PHYSICAL REVIEW B 88, 094516 (2013)

Phase diagram and physical properties of NaFe;_,Cu,As single crystals
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A series of high-quality NaFe,_,Cu, As single crystals have been grown with the self-flux technique, which
were systematically characterized via structural, transport, thermodynamic, and high-pressure measurements.
Both the structural and magnetic transitions are suppressed by Cu doping, and bulk superconductivity is induced by
Cu doping. The superconducting transition temperature (7.) is initially enhanced from 9.6 to 11.5 K by Cu doping,
and then suppressed with further doping. A phase diagram similar to NaFe;_,Co,As is obtained except that
semiconducting instead of metallic behavior is observed in the extremely overdoped samples. 7.s of underdoped,
optimally doped, and overdoped samples are all notably enhanced by applying pressure. Although a universal
maximum transition temperature (7,"*) of about 31 K under external pressure is observed in underdoped and
optimally doped NaFe,_,Co,As, T." of NaFe,_,Cu,As is monotonically suppressed by Cu doping, suggesting
that impurity potential of Cu is stronger than that of Co in NaFeAs. The comparison between Cu and Co doping
effect in NaFeAs indicates that Cu serves as an effective electron dopant with strong impurity potential, but part

of the doped electrons are localized and do not fill the energy bands as predicted by the rigid-band model.
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I. INTRODUCTION

The discovery of iron-based superconductors gives another
opportunity to study the physics of high-temperature super-
conductivity besides the cuprates.'= The parent compounds of
iron-based superconductors are antiferromagnetic semimetals,
and superconductivity can be induced by hole and electron
doping or applying pressure. For example, superconductivity
was induced in BaFe,As, by the doping of Co, Ni, and Cu.*?
In the case of Co and Ni doping, the doped electron numbers
predicted by the rigid-band model are x and 2x, respectively.
The study on the phase diagram of Ba(Fe;_,Co,),As, and
Ba(Fe;_,Ni, ),As, with angle-resolved photoemission spec-
troscopy (ARPES) indicates that the doped electron number
roughly follows the rigid-band model.® Therefore, it is natural
to expect that superconductivity could be induced by Cu
doping and the doped electron number is 3x. However,
superconductivity was observed in a very narrow range of
doping in Ba(Fe,_, Cu,)»As,,> and no superconductivity was
observed in Sr(Fe;_,Cu, ),As,.’

Although the doping effect of Co and Ni is clear now, the
role of Cu doping is still under debate. X-ray photoelectron
spectroscopy (XPS) and x-ray absorption (XAS) measure-
ments show that Cu 3d states locate at the bottom of the valence
band in a localized 3d'° shell, so that the formal valence state
of Cu is +1 and the substitution of Fe’* by Cu'* results in
hole doping.”® The theoretical and experimental studies on
SrCu,As,, the end member of the Sr(Fe;_,Cu,),As, series,
indicate thatitis an s p-band metal with hole-type carriers dom-
inant, and Cu in the nonmagnetic 3d'° electronic configuration
corresponds to the valence state Cu'*,”!%!! which further
supports the result of XPS and XAS. In addition, the doping
effect of Cu is similar to that of Mn, which is also considered
as hole doping and no superconductivity has been found.'?
On the contrary, however, electron doping by Cu was proved
by ARPES in Ba(Fe;_,Cu,),As,,° and further confirmed by
Hall measurement on Bag¢Kg4(Fe;_Cu,),Asy.3 A super-
conducting dome similar to that of Ba(Fe;_,Co,),As, was
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observed in the phase diagram of Ba(Fe;_,_,Co,Cu,),As,
(x ~0.022 and x ~ 0.047),° indicating the similar doping
effect between Co and Cu, and further suggesting that it
is the electron carriers that are induced by Cu doping. To
reconcile this controversial situation, it is of great interest to
further investigate the Cu doping effect in other families of
iron-pnictide superconductors.

Besides BaFe,As;, high-quality NaFeAs single crystals
are also available now, which turn out to be suitable for
studying the Cu doping effect. NaFeAs is regarded as a
filamentary superconductor. By substituting Co or Ni on Fe
sites, bulk superconductivity was obtained.!*!> The Ni doping
doubles the amount of electron doping by Co,'* which follows
the rigid-band model. It has been reported that 7, of the
analogous compound LiFe;_,Cu,As is suppressed linearly
by Cu doping.'® Hence, we study the role of Cu doping in
NaFe;_,Cu,As, and compare it with the effect of Cu doping
in BaFe;As; and LiFeAs. In this paper, we report the study on
the physical properties and phase diagram of NaFe;_,Cu,As
by performing x-ray diffraction (XRD), resistivity, magnetic-
susceptibility, Hall, specific-heat, and high-pressure measure-
ments. A phase diagram similar to NaFe;_,Co,As is estab-
lished. The comparison of the physical properties and phase
diagrams between NaFe;_,Cu,As and NaFe;_,Co, As clearly
indicates that Cu doping is electron doping and the electron
number deviates from the expected 3x. The deviation can be
explained that part of the doped electrons fill the impurity band
which is located deep below the Fermi level (Er) and do not
fill the energy bands as predicted by the rigid-band model.*’

II. EXPERIMENTAL DETAILS

A series of NaFe;_,Cu,As single crystals were grown
by adopting the NaAs flux method. The growth procedure
resembles that of NaFe;_,Co,As.!> The NaAs precursor was
first prepared by reacting the Na chunks and As powder in an
evacuated quartz tube at 200 °C for 10 hours. The powders
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of NaAs, Fe, and Co were mixed together according to the
ratio NaAs : Fe : Cu = 4 : 1 — x : x. Then, the mixture
was placed into an alumina crucible and sealed inside an iron
crucible under Ar atmosphere. The sealed iron crucible was
slowly heated to 950 °C in a tube furnace filled with Ar gas.
After being kept at 950 °C for 10 h, the sample was cooled to
600 °C at a rate of 3 °C/h to grow single crystals. The shiny
crystal can be easily cleaved mechanically from the melt, and
the dimensions of the single crystal can go up to 15 x 10 x
0.3 mm?. All the operation must be carried out in glove box in
which high pure argon atmosphere is filled.

It is well known that NaFeAs single crystals are air and
moisture sensitive. Similar to the electron doping effect,
both structural and SDW transitions are suppressed and 7,
is enhanced by exposing NaFeAs in the air.'” In order to
obtain intrinsic physical properties, great attention should be
paid to handle NaFe;_,Cu, As single crystals. Samples must
be stored and transported in sealed containers filled with an
inert gas. If we must prepare samples for resistivity or other
measurements in the air, it is necessary to do the experiment
in a dry room with the temperature lower than 20 °C. It is
also noteworthy that NaAs flux is highly air sensitive, which
should be removed from the surface of the crystals before
being exposed in the air. As a result, no obvious degrading
effect is observed within an hour.'®

XRD was performed on a Smartlab-9 diffractometer (Rik-
agu) from 10° to 70°, with a scanning rate of 6° per minute.
The actual chemical composition of the single crystal was
determined by energy-dispersive x-ray spectroscopy (EDX)
mounted on the field emission scanning electronic microscope
(FESEM), Sirion 200. The Cu content x hereafter is the actual
composition determined by EDX. The resistivity measure-
ments were carried out by using the PPMS-9T (Quantum
Design), and resistivity down to 50 mK was measured in
a dilution refrigerator on PPMS. Electrical contacts used in
resistivity measurements were made to the samples using
silver paste (Dupont 4929N) to attach Pt wires in a standard
four-probe configuration, and the contact resistance is less
than 100 mQ2 at room temperature. Specific-heat data were
collected in a PPMS using the thermal relaxation technique.
The magnetic susceptibility was measured using a vibrating
sample magnetometer (VSM) (Quantum Design). The Hall
coefficient was measured on PPMS with the four-terminal
ac technique by switching the polarity of the magnetic field
H//c to remove any magnetoresistive components due to the
misalignment of the voltage contacts.'® The pressure was
generated in a Teflon cup filled with Daphne oil 7373, which
was inserted into a Be-Cu pressure cell, and the pressure
applied in the resistivity measurement was determined by the
shift of superconducting transition temperature of pure Sn.?’

III. RESULTS

A. X-ray diffraction

Figure 1(a) shows the selected single-crystalline XRD
patterns for the NaFe;_,Cu,As single crystals. Only (00/)
reflections can be recognized, indicating that the crystals
are well orientated along the c¢ axis. The lattice parameter
c is estimated from the (00/), and the evolution of ¢ of
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FIG. 1. (Color online) (a) Selected XRD patterns for the
NaFe,_,Cu,As single crystals. (b) Doping dependence of the c-axis
parameter.

all the single crystals with the doping level is shown in
Fig. 1(b). ¢ decreases with increasing doping concentration,
which roughly obeys Vegard’s law. Comparing with undoped
NaFeAs, the amplitude of the lattice parameter change is about
0.8% with Cu doping concentration up to 0.30, a little smaller
than that of Co-doped NaFeAs with the same doping level.!*!3

B. Electrical resistivity

The temperature dependence of in-plane electrical resistiv-
ity for NaFe;_,Cu,As single crystals is shown in Fig. 2. To
make the graphs easier to read, the data are grouped into three
sets. The resistivity of NaFe;_,Cu,As at room temperature is
about 0.4-1.7 m§ cm, similar to that of NaFe,_,Co,As.'>?!
Comparing to the change of absolute resistivity caused by
the doping effect, the error bar of our data is relatively large,
which is mainly coming from the uncertainty of the geometric
factor. As a result, we cannot observe a completely systematic
evolution of the room-temperature resistivity within the whole
doping range. The superconducting transitions for most of
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FIG. 2. (Color online) (a)-(c) Temperature dependence of in-
plane resistivity for NaFe,_,Cu,As single crystals. (d) Enlargement
of the low-temperature resistivity in panels (a) and (b). The criteria
used to determine the onset and offset temperature for the supercon-
ducting transitions are also shown in (d).
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the samples are quite broad and the onset is very round, so
we define 7°™ as T,, as shown in Fig. 2(d). T, stands for
Tt for convenience hereafter. The kinks associated with the
structural/spin density wave (SDW) transition can be clearly
recognized in the low-temperature resistivity of underdoped
crystals.?? The criteria used to define the structural and SDW
transitions are shown in Fig. 7.

The structural and SDW transitions are progressively
suppressed with increasing Cu concentration, similar to that
of NaFe;_,Co,As. T, increases slightly with Cu doping in
the underdoped region. The maximum 7, about 11.5 K is
reached at x = 0.019, but the amplitude of 7, enhancement
(2 K) is much smaller than that in Co-doped NaFeAs (10 K).
T, decreases quickly with further doping, and no trace of
superconducting transition is observed in crystals with doping
concentration higher than 0.045. The metal-insulator transition
is observed in the crystals with x > 0.033. Ultimately,
semiconducting behavior in the whole temperature range is
observed in the extremely overdoped crystals, which is quite
different from the metallic behavior in extremely overdoped
NaFe,_,Co,As.”> A weak semiconducting behavior is also
observed in Ba(Fe;_,Cu,),As, and Sr(Fe;_,Cu,),As,.>’ In
addition, when ~4% Fe was substituted by Cu, a metal-
insulator transition was observed in Fe;g;_,Cu,Se.?>?* It
was reported that the insulator phase of Fe; o;—,Cu,Se is an
Anderson localized system arising from disorder rather than
a conventional semiconductor.”> Whether the semiconductor-
like behavior in NaFe;_,Cu,As and Fe;;_,Cu,Se have
common origin needs further investigation.

C. Magnetic susceptibility

Figure 3 shows the zero-field-cooling (ZFC) magnetic
susceptibility taken at 10 Oe with H perpendicular to the ¢ axis
for the superconducting NaFe,_,Cu,As single crystals. We
define T as the temperature at which the susceptibility starts
to drop. As reported previously, a tiny diamagnetic signal was
observed below 9 K in undoped NaFeAs.!> With Cu doping,
the superconducting shielding fraction rises rapidly. Bulk
superconductivity with large shielding fraction is observed in
the composition with a range of 0.006 ~ 0.024, indicating that
Cu doping is beneficial to the superconductivity of NaFeAs.
T.s inferred from the diamagnetic signal are consistent with
those determined by resistivity measurements. As shown in
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FIG. 3. (Color online) Temperature-dependent magnetic suscep-
tibility for NaFe,_, Cu, As with magnetic field 10 Oe.
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FIG. 4. (Color online) (a) Temperature dependence of normal-
state magnetic susceptibility for NaFe,_,Cu,As under a magnetic
field of 5 T. (b) Temperature dependence of the normalized magnetic
susceptibility, which is shifted upward by 0.1 for clarity.

Fig. 3, x = 0.019 is the optimally doped composition, which
has maximum 7, and largest shielding fraction. Both shielding
faction and 7, decrease with further Cu doping, and no
diamagnetic signal above 2 K is detected in samples with
the Cu doping level higher than 0.033.

Figure 4(a) presents the normal-state in-plane magnetic
susceptibility for NaFe;_,Cu, As under a magnetic field of 5 T.
The magnitude and behavior are similar to those in Co-doped
NaFeAs.'> Because the magnitude of x does not change much
with the doping range up to 0.014 (about 15%), the normalized
susceptibility is shown in Fig. 4(b) for clarity. All the magnetic
susceptibilities are taken under zero-field-cooled (ZFC) mode,
and a field-cooled (FC) susceptibility of NaFeq70Cug30As is
also presented. Rapid drops associated with superconducting
transition can still be observed at low temperature for the super-
conducting samples. Kinks corresponding to the structural and
SDW transitions are observed in the undoped and underdoped
samples, which are suppressed with Cu doping and consistent
with the observation of resistivity. It is worth noting that x
shows an almost linear temperature dependence in high tem-
perature for concentration up to 0.16. The slope of the linear de-
pendence of high-temperature susceptibility slightly decreases
with Cu doping, similar to that of Co doping.!> The linear
temperature dependence of high-temperature susceptibility is
a common feature in iron-based superconductors, which has
been observed in NaFe,_,Co, As,"> Ba(Fe;_,Co,),As,,2° and
LaFeAsO;_,F..2” An explanation based on the J;-J, model of
localized spins ascribes this behavior to the spin fluctuations
arising from the local SDW correlation.?® It is also argued that
the behavior can be explained based on the spin susceptibility
of a 2D Fermi liquid with nearly nested electron and hole
pockets of the Fermi surface.?” There is a Curie-Weiss-like
upturn in the low-temperature magnetic susceptibility of
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FIG. 5. (Color online) (a) Temperature dependence of the
Hall coefficient Ry for selected NaFe,_,Cu,As single crystals.
(b) The cotfy of NaFe,_, Cu,As single crystals plotted in power-law
temperature scale. The legends in (b) are the same as in (a).

overdoped NaFe;_,Cu,As, which has been reported in many
Fe-based superconductors.”!>303! The susceptibility upturn
is usually attributed to extrinsic origin, such as defects or
impurities. A small separation between the ZFC and FC occurs
at NaFe(70Cug30As, which can be ascribed to spin-glass
transition.’

D. Hall effect

Figure 5(a) shows the temperature dependence of Hall
coefficients for selected single crystals of NaFe;_,Cu, As. The
drops in the x = 0 and x = 0.006 single crystals are due to
structural transition. The negative Hall coefficients of all the
single crystals indicate that the dominated carrier is electron.
Taking contact sizes and geometric factor into account, the
uncertain of the absolute value of Hall coefficient is about
15%. A nearly systematic evolution is observed on the absolute
value of Hall coefficient at 200 K. The value decreases with
Cu doping up to optimally doped crystal with x = 0.019, and
then increases with further Cu doping. Due to the multiband
effect and different mobility of electron and hole carriers, the
Hall behavior is complex. If we simply take the single-band
expression ny = 1/(eRy),>? the behavior of Hall coefficient
of NaFe;_,Cu,As indicates that the Cu doping is electron
doping, similar to that of Co doping in NaFe;_,Co,As."> As
the Cu doping, Hall coefficients of Baj Ko 4(Fe;_,Cu,),As;
gradually change from positive to negative values, clearly
showing electron carriers are introduced. The results of
Hall measurement on NaFe _,Cu,As are similar to those of
Bag 6Ko.4(Fei_,Cu,)rAsy. 3

As shown in Fig. 5(b), the Hall angle is plotted as
cotdy = p/pxy VS T4, where p is in-plane resistivity and
Pxy 1s Hall resistivity. It has been reported that cotfy shows
power-law temperature dependence for all the single crystals of
NaFe;_,Co,As: T* for the parent compound, approximately
T3 for the superconducting crystals, and T2 for the heavily
overdoped nonsuperconducting sample.'® But 7#-dependent
cotfy with 8 ~ 4 is observed in all these NaFe,_, Cu, As single
crystals. These s are different from those in NaFe;_,Co,As,
Ba(Fe;_,Co,),As,,* and hole-doped cuprates,* but similar
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FIG. 6. (Color online) (a) Low-temperature part of specific heat
for optimally doped NaFe(g1Cugg19As. Blue lines show how the
AC,/T. is determined. The red line is the best fit of the specific heat
between 13 and 30 K. (b) Temperature dependence of the specific
heat C,/T of NaFe,_,Cu,As with x = 0, 0.002, and 0.019 between
2 and 60 K. The data are shifted by a multiple of 50 mJ mol~! K2
along the y axis for clarity (as shown in the panel). The arrows points
to the anomalies in the specific heat.

to electron-doped cuprates.>> Since the 7% dependence in
cuprate is interpreted via the multiband effect with different
contributions from various bands, the different power-law de-
pendence between NaFe;_,Cu, As and NaFe;_,Co,As might
indicate the different band evolution of NaFeAs by Cu/Co
doping.

E. Specific heat

To verify the bulk thermodynamic nature of the supercon-
ducting transition, specific-heat measurement was performed
on the optimally doped NaFejo3;Cuggi9As. As shown in
Fig. 6(a), remarkable jump in specific heat corresponding to
superconducting transition is observed, while no anomaly can
be observed on the NaFeAs single crystal. The obvious jump in
specific heat suggests that bulk superconductivity in NaFeAs
is achieved by Cu doping.

The red line is the best fit of the normal-state specific heat
between 13 and 30 K by Cp = y,T + BT> 4+ nT>, where
v»T and BT? 4+ nT° are electron and phonon contributions,
respectively. The T3 term is the phonon specific heat produced
by the Debye model, and the 7> term is the second term
of the harmonic-lattice approximation, which is added to
improve the fit of phonon specific heat as often reported
in other iron-based superconductors.’*=° It is found that
Yo = 7.44 mJ mol~' K2, 8 = 0.238 mJ mol~' K*, and
n = —5.00 x 107> mJ mol~! K~¢. From the obtained 8 and
by using the formula ®©p = [127r4kBNAZ/(5,B)]1/3, where
Ny is the Avogadro constant, kg is the Boltzmann constant,
and Z is the total number of atoms in one unit cell, the
Debye temperature (®p) is estimated to be 290 K, resembling
to that of NaFe( o70CognsAs.'? AC,/T. at T, = 10.65 K
is estimated to be 9.85 mJ mol~' K~2 by the isentropic
construction sketched in Fig. 6(a). The obtained AC,/T,
agrees with the value predicted by the expanded BNC scaling,
which is proposed by Bud’ko, Ni, and Canfield (BNC) and
expanded by J. S. Kim et al***' It is regarded that the
BNC scaling represents a general property of a large class
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of iron-based superconductors, and serves as a simple test of
whether a superconductor has the same superconducting pair-
ing mechanism as the typical iron-based superconductors.*>+3
Thus, the agreement with BNC trend suggests that
NaFe 931 Cup g19As has a typical pairing mechanism of iron-
based superconductors, just as Ba(Feg925C0g.075)2As, and
NaFey 97,Cog 023 As.'>* It has been reported that AC, /v, T. =
2.11 in NaFeq97,Co0sAs."> Based on the data obtained
above, AC,/y,T, in NaFeg931Cugi9As is estimated to be
1.32, alittle smaller than 1.43 expected for weak-coupling BCS
superconductor. The different values of AC,/y, T, between
optimally Cu- and Co-doped NaFeAs suggest that the coupling
strength in Cu-doped NaFeAs is weaker than that of the
Co-doped sample. As a result, NaFeg 931 Cug 019As should be
a two-band s-wave superconductor with a weak coupling
strength.

The temperature dependence of specific heats taken from
2 to 60 K is presented in Fig. 6(b) for NaFe;_,Cu,As
with x = 0, 0.002, 0.019. Two anomalies corresponding to
structural and SDW transitions can be clearly observed in the
underdoped samples,* but no kink is observed around T,
which is consistent with the tiny shielding fraction from the
susceptibility measurements shown in Fig. 3. With Cu doping,
these two anomalies are suppressed to lower temperature, and
become obscure, eventually indiscernible with x > 0.002.
In the optimally doped NaFejog;Cugoi9As, only a kink
associated with superconducting transition is observed. The
evolution of specific heat clearly shows that the structural
and SDW transitions are suppressed and superconductivity
is enhanced by Cu doping.

F. Phase diagram

The resistivity, specific-heat, Hall, and magnetic-
susceptibility measurements all show the suppression of
the structural and SDW transitions. In order to quantify
the transitions and compare the transitions inferred from
various measurements, the resistivity, specific-heat, Hall, and
magnetic-susceptibility data of NaFeAs are plotted in Fig. 7
with the same temperature scale. The criteria used to define
the 7 and Ty, from resistivity are shown in Fig. 7(a).
The onsets of specific-heat jumps are used to define 7.C*

and TSCL‘)”W. Ry starts to drop at TR# and drops quickly at

TSRIS’W. Similarly to Ry, x starts to drop at TX and forms
a small peak at T¢5y,. As shown in Figs. 7 and 8, T,s and
Tspws inferred from various measurements are in excellent
agreement with each other. It is noteworthy that neither specific
heat nor magnetic susceptibility shows a kink corresponding
to the superconducting transition, which is consistent with the
filamentary superconductivity proposed before.??

Based on the data of resistivity, magnetic-susceptibility,
Hall, and specific-heat measurements obtained so far, the 7'-x
phase diagram of NaFe, _, Cu, As is plotted in Fig. 8. As the Cu
doping, both structural and SDW transitions are progressively
suppressed to low temperature, and 7, is enhanced slightly
from 9.6 K in NaFeAs to 11.5 K in optimally Cu-doped
NaFeAs. T, decreases with further Cu doping, and the metal-
insulator transition is observed in the normal-state resistivity
of overdoped superconducting samples. Extremely overdoped
samples exhibit semiconducting behavior, which is different

PHYSICAL REVIEW B 88, 094516 (2013)

1.0t =
e S5
O -
o 2
©
€ 05} Z
- =
< K
Q
°
. 0.0
x NaFeAs L
S AT / ~
< _aha—40 Q
2 E
~ o
e {2 <
= o
o (b)
0 } -4
‘_8 20} J
- ;-'"'"'"
o ~ 7
=}
218 % ,/'/ ]
0 ~ 4
o v
= 16} .
(c)
0 10 20 30 40 50 60

T (K)

FIG. 7. (Color online) Criteria used to determine the structural
transition 7; and SDW transition Tspy of NaFeAs. (a) Resistivity
and its derivative. (b) Specific heat and Hall coefficient. (c) Magnetic
susceptibility. Vertical lines are inferred from the dp/dT.

60 T T T T
50 0% NaFe, CuAs
AN . X - 1
% \ u TC a TS o sSbw i
aok, %\\ e o 0T
g 30k N * T x Th, |
- | ‘%\ E" TC"g TC"SDW ]
20k \\n O shielding fraction _
10 B
L o000 o 11 =
0 A,n/o L T 0 <ll'|:
0.00 0.02 0.04 0.06

xin NaFe, Cu As
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FIG. 9. (Color online) Left panels: In-plane resistivity of
NaFe,_,Cu,As[x = 0.006 (a),0.019 (c), and 0.037 (e)] under various
pressures; arrows indicate the direction of the increasing pressure.
Right panels: The T'(p) phase diagrams of the samples corresponding
to the left panels.

from the overdoped nonsuperconducting NaFe;_,Co,As,
where metallic behavior is observed. A weak semiconducting
behavior is also observed in overdoped Ba(Fe;_,Cu,),As;
and Sr(Fe;_,Cu,),As;.>7 Although the magnitude of T,
enhancement of NaFeAs is only 1.9 K by Cu doping, as
shown in Fig. 8, the negligible small shielding fraction is
enhanced to nearly 100% at optimally doped x = 0.019.
The shielding fraction decreases with further Cu doping,
and a domelike temperature dependence of shielding fraction
is observed, which is similar to the doping dependence of
T. in Ba(Fe;_,Co,),As;. The full shielding fraction around
optimally doped NaFe;_,Cu,As indicates that Cu doping is
beneficial for the superconductivity of NaFeAs, in contrast
to the case of LiFe,_,Cu,As.'® But the maximum 7, is
obviously lower than 20 K in NaFe;_,Co, As under ambient
pressure; the maximum 7, may be suppressed by the stronger
impurity potential of Cu. Microscopic coexistence of SDW
and superconductivity has been proved by scanning tunneling
microscopy (STM) and ARPES measurements on underdoped
NaFe;_,Co, As.*47 Considering the similarity between Cu
and Co doping effects, it is likely that superconductivity also
coexists with SDW in the underdoped NaFe;_, Cu, As.

G. Pressure effects

Resistivity measurements under pressure were performed
on the underdoped sample with x = 0.006, optimally doped
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x = 0.019, and overdoped x = 0.037 samples. As shown in
Fig. 9(a), for the underdoped single crystal with x = 0.006,
the resistivity upturn associated with the structural or SDW
transition is suppressed to lower temperature by pressure and
eventually becomes indistinguishable. T, initially increases as
the pressure, and maximum transition temperature 7, =
26.2 K is observed at 2.2 GPa;*® T, decreases with further
increasing pressure, and the data are summarized in Fig. 9(b).
For optimally doped and overdoped samples, where structural
and SDW transitions have been suppressed by Cu doping, 7.s
are monotonically enhanced up to the maximum pressure in
our measurements.

As shown in Figs. 9(d) and 9(f), 7" = 24.6 and 12.9 K
are obtained for x = 0.019 and x = 0.037, respectively. The
magnitudes of AT, enhanced by ~2.2 GPa are about 13.9,
12.2,and 11.9 K for x = 0.006, 0.019, and 0.037, respectively,
which are comparable to that of NaFe,_,Co,As.* It is
reported that the pressure medium (Daphne 7373) solidifies
at 2.2 GPa,*® which is considered as the hydrostatic limit.>
As shown in Fig. 9, the superconducting transition width is
relatively narrow under maximum pressure (~2.2 GPa), so
the pressure in our measurements is homogeneous, and the
nonhydrostatic pressure effect, if any, is small.

The T,"*s of NaFe;_,Co, As and NaFe,_,Cu,As obtained
under pressure are plotted in Fig. 10. As shown in Fig. 10, the
maximum 7, obtained by combining the effect of doping and
pressure in NaFe;_,Cu,As decreases with Cu concentration,
in contrast to the pressure effect on NaFe;_,Co,As, where
maximum 7;s of about 31 K are observed from undoped to op-
timally doped samples.*’ Substitution of Fe by other transition
metals can induce carriers as well as impurities. Considering
the similarity of the carrier doping effect between Cu and
Co, it is mainly the impurity effect that is responsible for
the different doping dependence of 7"*. If we only consider
the impurity effect on the maximum transition temperature
of NaFeAs, the magnitude of AT™ suppressed by ~4%
Cu doping in NaFe;_,Cu,As is about 18 K, slightly larger
than ~14 K in Bag¢Ko4(Fe;_,Cu,),As;,'* but much larger
than ~2 K in NaFe;_,Co,As. The larger superconducting
suppression effect of Cu suggests that the impurity potential
of Cu is stronger than that of Co in NaFeAs.

T T T
40 + NaFe, Co As |
n Tconset
o T offset
é\\‘ NaFe, CuAs ]
— ¥ A T O
X c
"o 20 T offset -
[ - ©
0 " 1 " 1 "
0.00 0.04 0.08 0.12

X

FIG. 10. (Color online) 7™ of NaFe,_,Co,As and
NaFe,_,Cu,As plotted as functions of the Co/Cu substitution, x.
The open black symbol represents the 7."** of NaFeAs reported by
Zhang et al. (Ref. 55). The data of NaFe,_,Co,As are taken from
Ref. 49.
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FIG. 11. (Color online) The temperature dependence of resistiv-
ity for underdoped NaFeg¢94CupoosAs [(a) and (b)] and optimally
doped NaFey 931 Cug19As [(d) and (e)] crystals with the magnetic
field parallel and perpendicular to the ¢ axis, respectively. (c) and
(f) The temperature dependence of H., for NaFeg g94CuggosAs and
NaFe 031 Cug 19As, respectively.

H. Anisotropy of the upper critical field

In Fig. 11, we present the temperature dependence of
resistivity for NaFe;_,Cu,As (x = 0.006, 0.019) under var-
ious magnetic fields. The transition temperature of supercon-
ductivity [the criterion is shown in Fig. 2(d)] is suppressed
gradually and the transition is broadened with increasing
magnetic field. The effect of magnetic field is much larger
when the field is applied along the c¢ axis of the single
crystals than that of within the ab plane. For underdoped
NaFe 994Cug gosAs, the positive magnetoresistance appears
well below the temperature which is defined as the SDW
transition. A similar phenomenon was also observed in
NaFeAs single crystals.*> Temperature-dependent H,, curves
for NaFe( 994Cug gosAs and NaFe( g1 Cug g19As are shown in
Figs. 11(c) and 11(f), respectively. In order to determine
the upper critical field in the low-temperature region, we
adopt the Werthamer-Helfand-Hohenberg (WHH) formula
H(0) =0.693[—(dH.2/dT)]7, T, for single-band BCS su-
perconductors. We obtain [—(dHC“Z” /dT)]r. =4.23 T/K and
[—(dHS/dT)]r, =2.24T/Kat T, = 10.40 K from Fig. 11(c)
for NaFe( 994 Cug gosAS, so H.»(0) can be estimated to be 30 and
16 T with the field parallel and perpendicular to the ab plane,
respectively. In the same way, H 6“2” (0)=49 T and H5(0) =
22 T are obtained for the NaFeg 9g; Cug g19As single crystal. As
a result, the anisotropy parameter yy = H ;‘2” (0)/HS(0) can
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be estimated to be 1.88 and 2.22 for NaFeg 994Cug gocAs and
NaFe 931 Cup 919As, respectively. The smaller anisotropy yy
in underdoped samples than those in the overdoped samples
has also been observed in Ba(Fe;_,Co,),As,, where ~50%
smaller anisotropy was found in underdoped region.’! These
anisotropy values are close to those in NaFe;_,Co, As (2.25—
2.35),2! and a little larger than those in Bag 60K 40Fe;As; and
the Fe(Se, Te) system (1.7-1.86),°>% but smaller than those
in NdFeAsO;_,F, (5-9).3

IV. DISCUSSION

The overall phase diagram of NaFe;_,Cu,As is similar to
those of NaFe;_,Co;As and Ba(Fe|_;_,Co,Cu,)As; (x~
0.022 and 0.047),>'> which indicates that the carrier doping
effect between Cu and Co is similar. As a result, the Cu doping
definitely introduces electron carriers into NaFe;_,Cu,As as
in the case of Co doping. The main difference between Cu-
and Co-doped NaFeAs lies in that the semiconducting instead
of the metallic phase is observed in the extremely overdoped
samples, indicating that the impurity effect of Cu is different
from that of Co in NaFeAs.

According to the comparison of the phase diagrams for
Ba(Fe;_ T M,);As, (TM = Co, Ni, Cu, and Co/Cu), the
narrow superconducting dome of Ba(Fe;_,Cu,),As, has
been interpreted that too many electrons have been added
when the structural/antiferromagnetic phase transitions are
suppressed low enough.” But recent ARPES results on
Ba(Fe,_ T M,);As, (TM = Co, Ni, and Cu) suggest that
although electrons are indeed doped, part of them may be
localized and do not fill the energy bands as predicted by
the rigid-band model.® Theory calculation found that the
substitution with strong impurity potential induces an impurity
band split-off below the original host band, which reduces
the electron occupation from the host band and results in a
decrease of the electron occupation.’®>% As a result, both
theory and experiment show that the number of electrons
doped by Cu is less than the value expected from the simple
rigid-band model.

ARPES and density functional theory (DFT) studies found
that the impurity potential of the substituted atoms enhances
from Co, Ni, to Cu.5%%% As also suggested by high-pressure
measurement, the impurity effect of Cu is stronger than that
of Co. The width of the superconducting dome is mainly
controlled by the balance of carrier concentration and impurity
scattering induced by the dopants. So the narrow or even
absence of the superconducting dome in the phase diagram
of Cu-doped BaFe,As; arises from that too many impurities
are induced when enough carriers are doped. Therefore, the
wider superconducting dome of Ba(Fe;_,_,Co,Cu,)>As, (x
~ 0.022 and 0.047) than that of Ba(Fe;_,Cu,)>As, can be
understood that fewer carriers are needed when BaFe;As;
has already been electron doped by Co, while in NaFeAs,
whose structural/SDW transition temperature is much lower
than that of BaFe; As,, fewer electrons are required to suppress
SDW and induce superconductivity. Therefore, Cu doping can
provide enough carriers to map out a phase diagram similar
to NaFe;_,Co,As and Ba(Fe;_,Co,),As,. Meanwhile, as the
Cu concentration further increases, density of states (DOS) at
Er is gradually removed by the impurity band induced by Cu
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doping. As a result, semiconductor-like behavior finally shows
up in NaFe;_,Cu,As.

This scenario can also explain the contradiction between
the results of XPS/XAS and ARPES. Since Cu 3d states are
located deeper below the E - than Co,%%-° the extra d electrons
for Cu almost totally locate around the substituted site. Hence,
a closed 3d shell is observed with XPS and XAS, though there
are a few delocated electrons introduced by the Cu dopant.
It is found that substitutions of Cu for Fe in (Ba, Sr)Fe,As;
at low level results in electron doping, while SrCu,As,, the
end member of Sr(Fe;_,Cu,),As,, is an sp-band metal with
hole-type carriers dominant.%7!! The contradictory result has
been interpreted that there is a crossover between electron and
hole doping with increasing x, which is induced by tetragonal
(T) to collapsed tetragonal (cT) phase transition as a function
of doping.'! Thus, in the case of NaFe;_,Cu,As, where no
cT phase has been observed, it is natural to observe electron
doping at low-level substitution of Cu for Fe.

V. SUMMARY AND CONCLUSIONS

In conclusion, we have performed structural, trans-
port, thermodynamic, and high-pressure measurements on
NaFe;_,Cu,As single crystals. Enough carriers can be pro-
vided by Cu doping to map out a phase diagram similar to
NaFe,_,Co,As. In the underdoped region, both the structural
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and SDW transition are monotonically suppressed by Cu
doping. T, and the superconducting shielding fraction are
enhanced with the doping. Bulk superconductivity with 7, =
11.5 K is observed at the optimally doped sample, and
T, decreases with further doping. Finally, semiconducting
instead of metallic behavior in NaFe,_,Co,As is observed
in extremely overdoped nonsuperconducting samples. T, is
obviously enhanced by pressure, but 7/"** decreases faster
by Cu doping case than that of Co doping, indicating that Cu
doping would induce stronger impurity scatting than that of Co
doping in NaFeAs. The Hall measurements and comparison
between Cu- and Co-doped NaFeAs phase diagrams indicate
that Cu doping introduces electrons into system, but the
number of electrons is far from 3x as predicted by the
rigid-band model.
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