
PHYSICAL REVIEW RESEARCH 4, 043123 (2022)

Robust superconductivity and fragile magnetism induced by the strong Cu impurity
scattering in the high-pressure phase of FeSe
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Superconductivity in FeSe is strongly enhanced under applied pressure and it is proposed to emerge from
anomalously coupled structural and magnetic phases. Small impurities inside the Fe plane can strongly disrupt
the pair formation in FeSe at ambient pressure and can also reveal the interplay between normal and supercon-
ducting phases. Here, we investigate how an impurity inside the Fe plane induced by the Cu substitution can
alter the balance between competing electronic phases of FeSe at high pressures. In the absence of an applied
magnetic field, at low pressures the nematic and superconducting phases are suppressed by a similar factor. On
the other hand, at high pressures, above 10 kbar, the superconductivity remains unaltered despite the lack of any
signature in transport associated to a magnetic phase in zero-magnetic field. However, by applying a magnetic
field, the resistivity displays an anomaly preceding the activated behavior in temperature, assigned to a magnetic
anomaly. We find that the high-pressure superconducting phase of FeSe is robust and remains enhanced in the
presence of Cu impurity, whereas the magnetic phase is not. This could suggest that high-Tc superconductivity
has a sign-preserving order parameter in the presence of a rather glassy magnetic phase.

DOI: 10.1103/PhysRevResearch.4.043123

I. INTRODUCTION

Hydrostatic pressure is an invaluable tool to stabilize
novel electronic phases as well as to enhance superconduc-
tivity towards room temperature [1]. Among unconventional
superconductors, FeSe displays the signature of a nematic
electronic phase before becoming superconducting at low
temperatures below 9 K [2]. However, with applied pressure
the nematic phase is suppressed and the superconducting
transition temperature is enhanced towards 37 K close to
6.3 GPa [3–9]. This enhanced superconductivity at high pres-
sures occurs in a region in which a new electronic phase,
believed to be of magnetic origin [spin-density wave (SDW)
phase], is present [10,11]. The volume and the local magnetic
field of this magnetic phase is strongly dependent on the ap-
plied pressure [10] and it coincides with a first-order structural
transition at high pressures, suggesting a potential magne-
toelastic coupling and phase coexistence [11]. Interestingly,
this magnetic phase follows the superconducting phase very
closely at high pressures, and it raises the question whether
bulk superconductivity coexists or competes on short-length
scales with the magnetic order [10]. Furthermore, the en-
hancement of superconductivity is also present in FeSe1−xSx
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under pressure, even though the signatures associated with any
magnetic order are strongly reduced with increased isoelec-
tronic substitution [12].

Another tuning parameter of superconducting and nematic
phases of FeSe is the chemical substitution either inside or
outside the conducting Fe plane. The Cu substitution is highly
disruptive, due to the larger size of the Cu relative to the Fe
ions inside the conducting planes, which introduces signif-
icant impurity scattering. The nematic and superconducting
phases are suppressed linearly up to 3% Cu substitution,
whereas the carrier mobilities are quickly reduced even with
a small amount of Cu substitution [13–15]. By increasing
the Cu substitution the system undergoes a metal-to-insulator
transition which could lead to the stabilization of local mag-
netic moments at Fe sites [15–17]. However, under applied
hydrostatic pressure the superconductivity of Fe1−xCuxSe
could be restored by suppressing the insulating behavior in
powder samples [18] or by quenching from high pressures
in single crystals [19]. These reports highlight that the high-
pressure superconductivity stabilized under pressure is robust
while signatures of any magnetic order are not detected. The-
oretical studies suggest that nonmagnetic disorder can have
the potential to enhance superconductivity in a multiband
system [20], and thus the Cu substitution can be used to assess
this proposal and to understand its unusual manifestation.

In this paper, we report a transport study of the effect
of a small amount of Cu substitution (x ∼ 0.0025) in FeSe
under applied hydrostatic pressure up to 20 kbar to understand
the response of the superconducting, nematic, and magnetic
phases. Despite the suppression of the nematic and super-
conducting phases at low pressures compared to FeSe, the
high-pressure superconducting phase is robust against the Cu
substitution. In the absence of an applied magnetic field, we
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observe no anomaly in resistivity, often associated to a SDW
phase in FeSe, but a broad superconducting transition invok-
ing that the electronic conduction at high pressures above
10 kbar is still affected by the Cu substitution. However, in
strong magnetic fields we detect an upturn in resistivity which
is strongly hysteretic, suggestive of glassy behavior. Further-
more, we detect a reduction of the charge-carrier mobilities
and increased scattering rate with increasing pressure.

II. METHODS

Single crystals of Fe1−xCuxSe, with the nominal compo-
sition of x = 0.0025(4), were grown using the KCl/AlCl3

chemical vapor transport method [21,22], as reported previ-
ously in [14]. Magnetotransport studies under pressure were
carried out in a 16 T Quantum Design physical property
measurement system. The in-plane resistivity ρxx and Hall
ρxy components were measured using a low-frequency five-
probe technique and were separated by (anti)symmetrizing
data measured in positive and negative magnetic fields with
the magnetic field applied along the c axis [I||(ab)]. Good
electrical contacts were achieved by In soldering and currents
up to 1 mA (peak-to-peak) were used to avoid heating. The
pressure studies were performed using a piston-cylinder cell
and Daphne Oil 7373 up to 21 kbar. The pressure at low
temperatures was determined via the superconducting transi-
tion temperature of Sn after canceling the remnant magnetic
field [23]. Errors in the exact contact positions and size result
in errors of up to 13% of absolute values of resistivity. The
superconducting transitions, Tc and Hc2, are defined as the off-
set temperature or field, respectively, unless stated otherwise.
The nematic structural transition, Ts, and the high-pressure
magnetic phase transition, Tm, are defined by the minimum
in the derivative of the resistivity as a function of temperature,
as in previous studies [24].

III. TRANSPORT STUDIES UNDER APPLIED PRESSURE

Figure 1(a) shows the temperature dependence of the re-
sistivity in the absence of a magnetic field for pressures up
to 20 kbar [see shifted curves in Fig. S1 in the Supplemental
Material (SM) [25]]. Due to the presence of Cu, the nematic
transition, Ts, at 80 K, and the superconducting transition, Tc,
at 6.2 K are suppressed, as compared with FeSe [14]. Under
applied pressure, the nematic transition is linearly suppressed
with applied pressure up to 15 kbar, similar to FeSe [26],
whereas the superconductivity is continuously enhanced with
applied pressure up to 20 kbar, without showing any domelike
feature visible for FeSe [26]. The superconducting transition
width, �Tc, is around 1.3(2) K, before increasing by a factor
of 2 at higher pressures above 10 kbar, as shown in Fig. 1(b).
In FeSe under pressure the superconducting transition width
is sharp (<1 K) at low pressures before increasing signifi-
cantly towards 7 K for pressures where the magnetic phase
is present [24]. This suggests that either the high-pressure su-
perconducting phase becomes inhomogeneous in the presence
of another competing phase, or that strong superconducting
and/or magnetic fluctuations are present in this high-pressure
regime [26].
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FIG. 1. Zero-field transport properties of Fe1−xCuxSe under pres-
sure. (a) Temperature dependence of the resistivity as a function of
applied pressure. (b) The evolution of the superconducting transi-
tion width, �Tc = Ton − Toff (black circles), and the resistivity at
300 K (blue triangles) with pressure. Solid lines are guides to the
eye. (c) Temperature-pressure phase diagram in zero magnetic field
tuned by pressure. The nematic phase occurs at Ts (blue triangles)
and superconductivity has the offset temperature at Tc (red squares).
The phase diagram can be divided into three different regions: the
low-pressure region up to p1 = 10 kbar, inside the nematic phase;
the high-pressure region above p2 = 15 kbar, once the nematic phase
is fully suppressed; and the intermediate pressure region between p1

and p2. The shaded areas indicate different phase boundaries.

The resistivity behavior provides additional information
about the normal electronic phases as a function of pres-
sure. At room temperature, the resistivity initially decreases
with increasing pressure, indicating that the in-plane transfer
integrals are larger under pressure which increases the band-
width and the system becomes a better metal, as shown in
Fig. 1(b). However, at higher pressures above 15 kbar this
trend reverses with resistivity increasing again, also observed
at low temperatures [see Fig. S1(b) in the SM [25]]. The
substitution of Cu in FeSe increases the impurity scattering
and the residual resistivity, leading to the suppression of
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FIG. 2. The transport behavior in magnetic field of the Fe1−xCuxSe under pressure. (a) The temperature dependence of the longitudinal
resistivity in different magnetic fields at p = 17 kbar. (b) The resistivity upturn at Tm in 15 T at 17 kbar using various temperature sweep rates.
The solid lines correspond to the warming sweeps whereas the dashed lines correspond to the cooling sweeps. (c) The temperature dependence
of resistivity in a magnetic field of 15 T (H ||c) for different applied pressures and (d) their corresponding derivatives. The value of Tm is
defined as the minimum in the derivative and indicated by arrows, similar to FeSe [12]. Curves are offset for clarity. Field dependence of (e)
the longitudinal resistivity, ρxx, and (f) the Hall resistivity, ρxy at a pressure of p = 13.3 kbar. (g) Mobility and (h) carrier density of each
charge carrier (hole, h, and electron, e1) considering a two-band compensated model (nh = ne1 ) at different pressures. The two-band model at
ambient pressure uses data below <7 T and a three-band model could be used to described the full field window, as reported in Ref. [14] and
shown in Fig. S7 in the SM [25]. Solid and dashed lines are guides to the eye.

superconductivity and inducing a linear dependence down to
0.4 K [14]. Under pressure, the linear dependence is found
both inside the nematic phase at low pressures as well as in
the high-pressure phase, as also illustrated by the temperature
dependence of the resistivity exponent n in Figs. S1(c) and
S1(d) in the SM [25]. At high temperatures in the tetragonal
phase, the resistivity can be described by a power law of T 1.5,
which is rather similar to that observed for both FeSe1−xSx,
tuned either by the isoelectronic substitution or by applied
pressure [27,28]. Interestingly, in the high-pressure regime
above 10 kbar the resistivity of Cu-substituted FeSe shows
no additional anomaly associated to other phase transitions
[see Figs. 1(a) and S1 in the SM [25]]. This is in contrast to
FeSe where a clear upturn in the resistivity anomalies was
associated with the presence of a magnetic transition at a
temperature above Tc [9,24,26,29].

Based on these transport studies, the zero-field
temperature-pressure phase diagram of the Fe1−xCuxSe
up to 20 kbar is constructed, as shown in Fig. 1(c). At high
pressures, the superconducting transition temperature, Tc,
increases once the nematicity is suppressed even in the
presence of the Cu impurity. This behavior is in agreement
with previous studies in powder samples of Cu-substituted
FeSe, where an insulating phase is transformed into a
superconductor with applied pressure, although not to a
zero resistance state [18]. Furthermore, the phase diagram
in zero-magnetic field in the presence of the Cu impurity
inside the conducting plane is remarkably similar to that of

FeSe1−xSx, in which the isoelectronic substitution takes place
outside the conducting plane [12,28,30,31].

IV. THE HIGH-PRESSURE ELECTRONIC PHASE
IN HIGH MAGNETIC FIELDS

Next, we use high magnetic fields to suppress the super-
conductivity to reveal any hidden electronic phases and to
explore the normal electronic behavior at lower temperatures,
once the superconductivity is suppressed. Figure 2(a) shows
the temperature dependence of resistivity in different mag-
netic fields at 17 kbar, in which an upturn occurs at Tm, as
the temperature is reduced in large enough magnetic field.
This anomaly shows hysteretic behavior between the cooling
and warming curves, independent of the temperature sweep
rate, indicative of a first-order phase transition, as shown in
Fig. 2(b). In FeSe, the high-pressure magnetic phase displays
evidence of hysteresis in heat capacity and NMR studies, im-
plying the existence of a concomitant structural transition via
a spin-lattice coupling [26,32]. The temperature dependence
of the resistivity in 15 T shows smooth changes in the upturn
anomaly as a function of the applied pressure, as shown in
Fig. 2(c) and the corresponding derivatives in Fig. 2(d). As the
pressure increases, this anomaly shifts to higher temperatures
and it closely tracks the zero-field superconducting transition
temperature. In FeSe, this anomaly was associated with a
magnetic phase and it occurs already in zero field at a higher
transition temperature than the superconducting transition, Tc,
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but its appearance seems to vary strongly with pressure, either
as an increase, a decrease, or a change in slope [9].

V. MAGNETOTRANSPORT BEHAVIOR

The magnetotransport studies can provide valuable insight
into the changes in the electronic structure and scattering
with applied pressure. Figures 2(e) and 2(f) show the field
dependence of the longitudinal and Hall resistivity, ρxx and
ρxy, at 13.3 kbar. The presence of the linear field depen-
dence of the Hall component indicates a two-band behavior
which describes the behavior inside the high pressure and the
tetragonal phase (see Figs. S3, S4, and S5 in the SM [25]).
At high pressures, the Hall coefficient extracted from the
slope of the Hall resistivity in low fields, ρxy, is positive and
generally increases with decreasing temperature, as shown in
Fig. S7(f) in the SM [25]. This is in stark contrast to FeSe
which displays a negative Hall coefficient at low tempera-
tures inside the nematic phase both at ambient and at low
pressures [33–35].

Magnetotransport measurements enable the extraction of
the charge-carrier density and mobilities by simultaneously
fitting the ρxx and ρxy components to a two-band compen-
sated model. We use the initial input parameters from the
mobility spectrum, whose peaks indicate that the mobilities
are slightly reduced with increasing pressure (see Fig. S6 in
the SM [25]). In order to compare the parameters between
different pressure regions, we use a two-band compensated
model in low-field regime (<7 T) for ambient pressure rather
than the three-band compensated model which can account
for the nonlinear Hall resistivity, similar to FeSe [14,34,36].
Figures 2(g) and 2(h) compare the temperature dependence of
the charge-carrier mobilities and carrier densities at various
pressures (see also Fig. S7 in the SM [25]). Upon entering the
nematic phase from high temperatures there is a significant
decrease in the apparent carrier density, n, due to the devel-
opment of anisotropic scattering, as found for FeSe [34,36].
In the high-pressure phase, the carrier density is significantly
larger indicative of an increase of the Fermi surface size
similar to findings for FeSe1−xSx [28]. Furthermore, the mo-
bilities of both holes and electrons are suppressed with applied
pressure, with stronger suppression for the negative charge
carriers, similar to findings in thin flakes of FeSe [34]. This
could indicate an increased scattering rate of spin fluctuations
at high pressures and/or an increase in effective mass, which
is consistent with the enhanced resistivity found in the high-
pressure phase of Cu-substituted FeSe shown in Fig. 1(b).
This behavior is rather similar to that of FeSe under pressure,
where a three-band model is required to explain its low-
temperature behavior for all pressures, but the carrier densities
are enhanced and the mobilities decreased with increasing
pressure [37].

VI. THE PRESSURE-TEMPERATURE
p-T PHASE DIAGRAMS

To summarize we compare the temperature-pressure phase
diagram of Cu-FeSe with that of FeSe [24] in 0 and 15 T,
as shown in Figs. 3(a) and 3(b). The phase diagram can be
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FIG. 3. The pressure-temperature phase diagrams of Cu-
substituted FeSe. The comparison between the different electronic
phases of FeSe (open symbols) from Ref. [24] and Cu-FeSe (solid
symbols) measured in (a) 0 T and (b) in 15 T for Cu-FeSe and 16 T
for FeSe (after Ref. [24]). The shaded areas in all panels reflect the
phase boundaries for Cu-FeSe, as described in Fig. 1(c). The solid
lines in (b) are guides to the eye for FeSe. Nematic shaded areas in
(a) and (b) are for Cu-FeSe, assuming a field-independent Ts. (c) The
scaling of the temperature-pressure phase diagram from (a) by using
the reduced temperature t = T/Ts, where Ts is the nematic transition
at ambient pressure for the two systems. The two shaded regions
reflect schematically the two proposed superconducting regions with
the boundaries given by the maximum value of Tc.

split into three distinct regions: firstly, in the low-pressure re-
gion, p < p1 ∼ 10 kbar, the superconducting phase emerges
from the nematic phase; secondly, at intermediate pressures,
p1 < p < p2 ∼ 15 kbar, signatures of the magnetic phase
are detected in FeSe in zero field; and finally, at higher
pressures, p > p2, the magnetic and superconducting phases
coexist and the nematic phase is suppressed at p2. Inter-
estingly, as the pressure increases beyond p1, Tc displays
a broadly similar pressure dependence for the two sys-
tems, indicating a robustness of superconductivity to impurity
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scattering. The increase in Tc occurs in a regime where the car-
rier density n increases at high pressure, as shown in Fig. 2(h).
On the other hand, the magnetic phase above p2 is highly
sensitive to impurity scattering, being washed out by the small
amount of the Cu substitution. and its signatures are only
visible in magnetic field, as shown in Fig. 3(b). The upper
critical field across these phases shows a remarkable scaling to
Tc in the presence of the Cu impurity across the phase diagram
(Fig. S7 in the SM [25]).

In order to account for the relative changes in supercon-
ductivity due to the Cu substitution, the temperature-pressure
diagrams are scaled to their ambient value of Ts, as shown
in Fig. 3(c). We notice a remarkable scaling of the ne-
matic and superconducting temperatures between FeSe and
Cu-FeSe, up to p1, suggesting that the impurity scattering
affects the two phases in a similar manner and have a sim-
ilar origin, as found also for higher Cu substitution [13,14].
As the superconductivity at low pressure is strongly sup-
pressed by the Cu substitution, this is consistent with the
sign-changing s± type of order parameter in the low-pressure
regime [14].

Interestingly, at high pressures above p2 the magnetic and
superconducting phases of FeSe enhance their transition tem-
peratures with increasing pressure [26]. However, the very
small Cu substitution is sufficient to break down this trend
and only superconductivity is present, whereas the signa-
tures of the magnetic phase in resistivity have disappeared.
This suggests the fragility of the magnetic phase which is
only detected and stabilized by the presence of a magnetic
field. In high magnetic fields (∼15 T), the magnetic transition
is strongly suppressed in Cu-FeSe as compared with FeSe,
whereas the superconducting domes are rather similar, as
shown in Fig. 3(b). This suggests that the superconducting
phase at high pressure is robust in the presence of the Cu
impurity.

Significant disruption of the high-pressure magnetic phase
was also detected under pressure in FeSe crystals with higher
disorder [38,39], as well as in thin flakes of FeSe under
pressure, where the magnetic phase is suppressed as the thick-
ness decreases [40]. Interestingly, in the presence of sulfur
substitution outside the Fe planes, the magnetic phase is
also suppressed at lower pressures in FeSe1−xSx, although
it was suggested to be stabilized at higher pressures around
50 kbar [12]. The robust superconductivity at high pressure
occurs up to 31 K also in the presence of a large amount of
the Cu substitution towards 4% but there are no signatures of
a magnetic phase [18,38,39]. This implies that the supercon-
ductivity in the high-pressure phase of FeSe and Cu-FeSe is
rather robust to impurity scattering, which would be consistent
with an s++ pairing symmetry or that the high-pressure su-
perconductivity is strongly inhomogeneous. In the latter case,
the superconducting order could still have an s± pairing sym-
metry since extended emergent disorder regions are unable
to provide large-momentum transfer interband scattering con-
necting opposite signs of the superconducting gap function
on electron and hole pockets, and therefore strongly limiting
any substantial pair-breaking processes from the inhomoge-
neous disorder landscape. However, for superconductors with
a sign-reversal order parameter the Tc is strongly suppressed
by impurity scattering, as found for the Cu-substituted FeSe

inside the nematic phase [14]. Theoretically, it is suggested
that disorder in multiband superconductors can cause a tran-
sition between s+− and s++ pairing symmetry if one of the
two gaps changes sign and Tc is predicted to remain finite
and almost independent of the impurity scattering rate [41].
Additionally, superconductivity could be enhanced for a sign-
preserving gap, even in the presence of large enough disorder,
as disorder can induce spatial modulations where the coher-
ence length is a few nanometers [20,42]. Figure 3(c) indicates
the separation into two superconducting domes of potentially
different symmetry and response to impurity scattering of the
p-T phase diagram of Cu-FeSe. Interestingly, two supercon-
ducting domes are also present for FeSe0.89S0.11, in which
the isoelectronic substitution occurs outside the conducting
plane, and no signature of a magnetic phase is detected at the
high-pressure phase up to 22 kbar [28].

The enhanced resistivity at high pressures, combined with
the reduction of mobilities while the apparent carrier density
increases, imply that either the high-pressure phase is highly
inhomogeneous or that there are very strong spin fluctuations
that do not permit the stabilization of the long-range magnetic
order. These effects are also evident in the evolution of the
superconducting transition width which becomes extremely
broad above p1 both in FeSe and Cu-FeSe, as shown in
Fig. 1(b). The large hysteresis effects observed in the resis-
tivity curves for different cooling rates in the high-pressure
phase suggest that the local short-range magnetic order is
affected by the presence of Cu ions, by freezing of dynamical
spin fluctuations of the Fe magnetic moments in the presence
of nonmagnetic disorder [43]. Evidence of short-range local
magnetism was found in FeSe under pressure using muon
spin rotation as well as Mossbauer spectroscopy [10,11], but
neutron diffraction studies have not been able to resolve any
long-range magnetic order [44].

Theoretical calculations of nonmagnetic impurities in FeSe
show that pointlike disorder sites locally induce short-range
magnetism [45,46]. The presence of the Cu impurity inside the
SDW phase can lead to phase fragmentation or glassy behav-
ior, similar to a SDW glass proposed to arise in systems with
weak nonmagnetic disorder [47]. Microscopic calculations
inside the SDW phase of iron-based superconductors have
suggested that a strong nonmagnetic potential, like Cu, can
generate extended magnetic nematogens, which are regions
of a competing magnetic phase centered at the impurity site
(typical lengths of ∼10 lattice constants) [46]. Such entities
could be short-circuited in transport studies at high pressure
leading to the vanishing of the SDW signatures, despite the
tiny amount of Cu in the samples. An external field, however,
could potentially realign and couple the induced magnetic
puddles and thereby introduce additional spin-dependent scat-
tering which can enhance resistivity and mimic the behavior
in the absence of the Cu impurities. Spatially resolved probes
would be very valuable for obtaining a detailed understanding
of the fascinating interplay between disorder, magnetism, and
superconductivity in the high-pressure region of FeSe. Theo-
retical work addressing the nature and the robustness of the
high-pressure superconducting phase, specific to FeSe and its
related systems, would be very valuable to guide experimental
findings and to help identify the essential ingredients to design
a high-temperature superconductor.
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VII. CONCLUSIONS

Our study provides insight into the nature of unconven-
tional superconductivity of FeSe in different regimes and its
sensitivity to impurity scattering in the presence of a small
amount of Cu substitution. The magnetic phase at high pres-
sures is profoundly affected by the impurity scattering that
can lead to a phase separation between the superconducting
and magnetic phases with a hysteretic first-order transition.
At low pressures, nematic and superconducting phases are
suppressed by the Cu impurity, consistent with the presence
of a sign-changing pairing. On the other hand, the robust-
ness of the high-pressure superconducting phase, despite the
fragility of the magnetic phase, implies either a non-sign-
changing superconducting phase, or a highly inhomogeneous
phase with mainly extended scattering regions with sup-
pressed pair-breaking effects for s± superconductivity. Further
theoretical work is required to understand how to stabilize
such a robust superconductivity, in the absence of applied
pressure.

All data supporting this study is provided as Supplemental
Material accompanying this paper. All data created during this
research is openly available from the Oxford University Re-
search Archive at Ref. [48]. For the purpose of Open Access,
the author has applied a CC BY public copyright license to
any Author Accepted Manuscript version arising from this
submission.
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