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We grew a series of NaFe;_,V As (0 < x < 0.03) single crystals and performed the measurements of resistance,
magnetic susceptibility, and specific heat to study the superconducting phase diagram by doping V into NaFeAs. Both
the structural and the spin-density-wave (SDW) transitions are slightly suppressed by V-doping. While superconducting
transition temperature is enhanced to the maximum value of ~ 15 K when the optimal doping level x = 0.007 and then is
suppressed rapidly with further V-doping, displaying a small superconducting dome. Our results suggest that V-impurities
should act as strong magnetic scattering centers which cause the sharp suppression of superconductivity in NaFe;_,V As.

Keywords: iron based superconductor, “111” type NaFeAs, V doping, phase diagram
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1. Introduction

The discovery of the superconducting LaO;_F,FeAs!!!
with transition temperature (7¢) of 26 K has attracted great
interest in the condensed matter physics field. Soon after
this discovery, the Tc was quickly enhanced to a maximum
of 55 K by replacing La with Sm atoms.?! Subsequently,
several new families of iron-based superconductors were dis-
covered successively, such as 122-type (Ba, K)Fe,As,,[!
111-type LiFeAs,® and 11-type FeSe.’] The parent com-
pounds of most iron-based superconductors generally undergo
a tetragonal-to-orthorhombic structural transition and a spin
density wave (SDW) transition from paramagnetic to anti-
ferromagnetic state at low temperature. By chemical dop-
ing or applying pressure, the structural and SDW transitions
can be suppressed and then superconductivity is induced or
enhanced. (614

The parent compound NaFeAs, as a member of the “111”
family, exhibits a structural transition at 7s = 52 K and a SDW
transition at Tspw = 41 K, respectively.['3! So far, the dop-
ing effects on the superconductivity via the substitution of
Fe in NaFeAs by Co, 131 Cy, 141 Nj,[16:17] and Rh!8! atoms
have been investigated, which are considered to introduce
electrons into NaFeAs. With the increase of doping level x
in NaFe| T As (T denotes Co, Ni, Cu, and Rh), the struc-
tural/SDW transitions are gradually suppressed and dome-like
doping dependence of T¢ is observed. For Co-doping, the
maximum 7¢ is 21 K with the optimal doping level x = 0.028.

DOI: 10.1088/1674-1056/abcf95

The Rh doping effect on the superconductivity of NaFeAs is
almost identical to that of Co doping, and the doping effect
of Ni is double that of Co if the doping level is fixed. While
for the dopant Cu, the optimal T¢ is 11.5 K, which is much
smaller than that of Co doping. Except for the electronic dop-
ing, however, there is little research about the hole doping ef-
fect on NaFeAs and a hole-doped phase diagram for NaFeAs
is still lacking. The doping effect of V has been investigated
in LiFeAs, "] which suggests that V dopants introduce hole
carriers. What is more, the V dopants act as strong scatter-
ing centers and give rise to the rapid suppression of supercon-
ductivity for LiFeAs. In this work, we report the study of V
doping effect on NaFe|_,V,As system. A phase diagram of
NaFe;_,V,As is obtained. It is shown that V doping has a
small effect on the structural and SDW transitions, while in a
very narrow doping range the 7¢ is enhanced and then sup-
pressed quickly, displaying a small superconducting dome. It
is speculated that the strong scattering effect of V impurities
dominates the suppression of T¢.

2. Experimental details

High-quality single crystals of NaFe;_,V,As have been
grown using the self-flux method. The precursors of NazAs
and Fe;_,V,As were first prepared using the solid state reac-
tion method. Naz As was synthesized by sintering Na and As at
about 600 °C for 10 h in a Ti tube filled with Ar atmosphere.
Fe|_,V,As was prepared by mixing Fe, V, and As powders,
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the mixture was sealed into an evacuated quartz tube and heat-
ing to 1100 °C for 20 h. Then the Na3As, Fe;_,V,As, and As
powders were mixed with the ratio of NazAs:Fe|_,V As:As
=1:0.9:1.1. The mixture was put into an alumina oxide
tube and subsequently sealed in a Nb tube and placed in an
evacuated quartz tube. The quartz tube was heated to 950 °C
for 20 h and then slowly cooled down to 650 °C at a rate of
3 °C/h to grow single crystals. The crystals with typical size of
4 x 4 x 0.1 mm?> can be obtained. To protect the samples from
reacting with air or water, all the synthesis processes were car-
ried out in high-purity Ar atmosphere.

The single crystals were characterized by x-ray diffrac-
tion (XRD) in the 10°~70° range on a Philips X’ pert diffrac-
tometer using Cu K« radiation generated at 40 kV and 40 mA.
The actual chemical compositions of NaFe;_,V,As single
crystals were determined by energy dispersive x-ray spec-
troscopy (EDX). The electrical resistance was measured by
a physical property measurement system (PPMS) using the
four-probe method. The DC magnetic susceptibility was mea-
sured using a superconducting quantum interference device
(SQUID). The measurement of specific heat was performed
from 2 K to 60 K using PPMS.

3. Results and discussion

Figure 1(a) shows the XRD patterns for the selected
NaFe;_,V,As single crystals. Only sharp (00/) peaks can
be observed and the full width at half maximum (FWHM) is
small. For the example of NaFe(933Vp.012As, the FWHM of
(001) peak is about 0.04° as shown in the inset of Fig. 1(a),
which indicates a high-quality of the single crystals used for
the following measurements. The lattice parameter ¢ can be
obtained from the angles of these (00/) peaks and is plotted as
a function of V doping level in Fig. 1(b). The ¢ value increases
with the increase of x and the amplitude of the enhancement is

about 0.2% when x increases to 0.03, which suggests that V is
doped into the crystal lattice of NaFeAs.

Figure 2(a) shows the temperature dependence of the ab-
plane resistance for NaFe|_,V,As single crystals with x <
0.03. When the V-doping level is below 0.01, we can find
zero resistance above 2 K. For the samples of x = 0.012 and
0.016, the resistance drops sharply at low temperature, imply-
ing the existence of superconductivity. However, zero resis-
tance is not observed within experimental temperature range.
If x exceeds 0.016, the superconductivity seems to be sup-
pressed completely. Here, we define the temperature where
the resistance reaches zero as Tc. It is found that T¢ increases
with the initial increase of x and reaches to the maximum of
~ 15 K when x = 0.007, then decreases with further increasing
x, demonstrating a superconducting dome. After the supercon-
ductivity is completely suppressed, NaFe;_,V,As displays a
semiconducting behavior at low temperature, which has been
observed in NaFe;_,Cu,As with x > 0.033.

The V-doping dependence of T¢ can also be seen in the
magnetic susceptibility data as shown in Fig. 3. The tempera-
ture at which the susceptibility starts to be negative is defined
as T:. To clearly see the evolution of T3 and the supercon-
ducting volume fraction , the susceptibility data are multipled
by factors as shown in the inset of Fig. 3. The susceptibility
of the parent sample demonstrates the diamagnetic sign be-
low ~ 8 K, suggesting that the superconductivity occurs with
TZ about 8 K. The diamagnetic sign, however, is very weak.
It implies that the superconductivity of NaFeAs is not bulk-
like. When V-doping level x increases gradually to 0.007, T
increases and the shielding fraction is enhanced correspond-
ingly. Especially, for the 0.7%-V sample, the shielding frac-
tion reaches 20% and thus, it becomes a bulk superconductor.
When x exceeds 0.007, both 7{* and shielding fraction decrease
with further increasing x.
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Fig. 1. (a) XRD pattern of NaFe;_,V,As single crystals, the inset shows the FWHM of about 0.04°. (b) The lattice parameter ¢ plotted as a

function of the V concentration x.
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Fig. 2. (a) The normalized resistance R/R(300 K) as a function of tem-
perature for the NaFe;_,V,As single crystals. (b) The derivative resis-

tance for NaFe|_, VAs single crystals, where 75 and Tspw are marked
with arrows.
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Fig. 3. Magnetic susceptibility taken at 30 Oe in ZFC mode for the
superconducting samples. The inset shows the susceptibility data mul-
tiplied by some factors.

Beside the superconductivity we can explore the evolu-
tion of the structural and magnetic transitions when varying
the V-doping level. The temperature derivatives of the re-
sistances for NaFe|_,V,As samples are plotted in Fig. 2(b).
The two distinct features marked by the arrows are used to de-
termine the temperatures of structural transition 7s and SDW
transition Tspw.['3 It is clearly seen that both Ts and Tspw
shift towards low temperature when V is doped. When x is
0.03, Ts is suppressed to 42 K and Tspw about 29 K. We can
also determine the 7g and Tspw values from the specific heat
data, as seen in Fig. 4. For the 1.2%-V sample there are two

kinks at 52 K and 40 K, which correspond to the structural
transition and SDW transition, respectively. From the temper-
ature derivative of the specific heat data for 2.2%-V sample
we can define Ts ~ 45 K and Tspw ~ 31 K, as shown in the
inset of Fig. 4. The transition temperatures defined from the
specific heat data agree well with the result of the resistance
data.
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Fig. 4. Temperature dependence of the specific heat C/T of

NaFe;_,V,As with x = 0.012 and 0.022 between 2 K and 60 K, the
arrows point to the anomalies in the specific heat. The inset shows the
derivative of the specific heat for the crystal with x = 0.022.

Finally, we plot the phase diagram of NaFe|_,V,As
based on the data of resistance, magnetic susceptibility, and
specific heat, as shown in Fig. 5. With the increase of the V-
doping level, both the structural and SDW transitions are grad-
ually suppressed. At the same time, 7¢ increases to the maxi-
mum value of ~ 15 K at the optimal doping level x = 0.007 and
then decreases rapidly to zero when x is 0.012. We can make a
comparison of V-doping behavior in iron based superconduc-
tors with other 3d transition metal doping. The Co-doping and
Ni-doping are usually considered to introduce electrons into
the system and 7¢ seems to be mainly related to the doped
electron count. The substitution of one Fe atom by Co (Ni)
atom would introduce one (two) extra electrons, which means
that Ni-doping has the doubled effect of Co-doping if the dop-
ing level keeps the same. For Cu-doping, although it does
introduce electron carriers into the system, the impurity scat-
tering effect plays an important role on 7¢ suppression. Mod-
erate Cu-doping, such as x ~ 0.033 for NaFe;_,Cu,As!'*! and
x ~ 0.13 for LiFe;_,Cu,As,?Y can cause a crossover from
metallic state to semiconducting one due to Anderson local-
ization, which suggests that Cu impurities are strong scatter-
ing centers and would suppress T¢ via destroying the Cooper
pairs. While V-doping effect is only studied systematically in
LiFeAs system. Contrast with Co, Ni, and Cu, hope carri-
ers are introduced into LiFeAs by V-doping. In addition, V
impurities are proved to be magnetic and have stronger elec-
tron scattering ability than Cu impurities, which is the cause
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that T¢ is suppressed with a much larger rate of 7 K per 1%-
VI than the rate of 1 K per 1%-Co[?! and 1.9 K per 1%-
Cul®" in LiFeAs system. Here, both T¢ and shielding fraction
of NaFe;_,V,As are enhanced when 0.7%-V is doped, sug-
gesting that V-doping introduces hole carriers into NaFeAs.
However, Tc decreases rapidly after the optimal doping level
of 0.007 and disappears completely at x = 0.012, from which
the Tc suppression rate can be calculated to be about 30 K per
1%-V in NaFeAs system. For the Co-doped NaFeAs system,
the optimal doping level is 3% with the maximum T¢ ~ 21 K
and T¢ decreases to zero when the doping level is about 10%.
That is, the T¢ is suppressed with a rate about 3 K per 1%-
Co in NaFe|_,Co,As system. The suppression rate can also
be coarsely calculated from the superconducting phase dia-
gram of NaFe;_,Cu,As to be ~ 5.5 K per 1%-Cu. The large
suppression rate of Tc by V doping means that the magnetic
impurity scattering effect dominates the suppression of 7¢ in
NaFeVAs. In addition, the structural and SDW transitions are
only slightly suppressed by V-doping if compared with that of
Co- or Cu-doping. The effect of V-doping on structural and
SDW transitions in NaFeAs is similar to the behavior of Cr-

doping in BaFe,As; system. [*]
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Fig. 5. Phase diagram of NaFe|_,V,As. Ts, Tspw, and T¢ are deter-
mined from the resistance, 7% is determined from the magnetic suscep-
tibility, TSC and TSCDW are determined from the specific heat.

4. Conclusion

In summary, we have grown a series of NaFe;_,V,As
single crystals to study the V-doping effect on the super-
conductivity of NaFeAs via resistance, magnetic susceptibil-
ity, and specific heat measurements. The phase diagram of
NaFe;_,V,As was obtained. V doping has a small effect on
the structural and magnetic transitions. 7¢ increases from
~ 8 K of the parent NaFeAs to the maximum value of ~ 15 K

at the optimal doping level x = 0.007, and then decreases

rapidly to zero when x = 0.012. T¢ is suppressed with a large
rate about 30 K per 1%-V in NaFeAs system, which suggested
that V impurities act as strong scatter centers.
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