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Normal and superconducting state properties of Cu-doped FeSe single crystals
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We report the evolution of the physical properties of FeSe single crystals with Cu substitution. We show
that introducing Cu suppresses bulk superconductivity quickly, much faster than the decrease in structural
transition temperature, and further doping Cu induces a metal-insulator transition. In contrast, zero-field ab-plane
resistivity ρxx exhibits an unusual temperature dependence ρxx (T ) ∼ AT n, with n ∼ 1, that is almost unchanged
with the variation of Cu content. This result implies that magnetic fluctuations in FeSe are insensitive to the Cu
substitution. The field dependence of the Hall resistivity of Fe1−xCuxSe with x > 0 shows a positive slope in
the low-temperature region which can be ascribed to the relatively higher hole mobility than the electron one.
Therefore, the low-concentration Cu dopant as a strong scattering source can lead to the significant decrease in
electron mobility which is detrimental to superconductivity, but it has minor effects on the carrier densities of
electrons and holes as well as the shapes of the Fermi surfaces. Correspondingly, the structural transition and
magnetic fluctuations in Fe1−xCuxSe change slowly with x.

DOI: 10.1103/PhysRevB.103.174510

I. INTRODUCTION

Among iron-based superconductors (SCs), even the similar
electric structures between FeAs-based SCs and FeSe with
hole pockets near the � point and electron pockets near the
M point of Brillouin zone [1–4], the latter, with the simplest
structure (only two FeSe layers in one unit cell without a
carrier reservoir), still attracts a great deal of attention due
to its unique physical properties. For example, FeSe exhibits a
structural transition (nematic ordering transition) at Ts ∼ 90 K
but without the appearance of magnetic order [2,5]. Without
doping, FeSe shows a superconducting transition below the
critical temperature Tc ∼ 8 K at ambient pressure [6]. Fur-
thermore, pressure, intercalation (heavily electron doping),
and reduced dimensionality (monolayer FeSe film on SrTiO3)
can enhance Tc remarkably [7–14]. More importantly, the
heavily electron doped FeSe-based SCs raise a great challenge
to the proposed spin-fluctuation-mediated pairing mechanism
in FeAs-based and FeSe SCs (denoted by s± pairing) [15]
because the hole pockets crucial to this pairing mechanism
are absent in these compounds [16].

Substitution is an effective way to tune superconductivity
and explore the superconducting mechanism in iron-based
SCs [17,18]. Although isovalent Te doping at the Se site can
enhance Tc significantly with the suppression of Ts [19,20],
similar to that in BaFe2(As1−xPx) [21], the substitution ef-
fects of transition metals at the Fe site in FeSe have many
exotic features when compared to those in FeAs-based SCs.
Taking Co and Ni doping as examples, these dopants can
induce superconductivity in FeAs-based SCs [18]; however,
they suppress Tc of FeSe rapidly [20,22]. Cu doping is
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even more exotic. It not only destroys the bulk supercon-
ductivity of the Fe1−xCuxSe polycrystal completely at an
extremely low concentration (x ∼ 1.5%) but also induces a
metal-insulator transition (MIT; x ∼ 4%) [23,24], which is
different from Co- and Ni-doped FeSe and Cu-doped FeAs-
based SCs [18,20,22,25]. Theoretical calculations suggest that
the Cu ions in Fe1−xCuxSe have a nominal d10 configuration
rather than a d9 one; thus, they are a source of strong disorder
scattering, leading to the suppression of Tc and the emergence
of MIT [26].

Because of the absence of high-quality single crystals,
however, details about the effects of Cu doping on the physical
properties of normal and superconducting states, especially on
Ts, are still lacking. In this work, we carry out a systematic
study of the physical properties of a series of Cu-doped FeSe
single crystals. We find that the superconducting transition is
suppressed more quickly than the structural transition with Cu
doping. Furthermore, the MIT appears at the higher doping
level. Transport measurements further show that the hole-type
carriers become dominant with Cu doping and the dramatic
suppression of Tc, which may originate from strong disorder
scattering instead of the change in carrier density with the
introduction of Cu.

II. EXPERIMENT

Single crystals of Fe1−xCuxSe were grown by a horizontal
flux technique using elemental Fe, Cu, Se, and a eutectic
mixture of chlorine salts, similar to the growth procedure for
undoped FeSe single crystals [12,27]. The elemental analysis
was performed using an energy-dispersive x-ray spectroscopy
(EDX) analysis. Electrical transport measurements were car-
ried out in a Quantum Design physical property measurement
system (PPMS-14T). The ab-plane resistivity ρxx(μ0H ) and
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FIG. 1. (a) Relationship between the nominal concentration of
Cu xnom and the actual one xEDX determined by EDX in Fe1−xCuxSe
single crystals. (b) Temperature dependence of normalized in-plane
resistivity ρxx (T )/ρxx(300 K). Each curve is shifted by 0.1 for
clarity. The solid triangles indicate the Ts which is defined as the
peak position of the first derivative of ρ. (c) dρxx/dT as a func-
tion of T . (d) Enlarged part of normalized resistivity curves in the
low-temperature region with fittings (red lines) using the formula
B + AT n. (e) The fitted n values as a function of xEDX. Inset: the
ρxx (T ) curve near the superconducting transition region for FeSe
(x = 0). (f) Temperature dependence of dc magnetic susceptibility
4πχ at μ0H = 1 mT for H‖c with the ZFC mode.

Hall electrical resistivity ρyx(μ0H ) were measured using
a standard four-probe method on rectangular-shaped single
crystals with current flowing in the ab plane, while the
magnetic field was applied along the c axis. ρyx(μ0H ) was
obtained from the difference in the off-diagonal resistiv-
ity measured at the positive and negative fields in order
to remove the contribution of ρxx(μ0H ) due to the volt-
age probe misalignment, i.e., ρyx(μ0H ) = [ρyx(T,+μ0H ) −
ρyx(T,−μ0H )]/2. Magnetization measurements were per-
formed in a Quantum Design magnetic property measurement
system (MPMS3).

III. RESULTS AND DISCUSSION

Figure 1(a) shows the actual Cu concentration xEDX deter-
mined by the EDX measurement as a function of the nominal
doping level xnom. The values of xEDX are taken as the average
at several positions on each crystal. Even for such a low
doping level at which the EDX results may be less accurate,
there is an unambiguous linear dependence of xEDX on xnom. It
strongly indicates the amount of Cu doped into FeSe is close
to the expected one. In addition, the EDX mapping analysis
of Fe1−xCuxSe crystals confirms that the distribution of doped
Cu is homogeneous [28]. Thus, we will use xEDX (noted

as x) for the following discussion. The temperature depen-
dence of normalized ab-plane resistivity ρxx(T )/ρxx(300 K)
for Fe1−xCuxSe single crystals is shown in Fig. 1(b). For the
undoped FeSe, the resistivity anomaly related to the structural
transition appears at Ts ∼ 89 K [determined by the dip in
dρxx/dT ; Fig. 1(c)], consistent with previous results [2,5].
With increasing the content of Cu, Ts shifts to a lower tem-
perature slowly and cannot be observed above 2 K at x ∼
0.0245. Figure 1(d) shows the enlarged part of the normalized
resistivity curves in the low-temperature region (T < 50 K).
It can be seen that the normal-state resistivity can be fitted
well by using the formula ρxx(T )/ρxx(300 K) = ρ0 + AT n

(red lines). As shown in Fig. 1(e), the fitted values of n are
insensitive to x and close to 1, significantly deviating from the
Fermi liquid behavior. Such quasi-T -linear resistivity is very
similar to that in FeSe1−xSx at relatively high temperatures
and can be linked to the spin fluctuations [29,30]. It suggests
that Cu doping could have a minor influence on the magnetic
fluctuations in FeSe, consistent with the NMR results [31]. In
contrast, the obtained ρ0 increases with x in general [28], and
it indicates that the doped Cu introduces disorder or defects,
playing a role in the scattering centers of the carriers. With
further decreasing the temperature, there is a sharp drop in
the resistivity curve, corresponding to the superconducting
transition. For FeSe, the onset temperature of the supercon-
ducting transition Tc,onset is determined by the intersecting
point of the linear extrapolations of ρxx(T ) curves in normal
and superconducting states, Tc,zero is where the resistivity be-
comes zero, and Tc,R is the temperature at which the ρxx(T ) =
50%ρxx(Tc,onset ). The corresponding temperatures are 8.4, 8.0,
and 7.5 K, respectively [inset in Fig. 1(e)]. By increasing the
content of Cu, both Tc,onset and Tc,zero are suppressed to lower
temperatures. Tc,zero and Tc,onset cannot be observed above 2 K
when x � 0.009 and x � 0.014, respectively. It has to be
noted that although suppression of both superconductivity and
structural transitions in FeSe occurs by partial replacement of
Fe with Cu, the influence of Cu doping is distinctly different:
Tc is suppressed more quickly than Ts. On the other hand, at
x = 0.037, the negative slopes of resistivity emerge at low and
high temperatures; that is, insulating behavior appears. The
monotonic decrease of the residual resistivity ratio [RRR =
ρxx(300 K)/ρxx(9 K)] also reflects the evolution from the
metallic state to the insulator one with Cu doping [28]. It
probably originates from the Anderson localization of charge
carriers due to the disorder induced by Cu doping [26].

Figure 1(f) shows the zero-field-cooling (ZFC) dc mag-
netic susceptibility 4πχ (T ) of Fe1−xCuxSe single crystals at
μ0H = 1 mT for H‖c. Tc,M is determined from the 50%
point of the diamagnetic signal in the 4πχ (T ) curve. It
is obvious that Tc,M is suppressed quickly when introduc-
ing a small amount of Cu into the Fe site, consistent with
the resistivity measurement as well as the previous results
for the Fe1−xCuxSe polycrystal [23,24]. Strong suppression
of Tc is also observed in Co- and Ni-doped FeSe, but this
trend is distinct different from the mild suppression (even
slight enhancement) of Tc in FeSe1−xSx [20,22,30,32,33]. It
implies that the aliovalent doping into the Fe plane has a
more significant influence on physical properties than the
isovalent substitution in the Se site. Moreover, after taking
into account the demagnetization effect of the crystals, the
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FIG. 2. (a)–(f) Field dependence of Hall resistivity ρyx (μ0H ) up
to μ0H = 9 T at various temperatures for Fe1−xCuxSe with x =
0.0048, 0.0066, 0.009, 0.014, 0.020, and 0.0245, respectively.

superconducting volume fractions estimated from the ZFC
4πχ (T ) curves are still about 100%, except for the sample
with x = 0.009, limited by the lowest measured temperature.
These results indicate that the bulk superconductivity persists
in Fe1−xCuxSe single crystals even with the decrease of Tc.
Thus, the suppression of Tc with Cu doping should be a bulk
effect.

The field dependence of Hall resistivity ρyx(μ0H ) at var-
ious temperatures is investigated to get more information
about the carriers in Fe1−xCuxSe single crystals. As shown
in Fig. 2, all of the ρyx(μ0H ) curves for Fe1−xCuxSe single
crystals show a similar linear dependence on magnetic field
up to 9 T in the whole temperature range, obviously differ-
ent from the bent curves of FeSe at low temperature [34].
At low temperature, the values of ρyx(μ0H ) are positive for
all samples. With increasing temperatures, the slopes of the
ρyx(μ0H ) curves become smaller, and the values of ρyx(μ0H )
change from positive to negative. The behavior of ρyx(μ0H )
for Fe1−xCuxSe is different from that of Fe1−xCoxSe, in which
all of the ρyx(μ0H ) curves exhibit negative slopes between 10
and 180 K when the doping level of Co is in the range of
0.010–0.075 [35].

Figure 3(a) summarizes the temperature dependence of the
Hall coefficient RH(T ) ≡ ρyx(μ0H )/μ0H determined from
the linear fits of the ρyx(T, μ0H ) curves of Fe1−xCuxSe with
various Cu contents. At high temperatures, the amplitude of
positive RH is almost unchanged with varying the doping
level of Cu. In contrast, at low temperatures its value de-
pends on x weakly. At first glance, positive RH with linear
field dependence of ρyx(μ0H ) implies that the substitution
of Cu for Fe leads to the hole doping. But the fits using the
single-band model give unreasonably high hole concentra-

FIG. 3. (a) Temperature dependence of the Hall coefficient
RH(T ) for Fe1−xCuxSe. The values of RH(T ) are obtained from the
linear fits of ρyx (μ0H ) curves. (b) The fits of magnetoresistance
and Hall resistivity of Fe1−xCuxSe with x = 0.009 at 10 K using
a compensated two-band model. (c) ne,h(T ) and (d) μe,h(T ) as a
function of x at 10 K.

tions (∼1.7–5.7 × 1021 cm−3), one order of magnitude higher
than those in FeSe [34]. Moreover, previous theoretical calcu-
lations suggest that even though the valence state of Cu is +1,
Cu substitution leads to electron doping [26]. Because FeSe is
a nearly compensated semimetal, i.e., the electron and hole
concentrations ne,h are almost identical, and x is very low,
which may only slightly change ne,h [26], we can analyze
the magnetoresistance and Hall resistivity of Fe1−xCuxSe in
the framework of the two-band model with a compensation
condition (ne = nh) [36],

ρxx = 1

ne(μe + μh)e
[1 + μhμeB2] = ρxx,0[1 + μhμeB2],

(1)

ρyx = μ0H

nee

μh − μe

μh + μe
, (2)

where μe and μh are the mobilities of electrons and holes,
respectively. ρxx,0 is the zero-field ab-plane resistivity. All
ρxx(μ0H ) and ρyx(μ0H ) curves can be fitted quite well us-
ing Eqs. (1) and (2) with the two-band model. Figure 3(b)
shows an example of simultaneous fits of ρxx(μ0H ) and
ρyx(μ0H ) for the sample with x = 0.009 at 10 K. The fits of
ρxx(μ0H ) for other samples are shown in the Supplemental
Material [28]. The obtained ne,h(T ) and μe,h(T ) as a function
of x are shown in Figs. 3(c) and 3(d). It has to be mentioned
that the fitted values of ne,h(T ) and μe,h(T ) for FeSe are
obtained using the two-band model when setting ne(T ) and
nh(T ) as two independent parameters. The variation of ne,h(T )
with x might partially originate from the measurement uncer-
tainties of the geometric size of the samples, especially for
the thickness of the thin crystals. In contrast, both μe(T ) and
μh(T ) decrease dramatically with the increase of x. This is
consistent with the results of theoretical calculations in which
doped Cu ions can be regarded as a source of strong scattering,
which could lead to the Anderson localization and thus the

174510-3



GONG, SUN, WANG, AND LEI PHYSICAL REVIEW B 103, 174510 (2021)

FIG. 4. (a) A composition vs temperature phase diagram of
Fe1−xCuxSe single crystals. The red squares, blue circles, and green
triangles represent Ts, Tc,R, and Tc,M determined from resistivity and
magnetization measurements. The error bars of Tc,R and Tc,M repre-
sent the superconducting transition widths (�Tc,R = Tc,onset − Tc,zero

and �Tc,M = 10%–90% values of 4πχ at 1.8 K). The error bars of
Ts are estimated from the widths of the structural transitions in the
ρxx (T ) curves. SC: superconducting state. (b) Tc/Tc0 vs α calculated
using Eq. (3). Here Tc0 and Tc represent Tc,onset of FeSe- and Cu-
doped FeSe, respectively. The error bars originate from the different
m∗ of hole and electron pockets. The red line represents the result
calculated using the AG formula.

appearance of the insulating phase even at a very low doping
level [26]. This is obviously different from the effect of Co
or Ni substitution, in which the normal-state resistivity still
shows a metallic behavior [20,35] because these dopants can
still keep coherent electronic structures [26]. Moreover, when
compared to FeSe in which the dominant carriers are electrons
with higher mobility [34], μh becomes larger than μe even
with a tiny amount of Cu doping, resulting in the positive
slopes of the ρyx(μ0H ) curves in the low-temperature region.
This result suggests that the scattering effect of Cu ions on
electrons may be stronger than that on holes.

The phase diagram of Fe1−xCuxSe single crystals is plotted
in Fig. 4. Tc,R and Tc,M determined from resistivity and mag-
netization measurements are consistent with each other, and
the purple area represents the region of the superconducting
state. Below Ts, Fe1−xCuxSe has an orthorhombic phase, and

above it, the tetragonal phase exists. The most striking feature
is that when superconductivity is suppressed quickly with Cu
doping and disappears below 2 K at the critical concentra-
tion x ∼ 0.014, Ts is still very high (about 48 K), which
is suppressed completely until x = 0.0245. In contrast, both
superconducting and structural transitions disappear simulta-
neously at a higher doping level (x = 0.036) in Co-doped
FeSe [35]. The Co doping introduces extra electrons that
could the weaken Fermi surface (FS) nesting and suppress
both transitions [35]. Different from Fe1−xCoxSe, the above
analysis suggests that the small amount of Cu doping may
not significantly change the carrier density, i.e., EF; thus, it
has a minor effect on the shapes of FSs, which are important
to the structural transition (nematic ordering) [37]. But Cu
doping induces strong disorder scattering indeed, especially
for electron-type carriers [26], which could be detrimental
to superconductivity. This is also consistent with the faster
suppression of Tc than those in Fe1−xCoxSe and Fe1−xNixSe
at the same doping level [20,35].

Next, we discuss the pair-breaking mechanism of
Fe1−xCuxSe. According to the s± scenario, the nonmagnetic
impurity scattering between bands with different signs of the
order parameter suppresses Tc in the same way as a magnetic
impurity in a single-band BCS superconductor [38–40]. Thus,
the suppression of Tc by nonmagnetic impurities should obey
the Abrikosov-Gor’kov (AG) formula [41]

− ln(T/Tc0) = ψ

(
1

2
+ αTc0

2T

)
− ψ

(
1

2

)
, (3)

where Tc0 and Tc are Tc,onset of the undoped and doped FeSe
samples, respectively, ψ (x) is the digamma function, and α is
the pair-breaking parameter. The red line in Fig. 4(b) shows
the relationship between Tc/Tc,0 and α calculated using the
AG formula, which indicates that Tc vanishes at αc,theory =
0.28. According to the theoretical calculations based on the
five-orbital model [42,43], α can be expressed as

α = zh̄�

2πkBTc0
, (4)

where z = m/m∗ is the renormalization factor with band
mass m and effective masses m∗ and � is the electron scat-
tering rate. The angle-resolved photoemission spectroscopy
(ARPES) measurements indicate that m∗/m is between 3 and
9 [44]; when taking m∗/m = 6, z = 0.17. � can be calcu-
lated using the relation � = nee2�ρ0/m∗, where �ρ0 is the
difference in ρ0 between the Cu-doped and Cu-free FeSe
crystals [43]. According to the quantum oscillation results, m∗
are about 4me and 7me–8me for hole and electron pockets [34],
respectively, where me is the electron mass, in agreement with
the ARPES results [45]. Thus, we take 5.5me as the averaged
value of m∗ from both bands. As shown in Fig. 4(b), αc

for Fe1−xCuxSe is much smaller than those in FeAs-based
SCs [17], and the relationship between Tc/Tc0 and α calculated
using Eq. (4) is in line with the results obtained from the AG
formula. It indicates that the impurity effect of Cu in FeSe
can be well explained by the s± scenario, consistent with the
measurement results of scanning tunneling microscopy [46].
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IV. CONCLUSION

In summary, a series of Fe1−xCuxSe single crystals were
grown successfully using the molten-salt flux method. The re-
sistivity and magnetization measurements indicated that bulk
Tc is suppressed much faster than Ts with Cu doping and
a MIT emerges at higher Cu content (x � 0.037). On the
other hand, the exponent of the temperature dependence of
ρxx(T ) is close to 1 when x < 0.015. Based on the analysis of
the field dependence of Hall and ab-plane resistivities using
the two-band model with the compensation condition, we
found that ne,h(T ) do not change significantly with x, while
μn,h(T ) decrease dramatically with μh > μn at 10 K. All
of these results suggest that at small x, the strong disorder
scattering of Cu ions, especially for electron-type carriers, re-
markably suppresses Tc, while Ts and magnetic fluctuation are

not susceptible to the Cu doping because of the little change
in carrier concentrations. Further analysis suggested that the
pair-breaking rate of nonmagnetic Cu defects is consistent
with the prediction of the s± model, providing strong evidence
of the gap structure of s± in FeSe.
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