hall resistivity measurements [9] and from the smooth
pressure variation of the A coefficient. Therefore, the observed
change of slope is more likely due to a change in 〈	2μc〉. We
note that a change of the superconducting gap symmetry is
not the only possible explanation, since a change of the Fermi
surface will also modify the value of 〈	2μc〉. However, dHvA
oscillations experiments indicate that the global structure of the
Fermi surface hardly changes up to p ∼ 2.5 GPa. We mention
that 〈μc〉/〈	2μc〉 = 1 for any 	 that does not depend on kz.
Therefore, a simple change between s wave and d wave would
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not be able to explain the change of slope of nearly a factor of
two observed in Fig. 4.

On the other hand, the appearance of a kz modulation of the
superconducting gap at p∗ can explain an increase of nearly a
factor two in 〈μc〉/〈	2μc〉. Let us assume a superconducting
gap with a modulation along kz [55,60,61]:

� = �0[1 + η cos(kzc
∗)], (3)

where c∗ = �v0/(2EF ) is the length scale [55]. Let us also
assume a prolate ellipsoidal Fermi surface (ε = 0.1 in the
notations of Ref. [55]). We find that 〈μc〉/〈	2μc〉 changes from
1 to ∼1.9 if η changes from 0 to −0.8. Therefore, if we assume
that the Fermi surface does not change at p∗, the appearance
of a kz modulation of the superconducting gap at p∗ can be
a possible explanation of our experimental observations. A kz

dependence of the superconducting gap has been observed
by ARPES in Ba0.6K0.4Fe2As2 [61], in agreement with a
theoretical prediction for the pairing strength [62]. The pairing
between the layers is predominantly responsible for the gap
dispersion with kz. In contrast, in Ba0.1K0.9Fe2As2, the super-
conducting gap size on all the �-centered hole Fermi surfaces
does not vary much along kz [63]. This is consistent with the
near two-dimensionality of KFe2As2 by comparison with the
other members of the 122 family [22,64–67]. It is possible
that, by applying pressure on KFe2As2, the pairing between
the layers induces a kz modulation of the superconducting gap.
This is also consistent with dHvA oscillations measurements

showing that three-dimensionality increases with pressure
[16].

In conclusion we have shown that there is very likely a
change in the kz modulation of the SC gap at p∗ ∼ 1.8 GPa.
We base this conclusion on a change in the scaling of
(−dμ0Hc2/dT |Tc

)/Tc with the A coefficient of the T 2 term
of the resistivity. We have shown that this indicates either a
change of the Fermi surface, of the carrier density, and/or of the
superconducting gap symmetry. In addition, we significantly
extended the pressure temperature phase diagram from ∼2.5
to 7.1 GPa. For p > 2.5 GPa we found that Tc increases
only slightly up to 7.1 GPa. By using various pressure
cells and several different pressure-transmitting media, we
have demonstrated the extreme sensitivity of KFe2As2 to
nonhydrostaticity [28] and propose that it is due to the
anisotropic dependence of Tc on strain.
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SUPPLEMENTARY EXPERIMENTAL DETAILS

For the electrical resistivity measurements under pres-
sure, we used a 1:1 mixture of n-pentane:isopentane as
a pressure medium. The solidification of this medium
occurs at room temperature at ∼ 6 − 7 GPa. [1, 2] An-
other experiment was performed with a 1:1 mixture of
Fluorinert FC70:FC77 which solidifies at room temper-
ature at ∼ 0.8 − 1 GPa [3, 4]. The pressure was deter-
mined from the value of the superconducting transition
of Pb in the electrical resistivity measured by the four-
probe method [5]. The electrical resistivity of KFe2As2

was measured by the four-probe method with current in
the ab-plane. The realization of four electrical contacts
on small samples of KFe2As2 is difficult. Attempts with
spot welding, silver paint or silver epoxy have resulted
in electrical contacts too weak to survive the rigors of a
pressure loading. Four silver wires (25 µm diameter) were
finally soldered on the sample.[6] Measurements down to
2 K were performed in a commercial Quantum Design
Physical Property Measurement System (PPMS), and
measurements down to 0.4 K were performed in a 3He
cryostat (CRYO Industries of America) with a Linear
Research LR700 ac resistance bridge. The temperature
was measured with a Cernox thermometer positioned on
the body of the pressure cell at the level of the sample
position. Due to non negligible contact dimensions com-
pared to the small sample size, the absolute resistivity
was measured on several bigger samples at ambient pres-
sure and a value of (300 ± 30) µΩ·cm was obtained. All
pressure dependent data were normalized to this ambient
pressure, room temperature value.

For the ac susceptibility measurements, the diamond
anvil cell has two opposing 1/6-carat, type-Ia diamonds
with either 0.5 mm or 0.9 mm diameter culets. The pri-
mary ac field was 3 Oe (rms) at 1023 Hz. The signal from
two calibrated, compensated secondary coils was fed into
an SR554 transformer preamplifier connected to a Stan-
ford Research SR830 digital lock-in amplifier. Temper-
atures were measured using a calibrated Cernox resistor
(Lake Shore Cryotronics) located close to the sample. A
3 mm diameter gold-plated CuBe gasket was preindented
and the cylindrical sample space (half the culet diame-

ter) spark-cut through the center. Small ruby spheres [7]
were placed in the sample space to determine the given
values of pressure in situ at 5-10 K with a resolution of
±0.1 GPa using the revised pressure scale of Chijioke et
al. [8] Further details of the pressure techniques are given
elsewhere [9, 10].

For the magnetization measurement under pressure,
we used a moissanite anvil cell [11]. The body of the
cell is made of Cu-Ti alloy and the gasket is made of
Cu-Be. The pressure was applied at room temperature
and Daphne 7474 was used as a pressure transmitting
medium. The solidification of this medium occurs at
room temperature at ∼ 3.7 GPa [12]. The pressure
was determined at 77 K by the ruby fluorescence tech-
nique [13]. The temperature dependent, zero field-cooled
(ZFC) magnetization was measured under pressure in a
Quantum Design MPMS-SQUID magnetometer down to
1.9 K in a magnetic field of 15 Oe, 50 Oe and 100 Oe
applied along the c-axis.

SUPPLEMENTARY MATERIAL ON THE T -p
PHASE DIAGRAM

Electrical resistivity

The superconducting phase transition at low temper-
atures was studied via electrical resistivity, magnetiza-
tion and ac susceptibility measurements. Figure 1(a)
shows the temperature dependence of the electrical re-
sistivity at different pressures with a 1:1 mixture of n-
pentane:isopentane as a pressure medium. A complete
superconducting transition is observed for all measured
pressures and we define the superconducting transition
temperature Tc when zero resistivity is obtained. At am-
bient pressure, Tc = 3.61 K and Tc initially decreases
with applied pressure. At 2.7 GPa, Tc reaches 1.95 K
and remains roughly constant up to our pressure limit
of 4.9 GPa. To gain insight on the influence of non-
hydrostaticity of the pressure medium on the phase di-
agram of KFe2As2, we performed another resistivity ex-
periment using a 1:1 mixture of Fluorinert FC70:FC77 as
a pressure medium. Figure 1(b) shows the temperature
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dependence of the electrical resistivity at different pres-
sures with that pressure medium which is a much less
hydrostatic medium. The superconducting transition of
KFe2As2 is complete for all measured pressures. Tc is
much more slowly reduced with the application of pres-
sure and, at our pressure limit of 5.8 GPa, Tc = 3.19 K.
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Figure 1. (Color online) Temperature dependence of the
electrical resistivity of KFe2As2 at different pressures at low
temperatures, measured in a modified Bridgman cell [14]
with two different pressure media: (a) a 1:1 mixture of
n-pentane:isopentane and (b) a 1:1 mixture of Fluorinert
FC70:FC77.

Magnetization

We also studied the superconducting properties of
KFe2As2 under pressure by low field magnetization mea-
surements. Figure 2 shows the temperature dependence
of the ZFC magnetization at different pressures for two
different samples. At 15 Oe, both sample #1 and #2
show the superconducting transition with an onset at
Tc = 3.49(2) K. Upon applying pressure, Tc initially de-
creases. At 2.7 GPa, we only see the onset of the su-
perconducting transition because our measurements are
limited to temperatures above 1.9 K. The most striking
result is that the superconducting transition temperature
increases up to 3.8 K at 5.5 GPa. A further increase of
the pressure to 6.3 GPa leads to a sharper transition. At
6.3 GPa, the shielding volume fraction at 2 K is ∼ 83% of
its value at ambient pressure. This indicates that more
than 80% of the surface of the sample is superconduct-
ing. In the case of filamentary superconductivity, a zero
resistance value can be obtained but no shielding frac-
tion is visible in the magnetization, as can be seen for
example in some Ca(Fe1−xCox)2As2 samples [15]. At
higher pressure, the superconducting transition temper-
ature is suppressed down to 2.46 K at our pressure limit
of 6.8 GPa.

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0

M
 (

10
-6

 e
.m

.u
.)

KFe2As2 #1
15 Oe
H || c
ZFC

 0 GPa
 0.55
 2.9
 4.4
 5.4
 6.2

-8

-6

-4

-2

0

M
 (

10
-6

 e
.m

.u
.)

6543210

T (K)

KFe2As2 #2
50 Oe
H || c
ZFC

 0 GPa
 0.1
 0.95
 1.7
 2.7
 4.0
 5.5
 6.3
 6.7

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0

M
 (

10
-6

 e
.m

.u
.)

 0 GPa
 0.1
 0.95
 1.7
 2.7
 4.0
 5.5
 6.3
 6.7

KFe2As2 #2
15 Oe
H || c
ZFC

(a)

(b)

(c)

Figure 2. (Color online) Temperature dependence of the ZFC
magnetization at different pressure measured at 15 Oe on sam-
ple#1 (a) and sample#2 (b) and at 50 Oe on sample#2 (c)
with the magnetic field along the c-axis.

AC Susceptibility

We performed three separate ac susceptibility mea-
surements (runs #1,2,3) on KFe2As2 in a diamond anvil
cell with helium as pressure transmitting medium. In
Fig. 3(a) we show the superconducting transition at am-
bient pressure as revealed by the in-phase part of the 1st
harmonic χ′

1
, in Fig. 3(b) the out-of-phase part of the

1st harmonic χ′′

1
, and in Fig. 3(c) the out-of-phase part

of the 3rd harmonic χ′′

3
. These measurements are taken
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in the pressure cell without applied load. It is seen that
the temperature of the midpoint of the superconducting
transition in χ′

1
lies very close to the temperature of the

maximum in either χ′′

1
or χ′′

3
. Since below 4 K the tem-

perature dependence of the background signal in χ′′

1
(T )

or χ′′

3
(T ) is far weaker than that for χ′

1
(T ), a more accu-

rate estimate of the value of the superconducting tran-
sition temperature Tc can be obtained from χ′′

1
(T ) or

χ′′

3
(T ).
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Figure 3. (Color online) Superconducting transition in ac
susceptibility of KFe2As2 at ambient pressure: (a) in-phase
part of 1st harmonic, (b) out-of-phase part of 1st harmonic,
(c) out-of-phase part of 3rd harmonic.

In Fig. 4, χ′′

1
from run #1 is plotted versus tempera-

ture at 0, 0.8, and 7.1 GPa. In this run diamond anvils
with 0.5 mm diameter culets were used. To facilitate ob-
taining pressures in the pressure range below 7.1 GPa,
anvils with the larger culet diameter of 0.9 mm were cho-
sen for runs #2 and 3. χ′′

1
(T ) was used to determine

Tc(p) in run #2, whereas in run #3 χ′′

3
(T ) was measured,

as shown in Fig. 5. This figure shows clearly how Tc ini-
tially decreases with applied pressure, reaches a minimum
of ∼ 1.83 K at 1.78 GPa, and increases only slowly at
higher pressures. The change of pressure from 4.32 GPa
to 5.77 GPa was made at 10 K where the helium pressure
medium was solid. This resulted in a broader transition
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Figure 4. (Color online) Superconducting transition in out-
of-phase part of ac susceptibility (1st harmonic χ′′

1 ) at several
pressures in run #1. Data are shifted vertically for clarity.

due to a larger pressure gradient and in a slightly higher
Tc of 2.23 K. However, this is in sharp contrast with
the Tc of 3.8 K at 5.5 GPa in the magnetization mea-
surements in which Daphne 7474 was used as pressure
medium.
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Figure 5. (Color online) Superconducting transition in out-
of-phase part of ac susceptibility (3rd harmonic χ′′

3 ) at several
pressures in run #3. Data are shifted vertically for clarity.
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Comparison of the T -p phase diagram from different

experiments: effect of the pressure medium
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Figure 6. (Color online) Superconducting phase diagram of
KFe2As2 determined from different experiments: (a) using
piston cylinder pressure cells from magnetization (data from
Ref. 16), from resistivity in different pressure media (data
from Ref. 17) and from ac susceptibility (data from Ref. 18);
(b) using anvil cell from magnetization on two different sam-
ples; (c) using anvil cells (modified Bridgman cells [14]) from
resistivity in different pressure media (the inset shows the
width of the superconducting transition of Pb in the different
pressure media); The dashed line shows the phase diagram de-
termined in the best pressure conditions (average of the data
from piston cylinder cells with liquid medium below 2 GPa
and data from diamond cell with helium as a pressure medium
above 2 GPa, see main article) and serves for comparison be-
tween the different phase diagrams.

The previously published temperature versus pressure
phase diagrams are reproduced in Fig. 6(a) for compari-
son with our results. In all Refs. 16–18, a piston cylinder
cell was used and the agreement between their results
is good at least up to 1.8 GPa. At p∗

≈ 1.8 GPa, a
change of slope in Tc(p) is observed. It was remarked in

Ref. 18 that the slope change is rather weak and grad-
ual. The diagram from our magnetization measurements
is presented in Fig. 6(b). Three pressure ranges (I, II
and III) can be discerned. In region I (p < p∗), Tc de-
creases from 3.5 to 2 K. In region II (p∗

− 4.5 GPa),
Tc ≈ 2 K and remains roughly constant. In region III
(5.4 − 6.8 GPa) a new superconducting dome is observed
with a maximum Tc of 3.8 K at 5.5 GPa. Figure 6(c)
shows the diagram from our resistivity measurements in
two different pressure media. When using a 1:1 mixture
of n-pentane:isopentane, the agreement with our magne-
tization data is very good for regions I and II (resistivity
data did not extend to region III). However, when using a
1:1 mixture of Fluorinert FC70:FC77, Tc is only slowly re-
duced with pressure. This drastic difference between the
two phase diagrams is most likely a consequence of the
pressure gradients which are smaller in more hydrostatic
media. In our resistivity measurements, the pressure gra-
dient can be estimated from the width of the supercon-
ducting transition (∆Tc) of Pb which is used to determine
the pressure at low temperatures. ∆Tc of Pb is shown in
the inset of Fig. 6(c) for the two different pressure media.
It is clear that the 1:1 mixture of n-pentane:isopentane
provides more hydrostatic pressure conditions compared
to the 1:1 mixture of Fluorinert FC70:FC77. Figure 6(c)
demonstrates the importance of the pressure medium in
studying the phase diagram of KFe2As2. In Figs. 6(b)
and (c), the dashed line shows the phase diagram de-
termined in the best pressure conditions (average of the
data from piston cylinder cells with liquid medium below
2 GPa and data from diamond cell with liquid helium as
a pressure medium above 2 GPa, see the phase diagram
in the main article) and serves for comparison between
the different phase diagrams.

In this Supplementary Material, we will discuss two
other observations from the phase diagrams in Fig. 6.
First, in the pressure range 0 − 1.8 GPa (region I), the
decrease of Tc is slightly different between various exper-
iments. Second, we observed a superconducting dome in
the range 5.4−6.8 GPa (region III) in our magnetization
measurement using Daphne 7474 as a pressure medium.

The first point can be understood when noticing es-
sentially two values for dTc/dp. When piston cylin-
der cells are used [16–18], or in our study using a di-
amond anvil cell with helium as a pressure medium,
dTc/dp ≈ −1.1(1) K GPa−1. By contrast, dTc/dp ≈

−0.7(1) K GPa−1 when anvil-based pressure cells are
used (moissanite anvil cell and modified Bridgman cell
in this study). This difference can be understood con-
sidering that a large pressure gradient exists in the di-
rection parallel to the load [4]. As already mentioned
in Ref. 16, anvil-based pressure cells are more likely to
generate uniaxial pressure gradients compared to piston
cylinder pressure cells. Due to the plate-like shape of the
KFe2As2 samples, the c-axis is perpendicular to the anvil
culet. Consequently, the pressure along the c-axis in such
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a cell is larger than the pressure in the ab plane. The fact
that the phase diagram can be different depending on the
orientation of the sample inside the pressure cell has al-
ready been demonstrated [19]. As we can see from our
ac susceptibility measurements in a diamond anvil cell
with helium as a pressure medium, the uniaxial pressure
gradient in anvil-based pressure cells can be significantly
reduced by using a highly hydrostatic medium such as
liquid helium. Daphne 7474 or n-pentane:isopentane are
usually considered as hydrostatic media below 3 GPa,
but our study shows that these media are significantly
less hydrostatic than helium in anvil-based pressure cells.
Due to the much larger sample space in piston-cylinder
cells, the uniaxial pressure gradient is smaller. However,
we note that the effect of the uniaxial pressure gradi-
ent can also be observed in those pressure cells, when
the sample properties are anisotropic [20]. Therefore,
the slope dTc/dp is more accurately obtained in piston
cylinder cells (Refs. 16–18) or in anvil cells with he-
lium as a pressure medium (this study) than in anvil
cells with less hydrostatic liquid media (Daphne 7474 or
n-pentane:isopentane) due to a larger uniaxial compo-
nent in anvil-based pressure cells. Using the same argu-
ment, we understand that the kink in Tc(p) at 1.8 GPa is
shifted to ∼ 2 GPa in our study with Daphne 7474 or n-
pentane:isopentane in anvil-based pressure cells. The ad-
vantage of anvil-based pressure cells remains that larger
pressures can be obtained.

The apparent high-pressure superconducting dome (re-
gion III) is most likely an artifact associated with non
hydrostaticity and serves again to underscore the pro-
found sensitivity of these materials to details of the pres-
sure environment [4, 16, 19–24]. Although we observe the
reappearance of superconductivity with a clear signal in
magnetization in two different samples, we cannot con-
firm the existence of a new intrinsically superconducting
state by resistivity because we were not able to reach
the same pressure range in our resistivity measurements.
In addition, this new dome was not observed in the ac
susceptibility measurements with helium as a pressure
medium. It is important to recall, though, that the so-
lidification of Daphne 7474 occurs at room temperature
at ∼ 3.7 GPa [12]. As such then, a large uniaxial pres-
sure gradient is most likely responsible for the observed
superconductivity. This is supported by the fact that
Tc does not decrease much when using a 1:1 mixture of
Fluorinert FC70:FC77, which solidifies at room temper-
ature at ∼ 0.8 − 1 GPa [3, 4]. In fact, the values of Tc

for the non-hydrostatic data in resistivity (Fig. 6(c)) are
comparable to the maximum of the dome in Fig. 6(b).
As explained in the main text, all the higher Tc values
obtained under less hydrostatic conditions are consistent
with the anisotropic uniaxial pressure dependencies of
KFe2As2 [16, 25].
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Figure 7. (Color online)(a) Temperature dependence of the
electrical resistivity ρ of KFe2As2 at different pressures up
to 4.9 GPa. The pressure medium is a 1:1 mixture of n-
pentane:isopentane. (b) Electrical resistivity ρ of KFe2As2

at different pressures at low temperatures as a function of
temperature. The dashed lines show fits of the resistivity to a
Fermi liquid behavior ρ = ρ0+AT 2. The pressure dependence
of the A coefficient is shown in the inset. The dashed line
represents A(0)/(1 + βp)2 where β = 0.16(1) GPa−1.

Figure 7(a) shows the temperature dependence of the
electrical resistivity at different pressures. At ambient
pressure, our results confirm the previous reports [26–29]
on the resistivity of KFe2As2 in which the Fermi liquid T 2

dependence has been observed at low temperatures. The
residual resistivity ratio (RRR) of our sample is ∼ 1200,
similar to the best values reported so far. Figure 7(b)
shows the low temperature dependence of the resistivity
as a function of temperature at various pressures (full
lines). For each pressure, we performed fits to a Fermi
liquid behavior ρ = ρ0 + AT 2 up to 8 K (dashed lines).
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We found that a deviation from a T 2 behavior starts
above ∼ 9 K, which is lower than ∼ 45 K reported in
Ref. 26. Since the electronic correlations (and therefore
the A coefficient) are rather large, the temperature TF l,
below which the T 2 behavior can be observed, is expected
to be low. In addition, the rather low Debye tempera-
ture implies that the phonon contribution is expected to
be significant down to low temperatures and further de-
crease TF l. Our data indicate that the T 2 behavior is a
good fit below 8 K although we cannot exclude other ex-
otic behavior (see Refs. 30–32 for a discussion on the T n

behavior where sample dependencies are also observed).
Here we focus on the pressure dependence of the A coef-
ficient shown in the inset of Fig. 7(b). At ambient pres-
sure, A ≈ 0.02 µΩ cm K−2, in agreement with previous
reports [26, 28]. Under pressure, A decreases smoothly,
which is consistent with the decreasing trend in effective
mass observed in dHvA oscillations [18].
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[28] F. Hardy, A. E. Böhmer, D. Aoki, P. Burger, T. Wolf,
P. Schweiss, R. Heid, P. Adelmann, Y. X. Yao, G. Kotliar,
J. Schmalian, and C. Meingast, Phys. Rev. Lett. 111,
027002 (2013).

[29] Y. Liu, M. A. Tanatar, V. G. Kogan, H. Kim, T. A.
Lograsso, and R. Prozorov, Phys. Rev. B 87, 134513
(2013).

[30] J. K. Dong, S. Y. Zhou, T. Y. Guan, H. Zhang, Y. F.
Dai, X. Qiu, X. F. Wang, Y. He, X. H. Chen, and S. Y.
Li, Phys. Rev. Lett. 104, 087005 (2010).

[31] T. Terashima, M. Kimata, N. Kurita, H. Satsukawa,
A. Harada, K. Hazama, M. Imai, A. Sato, K. Kihou, C.-
H. Lee, H. Kito, H. Eisaki, A. Iyo, T. Saito, H. Fukazawa,
Y. Kohori, H. Harima, and S. Uji, Phys. Rev. Lett. 104,
259701 (2010).

[32] J. K. Dong and S. Y. Li, Phys. Rev. Lett. 104, 259702
(2010).

mailto:taufour@ameslab.gov
http://dx.doi.org/{10.1103/PhysRevB.84.134525}
http://dx.doi.org/10.1063/1.1662159
http://dx.doi.org/{10.1088/0953-8984/17/40/002}
http://dx.doi.org/{10.1016/S0924-0136(98)00297-0}
http://dx.doi.org/{10.1088/0022-3735/21/9/004}
http://dx.doi.org/ {10.1088/0953-2048/23/5/054002}
http://dx.doi.org/10.1063/1.2135877
http://physics.wustl.edu/~jss/pdf.html
http://dx.doi.org/10.1103/PhysRevB.73.094522
http://dx.doi.org/ 10.1143/JPSJS.76SA.216
http://dx.doi.org/{10.1063/1.2964117}
http://dx.doi.org/{10.1063/1.321957}
http://dx.doi.org/{10.1063/1.2778629}
http://dx.doi.org/{10.1103/PhysRevB.85.224528}
http://dx.doi.org/{10.1103/PhysRevB.86.224514}
http://dx.doi.org/ {10.1038/NPHYS2617}
http://dx.doi.org/10.1103/PhysRevB.89.134520
http://dx.doi.org/ {10.1103/PhysRevB.84.064442}
http://dx.doi.org/ {10.1103/PhysRevB.82.060408}
http://dx.doi.org/{10.1103/PhysRevLett.101.057006}
http://dx.doi.org/ {10.1103/PhysRevB.79.020511}
http://dx.doi.org/ {10.1016/j.physc.2009.03.033}
http://dx.doi.org/{10.1103/PhysRevB.86.220511}
http://dx.doi.org/ 10.1103/PhysRevB.88.014517
http://dx.doi.org/{10.1143/JPSJ.78.063702}
http://dx.doi.org/{10.1103/PhysRevLett.109.087001}
http://dx.doi.org/ 10.1103/PhysRevLett.111.027002
http://dx.doi.org/ {10.1103/PhysRevB.87.134513}
http://dx.doi.org/{10.1103/PhysRevLett.104.087005}
http://dx.doi.org/ {10.1103/PhysRevLett.104.259701}
http://dx.doi.org/{10.1103/PhysRevLett.104.259702}

	KFe2As2 pub PRB.pdf
	KFe2As2 pub PRB suppl



