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The normal-state transport and the dynamic vortex response in simple cubic �sc� and face-centered cubic
�fcc� polymorphs of NbN synthesized as epitaxial films of thickness dF�2000 Å using the technique of pulsed
laser ablation are reported. The nonequilibrium sc phase of NbN stabilizes on �100� MgO at elevated deposi-
tion temperatures TD ��200 °C�, and over a restricted range of nitrogen pressure �pN2

�. The normal-state
resistivity �N�T�, critical temperature �Tc�, critical current density �Jc�T�� and the temperature at which Jc goes
to zero �T*� depend largely on the extent of nonstoichiometry rather than the crystal symmetry of these films.
The divergence of �N�T� on cooling before the onset of Tc is analyzed in the framework of a grain boundary
model in which electron transmittivity � across the grains is considered explicitly. The zero-field Jc deduced
from screening measurements follows a temperature dependence of the type Jc�T���1−T /Tc��, with � in-
creasing from 0.75 to 1.2 as the d�N�T� /dT changes sign from negative to positive. The films with negative
d�N�T� /dT are disordered and possibly nonstoichiometric. For stoichiometric films, the temperature depen-
dence of Jc in the mixed state and the variation of the critical temperature T* as a function of applied dc field
are consistent with the model of thermally activated flux creep.
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I. INTRODUCTION

Superconductivity in thin films of NbN has been widely
studied1–12 in the past decades with the motivation to use
them for Josephson junction based device applications be-
cause of their relatively high transition temperature Tc
��16 K�. However, the large magnetic penetration depth
���250 nm� and the small coherence length ���5 nm� of
polycrystalline NbN films pose major limitation for such ap-
plications. Therefore, many studies on NbN have focused on
preparation and improvisation of single crystal thin films.8–12

From the viewpoint of basic physics, the degree of structural
imperfections and its repercussions on superconductivity are
interesting issues to address. For example, a gapless behavior
in NbN films has been demonstrated by Lamura et al.,13

depending on the degree of granularity. Multilayers of NbN
with other metal nitrides such as GdN,14 TaN,15 and AlN
�Ref. 16� have also been synthesized to study the fundamen-
tal aspects of proximity effect, Josephson coupling and vor-
tex dynamics.

Recently, Treece et al.11 have demonstrated that NbN
films grown on MgO �100� using pulsed laser deposition
�PLD� acquire a metastable primitive cubic structure �space
group Pm3m� when deposited at substrate temperature in the
range of 400 to 700 °C. The usual rocksalt structure �space
group Fm3m� stabilizes only below this temperature win-
dow. Interestingly however, this simple cubic phase has not
been observed in sputter-deposited films.17,18 Electronic band
structure calculations for this new phase also shows that it is
energetically unfavorable19,20 compared to the fcc rocksalt
structure of NbN.

In this paper we report confirmation of the observation of
Treece et al.11 The simple cubic phase is formed in a re-
stricted window of pulsed laser deposition conditions. Out-
side this window, the well known fcc structure of NbN is
stabilized. We have undertaken a systematic study of the

mixed state dynamics and the normal-state transport behav-
ior of these two structural polymorphs of NbN and discussed
how granularity affects the transport and screening properties
of such thin films. We observe that the formation of stoichio-
metric NbN depends critically on the N2 pressure during
deposition. Our measurements have demarcated a well-
defined window of temperature and N2 pressure �pN2

� for
controlled growth of the simple cubic and fcc structures of
NbN. Higher deposition temperatures favor formation of me-
tallic films showing positive, albeit small, temperature coef-
ficient of resistance �TCR�, where as those deposited at lower
temperatures with nonoptimal pN2

have diverging resistivity
on cooling before the onset of superconductivity. However,
the normal-state transport as well as the dynamic vortex re-
sponse indicate a higher transparency of grain boundaries in
these films. In addition, we find that the exact crystal sym-
metry of the films does not affect the dynamics of the super-
conducting state.

II. EXPERIMENTAL

Thin films of NbN were prepared on single crystal �100�
MgO substrates by pulsed laser ablation of a high purity Nb
target in a controlled ultra high purity �99.9996� N2 environ-
ment. A KrF excimer laser �248 nm� operated at 20 Hz was
used for ablation with pulse energy density of �5 J /cm2 on
the surface of the target. The pressure of N2 during the film
growth has been used as a means of controlling the overall
fraction of pure NbN in the films. A series of films with
thickness �2000 Å was prepared in this way at 200 °C at
several setting of the N2 pressure �pN2

�. In order to see the
effects of deposition temperature �TD� on structure and prop-
erties, we have also deposited films of similar thickness at
400, 500, and 600 °C. The standard �-2� x-ray diffraction
has been utilized to verify the structure of these films and
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scanning electron microscopy �SEM� has been used to char-
acterize their surface topography. The superconducting tran-
sition temperature and the normal-state resistivity of the
films were measured using the standard four terminal
method, while the dynamics of vortices in the superconduct-
ing state was investigated with a miniature Hall-sensor based
ac susceptometer.21 In this apparatus, the response of a su-
perconducting film to an ac excitation is picked up by a small
Hall sensor, placed close to the surface of the film. The in-
phase and quadrature components of the measured Hall-
signal are then decomposed by use of a lock-in amplifier.
Following a model by Gilchrist and Konczykowski,22 the
real and imaginary parts of the ac susceptibility are calcu-
lated from the relations 	�=TH� −1 and 	�=TH� respectively.
Here TH� and TH� are the real and imaginary parts of complex
transmittivity defined as

TH� =
�V��T� − V��T 
 Tc��

�V��T � Tc� − V��T 
 Tc��
�1�

TH� =
�− V��T��

�V��T � Tc� − V��T 
 Tc��
�2�

where, V� and V� are the in-phase and quadrature compo-
nents of the Hall-probe voltage measured at the fundamental
frequency. The third harmonic susceptibility can also be ob-
tained by measuring the Hall-probe voltage �V3f� at triple the
frequency of excitation using the relation

�TH3� =
�V3f�T��

�V��T � Tc� − V��T 
 Tc��
. �3�

III. RESULTS AND DISCUSSION

A. Structural characterization

The �-2� x-ray diffraction measurements revealed a
highly �h00� oriented growth along the �100� axis of the
substrate. Figure 1 compares the x-ray diffraction patterns of
NbN films deposited at 200, 300, 500, and 600 °C in
80 mTorr of nitrogen. Clearly, the films deposited at tem-
peratures above 200 °C show all �h00� reflections indicating
a simple cubic structure in agreement with the results of
Treece et al.11 On the other hand, the �h00� reflections of odd
h, which have vanishing atomic structure factors for an fcc
lattice are missing in the film deposited at 200 °C. The av-
erage grain size of the films was calculated from the full
width at half maximum �FWHM� of the high-angle Bragg
peaks ��200� and �400��, using the Debye-Scheerer formula23

D =
0.97�

� cos �
, �4�

where � and � are the x-ray wavelength and FWHM of the
peak, respectively. We find a monotonic increase in the
grain-size from �210 to �290 Å as the deposition tempera-
ture is varied from 200 to 600 °C. The larger grain size of
the films deposited at the higher temperature is a conse-
quence of the availability of higher crystallization energy
during film growth. In addition to the increase in the grain

size, a gradual shift of the lattice parameter towards the bulk
value is also observed as a function of increasing deposition
temperature. Figure 2 shows a comparison of the x-ray dif-
fraction patterns of films deposited at 600 °C at varied nitro-
gen pressures. Surprisingly, the simple-cubic phase �evident
from the �100� peak� is observed only in the films deposited
at the optimal nitrogen pressure �80 mTorr�. However, SEM
micrographs of the films showed a smooth surface topogra-
phy without any notable difference between the two phases
of NbN.

It should be noted here that fabrication of good quality
films from elemental metal targets is quite nontrivial with
pulsed laser ablation. This technique relies on the formation
of a local superheated region on the target, which then ex-

FIG. 1. �−2� x-ray diffraction pattern of NbN films deposited at
200, 300, 500, and 600 °C on �100� MgO substrate at nitrogen
pressure of 80 mTorr. The typical growth rate of NbN films was
�4 Å/s.

FIG. 2. �−2� x-ray diffraction pattern of NbN films deposited at
30, 60, 80, and 100 mTorr of N2 pressure and 600 °C substrate
temperature. Diffraction peaks due to the substrate and fcc and
simple cubic structures are marked in the figure.
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plodes as a plasmonic plume maintaining the stoichiometry
of the target.24 The high thermal conductivity of elemental
metals, however, hinders the formation of a superheated spot
on the target and the material is removed by splashing, rather
than ablation. Therefore, parameters such as laser energy
density, pulse repetition rate, and target-to-substrate distance
need to be optimized very carefully. In view of such limita-
tions, the smooth surface and the highly oriented crystalline
structure of our NbN films is encouraging.

B. Electrical transport

The temperature dependence of the electrical resistivity
��N�T�� of the NbN films deposited at 200 and 600 °C under
different conditions of N2 pressure is shown in Fig. 3. In
most of the films, a negative temperature coefficient of resis-
tivity �TCR� is observed when their room temperature resis-
tivity is higher than �170 �
-cm. But the TCR is positive
for the low resistivity films. This correlation25 between the
sign of TCR and room temperature resistivity indicates a
disorder dominated electron transport in these films. While in
homogeneously disordered alloys such as amorphous films
of MoGe �Ref. 26� or AuGe,27 weak localization plays a
dominant role in the temperature dependence of resistivity,28

in the present case of well-crystallized films grain boundary
scattering should dominate the transport. We have examined
our data using the grain boundary model proposed by Reiss
et al.,29 which can be viewed as a quantum correction to the
classical Drude conductivity. The model29 attributes the re-
duced conductivity of the granular media to the number den-
sity and quantum transparency of grain boundaries crossed
by an electron during two successive scattering events. The
effective mean free path is expressed as

Leff = L�L/D, �5�

where L is the mean free path in the absence of granularity, �
the transmission probability of electrons through the grain
boundary, and D is the mean grain size. The conductivity is
thus written as

��T� = � ne2

mvF
	L�L/D, �6�

where m, vF, and n are the mass, Fermi velocity, and density
of conduction electrons, respectively. This model has also
been employed by Tyan et al.7 and Nigro et al.30 to analyze
the normal-state transport behavior of reactive dc and reac-
tive magnetron sputtered NbN films respectively. The values
of � obtained in these two cases, however, differ consider-
ably ��10−1 from Tyan et al.7 and 10−5 from Nigro et al.30�.
We have fitted our data in Fig. 3 to Eq. �6� assuming � and n
as temperature independent parameters. The fittings are
shown as solid lines in the figure. The only term that con-
tributes to temperature dependence of resistivity in Eq. �6� is
the mean free path given as 1

L�T� = 1
le

+ 1
lin�T� , where le is the

elastic mean free path and lin�T� the inelastic mean free path
whose temperature dependence is expressed as lin

−1�T���Tp.
The exponent p is close to 2 and � is a proportionality con-
stant. We obtain excellent fits to our data for the films with
negative TCR for values of � close to 0.15 with a sample-
to-sample spread of �0.015, which can be accommodated
into the error scale. The mean grain size �21 and 29 nm for
the films deposited at 200 and 600 °C, respectively� was
taken from the x-ray diffraction measurements of respective
films while fitting to Eq. �6�. The average electron density for
the best fits comes out to be of the order of 1027 /m3 using a
Fermi velocity of 0.9�106 m/s from the literature.31 The
metallic samples follow an almost linear temperature depen-
dence over a wide range of temperature. This is in accor-
dance with the Bloch-Gruneisen formula32 for phonon-
scattering-limited conductivity.

In order to address the influence of granularity on critical
temperature we show in Fig. 4 the temperature dependence
of electrical resistivity ���T�� in the temperature range
4.2 to 18 K of a series of films deposited at 200 °C. The
resistivity of all films is characterized by a sharp transition to
the superconducting state at T�16 K. In all cases the tran-
sition width �Tc, defined as the temperature over which
���T�� changes from 90 to 10 % of the extrapolated normal-
state value is below 1 K. The figure reveals a marked effect
of the N2 pressure �pN2

� on the transition temperature. The
inset of Fig. 4 shows the Tc as a function of pN2

normalized
to the Tc of the film deposited at pN2

=80 mTorr. We observe
a well defined peak in the Tc vs pN2

graph for the films
deposited at 200 and 600 °C in the vicinity of �80 mTorr.
This result suggests that the optimum stoichiometric fraction
of NbN in these films is independent of the deposition tem-
perature. A similar non-monotonic dependence of Tc on N2
pressure has been reported by Bacon et al.3 for sputter-
deposited films. Here it is important to point out that while a
large reduction in Tc along with a negative TCR in the nor-
mal state is seen in films deposited at lower pN2

, the transi-

FIG. 3. The temperature dependence of the normal-state resis-
tivity of the NbN films deposited at 200 °C �left hand side panels�
and 600 °C �right hand side panels�. The solid lines are fits to the
grain-boundary model �see text for details�.
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tion width remains narrow in all cases. This is unlike the
behavior of the resistive transition in heavily granular
NbN-BN cermet films.33

Superconductivity in polycrystalline NbN films is often
modeled as arrays of Josephson junctions.5,6,13,29,30,34 In an
ideal granular SC, with junction resistances above the quan-
tum pair resistance �h /2e2�6 k
�, the transition tempera-
ture is decided by the degree of phase fluctuation in the in-
tergranular region and quasiparticle tunneling effects.35 The
stoichiometric NbN films with critical current close to de-
pairing current, however, cannot be classified as granular.
Similarly, in nitrogen deficient films �NbN1−x�, the low resis-
tive intergranular matrix inhibits a Josephson coupling pic-
ture. In fact, the intergranular disordered NbN matrix might
also be superconducting with a lower Tc than the Tc of the
stoichiometric NbN. Thus a proximity coupled S-N-S picture
appears more appealing for such films. The initial rise in Tc
as a function of N2 pressure �in the inset of Fig. 4� also
suggests an increase in the density of stoichiometric NbN
grains. Further increase in N2 pressure above the optimum
value reduces the coupling between NbN grains due to ac-
commodation of extra nitrogen atoms in the disordered inter-
granular regions. In this case the physics of a true granular
superconductor such as AlxO1−x might be applicable.36

C. Vortex dynamics

1. Screening critical current density

The imaginary component �	�� of the fundamental ac sus-
ceptibility �	� measured at a fixed ac field of frequency
121 Hz, for a film deposited at 200 °C and 30 mTorr N2
pressure is shown as a function of temperature in the inset of
Fig. 5. These data were taken at several values of the ac field
ranging from 0.5 to 15 Oe. We have calculated the screening
critical current density of the films following the method of
Clem and Sanchez37 who have shown that for a supercon-
ducting disc of radius R and thickness d, placed under a

transverse ac excitation of the form h=h0 exp�−i�t�, the real
and imaginary components of complex fundamental ac sus-
ceptibility are given as34

	� =
2	0

�



0

�

�1 − cos ��S��x/2��1 − cos ���cos �d� �7�

and

	� =
2	0

�



0

�

�− S�x� + �1 − cos ��S��x/2��1 − cos ����sin �d� ,

�8�

where x=h0 /Hd, Hd=Jcd /2, and 	0=8R /3�d. This expres-
sion, however, assumes a critical current density �Jc� inde-
pendent of the applied ac field. The function S is defined as

S�x� =
1

2x
�cos−1
 1

cosh x
� +

sinh x

cosh2 x
	 . �9�

In the limit of small ac field, the above expressions for 	�
and 	� approximate to

	� = − 	0�1 −
15

32
x2	 �10�

and

	� = 	0x2/� . �11�

Numerical calculations by Clem and Sanchez37 shows that
the peak in 	� appears at x=1.942, which leads to the rela-
tion Jc=h0 /1.942d. The critical current density calculated in
this way for NbN films deposited at 200 °C under various
pN2

is shown in the main panel of Fig. 5. This figure also
shows the Jc of the film deposited at 600 °C under optimal
pN2

�80 mTorr�. Here we recall that the crystal symmetry of
these films is simple cubic unlike of those deposited at
200 °C, which are fcc. The magnitude and temperature de-
pendence of Jc appears to be independent of the exact crystal

FIG. 4. Electrical resistivity of the NbN films in the supercon-
ducting transition region. The inset is a plot of Tc�onset� as a function
of the N2 pressure for films deposited at 200 and 600 °C on �100�
MgO.

FIG. 5. The zero dc-field critical current density Jc calculated
from the imaginary part of complex ac susceptibility �	�� is plotted
against the normalized temperature T /Tc. The solid lines are fits to
the equation Jc��1−T /Tc��. Inset shows the 	� for a NbN films
deposited at 200 °C and 30 mTorr N2 pressure. Measurements
were performed at 121 Hz with varying magnitude of the ac field in
the range of 0.5 to 15 Oe.
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symmetry for the films prepared under optimal pN2
. How-

ever, on both sides of the optimal pN2
, a drastic drop in Jc is

evident in Fig. 5. We also notice a slight convex curvature in
Jc vs T /Tc plot of the film deposited at higher �100 mTorr�
N2 pressure. This tendency of Jc to reach saturation at the
higher T /Tc can be attributed to excess nitrogen in the films,
which may reduce the overall condensate density.

The results of this contactless method of measuring Jc
agree with transport Jc in homogenous films of low and high-
Tc materials.38,39 Since the magnetic penetration depth � in
the present case is smaller than the film thickness, the in-
duced screening currents are also uniform and maximum
sustainable by the superconducting state. In inhomogeneous
systems, however, a screening measurement yields intra-
granular currents in addition to some amount of grain aver-
aged current, which is sustained by the Josephson or prox-
imity coupling between adjacent grains. The Josephson
coupled current has a profound effect on the overall mag-
netic susceptibility of the material. Most notably, the weak
superconducting order parameter in the intergranular mate-
rial has a distinctly lower critical current density as com-
pared to the intra-granular Jc. The existence of two charac-
teristic critical currents manifests as two distinct peaks in the
imaginary component of the fundamental ac susceptibility.
However, unlike typical polycrystalline and granular
superconductors,39,40 we find only one peak in the tempera-
ture dependence of 	� of our NbN films �shown in the inset
of Fig. 5�. This observation suggests that the SC-order pa-
rameter remains robust in the grain boundaries of these films.
This inference is also consistent with the large transmission
probability � for carrier transport across grain boundaries in
the normal state as discussed earlier. The exact temperature
dependence of Jc in a granular superconductor depends upon
parameters including grain-size, coupling between grains,
flux creep, and depinning effects.41 To apprehend this fact,
we have fitted the temperature dependence of Jc to a relation
of the type Jc��1−T /Tc��, where � is used as a fitting pa-
rameter. The fitted curves are shown as solid lines in Fig. 5
along with the values of � extracted from the fits. For a pure
Ginzburg-Landau �GL� behavior of the critical current, one
expects ��1.5.41 We find that maximum deviation in � from
the ideal GL value occurs in the film deposited at the
100 mTorr N2 pressure.

Kampwirth et al.2 have modeled thick NbN films with
columnar texture as an ordered array of Josephson-coupled
grains with identical intergranular regions. The critical cur-
rent density �Jc� of such a system is given by the
Ambegaokar-Baratoff42 �AB� expression for the Josephson
current in a S-I-S junction, which yields a monotonic tem-
perature dependence of the type Jc��1−T /Tc� close to the
critical temperature Tc. While this model does not apply to
our stoichiometric NbN films where Jc is close to the depair-
ing current, it may be valid for nonoptimal pN2

films, par-
ticularly those deposited at 100 mTorr pN2

and show a highly
suppressed Jc with ��0.75.

In Fig. 6 we compare the temperature dependence of the
in-field Jc of the simple cubic �“panel A”� and fcc �“panel
B”� NbN films deposited under optimal N2 pressure
�80 mTorr�. The solid lines are fittings to the relation Jc

��1−T /Tc�H���, where Tc�H� is the onset temperature of 	� in
presence of a dc field H. While the critical current drops
significantly in both types of samples on the application of a
small ��500 Oe� dc field, the suppression of Jc is sharper in
the case of the fcc structure. At first instant, this difference
points towards the crystal symmetry. However, one has to
take into account the larger grain size of the simple cubic
film due to the higher deposition temperature �600 °C� used
in this case and the field-induced suppression of supercon-
ductivity in the intergranular material if the grain boundaries
are diffused, which is likely to be the case due to the lower
adatom mobility in films deposited at 200 °C. The average
grain size of the sc film is �290 Å while it is only �210 Å
for the fcc film. Since the current carrying capacity of a
single grain �intragranular Jc� is determined by the total con-
densation energy of the grain, the magnitude of intragranular
Jc is expected to scale with the crystallite size. It is also
likely that clean grainboundaries of 600 °C films give rise to
strong flux pinning as in the case in Nb3Sn.43 In addition to
the suppression of Jc, we also notice a drastic change in its
temperature dependence at low dc fields. The low field Jc

goes as ��1−T /Tc�H��1.5 as seen in the inset of Fig. 6. At still
higher fields � tends to unity. The temperature and magnetic
field dependence of Jc in the mixed state of a type-II super-
conductor is decided by the depinning mechanism of flux
lines. In the thermally activated flux creep scenario of dissi-
pation, the electric field generated due to flux motion is given
as;43

FIG. 6. Critical current density of NbN films deposited at 200
and 600 °C at 80 mTorr N2 pressure in the presence of dc fields of
0.05, 0.1, 0.25, 0.5, 1.0, and 2.0 T perpendicular to the plane of the
sample. Solid lines are the fits of the form �1−T /Tc�H���. The values
of � ���� 200 °C and ��� 600 °C� extracted from these fittings are
plotted as a function of dc field in the inset.
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E = 2
d exp�− U0

k�T
	sinh�BJVa

k�T
	 , �12�

where B is the magnetic induction; V, the volume of the flux
bundle over which the Lorentz force acts; U0, the pinning
potential; a, the width of the pinning potential well; 
, the
attempt frequency of hopping process; and d, the hopping
distance. Defining Ec as the minimum electric field chosen
for the measurement of critical current, we have

Jc�T,B� =
k�T

BVa
sinh−1
� Ec

2d

	exp�U0�T�

kBT
	� . �13�

Linearization of the sinh function yields

Jc�T,B� =
U0�T�

B
. �14�

For a given B, the temperature dependence of Jc comes
from U0�T� under the assumption that the activation volume
V is temperature independent. In a single vortex pinning pic-
ture, one can write U0�T� as �Hc

2�T��n�T�, which with GL
temperature dependence of Hc�T� and ��T� yields

U0�T� � �1 − t�2�1 − t�−n/2 = �1 − t�2−n/2. �15�

Here n=0, 1, 2, or 3 depending on the relevant length
scale for the energy of the flux line. For grain boundary
pinning in very thin films �thickness ��� at low flux densi-
ties �FLL spacing � grain size�, the pinning volume is linear
in �. Under this approximation we see that U0�T���1− t�3/2,
which is consistent with the behavior of Jc at low fields. As
the FLL spacing �a0=1.075��0 /B�1/2� becomes smaller with
the increasing field, flux lines will be accommodated within
the grains, for these, U0�T��Hc

2�T��2�T�. This yields a tem-
perature dependence of the type U0�T���1− t�. This conclu-
sion is consistent with the data taken at 2 T for which a0
�34 Å.

2. Third harmonic susceptibility

The onset of a nonlinear response to the driving ac field in
the mixed state of a superconductor is characterized by the
appearance of third harmonic susceptibility �	3f� while cool-
ing below Tc. We have measured the third harmonic ac sus-
ceptibility of the NbN films in the presence of a dc-field
collinear with the ac field of frequency �121 Hz along the
film normal. The third harmonic signal of a NbN film depos-
ited at 200 °C and 80 mTorr pN2

is shown in the inset of Fig.
7. The onset of 	3f marks the temperature T* below which
the superconductor is able to sustain a dissipationless cur-
rent. Since the flow of such a current in the mixed state is
decided by pinning of flux lines, one can argue that T* is the
depinning temperature �Tdp�. The literature on high-Tc cu-
prates, however, identifies T* with the irreversibility tem-
perature Tirr above which dc magnetization becomes
reversible.38,44 The identification of Tdp with Tirr has been
debated considerably in the recent literature.45–48 There are
materials, particularly low Tc alloys, which show a nonzero
critical current in the temperature regime where the magne-
tization is fully reversible.48 The main panel of Fig. 7 shows

the T* lines of our NbN films on the H-T plane deduced from
the onset temperature of the 	3f. Since the frequency of mea-
surement of 	3f is small, we consider the data of Fig. 7 as the
zero-frequency limit of T*. We note that the critical tempera-
ture T* of the fcc phase well as the sc phase films deposited
under the same pN2

�shown as � and � respectively, in Fig.
7� is identical within the accuracy of these measurements.
The H*�T� is found to follow a relation of the type H*�T�
=H0�1−T* /Tc�n with H0=15 T and n=1.3 �shown as the
dotted line in Fig. 7�. However, the exponent n is markedly
different for the films deposited at N2 pressures away from
the optimum value. For these films, the fitting as shown in
Fig. 7 �solid line�, yields n�1.85 and H0�25 T. The tem-
perature dependence of H* in YBa2Cu3O7 has been deduced
in the framework of thermally activated depinning of flux
lines by Yeshuran and Malozemoff,45 assuming that the acti-
vation energy for depinning scales as U0�T��Hc

2�T�a0
2��T�.

Here it has been assumed that the extent of the pinning vol-
ume orthogonal to the field direction is independent of ��T�
in the high field limit �a0���T��. Our analysis of the Jc�T�
data of Fig. 6 suggests that for stoichiometric NbN films the
power n in H*��1−T* /Tc�n should vary between 1.5 and 1
as the flux density increases in the system. The average value
of n=1.3 extracted from the fit over a wide temperature
range �T /Tc�0.6 to 1� is consistent with the depinning pic-
ture. In the case of the nonoptimal pN2

films, the presence of
large scale inhomogeneities makes understanding of the tem-
perature dependence of H* rather difficult. It also needs to be
emphasized here that in low Tc alloys the separation between
the irreversibility line and Hc2�T� line in the H-T phase space
is so small46–48 that it may well be within in the accuracy of
our measurement. In that event, the data shown in Fig. 7
essentially reflect the behavior of the Hc2�T�. Figure 7 re-
veals that H0 is considerably smaller ��15 T� for the films
with the higher Tc as compared to the H0�25 T for the low
Tc films. Although H0 is by no means equivalent to Hc2�0�, it
differs only by a multiplication factor. Hence, the low Tc

FIG. 7. The critical field H* of NbN films as a function of the
normalized temperature T* /Tc. The solid and the dotted lines are the
calculated curves using the relation H*�H0�1−T* /Tc�n. Inset
shows the third harmonic signals of 200 °C, 80 mTorr film, as cap-
tured by the Hall-probe susceptometer. Curves are shown for mea-
surements at dc fields in the range of 0 to 4 T.
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films with less conducting grain boundaries �smaller effec-
tive mean free path� have higher Hc2�0� as compared to the
Hc2�0� of films with more conducting grain boundaries. This
result follows from the Ginzburg-Landau-Abrikosov-Gorkov
theory for Hc2 of disordered superconductors. The theory
predicts a higher Hc2 in samples with reduced electron mean
free path as a result of the suppression of Pauli paramagentic
effect, which limits the Hc2.49 Such effects are seen abun-
dantly in disordered low Tc alloys such as Nb3Sn, for
example.50

IV. CONCLUSIONS

We have carried out a detailed study of the possible mani-
festations of inhomogeneities and crystal symmetry in the
normal-state transport as well as in the vortex dynamics of
PLD grown NbN films, which have been stabilized in both
fcc and sc structures by precise control of the PLD growth
parameters such as temperature and N2 pressure. The x-ray
diffraction measurements indicate a well-oriented growth
along the �100� direction with average grain size varying
from �210 to �290 Å as the TD is increased from
200 to 600 °C. The normal-state transport as well as the dy-
namical behavior of flux lines in the SC state indicate that
the intergranular matrix is highly transparent to the normal as
well as superconducting carriers in these films, unlike in the

Josephson coupled S-I-S granular films. The superconduct-
ing transition temperature was found to be strongly depen-
dent on the nitrogen stoichiometry of the films. Under opti-
mal deposition conditions, the Tc and Jc as high as 16 K and
7�105/cm2 at 12 K were obtained. The temperature depen-
dence of the Jc extracted from the ac-susceptibility data in
zero dc field and also in the presence of a dc field for the
films deposited under optimal pN2

have been analyzed in the
framework of thermally activated flux creep. While we see
two distinct phases of NbN, and the energetically less stable
simple cubic phase is perhaps stabilized because of the high
kinetic energy of the ablated atoms in PLD, no distinctive
feature of crystal symmetry are seen in the superconducting
properties. This result is somewhat surprising in view of the
fact that the density of states calculations for the simple cu-
bic phase yield a much larger DOS at the EF.20 It is quite
possible that extrinsic effects such as granularity mask the
differences, or perhaps, the observed structure has a different
symmetry from the stoichiometric Pm3m, for which elec-
tronic calculations are available.
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