
1Scientific REPOrtS |  (2018) 8:1251  | DOI:10.1038/s41598-018-19636-z

www.nature.com/scientificreports

Pressure assisted enhancement in 
superconducting properties of Fe 
substituted NbSe2 single crystal
Manikandan Krishnan1, Rukshana Pervin   2, Kalai Selvan Ganesan1,3, Kannan Murugesan1, 
Govindaraj Lingannan1, Akshay Kumar Verma2, Parasharam M. Shirage2 & Arumugam 
Sonachalam1

The impact of hydrostatic pressure (P) up to 1 GPa on Tc, Jc and the nature of the pinning mechanism 
in FexNbSe2 single crystals have been investigated within the framework of the collective theory. We 
found that the pressure can induce a transition from the regime where pinning is controlled by spatial 
variation in the critical transition temperature (δTc) to the regime controlled by spatial variation in the 
mean free path (δℓ). Furthermore, Tc and low field Jc are slightly induced, although the Jc drops more 
rapidly at high fields than at ambient P. The pressure effect enhances the anisotropy and reduces the 
coherence length, resulting in weak interaction of the vortex cores with the pinning centers. Moreover, 
the P can induce the density of states, which, in turn, leads to enhance in Tc with increasing P. P 
enhances the Tc with the rates of dTc/dP of 0.86, 1.35 and 1.47 K/GPa for FexNbSe2, respectively. The 
magnetization data are used to establish a vortex phase diagram. The nature of the vortices has been 
determined from the scaling behaviour of the pinning force density extracted from the Jc–H isotherms 
and demonstrates the point pinning mechanism.

Technological applicability of superconductors is determined by several parameters such as high critical current 
density (Jc), upper critical field (Hc2), irreversibility field (Hirr), strong magnetic flux pinning, high superconduct-
ing transition temperature (Tc), small anisotropy and the capacity to sustain high critical current densities at 
raised temperatures1–8. Despite of high transition temperature (Tc) in copper oxide based superconductors (with 
upper critical field in the excess of 150 Tesla), practically the entire superconducting magnet industry centers on 
liquid helium cooled niobium based superconductors. This is because the in-field critical current density, that is 
the maximum current density before the onset of diffusion at a given field, is rigorously suppressed in high Tc 
materials. Particularly perturbing is the presence of resistive behavior at extremely small current densities at all 
finite temperatures9. This happens on account of thermally activated hopping of vortex bundles across the pin-
ning sites even if the Lorentz force due to the transport current is much smaller compared to the pinning force at 
the defect sites. In this respect the two band layered hexagonal compound dichalcogenide NbSe2 which under-
goes the superconducting transition temperature (Tc)~ is 7.2 K1, charge density wave (CDW) transition at TCDW 
of about 30 K2 and the upper critical fields for H along and perpendicular to the hexagonal c-axis are Hc2

c = 40 kOe 
and Hc2

ab = 140 kOe, respectively1. The interplay between charge density wave order, i.e. a static modulation of 
the electronic density close to the Fermi level, and superconductivity has attracted much attention3,5,10–12. This is 
the central issue of a long standing debate in simple transition metal dichalcogenides which coexistence of CDW 
and superconductivity. The CDW is coupled to a periodic lattice distortion through a strong electron-phonon 
coupling. The transition is associated with a softening of a longitudinal acoustic phonon mode as temperature is 
lowered to TCDW

13. It was already noticed that the high order phonon fluctuations and strong electron-phonon 
interactions explain some of the key features of the formation of the CDW in this system14,15.

Several studies have been performed in order to understand the vortex-pinning mechanism in more detail, 
that may led to real progress about the improvement of Jc. The superconductors, main elementary interaction 
between vortices and pinning centers are magnetic interaction and the core interaction. The magnetic interaction 
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arises from the interaction of surfaces between the superconducting and non-superconducting6 material par-
allel to applied magnetic field, which is usually in very small in the type II superconductors with very high 
Ginzburg-Landau parameter16. There are two predominant mechanisms of core pinning, δTc associated with 
spatial fluctuation of the Tc, and, charge carrier mean free path (l) near lattice defects are the main causes of δl 
pinning7,17. The strong pinning centers arises from defects and dopant atoms, which results in pinning by local 
variations in the mean free path18. Strong intrinsic pinning due to structural domains in the superconducting 
phase of 122 pnictides family observed, also field and temperature dependent Jc have been attributed to the inho-
mogeneous distribution of the dopant19.

The significant of the pressure can induce the enrichment of Tc, hydrostatic pressure have extra benefits that 
are essential to the flux pinning. Pressure continuously reduces the lattice constants and causes the shrinkage 
of unit cells, charitable enlargement to the decrease of anisotropy. It can fortunate to induce the point defects, 
and then it is known that the formation energy of point defects decreases with the application pressure20–22. 
Polycrystalline samples easily affect the low-angle grain boundaries to the application of pressure, which sacri-
ficing surface pinning. Hence, a higher ratio of point pinning to surface pinning centres is expected to increase 
formation energy and migration of grain boundaries under pressure. We found significant enhancement of Tc, 
superconducting volume fraction, Hc2, Hirr, and Jc as we increase pressure in all compositions. This study moti-
vates to analyse the enhancement of flux pinning and Jc to compare with high Tc, pnictides and other supercon-
ducting samples.

Fe-NbSe2 belongs to the family of transition metal dichalcogenide compounds exhibit the superconducting 
transition. Another important feature of NbSe2 is the existence of a variety of vortex matter related phenomena, 
such as a pronounced peak effect and various phase transitions and instabilities23–25. In this work, we have inves-
tigated the pressure effects on Tc, Jc, and the flux pinning mechanism in FexNbSe2 for the first time. Hydrostatic 
pressure can induce a transition from the regime where pinning is controlled by spatial variation in the critical 
transition temperature (δTc) to the regime controlled by spatial variation in the mean free path (δℓ). In addition, 
Tc and low field Jc are slightly enhanced, also the Jc drops more sharply at high fields than at pressure. The current 
work demonstrates that the pressure increases the anisotropy and reduces the coherence length, ensuing in weak 
interaction of the vortex cores with the pinning centers. To understand the mechanism of vortex pinning in this 
system, scaling analysis of normalized pinning force density (Fp/Fpmax) as a function of reduced field (H/Hirr) was 
performed and presented in this work.

Results and Discussions
The temperature dependent magnetization curves for the zero-field cooling (ZFC) and field cooling (FC) curves 
at different applied pressure in the range 0–1 GPa for FexNbSe2 (x = 0, 0.0008 & 0.0011) are shown in Fig. 1(a–c).  
Pressure makes diminutive variation to the FC mode, representing that the strong flux pinning is engaged and 

Figure 1.  Temperature dependent zero-field cooling (ZFC) and field cooling (FC) magnetization 
measurements for (a) NbSe2 (b) Fe0.0008NbSe2 (c) Fe0.0011NbSe2 at constant magnetic field 20 Oe.
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shielding fraction was enhanced under pressure. The ambient superconducting critical temperatures (Tc) of 
FexNbSe2 (x = 0, 0.0008 & 0.0011) are about 6.41, 5.60 and 5.35 K respectively and the application of continu-
ous hydrostatic pressure increase of Tc are about 7.25, 6.99 and 6.85 K respectively at maximum pressure about 
~1 GPa. The pressure enhances the Tc with the positive pressure coefficient (dTc/dP) with the rate are 0.86, 1.35 
and 1.47 K/GPa and the results have been similar to the earlier literature26–28. The pressure evolution phase dia-
gram for pure and Fe intercalated NbSe2 single crystals shown in the Fig. 1(d). The critical temperature was 
decreased due to the chemical pressure3,5,7 and it was increased due to the application of external hydrostatic 
pressure. The nature of relationship between the interlayer distance and Tc is a matter of fundamental importance 
in the understanding of the superconductivity of the layer compounds. To first approximation, the primary effect 
of pressure upon the physical properties of is regarded as being due to the reduction of interlayer distance. The 
Fermi level in NbSe2 is close to the maximum of the density of states N(εF) of the narrow highly-hybridized sub-
band, located between the completely full band formed by the p-state of Se, and the partially full band, formed by 

Figure 2.  Temperature dependent magnetization measurements of the (a and b) NbSe2,(c and d) Fe0.0008NbSe2, 
(e and f) Fe0.0011NbSe2 at different magnetic field.

Figure 3.  Temperature dependent upper critical field for the FexNbSe2 (x = 0.0008 & 0.0011). Solid lines are 
represent to fit the Ginzburg–Landau equation.
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the d states of Nb29,30. If the charge transfer during intercalation shifts the Fermi level toward the sloped region of 
the density of states curve, then this can lead to a relatively big change in N(εF) under pressure, and consequently, 
in Tc. The last idea is supported by an increase of the width of the superconducting transition under pressure 
shown in the Fig. 1(d) and more pronounced manifestation of its stepped form. This type of evolution in the 
transition temperature to the superconducting state under high pressure, was also observed in cuprates31 and Fe 
based superconductors32 which also had a layered structure and a small anisotropy parameter.

The dc magnetization measured for FexNbSe2 (x = 0, 0.0008 & 0.0011) with applied different magnetic field at 
maximum pressure ~1 GPa in the ZFC mode is shown in the Fig. 2. Figure 2 shows rapid decrease in the onset dia-
magnetic signal below Tc for Pure and Fe doped NbSe2. Figure 2 diamagnetic signal was suppresses due to the appli-
cation of magnetic field at ambient pressure but field does not suppresses the signal at maximum pressure of ~1 GPa 
and it confirms that the pinning centers were increased due to application of pressure and will be briefly discussed 
later. The temperature dependent of upper critical field (Hc2) for pure and Fe doped NbSe2 is shown in Fig. 3. Further, 
in a weak coupling case, the Pauli limited upper critical field is given by HP(0) = 1.84Tc, indicating that not only the 
orbital effect but also the Pauli spin paramagnetic effect (PSP) has an influence on the pair-breaking mechanism 
through the entire pressure region. The temperature dependence of critical field at absolute zero temperature Hc2(0) 
can be determined by using the generalized Ginzburg-Landau model, = −H t H t( ) (0)(1 )c c

a b
2 2 , where t = T/Tc is a 

reduced temperature with a = 1.39 and b = 1 associated with the large gaps that open in the Nb bands33 which gives 
the values slightly lower than that by WHH approach. According to the conventional single band 
Werthamer-Helfand-Hohenberg (WHH) theory, the orbital limited upper critical field (Horb

c2) of type II 

Samples

Hp(0)  
(T)

Hc2(0) 
(T)

ξGL(0) 
(nm)

Hp(0)  
(T)

Hc2
orb(0)  

(T)
Hc2(0) 
(T)

ξGL(0) 
(nm)

P = 0 GPa P~1 GPa

NbSe2 11.81 6.23 7.27 13.34 10.41 8.30 6.30

Fe0.0008NbSe2 10.31 2.72 11.01 12.87 5.84 5.01 8.11

Fe0.0011NbSe2 9.85 1.05 17.71 12.61 4.72 3.80 9.31

Table 1.  Summary of the upper critical field for the FexNbSe2 (x = 0.0008 & 0.0011) single crystals.

Figure 4.  Field dependent isothermal magnetization curves of the (a–c) NbSe2, (d–f) Fe0.0008NbSe2 and (g–i) 
Fe0.0011NbSe2 at different temperatures for various hydrostatic pressures.
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superconductors, the H (0)c
orb
2  can be described, = − .H T dH dT(0) 0 693 ( / )c

orb
c c Tc2 2  for the dirty limit. The Hc

orb
2  for 

pure and Fe doped NbSe2 are representatively plotted as the dashed lines in the Fig. 3 at ~1 GPa. The Hc2 at 0 K and 
ambient pressure are 6.23 T (NbSe2), 2.72 T (Fe0.0008NbSe2) and 1.05 T (Fe0.0011NbSe2)7. From Fig. 3, H (0)c

orb
2  values 

calculated using the WHH equation of FexNbSe2 (x = 0, 0.0008 & 0.0011) are shown in the Table 1 for ambient and 
high pressure. The Hc2(0) values are exposed that the Fe impurity destroys the superconducting properties by 
enhancing the pair breaking phenomena in the presence of magnetic field. An orbital and upper critical field values 
for all samples at pressure is higher than the ambient pressure, from the enhanced critical field implies that the pres-
sure to induce the strong flux pinning granular for all samples. From this Ginzburg-Landau coherence length 
ξ = [Φ0/2πHc2(0)]1/2, where Φ0 = 2.07 × 10–7 Gcm2 the zero temperature coherence length ξGL(0) for FexNbSe2 (x = 0, 
0.0008 & 0.0011) are estimated and it is shown in the Table 1.

Figure 4 shows an isothermal field dependent magnetization curves for FexNbSe2 (x = 0, 0.0008 & 0.0011) at 
various temperature (2 to 5 K) under different hydrostatic pressures. The hysteresis loop clearly shows the type-II 
superconductivity and shows the second magnetization peak (SMP) effect which was obtained with constant 
sweeping rate dH/dt = 20 Oe/s for H on pure and Fe doped NbSe2 samples. One can clearly see that the supercon-
ducting magnetic hysteresis loop (MHL) arises from the flux gradient produced by the pinning of flux lines. 
Usually, flux jumps in superconductors occur in the low-field and low temperature regime due to the effect of 
thermomagnetic instability34. Significant progress for the understanding of the vortex phase diagram of supercon-
ductors with random quenched disorder and the nature of SMP has been made by considering an energy balance 
equation35,36. The SMP position Hsp moves up quickly as temperature decreases. The SMP phenomenon quite 
resembles that in YBa2Cu3O7-δ

31 and Fe based superconductors12,37–39. At ambient pressure there is no SMP effect 
on the FexNbSe2 (x = 0, 0.0008 & 0.0011)7 but high pressure measurement observed SMP effect on all the samples 
due to the very low sweep rate of field. Pressure induces the SMP due to the decreases the interstitial distance 
Se-Nb-Se layer. Generally, field dependent critical current density Jc can be calculated from the MHL based on the 
Bean critical state model40,41 ∆= −J M b b l20 /( (1 /3 ))c , where ∆ = −↓ ↑M M H M H( ( ) ( )) is the width of the hyster-
esis loop (emu/cm3), b and l is the width and length of the samples (b < l) were measured in the cm.

Figure 5.  Field dependence of critical current density for (a–c) NbSe2, (d–f) Fe0.0008NbSe2 and (g–i) 
Fe0.0011NbSe2 at various hydrostatic pressures.
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The magnetization isotherm curves have been measured under various pressures point out that the magnetic 
moment increasing with the application of hydrostatic pressure shown in the Fig. 4. From the magnetization 
curves have been taken at various T, we determined the temperature dependence of the magnetic field value 
corresponding to the second peak in magnetization, Hpeak. It follows that for the FexNbSe2 superconductor the 
position of the second-peak shifts toward lower fields monotonically on increasing the temperature, in analogy 
to what was observed in the YBa2Cu3O7−δ superconductor42. Figure 5 shows the field dependence of Jc at differ-
ent temperatures and various pressures for FexNbSe2 (x = 0, 0.0008 and 0.0011). We found that low field Jc was 
increased slightly under pressure. The Jc drops more quickly at higher fields, however compared to ambient pres-
sure. The significant effect of pressure towards the enrichment of Jc could be noticeably seen. A pronounced sec-
ond magnetization peak can be clearly observed. The second peak position Hsp moves up quickly as temperature 
decreases. Since the occurrence of SMP is quite advantageous in view of practical application and investigation of 
its origin is also helpful for understanding the fundamental question of underlying vortex physics, we performed 
a detailed vortex pinning study on this new layer superconductor. Magnetization relaxation in superconductors 
occurs because of the non-equilibrium spatial distribution of vortices which is determined by the competition of 
the external Lorentz force, the disorder induced pinning force density, and the thermal fluctuation.

The Jc value vs. reduced temperature (i.e. 1 − T/Tc) at 0 and 0.05 T under different pressures for Fe intercalated 
NbSe2. The data points in different fields and pressures follow a power law description [i.e. Jc ∝ (1− T/Tc)β], where 
β is a critical exponent. At specific fields, Ginzburg-Landau theory predicts distinct vortex pinning mechanisms, 
with different values of exponent β. For example β = 1 corresponds to non-interacting vortices and β ≥ 1.5 corre-
sponds to the core pinning mechanism. Our value of β~1.74 and 1.85 for zero field, and β~1.20 and 1.43 at 0.05 T, 
at 0 and 1.03 GPa, respectively, reveal a robust dependence of Jc on pressure. The low β values at high pressure 
show the weak field dependences of Jc in contrast to its values at low pressure. For type-II superconductors, attrac-
tive interactions between vortices and pinning centers prevent the movement of vortices.

Figure 6.  Reduced critical current density (Jc/J0) as a function of reduced temperature (T/Tc) for various 
pressure for the samples FexNbSe2 (x = 0, 0.0008 and 0.0011). Where (a,b and c) NbSe2, (d,e and f) are 
Fe0.0008NbSe2 and (g,h and i) Fe0.0011NbSe2. The red fitted line is δTc pinning and the blue fitted line is δl pinning 
respectively.
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To understand the origin pinning mechanisms in FexNbSe2 single crystals, the experimental results have been 
examined in the frame of collective pinning theory. Generally, core pinning comprises 1) δl pinning, which comes 
from spatial variation in the charge carrier mean free path l, and 2) δTc pinning due to randomly distributed spa-
tial variation in Tc.

Griessen et al. approach:

= ∝ − + −J J t t/ (1 ) (1 ) (1)c 0
2 5/2 2 1/2

Corresponds to δl pinning, while

= ∝ − +J J t t/ (1 ) (1 ) (2)c 0
2 7/6 2 5/6

applies in the case of δTc pinning, where t = T/Tc. It should be noted that the flux pinning is two dimensional in 
such thin film, as the correlation length along the flux lines exceeds the film thickness. Figure 6 shows almost 
perfect overlapping of the experimentally obtained Jc values and the theoretically expected variation in the δl 
pinning mechanism at 0.05 T. This is in agreement with the observation of little change in Tc under high pressure.

To understand Jc enhancement under pressure, the pinning force Fp = Jc x H is calculated and also to understand 
the vortex pinning mechanisms it is illustrative to plot the normalized pinning force density as function of applied 
magnetic field43. Shown in the Fig. 7 is the normalized pinning force, fp = Fp/Fp(max), plotted as a function of reduced 
field, h = H/Hirr, at for various pressure for the samples FexNbSe2 (x = 0, 0.0008 and 0.0011). The temperature 
dependent irreversible field Hirr was determined using the Kramers plots present a wide linear behavior44. For the 
scaling, we can use the Dew-Hughes formula43, i.e., fp = hp(1-h)q, where p and q are the parameters describing the 
pinning mechanism. In this model, p = ½ and q = 2 describes surface pinning while p = 1 and q = 2 describes point 
pinning as was predicted by Kramer44.The Hirr is estimated as the extrapolated zero Jc

0.5H0.25 vs H derived from 
the Jc isotherms. This, when fitted with Dew-Hughs function43, hp(1-h)q results in p~1.95 and q~2.5 for Ru-doped 
crystals and the temperature independent Fp scaling and symmetric Fp(h) curves with a peak at hmax~0.45 indicate 
a dense vortex pinning nanostructure. This could result from inhomogeneous distribution of Ru ions, which in 
turn produce a locally varying order parameter19. The field dependence of the reduced pinning force of NbSe2 and 
Fe doped NbSe2 explained clearly shows the point pinning with surface pinning mechanism at ambient pressure7.

Figure 7.  Normalized pinning force density (Fp/Fp(max)) as a function of reduced magnetic field (H/Hirr) for various 
pressure for the samples FexNbSe2 (x = 0, 0.0008 and 0.0011). Where (a and b) NbSe2, (c and d) Fe0.0008NbSe2 and (e 
and f) Fe0.0011NbSe2. The solid lines are represents the nonlinear fitting using fp = Ahp(1-h)q + Bhr(1-h)s at different 
pressures for the samples FexNbSe2 (x = 0, 0.0008 and 0.0011).
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The field dependence pinning force curves of NbSe2 at a temperature of 2 K at P~0.98 GPa are fitted with the 
Dew-Hughes point pinning model with p = 0.96 and q = 5.05 in addition to surface pinning with r = 0.56 and 
s = 1.71 in the form,

= − + −f Ah h Bh h(1 ) (1 ) (3)p
p q r s

Which is shown in the Fig. 7(b). The presence of surface pinning in the NbSe2 single crystal is due to the 
layered Se–Nb–Se structure with a larger value of q parameter reflecting the presence of dense point pinning 
centers7. The larger value of q parameter indication of the pinning center was increases due to the application 
external pressure for the NbSe2. The surface pinning mechanism was also induced by the application of pressure. 
The similar results have been observed for the Fe doped NbSe2 samples. The broadening of the pinning force with 
the application of pressure indicates that the pinning centers enhanced with the application of pressure for all the 
samples. Fe intercalated NbSe2 have more pinning centers compare between the pure NbSe2, it is due to the Fe 
ions incorporation of the Se-Nb-Se layers. For type II superconductors, vortices interact with pinning centers via 
the spatial variations of Tc (δTc pinning) or by the scattering of charge carriers with mean free path l near defects 
(δl pinning). This implies that the leading pinning mechanism is core point pinning for pressures for all pure and 
Fe intercalated NbSe2 samples. From, observed results shown that the hydrostatic pressure has induced a perfect 
conversion from surface to point pinning.

In conclusion, we have examined systematically the flux pinning mechanism in optimally doped FexNbSe2 
(x = 0, 0.0008, 0.0011) crystal under hydrostatic pressure and subsequently analyzed the Jc based on the collective 
theory. With the application of pressure upto ~1 GPa, Tc increases for all the samples. We have demonstrated that 
strong flux pinning in both low and high fields can be achieved by tuning the pinning force under pressure. Here 
we demonstrate that the pressure induce the transition δTc to δl pinning mechanism in NbSe2, whereas the doped 
samples show δl pinning as the key pinning phenomena. This study also exhibits that the performance of Fe inter-
calated NbSe2superconductor in both low and high fields can also be further enhanced by pressure.

Methods
The preparation method of single crystal of FexNbSe2 (x = 0, 0.0008 & 0.0011) is described elsewhere7. The com-
pound crystallizes in hexagonal structure with space group P63/mmc. Magnetization measurements at various 
pressures were performed using Physical Property Measurement System (PPMS, Quantum Design, USA). The 
external pressure was generated upto 1 GPa by a clamp type miniature hydrostatic pressure cell which is made 
of nonmagnetic Cu–Be alloy. The fluorinert FC#70 and FC#77 (1:1) mixture was used as a pressure transmitting 
medium and the in-situ pressure (P) was estimated from the superconducting transition of pure Sn as a manom-
eter. Temperature dependence of magnetization M(T) was recorded upon zero field cooling at various pressures 
under external magnetic field of 20 Oe.

References
	 1.	 Woollam, J. A. & Somoano, R. B. Superconducting critical fields of alkali and alkaline-earth intercalates of MoS2. Phys. Rev. B 13, 

3843–3853 (1976).
	 2.	 Lee, H. N. S., McKinzie, H., Tannhauser, D. S. & Wold, A. The low-temperature transport properties of NbSe2. J. Appl. Phys. 40, 

602–604 (1969).
	 3.	 Cheng, Y. C., Zhu, Z. Y., Mi, W. B., Guo, Z. B. & Schwingenschlögl, U. Prediction of two-dimensional diluted magnetic 

semiconductors: Doped monolayer MoS2 systems. Phys. Rev. B - Condens. Matter Mater. Phys. 87, 1–4 (2013).
	 4.	 Wang, L. M., Wang, C. & Chen, G. On the nature of superconductivity in the anisotropic dichalcogenide., https://doi.

org/10.1088/0953-8984/27/15/155701
	 5.	 Wang, L. et al. Controlling the Topological Sector of Magnetic Solitons in Exfoliated Cr1/3NbS2 Crystals. Phys. Rev. Lett. 118, 1–5 

(2017).
	 6.	 Yamasaki, Y. et al. Exfoliation and van der Waals heterostructure assembly of intercalated ferromagnet Cr1/3TaS2. 2D Mater. 4, 0–21 

(2017).
	 7.	 Pervin, R. et al. Enhancement of superconducting critical current density by Fe impurity substitution in NbSe 2 single crystals and 

the vortex pinning mechanism. Phys. Chem. Chem. Phys. 19, 11230–11238 (2017).
	 8.	 Zhang, K. et al. Manganese Doping of Monolayer MoS2: The Substrate Is Critical. Nano Lett. 15, 6586–6591 (2015).
	 9.	 Palstra, T. T. M., Batlogg, B., Van Dover, R. B., Schneemeyer, L. F. & Waszczak, J. V. Dissipative flux motion in high-temperature 

superconductors. Phys. Rev. B 41, 6621–6632 (1990).
	10.	 Ghiringhelli, G. et al. Long-Range Incommensurate Charge Fluctuations in (Y,Nd)Ba2Cu3O6 + x. Science (80-.). 337, 821–825 

(2012).
	11.	 Le Tacon, M. et al. Inelastic X-ray scattering in YBa2Cu3O6.6 reveals giant phonon anomalies and elastic central peak due to charge-

density-wave formation. Nat. Phys. 10, 52–58 (2013).
	12.	 Kamihara, Y. et al. Iron-Based Layered Superconductor: LaOFeP. 128, 10012–10013 (2006).
	13.	 Weber, F. et al. Extended phonon collapse and the origin of the charge-density wave in 2H-NbSe2. Phys. Rev. Lett. 107, 1–5 (2011).
	14.	 Inglesfield, J. E. Bonding and phase transitions in transition metal dichalcogenide layer compounds. J. Phys. C Solid State Phys. 13, 

17–36 (1980).
	15.	 Leroux, M. et al. Strong anharmonicity induces quantum melting of charge density wave in 2H-NbSe2 under pressure. Phys. Rev. B 

- Condens. Matter Mater. Phys. 92, 1–6 (2015).
	16.	 Griessen, R. et al. Evidence for mean free path fluctuation induced pinning in YBa2Cu3O7 and YBa2Cu4O8 Films. Phys. Rev. Lett. 

72, 1910–1913 (1994).
	17.	 Qin, M. J., Wang, X. L., Liu, H. K. & Dou, S. X. Evidence for vortex pinning induced by fluctuations in the transition temperature of 

MgB 2 superconductors. Phys. Rev. B 65, 13508 (2002).
	18.	 van der Beek, C. J. et al. Flux pinning in PrFeAsO0.9 and NdFeAsO0.9F0.1 superconducting crystals. Phys. Rev. B 81, 174517 (2010).
	19.	 Yamamoto, A. et al. Small anisotropy, weak thermal fluctuations, and high field superconductivity in Co-doped iron pnictide Ba 

(Fe1-xCox) 2As2. Appl. Phys. Lett. 94, 98–101 (2009).
	20.	 Kuklja, M. M. & Kunz, A. B. Ab initio simulation of defects in energetic materials: Hydrostatic compression of cyclotrimethylene 

trinitramine. J. Appl. Phys. 86, 4428 (1999).

http://dx.doi.org/10.1088/0953-8984/27/15/155701
http://dx.doi.org/10.1088/0953-8984/27/15/155701


www.nature.com/scientificreports/

9Scientific REPOrtS |  (2018) 8:1251  | DOI:10.1038/s41598-018-19636-z

	21.	 Londos, C. A., Potsidi, M. S., Bak-Misiuk, J., Misiuk, A. & Emtsev, V. V. Pressure assisted evolution of defects in silicon. Cryst. Res. 
Technol. 38, 1058–1062 (2003).

	22.	 Misiuk, A. Evolution of Process - Induced Defects in Silicon under Hydrostatic Pressure. Solid State Phenom. 19–20, 387–392 
(1991).

	23.	 Banerjee, S. S. et al. Anomalous Peak Effect in CeRu2 and NbSe2: Fracturing of a Flux Line Lattice? Phys. Rev. B 58, 995–999 (1998).
	24.	 Marchevsky, M., Higgins, M. J. & Bhattacharya, S. Two coexisting vortex phases in the peak effect regime in a superconductor. 

Nature 409, 591–4 (2001).
	25.	 Paltiel, Y. et al. Instabilities and disorder-driven first-order transition of the vortex lattice. Phys. Rev. Lett. 85, 3712–3715 (2000).
	26.	 Jones, R. E., Shanks, H. R., Finnemore, D. K. & Morosin, B. Pressure effect on superconducting NbSe2 and NbS2. Phys. Rev. B 6, 

835–838 (1972).
	27.	 Biletskyi, V. I., Chashka, K. B., Sokolov, A. N. & Vovk, R. V. The effect of high pressure on the electrical resistivity of 2H-NbSe2 single 

crystals intercalated with deuterium. Low Temp. Phys. 41, 514–516 (2015).
	28.	 Suderow, H., Tissen, V. G., Brison, J. P., Martínez, J. L. & Vieira, S. Pressure induced effects on the fermi surface of superconducting 

2H-NbSe2. Phys. Rev. Lett. 95, 2–5 (2005).
	29.	 Mattheiss, L. F. Energy bands for 2H-NbSe2 and 2H-MoS2. Phys. Rev. Lett. 30, 784–787 (1973).
	30.	 Kasowski, R. V. Band Structure of MoS2, and NbS2. Phys. Rev. Lett. 30, 1175–1178 (1995).
	31.	 Abulafia, Y. et al. Plastic vortex creep in YBa2Cu3O7-x crystals. Phys. Rev. Lett. 77, 1596–1599 (1996).
	32.	 Löhle, A. et al. Effects of pressure andmagnetic field on the reentrant superconductor Eu(Fe0.93Rh0.07)2As2. Phys. Rev. B 95, 

195146 (2017).
	33.	 Zehetmayer, M. & Weber, H. W. Experimental evidence for a two-band superconducting state of NbSe 2 single crystals. Phys. Rev. B 

82, 1–5 (2010).
	34.	 Johansen, T. H. et al. Dendritic magnetic instability in superconducting MgB2 films. Europhys. Lett. 80, 599–605 (2002).
	35.	 Giller, D. et al. Disorder-Induced Transition to Entangled Vortex Solid in Nd-Ce-Cu-O Crystal. Phys. Rev. Lett. 79, 2542–2545 

(1997).
	36.	 Vinokur, V. et al. Lindemann criterion and vortex-matter phase transitions in high-temperature superconductors. Phys. C 295, 

209–217 (1998).
	37.	 Yang, H., Luo, H., Wang, Z. & Wen, H. H. Fishtail effect and the vortex phase diagram of single crystal Ba 0.6K0.4Fe2As2. Appl. Phys. 

Lett. 93, 2–5 (2008).
	38.	 Shen, B. et al. Flux dynamics and vortex phase diagram in Ba (Fe1-x Co x)2 As2 single crystals revealed by magnetization and its 

relaxation. Phys. Rev. B - Condens. Matter Mater. Phys. 81, 1–12 (2010).
	39.	 Fang, M. H. et al. Superconductivity close to magnetic instability in Fe(Se 1-xTex)0.82. Phys. Rev. B 78, 1–5 (2008).
	40.	 Bean, C. P. Magnetization of hard superconductors. Phys. Rev. Lett. 8, 250–253 (1962).
	41.	 Bean, C. P. Magnetization of high-field superconductors. Rev. Mod. Phys. 36, 31–39 (1964).
	42.	 Zhukov, A. A. et al. Influence of oxygen stoichiometry on the irreversible magnetization and flux creep in R Ba 2 Cu 3 O 7 − δ 

(R = Y,Tm) single crystals. Phys. Rev. B 51, 12704–12714 (1995).
	43.	 Dewhughe., D. Flux pinning mechanisms in type-II superconductors. Philos. Mag. 30, 293–305 (1974).
	44.	 Kramer, E. J. Scaling laws for flux pinning in hard superconductors. J. Appl. Phys. 44, 1360–1370 (1973).

Acknowledgements
MK thank to UGC-RGNF-JRF, University Grant Commission, India for his meritorious fellowship. The author 
SA acknowledges DST (SERB, FIST, PURSE), BRNS, CEFIPRA, DRDO and UGC (SAP), New Delhi. This work 
was sustained by the Department of Science and Technology (SERB-DST), India by granting a prestigious 
Ramanujan Fellowship (SR/S2/RJN-121/2012) and CSIR research grant no. 03(1349)/16/EMR-II to PMS. PMS 
is grateful to Prof. Pradeep Mathur, Director, IIT Indore, for boosting the research work and giving the necessary 
facilities. The author RP thanks DST Inspire for giving meritorious fellowship (DST/INSPIRE/03/2014/004196).

Author Contributions
S.A. and P.M.S. designed and supervised this work. R.P., A.K.V. and P.M.S. synthesized and characterized the 
Pure and Fe intercalated NbSe2 single crystals. M.K., G.K.S., K.M., L.G. and S.A. performed high pressure 
magnetization measurements in hydrostatic pressure cell. M.K., S.A. and P.M.S. analysed the data and wrote the 
manuscript. All authors discussed the results and commented on the manuscripts.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19636-z.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-19636-z
http://creativecommons.org/licenses/by/4.0/

	Pressure assisted enhancement in superconducting properties of Fe substituted NbSe2 single crystal

	Results and Discussions

	Methods

	Acknowledgements

	Figure 1 Temperature dependent zero-field cooling (ZFC) and field cooling (FC) magnetization measurements for (a) NbSe2 (b) Fe0.
	Figure 2 Temperature dependent magnetization measurements of the (a and b) NbSe2,(c and d) Fe0.
	Figure 3 Temperature dependent upper critical field for the FexNbSe2 (x = 0.
	Figure 4 Field dependent isothermal magnetization curves of the (a–c) NbSe2, (d–f) Fe0.
	Figure 5 Field dependence of critical current density for (a–c) NbSe2, (d–f) Fe0.
	Figure 6 Reduced critical current density (Jc/J0) as a function of reduced temperature (T/Tc) for various pressure for the samples FexNbSe2 (x = 0, 0.
	Figure 7 Normalized pinning force density (Fp/Fp(max)) as a function of reduced magnetic field (H/Hirr) for various pressure for the samples FexNbSe2 (x = 0, 0.
	Table 1 Summary of the upper critical field for the FexNbSe2 (x = 0.




