
The drastic effect of the impurity scattering on the electronic and
superconducting properties of Cu-doped FeSe

Z. Zajicek,1, ∗ S. J. Singh,1 H. Jones,1 P. Reiss,1, 2 M. Bristow,1 A. Martin,1 A. Gower,1 A. McCollam,3 and A. I. Coldea1, †

1Clarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, UK
2Max-Planck Institute for Solid State Research, Heisenbergstraße 1, 70569 Stuttgart, Germany

3High Field Magnet Laboratory (HFML-EMFL), Radboud University, 6525 ED Nijmegen, The Netherlands
(Dated: March 26, 2022)

Non-magnetic impurities in iron-based superconductors can provide an important tool to understand the pair
symmetry and they can influence significantly the transport and the superconducting behaviour. Here, we present
a study of the role of strong impurity potential in the Fe plane, induced by Cu substitution, on the electronic and
superconducting properties of single crystals of FeSe. The addition of Cu quickly suppresses both the nematic
and superconducting states, and increases the residual resistivity due to enhanced impurity scattering. Using
magnetotransport data up to 35 T for a small amount of Cu impurity, we detect a significant reduction in the
mobility of the charge carriers by a factor of ∼ 3. While the electronic conduction is strongly disrupted by
Cu substitution, we identify additional signatures of anisotropic scattering which manifest in linear resistivity
at low temperatures and H1.6 dependence of magnetoresistance. The suppression of superconductivity by Cu
substitution is consistent with a sign-changing s± order parameter. Additionally, in the presence of compressive
strain, the superconductivity is enhanced, similar to FeSe.

INTRODUCTION

Substitution of transition metals in different iron-based su-
perconductors, like the parent compound BaFe2As2, reveals
the presence of the structural and magnetic transitions which
are suppressed while a robust superconducting dome is stabi-
lized. Whilst many transition metals, like Co or Ni stabilise
superconductivity [1, 2], the Cu substitution displays an un-
usual behaviour from being a dopant of electrons or holes
[1, 3, 4], causing major changes in transport behaviour and
local magnetism [5]. In NaFeAs, Cu substitution leads to an
increase in resistivity, and a metal-to-insulator transition [5, 6]
which leads to a decrease in the spectral weight [3]. This type
of transition was linked to a Mott-like insulator phase sug-
gesting that Cu substitution can be a tuning parameter towards
strong correlations [4, 5].

Among iron-based superconductors, FeSe displays a ne-
matic electronic phase below 90 K but no long-range spin-
density wave is stabilised at ambient pressure [7]. Despite
the lack of long-range magnetism, a large range of spin ex-
citations are present [8]. The low-energy spin fluctuations
can stabilize the anisotropic superconductivity [9] of FeSe
and can affect the low temperature normal transport proper-
ties [10]. By using isovalent substitution via S or Te for Se
outside the conducting Fe plane the nematic electronic phase
is suppressed, whilst the superconductivity remains rather ro-
bust over a large compositional range [11]. In contrast to other
iron-based superconductors, the substitution with all transi-
tion metals inside the Fe plane leads to the suppression of
both nematicity and superconductivity [12–16]. Additionally,
the Cu-substitution in FeSe leads to a metal-to-insulator tran-
sition for small substitutions (x = 0.04) [14, 15, 17] and it can
induce local magnetism around the Cu sites for higher substi-
tutions [14]. Under high pressure, the insulating behaviour is
suppressed and the superconductivity is restored as the mag-
netic fraction [18–20]. Thus, the Cu substitution in FeSe can

reveal important information about the nature of the supercon-
ducting and normal states, and whether an insulating state can
be tuned into a high-Tc superconductor under applied pres-
sure in an iron-based superconductor. Furthermore, the strong
impurity scattering effects induced by the substitution of var-
ious transition metal ions in the Fe plane can be compared
with those induced by irradiation, where superconductivity of
FeSe was found to be enhanced by defects [21], thus raising
further questions about its pairing symmetry in the presence
of disorder.

In this paper, we report a detailed study of the electronic
behaviour of single crystals of Fe1−xCuxSe as a function of
different substitution up to x = 0.02. The resistivity increases
significantly, displaying bad metallic behaviour at low temper-
atures, whilst the superconductivity and nematicity are sup-
pressed with increasing Cu substitution. From magnetotrans-
port measurements up to 35 T, we detect a reduction of the
charge carriers mobilities, as compared with FeSe, while the
charge carriers densities are hardly affected for low substitu-
tion (x = 0.0025). As the hole carriers remain more mo-
bile, the Hall coefficient is positive, in contrast to the neg-
ative coefficient found in FeSe and in Co-substituted FeSe
single crystals. The increase in the impurity scattering re-
duces the magnetoresistance and induces a rather linear re-
sistivity at low temperatures inside the nematic phase, but the
field dependence follows a power law of ∼ H1.6, similar to
FeSe. The suppression of superconductivity can be described
by the Abrikosov-Gor’kov formula for sign-changing s± pair-
ing in the presence of non-magnetic impurities [23]. The up-
per critical fields follow similar trends to FeSe, and all curves
collapsed onto a single line in reduced units of Hc2/Tc, but
we cannot detect the additional upturn at low temperatures of
FeSe when the magnetic field is aligned in plane. Under uni-
axial compressive strain, the superconductivity is enhanced
showing similar trends to those found in bulk FeSe [24].
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FIG. 1. Transport behaviour for single crystals of Fe1−xCuxSe. (a) Temperature dependence of the resistivity as a function of Cu doping
showing an increase in the absolute value of the residual resistivity at low temperatures. (b) The evolution of the residual resistivity ratio,
RRR, (defined as the ratio of the resistivity at 300 K to that at the onset of superconductivity) and that of the resistivity at 20 K with different
Cu substitution. (c) Temperature-doping phase diagram for Fe1−xCuxSe. Open symbols correspond to data previously reported in Ref. [16].
(d) The linear dependence between the nematic transition Ts and Tc caused by the Cu substitution. The blue open diamonds represent data
related to FeSe growth using different temperature gradients that can lead to the formation of defects in the crystals [22].

EXPERIMENTAL DETAILS

Single crystals of different concentrations of Fe1−xCuxSe,
with the nominal composition varying from x = 0.0025 to 0.02
were grown using the KCl/AlCl3 chemical vapour transport
method, using the same growth conditions for all composi-
tions [22, 25]. For the lowest composition of x = 0.0025 the
EDX measurements indicate a slight variation in composition
close to x = 0.0029 and that the ratio between (Fe+Cu)/Se is
around 0.95 suggesting an excess of selenium ions or deficit
of Fe ions. Transport studies were performed on more than
20 samples and their residual resistivity ratio are below 7.5-
8, much lower than the values of 25-30 in FeSe. We observe
a larger variation in the resistivity with increasing x within
the same batch due to the inhomogeneous distribution of Cu
(see Fig. 7). In-plane transport measurements (I||(ab)) at con-
stant temperatures were performed in a variable temperature
cryostat in dc fields up to 35 T at HFML, Nijmegen for three
different crystals (S2, S3, S4) with the magnetic field ap-
plied mainly along the c-axis (transverse magnetoresistance)
but also in the (ab) conducting plane (longitudinal magne-

toresistance). Low-field measurements were performed in a
16 T Quantum Design PPMS. The 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. Good
electrical contacts were achieved by In soldering along the
long edge of the single crystals, and electrical currents up to
1 mA were used to avoid heating. Errors in estimating the
exact contact positions and their size result in errors in the ab-
solute values of resistivity being up to 13% of the total value.
Strain measurements were performed using a Razorbill cell
with the sample glued to a titanium platform which is com-
pressed. To account for the absolute value of the strain, cor-
rection were made to account for the glue effects, similar to
previous reports on FeSe [24]. Torque measurements were
performed using Seiko cantilevers on a single crystal which
was first tested using X-ray diffraction. Measurements were
performed in constant magnetic field and different tempera-
tures by rotating the sample between H||c and H||(ab) to ex-
tract the value of the susceptibility anisotropy.
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RESULTS AND DISCUSSION

The transport properties of Cu-substituted FeSe
Fig. 1(a) shows the temperature dependence of resistivity for
single crystals of Cu substituted FeSe for different compo-
sitions up to x = 0.02. The resistivity displays a strong
anomaly at Ts, which is the temperature below which the sys-
tem enters the electronic nematic phase. The stabilization of
this electronic phase can be driven by orbital-ordering effects
and electronic correlations, but the lattice suffers in-plane dis-
tortion from a tetragonal to orthorhombic structure [7]. With
Cu doping, the temperature dependence of resistivity changes
significantly from its metallic-like behaviour towards an al-
most invariant temperature dependence below 100 K caused
by the increase in the residual resistivity at low tempera-
ture, as expected from Matthiessen’s rule. For compositions
higher than x = 0.02, the resistivity shows hardly any tem-
perature dependence and the system becomes insulating-like
(dρ/dT < 0) for x = 0.2 leading to a factor of 100 increase
in resistivity at low temperature [14, 26]. The resistivity dis-
plays an unusual linear temperature dependence for low Cu
substitution of x = 0.0025 in the normal state which is often
a signature of a system close to an antiferromagnetic critical
point in the presence of disorder [27].

Together with these striking changes in the temperature de-
pendence of resistivity, the superconductivity is strongly sup-
pressed and no superconducting state is stabilized down to
0.3 K for x = 0.01. The normal-to-superconducting transi-
tion becomes very broad, ∆T ∼ 1.5−2 K, suggesting that the
Cu substitution leads to an inhomogeneous electronic distribu-
tion, even for very small substitutions. The superconducting
fraction is reduced significantly with increasing Cu substitu-
tion (see Fig. 1a) and the resistivity just above the onset of su-
perconductivity at 20 K, ρ0(20 K), increases significantly, as
shown in Fig. 1b. For higher x, the resistivity at low tempera-
tures is reduced in response to the applied magnetic field, as if
this would be a partially superconducting system (see Fig. 7e
and f). This suggests that Cu substitution promotes the forma-
tion of isolated clusters of superconductivity that cannot act as
a percolating path in a parallel network resistor to contribute
significantly to the total conductivity and to give rise to zero
resistivity at low temperatures. At higher doping, these effects
would also lead to more variation in crystal quality and trans-
port values between individual samples from the same batch
(see also Fig. 7).

The nematic phase is suppressed from 87 K for x = 0 to
29 K for x = 0.02, and it becomes increasingly broader, sim-
ilar to effects influencing the superconducting transition. No
structural transition or superconductivity is detected in pow-
der samples with x ≥ 3% [15, 26]. As the resistivity tem-
perature dependence weakens with Cu doping, the residual
resistivity ratio, RRR, defined here as the ratio of resistivity
at 300 K and onset temperature, drops significantly from 30
for FeSe [10], as shown in Fig. 1b. This is a measure of the
effect of disorder in our system, similar to previous reports

on single crystals [16, 26], powder samples of Cu-substituted
FeSe [14] and Co and Ni doping [31]. Additionally, the full
temperature dependence, from 300 K, for each substitution
is shown in Fig. 7a, with a drastic increase in the high tem-
perature resistivity with larger x. The residual resistivity in-
creases faster with Cu-doping, as compared to Co-doping, for
the same amount of substitution [13, 31], suggesting either
that Cu produces a larger impurity scattering potential and/or
may not provide additional charge carriers. However, all sub-
stitutions on the Fe conducting plane lead to the suppression
of superconductivity, in contrast to other iron-based supercon-
ductors in which the electron doping with Co normally leads
to an enhancement in superconductivity [1]. Moreover, in-
plane substitution of FeSe has a drastic effect as compared
with isoelectronic substitution outside the plane with sulphur
and tellurium for selenium [11, 32].

Next, we construct the phase diagram of Fe1−xCuxSe and
compare it to previous work on single crystals [16] and pow-
der samples [14], as shown in Fig. 1c. We find a linear corre-
lation between Ts and Tc, similar to studies on single crystals
of FeSe grown in different conditions that have a different de-
gree of disorder [22], in Fig. 1d. This trend is likely induced
by strong impurity scattering due to reduced values of RRR,
in contrast to the behaviour of FeSe tuned by uniaxial strain,
where the nematic state is suppressed but the superconductiv-
ity is enhanced under compressive strain [24]. Similar trends
have been observed also for FeSe thin flakes tuned against the
inverse of their thickness, suggesting that disorder may also
play a role in those systems [33].

Magnetotransport behaviour of Cu-doped FeSe The
magnetotransport behaviour is studied extensively for the low-
est Cu concentration of x = 0.0025 to understand the impact
of the impurity scattering on the nematic electronic phase in
the presence of anisotropic spin fluctuations [10]. Figs. 2a and
b show the magnetic field dependence of ρxx and ρxy respec-
tively for a sample S1 measured in magnetic fields up to 15 T,
and for sample S2 measured up to 35 T in Figs. 2c and d, all
with the magnetic field applied perpendicular to the conduct-
ing plane (H||c). The superconducting transition to normal
state becomes rather broad in magnetic field (∆B ∼ 10 T
as compared with FeSe), even for this small substitution, and
we define zero resistivity in magnetic field as the Hc2. Inside
the normal state at higher temperatures, longitudinal resistiv-
ity, ρxx, has little field dependence, and ρxy has rather linear
field dependence, as one would expect for a two-band com-
pensated system. At lower temperatures below 60 K, ρxy de-
velops a distinctly non-linear behaviour, as shown in Fig. 8d,
but it does not change its sign, as in the case of FeSe inside
the nematic phase [30]. The magnetotransport close to Tc is
shown for a sample of each composition in Fig. 7c-f, espe-
cially highlighting the reduced superconducting fraction in x
= 0.01 and 0.02.

In the low field regime (µ0H < 1 T), one can extract the
Hall coefficient, RH, at each temperature from the field de-
pendence of ρxy assuming a linear dependence of the curves
in Fig 2b. Fig. 2f shows the temperature dependence of
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FIG. 2. Magnetotransport results for Fe1−xCuxSe with x = 0.0025. The field dependence of the longitudinal resistivity, ρxx, and Hall
resistivity, ρxy , for sample S1 in magnetic fields up to 15 T in (a) and (b), and for sample S2 measured in magnetic fields up to 35 T in (c)
and (d) respectively. The measurements were performed with the magnetic field along c axis (H||c) and at different constant temperatures.
(e) The longitudinal resistivity, ρxx, for the sample S3 was measured with H||(ab) up to 35 T at temperatures below 5 K. (f) The temperature
dependence of the Hall coefficient, RH , for Cu-substituted FeSe compared with FeSe [28] (down open triangle), x = 0.0048 (up open triangle)
from [16], and Co substitution x = 0.001 (open square) from [13]. (g) The mobility spectrum generated from the field sweeps in (a) and (b)
using an approach developed in Ref. [29]. (h) Carrier densities and (i) mobilities of charge carriers as a function of temperature extracted
considering a compensated two-band model at higher temperatures and a compensated three-band model at lower temperatures below 60 K.
Data for FeSe are taken from [30]. The solid lines is a guide to the eye the expected trend for the apparent carrier number. The dashed solid line
indicates the expected calculated value from quantum oscillations data [11, 30]. This apparent drop in the carrier number inside the nematic
phase is a consequence of the anisotropic scattering, as found for FeSe [30]. The positions of Ts for different compositions are indicated by
arrows of different colours.

RH for Cu and Co substituted FeSe for different values of
x [13, 16, 26, 28]. For the lowest Cu doping of x = 0.0025,
RH remains positive at lowest temperatures, but its magnitude
shows weak temperature dependence with a local peak around
75 K followed by a local minimum around 40 K. At a higher
substitution of x = 0.01, RH remains positive at lowest tem-
peratures increasing slowly by reducing the temperature. In
FeSe, the Hall coefficient changes sign below 70 K with a pos-
itive local maximum around 80 K [10, 13, 26, 28, 30]. Differ-
ent compositions of Cu-doped FeSe systems all display a pos-
itive Hall coefficient inside the nematic phase [16, 26] below
Ts, in contrast to Co-doped FeSe where RH remains negative
for all measured samples [13]. This suggests that Cu and Co
substitution, besides causing strong impurity scattering in the
Fe plane, behave differently with respect to the doping of elec-
trons, with Co being a more significant donor of electrons due

to having a negative Hall coefficient [13]. If Cu doping would
donate extra electrons to the system, one may expect a similar
response to the Co doping. On the other hand, in the pres-
ence of isoelectronic substitution in FeSe1−xSx, the Hall co-
efficient at low temperatures changes sign and becomes posi-
tive for higher x, as the distortion of the Fermi surface is sup-
pressed and the anisotropy scattering reduced [10, 11, 26, 28].
Thus, a combination of the increased dominance of the im-
purity scattering in relation to the anisotropic scattering in
a multi-band system like Cu-doped FeSe can disturb the re-
sponse of the system and easily affect the Hall coefficient RH.

In order to quantify the changes in the magnetotransport
in Cu-substituted FeSe we can simultaneously fit the two re-
sistivity components ρxx and ρxy to extract the carrier den-
sity and mobilities of the charge carriers for the samples S1
and S2. Fig. 2g shows changes in the mobility spectrum of
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the charge carriers inside the nematic phase, using a method
developed previously in Ref. [29]. Upon cooling, two peaks
develop in the mobility spectrum which are fairly symmet-
rical around zero, with electrons having a negative mobility
and holes corresponding to positive mobilities. As the tem-
perature decreases inside the nematic phase, both the hole and
electrons become more mobile. At lower temperatures inside
the normal state, below 60 K, an additional local peak devel-
ops in the mobility spectrum which would correspond to an
electron-like carrier.

By using the mobilities from the mobility spectrum as start-
ing parameters, we performed simultaneous fitting of the two
components of resistivity, assuming charge compensation,
since low Cu-substitution does not seem to dope the system
with electrons or holes, like Co-doping. Examples of these
fits are included in Figs. 8e and f. Cu was suggested to be
an electron dopant [34, 35], but for our low concentration of
x = 0.0025, any excess of electrons or holes is negligible.
Moreover, the Hall coefficient becomes positive by Cu substi-
tution, which is in contrast to Co substitution [13]. Therefore,
to analyse the magnetotransport data we employ a compen-
sated two-band model at high temperatures and a three-carrier
model at low temperatures, similar to the approach used in
FeSe [30, 36]. The extracted temperature dependence of both
the carrier density and mobilities of Cu-substituted FeSe with
low x = 0.0025 and its comparison with FeSe are shown in
Figs. 2h and i, respectively. The carrier density of the dom-
inant hole and electron charge carriers (nh and ne1 ) is re-
duced inside the nematic state and its behaviour is compara-
ble to that of bulk FeSe [30, 36]. The apparent reduction in
the carrier density, rather than being related to a Fermi sur-
face reconstruction inside the nematic phase, is likely to re-
flect the anomalous transport inside the nematic phase caused
by anisotropic scattering which still persists in the presence of
Cu substitution and strong impurity scattering [30]. We find
that the mobilities of all charge carriers are significantly re-
duced, as compared with FeSe, by roughly a factor 3, due to
the increase in the scattering rate µ = eτ/m∗, as Cu ions act
as strong scattering centers [34]. An unusual disparity occurs
between the hole and electron behaviours at low temperatures,
with electron mobilities becoming rather less temperature de-
pendent below 50 K, similar to thin flake devices [37]. At low
temperatures, the impurity scattering dominates the changes
in spectrum, as seen in the increased values of ρ0, and similar
reductions were seen at higher Cu doping at 10 K [16].

Normal electronic behaviour at low temperatures In
zero-magnetic field, above Tc, the resistivity of Cu-doped
FeSe displays rather linear resistivity behaviour with small
increase of disorder (Figs. 1a and 7b), in agreement with
previous reports [16]. Interestingly, linear resistivity was
also found to be dominant in samples with smaller RRR in
FeSe1−xSx and inside the nematic phase [10, 38]. In order to
probe the normal state properties at the lowest temperatures
below Tc, one can use strong magnetic fields to suppress su-
perconductivity and investigate the extrapolated resistivity in
zero magnetic field. For a precise determination of the nor-

mal resistivity below Tc, we use two approaches. The first
approach is to use the linearly extrapolated zero-field values
of resistivity from the in-plane longitudinal resistivity mea-
surements (H||I||(ab)), which eliminates the orbital effects,
as shown for sample S3 in Fig. 2e. The second approach
is to identify a suitable field dependence to describe the or-
bital magnetoresistance for H||c; here, we use a power law
of ∼ H1.6, similar to that found for FeSe [10], and shown
in Fig. 8a. By combining all the extracted data, we find that
the normal resistivity data has a linear dependence that ex-
tends to the lowest measured temperatures and gives accurate
access to the zero-temperature resistivity, ρ0. Using this pa-
rameter, ρ0, one can assess the temperature dependence of the
local value of the resistivity exponent, n, from the relationship
ρ = ρ0 + ATn (Fig. 7b). This confirms the earlier findings
that at the lowest temperatures, inside the nematic phase, n is
very close to 1 for Cu-substituted FeSe, as compared with very
clean materials, like FeSe1−xSx, where a crossover regime
to a Fermi liquid behaviour was detected [10, 39, 40]. One
important finding is that, in the presence of strong impurity
scattering, the linear resistivity region extends to the lowest
temperatures, clearly shown in Fig. 3c, which would be con-
sistent with the existence of strong antiferromagnetic critical
fluctuations in the presence of disorder [41]. Similar findings
were detected also in thin flakes in the presence of strong two-
dimensional fluctuations and disorder [37].

Using the zero-temperature residual resistivity, ρ0, one can
estimate the mean free path at low temperatures of the multi-
band system FeSe, assuming that its Fermi surface is formed
of two-dimensional cylinders with compensated hole and two
electron pockets (kF ∼ 0.1Å−1 ), such that ℓ = πcℏ

Ne2kFρ0

[42]. The mean free path is ℓ ∼ 712 Å for a value of
ρ0 ∼ 5µΩcm of FeSe [10] which is reduced a factor of 10
towards ℓ ∼ 55(5) Å for the lowest Cu substitution in FeSe
leading to the increase in the residual resistivity. By using
the mobilities extracted from magnetotransport, the scatter-
ing time for different pockets of Cu substituted FeSe varies
between 0.6 -1.2 ps, a factor of 3 shorter than in FeSe [30].
With increasing Cu concentration, the residual resistivity in-
creases significantly reaching the limit ℓ ∼ a, at which the
average distance a quasi-particle travels between collisions
is equal to the interatomic spacing. The system reaches the
Mott-Ioffe-Regel limit [43] where the coherent quasi-particle
motion vanishes and the electron scattering rate τ−1 becomes
comparable to the Fermi energy EF/ℏ [44]. With increasing
Cu substitution, this limit is reached for very low substitution
at low temperatures, and consequently systems will become
insulating above x > 0.02.

The classic magnetoresistance and symmetry conditions in
a tetragonal system lead to a quadratic dependence of the elec-
trical resistivity ∆ρ/ρ on magnetic field (µ0H)2 in the low-
field limit [48]. Studies on FeSe1−xSx detected quadratic
dependence of magnetoresistance only outside the nematic
phase, whereas inside the nematic phase the in-plane distor-
tion of the Fermi surface and the anisotropic spin fluctua-
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tions could lead to a different power law dependence, which is
found to be ∼ H1.6 [10]. We find that a similar power law de-
scribes also the weakly Cu substituted FeSe for x = 0.0025,
as shown in Fig. 3a. Interestingly, by comparing the ampli-
tude of this power law H1.6 for Cu-substituted FeSe and FeSe,
we find the change in magnetoresistance over the same field
regime to 35 T is significantly suppressed by a factor of 10,
as compared with FeSe, which is close to the expected change
due to the reduction in mobilities by a factor 3, as shown in
Fig. 3d.

The Cu substitution would be expected to impose a single
dominant impurity scattering process, such that the Kohler’s
rule of magnetoresistance would be obeyed, ∆ρxx/ρxx(0) ∼
(µ0H/ρxx(0))

2. We observe deviations from Kohler’s rule
despite the fact that the impurity scattering increases sig-
nificantly, as shown in Fig. 3b. As the resistivity shows
rather linear temperature dependence, we have tested other
magnetoresistance proposals, including a modified Kohler’s
rule (Fig. 9b), H-T scaling (Fig. 9c), and an energy scaling
(Fig. 9d) which successfully described the antiferromagnetic

critical region in BaFe2(As1−xPx)2 [49]. Interestingly, this
energy scaling has been suggested to also be fulfilled for dirty
FeSe0.82S0.18 with rather linear resistivity where the magne-
toresistance curves do not cross each other [50], as opposed to
the clean limit in which quantum oscillations were observed
[51]. The various proposals for magnetoresistance scaling
cannot describe the behaviour of Cu substituted FeSe (see
Fig. 9), similar to FeSe1−xSx inside the nematic phase [10].

Upper critical fields Figs. 4a and b show the temperature
dependence of the upper critical magnetic field, Hc2, for two
single crystals S3 and S4 with x = 0.0025 for two different
orientations in magnetic field. These results are compared to
those of bulk FeSe [42, 45]. At the lowest temperatures, the
upper critical field of FeSe shows an unusual upturn in criti-
cal field for H||(ab) which was associated to the stabilisation
of an FFLO state [42], magnetic field-induced transitions [45]
or it is just the manifestation of multi-band effects on the up-
per critical field [46]. With the Cu-substitution, we introduce
a significant amount of disorder and we do not identify any
further upturn in Hc2 for H||(ab), similar to the case of thin
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FIG. 4. Superconducting properties of Cu-substituted FeSe. Upper critical field-temperature phase diagram of Cu-substituted FeSe for
x = 0.0025 and FeSe for H||c in (a) and H||ab in (b), respectively. The position of Hc2 is defined as the offset of superconductivity at the
zero resistance temperature. Data for FeSe are from Ref. 45 in (a) and Ref. 42 in (b). The data are described by a two-band model using
similar parameters to those for FeSe [46] but with reduced η anisotropy factor. (c) The reduced upper critical field, Hc2/Tc, versus reduced
temperature, T/Tc, for two orientations in magnetic field using the data from (a) and (b). (d) The suppression of superconducting transition
temperature, Tc, by the impurity scattering expressed by the zero temperature residual resistivity ρ0 of Cu-substituted FeSe (open diamonds)
and Co-substituted FeSe (solid circles) [13]. The solid red line is a 3-band AG formalism as seen in [13] using parameters from quantum
oscillations and previous magnetotransport studies [30, 47]. The effective masses used are: mh1 = 4.5 me, me1 = 7 me, me2 = 1.5 me.
The carrier densities used for the three band model are estimated from quantum oscillations at the lowest temperatures (low T ) (red solid line):
nh = 3.75× 1020 cm−3 ne1 = 4.33× 1020 cm−3 and ne2 = 0.78× 1020 cm−3 and those from magnetotransport analysis at T = 20 K [30]
(grey solid line) are: n1 = 1.45× 1020 cm−3, n2 = 1.25× 1020 cm−3, n1 = 0.22× 1020 cm−3. The dashed line is a 2-band AG formalism
reported previously in Ref. [13].

flakes of FeSe [33]. Due to the slight variation in the values
of Tc there are shifts between the Hc2 dependencies for dif-
ferent samples. By plotting the upper critical fields curves in
reduced units Hc2/Tc versus temperature reduced units, T/Tc

(using the offset temperature of superconductivity), all curves
collapsed onto a single dependence, as shown in Fig. 4c. This
indicates that the superconductivity pairing mechanism does
not change significantly for low Cu substitution and the low
temperature upturn for H||(ab) is smeared out. The upper crit-
ical field behaviour of Fe1−xCuxSe could be a consequence
of changes in pairing due to presence of impurities that can
promote intraband pairing over interband pairing. Interest-

ingly, in the case of single crystals of FeSe with small amount
of disorder (RRR reduced only to 12 and Tc reduced from
9.1 to 7.2 K) the slight upturn in upper critical field H||(ab)
was found to be robust [38]. This observation led to sugges-
tions that the high-field phase of FeSe is not a conventional
FFLO state [38]. However, for enhanced disorder, as in our
study, these features are smeared out, but the temperature de-
pendence can still be described by a similar multi-band model
suitable for FeSe, but with a reduced velocity anisotropy [46].

In order to quantify the behaviour of the upper critical
field, we first use the standard three-dimensional Werthamer-
Helfand-Hohenberg (WHH) model to estimate the low tem-
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perature orbitally limited critical fields and assess the value
of the Maki parameter, similar to previous studies on FeSe
thin flakes [33, 46]. Orbital pair breaking alone accounts for
the temperature dependence of Hc2 for H||c, with a slope of
H ′

c2 ∼ -1.7(1)T/K, similar to FeSe [46]. However, when the
magnetic field is aligned along the conducting (ab) plane, a
Pauli pair breaking contribution has to be included which re-
duces the orbital-limited critical field. For H||(ab), the slope
in the low field regime is H ′

c2 ∼ -4.7(1)T/K which gives an
orbital value of 19.2 T, which is larger than the experimental
value 15.8 T at 0.6 K, due to the Pauli paramagnetic effects.
For FeSe, the expected Pauli paramagnetic limit field, based
on the values of different band gaps, can vary between 4.8 T
to 28 T [46], for which the Maki parameter would vary be-
tween 1-1.5 for the hole and electron pocket, increasing to 5.7
for smallest gap [46].

In order to describe the temperature dependence of the up-
per critical field we use a two-band model in the clean limit, as
the coherence length of Cu substituted FeSe with x = 0.0025
is 3.4 nm and ξ ≪ ℓ. The model chosen to describe the tem-
perature dependence of Hc2 are similar to those employed
for thin flakes and bulk FeSe [33, 46]. Figs. 4a and b show
the fitted data described by the following coupling param-
eters for both orientations using λ11 = 0.81, λ22 = 0,
λ12 = λ21 = 0.5, η = 0.025 with α1 = 1.6 and α2 = 0
for H||ab. We find that the coupling parameters are similar
to FeSe, whereas the velocity anisotropy, η, is slightly larger
than for the highly anisotropic FeSe [46]. This suggests that
the Cu substitution and the increase in impurity scattering is
smearing the superconducting gap.

One can evaluate the changes in Tc against the residual
resistivity of FeSe substituted with Cu, and compare the re-
sults with those reported for Co substitution [13] and previ-
ous Cu-substituted FeSe [16]. Normally, the suppression of
Tc by nonmagnetic impurities in iron-based superconductors
with s± sign reversal superconducting states would obey the
Abrikosov-Gor’kov (AG) formula [23] similar to a magnetic
impurity in a single-band BCS superconductor. A model spe-
cific to FeSe implies a full suppression of superconductivity
when the residual resistivity is close to 4 µΩcm [13]. In order
to estimate the suppression of the Tc due to impurity scatter-
ing we assume a three-band model of the Fermi surface of
FeSe, considering the presence of the additional small elec-
tron pocket from the mobility analysis. The effective masses
and charge carrier densities are taken from previous quantum
oscillations and magnetotransport studies at low temperatures
[30, 47], as detailed in the caption of Fig. 4. With these pa-
rameters, one can estimate an average scattering time, consid-
ering the contributions of different bands to the total conduc-
tivity in a parallel resistor network. Fig. 4d shows the vari-
ation of the critical temperature with residual resistivity for
Cu and Co doping using current data and previous reported
results from Ref. 13. Indeed, we find that the suppression
in superconductivity obeys the AG formula using parameters
from magnetotransport data (the carrier density and mobility
from 20 K in Figs. 2h and i [30]), while a stronger suppression

occurs using the low-temperature parameters from quantum
oscillations [47]. The decrease in carrier densities observed
in the mobility at 20 K is likely to be a consequence of very
anisotropic scattering inside the nematic phase and captures
the suppression of Tc better than the low temperature results,
where the isotropic scattering would be more dominant. This
finding is consistent with a s± pairing symmetry in FeSe and
emphasizes the importance of the anisotropic scattering inside
the nematic phase and its effect on the anomalous magneto-
transport. Such a pairing symmetry is in agreement with the
finding from scanning tunnelling microscopy of FeSe [9].
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FIG. 5. Applied uniaxial strain of Cu-substituted FeSe with
x = 0.0025. (a) Temperature dependence of the resistivity near
the superconducting to normal transition under compressive uniaxial
strain along the [110] direction which is the current direction. As the
sample (S6) in the insert is glued to a titanium platform, it will be
exposed to an additional small tensile strain, ϵglue ∼ 0.02% and an
additional correction of ϵ[110] ∼ 0.7ϵapplied is made to account for
the strain transmission to the sample, similar to FeSe [24]. (b) Vari-
ation of superconducting transition temperatures, Tc, defined as the
temperature at the midpoint between the onset and offset (peak in the
derivative) under applied compressive strain. The superconducting
state is clearly enhanced under compressive uniaxial strain, similar
to FeSe [24]. Solid line is a guide to the eye.

Effect of applied uniaxial strain Fig. 5a shows the effect
of the compressive strain along the [110] tetragonal direction
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on the transport behaviour of a single crystal of Cu-substituted
FeSe close to the superconducting-normal transition. In the
normal state the resistivity increases under compressive strain,
and all resistivity curves, independent from the amount of uni-
axial compressive strain applied, cross around 8.0(1) K in the
vicinity of the superconducting onset temperature transition
around 8.2 K. This behaviour is rather similar to FeSe but the
crossing point is lower as the Tc is smaller and the transition
widths are larger [24]. If this behaviour originates from the
possible formation of Griffiths-like phases in the vicinity of
the superconducting to insulating transition under strain, one
can expect that the additional Cu-induced disorder would fur-
ther enhance these effects [24, 52]. Additionally, in Fig. 5b,
the superconducting transition, Tc, defined as the peak in the
derivative, increases slightly with compressive strain, similar
to FeSe [24]. Our findings emphasize that for low Cu sub-
stitution the overall response to strain of FeSe remains unal-
tered, despite the significant increase in the impurity scatter-
ing which leads to the increased width of the transition, in-
crease in resistivity and the reduction of the transition temper-
ature.

Discussion Our study has focused on understanding the
role of the Cu substitution in FeSe, in particular on the
changes of the electronic and superconducting behaviour that
occur for small substitutions. Normally, the substitution with
a metal-transition ion like Co adds additional electrons into
the Fe plane and affects its spin state, but Cu substitution acts
mainly as a source of impurity, at least for low substitutions
[5]. As a result, the superconductivity is suppressed and resis-
tivity increases but the field-induced magnetotransport power
law and the upper critical field behaviour inside the nematic
phase have surprisingly similar trends to FeSe. If Cu is an
electron dopant we should expect a similar behaviour to the
Co substitution, which we do not detect for low amount of
substitution. Recent ARPES studies find that only large Cu
substitution in FeSe potentially dope the system with elec-
trons [35], and drive it towards a more correlated Mott-like
state [4], as long as the surface of the sample is not charging
during photoemission studies of non-metallic samples.

Superconductivity of FeSe is strongly suppressed in the
presence of Cu and Co [13, 16], as compared with the isoelec-
tronic substitution of S and Te [11]. Spin fluctuations, with
potential orbitally-dependent character, are likely responsi-
ble for the superconducting pairing in the FeSe family, and
remain unchanged with increasing S, but are strongly sup-
pressed by Co substitution [53]. This would lead to a s±
pairing mechanism supporting both nodeless and nodal states
and would stabilize highly anisotropic superconducting gaps
on both electron and hole pockets [9]. The presence of such
nodes or gap minima are found in crystals of higher quality
only, with a small amount of disorder being sufficient to smear
out the small gap in more isotropic lower quality crystals of
FeSe [54]. The Cu substitution, which introduces a signifi-
cant amount of impurity scattering, leads to a suppression of
velocity anisotropy, as detected from the parametrization of
the upper critical field (Fig. 4). The suppression of supercon-

ductivity with Cu and Co impurity substitution is consistent
with sign changing s± pairing, described by the AG formula.
However, the effect of anisotropic scattering can affect the ap-
parent drop in the carrier density inside the nematic phase [30]
and consequently it needs to be taken into consideration in an
extended AG formula.

Next, we discuss the effect of impurities induced by Cu
in FeSe as compared with those introduced by electron irra-
diation (2.5 MeV) [21]. Interestingly, the superconducting
transition temperature is slightly enhanced by the point-like
disorder induced by irradiation, and it was suggested that the
irradiation-induced Frenkel defects enhanced the pair inter-
action, in turn enhancing the spin fluctuations [21]. This in-
crease Tc of 0.4 K leads to a decrease in the nematic temper-
ature Ts of 0.9 K. The small change in Tc could be related to
the relatively low concentration of radiation defects, as well
as the location of these defects in the conducting Fe layers
or outside in the van der Waals gaps of FeSe. Therefore, the
small changes in the transition temperatures with electron ir-
radiation do not follow the trends observed by Cu-doping, but
are closer to the behaviour of FeSe substituted with S outside
the Fe plane as well as FeSe under the effect of the small ap-
plied pressure and uniaxial strain [24, 36]. The variation in
the response of superconductivity to different kinds of impu-
rities suggests that the pairing mechanism has a strong three-
dimensional dependence that needs to be taken into account,
as suggested by kz dependent ARPES studies [55].

As FeSe has been suggested to be close to a magnetic in-
stability, one could expect that weak repulsive impurities can
promote short-range magnetism, with the induced magneti-
zation cloud modified by the orbital selectivity [34, 56]. To
investigate whether Cu substitution in FeSe can lead to forma-
tion of local magnetic moment, we performed a torque mag-
netometery study that reveals the behaviour of the suscepti-
bility anisotropy for x = 0.02, shown in Fig. 6. The response
of the system is that of a paramagnetic system following a
Curie-Weiss behaviour and no well-defined anomaly of a long
range magnetic order is found, see Figs. 6a, c, and d. How-
ever, the superconducting fraction is reduced by the increase
in Cu substitution (Fig. 6b) and eventually only random super-
conducting puddles will be present, as indicated by the finite
resistivity which is affected by magnetic fields as one may ex-
pect in a superconducting system (Fig. 7e and f). However, the
appearance of an insulating phase by Cu substitution in FeSe
displays the hallmark of a strong impurity potential which can
slow the fluctuating magnetic spins and can lead to the en-
hancement of the ordered magnetic moment.

The precise power law of the temperature dependence of
resistivity is often influenced by the nature of the critical fluc-
tuations, its dimensionality, the presence of disorder and its
proximity to quantum critical points. At lowest temperatures,
the resistivity of FeSe1−xSx displays a Fermi-liquid-like be-
haviour whereas inside the nematic phase a regime of linear
resistivity was associated to the presence of spin fluctuations
[10, 40]. Interestingly, in FeSe samples with larger amounts
of disorder (smaller RRR values) the resistivity seem to dis-



10

play linear behaviour at the lowest temperatures. This be-
haviour was also found in FeSe crystals with small RRR val-
ues [10, 38], Cu-substituted FeSe and thin flakes of FeSe [37].
In the vicinity of an itinerant antiferromagnetic quantum criti-
cal point, as proposed for FeSe [57], the resistivity is strongly
affected by small amounts of disorder. Strongly anisotropic
scattering due to spin fluctuations in the presence of disorder
would generate an anomalous temperature dependence of re-
sistivity with exponents varying between n = 1 and 1.5 [27].
We find in our data that the linear T resistivity persists over a
large temperature regime, to lowest temperatures but it is su-
perimposed on a large background caused by the resistance of
the channel dominated by impurity scattering. For higher Cu
substitution, the Mott-Ioffe-Regel limit, in which the usual de-
scription of a metal in terms of ballistically propagating quasi-
particles is no longer valid, and this can lead to suppression of
spin fluctuations and enhanced local magnetism that would
lead to the disappearance of superconductivity.

SUMMARY

In summary, we present a detailed study of the effect of im-
purity scattering induced by Cu substitution on the electronic
and superconducting properties of FeSe. We investigate in de-
tail for a very low concentration (x = 0.0025) the suppression
of superconductivity, the upper critical fields, magnetotrans-
port in high magnetic fields and the response to applied uni-
axial strain. Both the suppression of superconductivity and the
behaviour of the upper critical field can be accounted for by
taking into account the multi-band effects in the sign-reversal
symmetry (s±) of the order parameter. Anisotropic scattering
affects the apparent charge carrier densities inside the nematic
phase, and in turn this influences the suppression of Tc de-
scribed by the AG formula. The magnetotransport studies re-
veal suppression of the charge mobilities due to the increases
in the scattering time in Cu-substituted FeSe and the reduc-
tion in the magnetoresistance. However, the power law of
resistivity seems to have a similar field dependence to FeSe,
suggesting the electron-electron collisions remain unaltered
by the electron-impurity collisions for low Cu substitutions.
Our study also raises questions about the universality of im-
purities, in-plane doping, the effect of irradiation and growth
conditions in suppressing superconductivity of FeSe.

In accordance with the EPSRC policy framework on re-
search data, access to the data will be made available from
ORA (DOI to be provided on acceptance).
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small single crystal with x = 0.02. (b) Temperature dependence of magnetization for a different single crystal with x = 0.01 which shows a
Tc ∼ 2.89 K but for only a small fraction of the sample (the diamagnetic factor for this sample is N = 0.94). (c) The extracted torque amplitude
proportional to the spin susceptibility anisotropy versus temperature for this crystal shown mounted on the piezocantilever (as shown in the
inset). The dashed line is a fit to a Curie-Weiss temperature dependence. (d) The inverse of torque amplitude versus temperature to extract
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Energy scaling of resistivity as Γ, where Γ = αkBT

√
1 + (β/α)2(µBµ0H /(kBT ))2 using α = 1 and β = 1. Our data do not follow the

proposed energy scaling, similar to FeSe1−xSx [10]. This magnetoresistance scaling was used to describe the antiferromagnetic critical region
in BaFe2(As1−xPx)2 [49].
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