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Ordering of the vortex lattice in Mo-Re films
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Abstract. We investigated the vortex lattice ordering induced by an applied current in thick (700–900 nm)
Mo-Re films with strong pinning. Measurements of I-V characteristics as a function of field and at different
temperatures were carried out. We found that, as in the case of weakly pinning amorphous samples, dynamic
ordering can occur only if the size of the vortex correlated region is at least two times the intervortex
distance.

PACS. 74.60.Ge Flux pinning, flux creep, and flux-line lattice dynamics – 74.60.Jg Critical currents –
74.76.Db Conventional superconducting films

1 Introduction

It is well known that ordering of the vortex lattice can
be induced by an external current in a superconductor
with the presence of pinning. This fact, early observed
in neutron diffraction experiment [1], has recently gained
a renewed attention, and a lot of theoretical [2–4], nu-
merical [5–8] and experimental [9,10] studies have been
performed on this subject. Several interesting phenomena
have been predicted about the dynamic phase transitions
of the vortex lattice, depending on the competition be-
tween the pinning strength due to a random distribution
of material defects and the intervortex interactions. In par-
ticular, it has been established that, increasing the applied
current, a pinned vortex lattice first flows plastically and
then elastically, forming an ordered lattice [11]. One of
the fingerprints of the vortex lattice dynamic transition is
the change of slope in the I-V characteristics which is re-
flected in the appearance of a peak in the dV/dI versus I
curves [12]. This effect has been reported for amorphous
MoGe [13,14] and NbGe [15] thin films and indicated as
dynamic ordering. In both cases the samples were char-
acterized by moderate pinning and relatively low values
of the critical current density Jc. For this reason the in-
crease of the rigidity of the moving vortex configuration
has been interpreted in terms of the two dimensional (2D)
collective pinning theory by Larkin and Ovchinnikov [16].

In this paper we report on I-V measurements carried
out on several Mo-Re films of different stoichiometry. With
respect to the previous experiments [13–15] our samples
are characterized by higher Jc values and they could be
analyzed in the framework of the three dimensional (3D)
collective pinning [16]. Among all the measured samples a
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clear peak in the dynamic resistance versus I curves has
been observed in a definite part of the B-T plane only for
one sample, for which Rc, the size of the correlated regions
in the direction perpendicular to the field direction, is at
least two times the intervortex distance, a0.

2 Experimental

Mo-Re films of two different compositions (in particular
Mo60Re40 and Mo75Re25, as determined by Electron Dis-
persive Spectroscopy (EDS) analysis) were prepared by
sputtering onto heated sapphire substrates [18,19]. Mo-
Re is considered as an “atypical” A-15 compound since its
maximum transition temperature is associated to out-of-
stoichiometry compositions [20]. This feature seems to in-
dicate that the correlation between Tc and the long range
order in the (Mo) chains is less pronounced and therefore
less sensitive to structural disorder than in other A-15 su-
perconductors. Moreover, even when the material is grown
in amorphous phase, it shows quite large values of the
critical temperature and critical current. Base pressure
in the deposition chamber was in the 10−8 torr range,
with approximately 1.0× 10−3 torr Ar as sputtering gas.
Typical evaporation rates were around 5 nm/s and thick-
nesses d of the films ranged from 700 to 900 nm. Rates
and thicknesses were measured during the deposition by
an oscillating quartz crystal monitor. Depending on the
value of the substrate temperature Ts during the deposi-
tion, samples of different crystal structures were obtained.
In particular, all the samples we have deposited for this
study at Ts less than 600 ◦C were completely amorphous
as proved by high-angle Θ-2Θ X-ray diffraction patterns
which do not show the presence of any peak related to
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Table 1. Physical parameters for two of the measured samples. The stoichiometry of the sample MR6 (MR19) is Mo = 75 (60)%
and Re = 25 (40)%. Both the samples are completely amorphous and do not show a clear A-15 structure, as proved by X-Ray
diffraction measurements. See the text for the meaning of the listed quantities.

Sample d(nm) ρ10 K (µΩ cm) ρ300 K/ρ10 K Tc (K) S(T/K) ξ(0) (nm) Bc2(0) (T) κ λ(0) (nm)

MR6 770 12 1.8 9.71 0.2 15 1.4 5.48 134

MR19 720 57 1.2 10.71 0.25 13 1.84 13.36 283

the A-15 cubic structure. These samples have reduced
superconducting critical temperature (Tc ≈ 9 − 10 K)
and critical current density at low field and tempera-
ture (Jc ≈ 108 − 109 A/m2) with respect to the sam-
ples deposited at higher temperatures. In this case the
films have a clear A-15 structure, Tc ≈ 13 − 15 K and
Jc ≈ 1010 A/m2 [18–20].

After the deposition the samples were patterned into
strips having length l = 1 mm and width w = 100 µm. The
strips were obtained by a standard photolithographic tech-
nique followed by chemical etching. The superconducting
critical temperature and the upper critical field Bc2(T )
were resistively measured and a superconducting Nb-Ti
solenoid was used to produce the external magnetic field.
The field was always applied perpendicular to the sample
and to the direction of the flowing current. The Tc and
Bc2 values were extracted from the R(T ) curves taking
the 50% value of the normal state resistance RN just above
the transition to the superconducting state. The transition
widths, estimated from the temperature difference at 10%
and 90% ofRN, were typically less than 20 mK at zero field
for all the samples and did not appreciably broaden even
in high magnetic field, confirming the high quality of our
films. The applied dc bias current density was∼106 A/m2,
much lower than Jc. The low temperature resistivity val-
ues ρ10 K were around 50 µΩ cm and 10 µΩ cm for the
Mo60Re40 and the Mo75Re25 samples respectively. In the
former case the ratio ρ300 K/ρ10K is close to the unity,
while for the latter it is always around 2. Finally the Jc val-
ues were obtained from the I-V curves using the criterion
described in the next section. Since I-V curves were mea-
sured up to high current densities, in order to eliminate
heating effects, samples were directly immersed in liquid
helium. The dynamic resistance Rd = dV/dI was numer-
ically calculated from the dc measurements using a stan-
dard computation algorithm. Occasionally Rd has been
also directly measured and no differences were observed.

3 Results and discussion

In the following we report on I-V characteristics per-
formed on eight different Mo-Re films. In Table 1 are
summarized all the relevant physical parameters charac-
terizing the sample on which the in Rd has been observed,
namely the sample MR6. The stoichiometry of this sample
is Mo = 75% and Re = 25%. In Table 1 are also reported
the same quantities for the sample MR19 representative

of the samples on which no dynamic ordering has been ob-
served. The stoichiometry of this sample is Mo = 60% and
Re = 40%. The Ginzburg-Landau (GL) coherence length
ξ(0) is obtained from the slope S of the upper critical
magnetic field at Tc, S = −dBc2/dT |Tc , using the relation

Bc2(0) = 0.69STc = 0.69
φ0

2πξ(0)2
(1)

which is also used to determine the upper critical field at
zero temperature [21]. For the sample MR6 the BCS co-
herence length ξ0 is found to be 70 nm from the relation
ξ0 = ~vF/π∆(0) where vF = 5 × 105 m/s is the Fermi
velocity [22] and ∆(0) = 1.8kBTc [23] is the BCS super-
conducting gap at zero temperature. Finally the mean free
path ` has been estimated to be 3 nm from the measured
low temperature resistivity ρ10 K (expressed in µΩ cm),
using the relation [24]

` = v0

(
0.22
ρ10 K

)(
rs
a

)3

× 10−14 s (2)

where v0 is the average electronic velocity taken equal to
vF [24], rs is a measure of the electronic density and a is
the Bohr radius. The rs value has been deduced from the
relation [24]

γ = (0.169)Z

(
rs
a

)2

× 10−4 cal/mole K2 (3)

where γ is the specific heat and Z is the valence. Using
the values γ = 4 mJ/mole K2 and Z = 6 [25] we have
obtained rs = 0.156 nm. Comparing the values of ξ0 and
` it is clear that MR6 sample falls in the category of dirty
type-II superconductors for which the Ginzburg-Landau
parameter κ has the expression 3.54 × 104

√
ρ10 KS [26].

Finally if we estimate the value for ξ0 from the relation
ξ(0) = 0.855(ξ0`)1/2, using the value of ξ(0) extracted
from Table 1, we get ξ0 ≈ 100 nm which, again, goes in
the direction of ξ0 � `. Similar results hold for all the
measured samples.

Figure 1 shows the I-V characteristics for the sample
MR6 at T = 3.1 K for different applied magnetic fields
in the range 0.05 T < B < 1.2 T. Curves show a strong
curved nature at low voltage and this makes the value of
the critical current Ic strongly dependent on the voltage
criterion chosen to determine it. For this reason, follow-
ing the procedure already used in the case of NbGe thin



T. Di Luccio et al.: Ordering of the vortex lattice in Mo-Re films 265

Fig. 1. I-V characteristics for the sample MR6 at T = 3.1 K for different applied magnetic fields. Curves correspond to
increasing fields, from top to bottom, equal to 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2 T.

Fig. 2. Jc versus applied magnetic field for the sample MR6 at T = 3.1 K (t = 0.38). Inset: Same as in the main panel for the
sample MR19 at T = 4.2 K (t = 0.39).

films [15], Ic has been determined by extrapolating the lin-
ear flux flow region (where the resistance Rff is equal to
∼RNB/Bc2 [17]) down to V = 0. In our case the obtained
full flux flow velocity at intermediate fields is v ∼ 35 m/s
and it is connected to the flux-flow voltage by the rela-
tion V = vBl, where l is the length between the voltage
probes. This value is larger than the values obtained for
NbGe [15,27], consistently with the fact that we are deal-

ing with samples with higher Jc. The critical current den-
sity versus the applied magnetic field for the sample MR6
at T = 3.1 K (t ≡ T/Tc = 0.38) is shown in Figure 2.
The low field value of the critical current for the sam-
ple MR6, around 108 A/m2, is the lowest observed in all
the other measured samples for comparable values of field
and temperature. In the inset of Figure 2 the magnetic
field dependence of Jc for the sample MR19 at T = 4.2 K
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Fig. 3. Dynamic resistance Rd versus I at T = 3.1 K for
the sample MR6. The magnetic field values are 0.05, 0.1, 0.15,
0.2 T.

(t = 0.39) is shown. At B = 0.6 T it is Jc ≈ 3×109 A/m2.
Figure 3 shows the presence of a peak in the dynamic re-
sistance Rd versus I for different fields at T = 3.1 K for
the sample MR6. No such peaks have been detected in all
the other samples. For currents larger than the current at
which the peak occurs, the dynamic resistance becomes
equal to Rff . For the sample MR6 the B-T phase diagram
has been built and it is shown in Figure 4. Up triangles
indicate the measured Bc2 values, the open circles repre-
sent the fields and temperatures where dynamic ordering
occurs (because of the presence of a peak in the dV/dI
versus I curves [12]) and solid squares delimit the field
interval where, at a certain temperature, the peak in the
Rd(I) was not observed anymore. Finally, using the ex-
pression for the melting transition temperature of a 3D
vortex lattice T 3D

m [28], the melting curve is found to lie
very close to the Bc2 line. This fact is also experimentally
confirmed if the resistive transition curves are plotted in
the Arrhenius fashion. In this case no clear change in the
slopes of the curves has been observed, even at very low
voltages, indicating that the mechanism of the vortex dy-
namics remains the same [29].

In order to give an interpretation of the increase of
the ordering in the vortex lattice we use the 3D collective
pinning theory [16]. According to this approach, a short
range is preserved in the vortex lattice only inside a cor-
related volume Vc with length Lc along the field and with
diameter Rc perpendicular to the field direction. Rc has
the following expression [30]

Rc =

√
c66ξ

Fp
(4)

Fig. 4. B-T phase diagram for the sample MR6. Up triangles
are the measured Bc2 values, open circles are at fields and
temperatures where dynamic ordering occurs and solid squares
show the field interval where the peak in the Rd(I) was not
observed. The smooth lines through the data points are a guide
to the eye for the boundaries of the above different phases.

where Fp = JcB is the measured pinning force density
and the shear modulus c66 is given by [31]

c66 =
φ0B

16πµ0λ2(T )
(1− 0.29b)(1− b)2 (5)

where b = B/Bc2 is the reduced magnetic field and λ(T )
is the temperature dependent penetration depth which, in
our case is given by [26] λ(T ) = 1.63κξ(T ).

Figure 5 shows values of the ratio Rc/a0 as a function
of field for the sample MR6 at T = 3.1 K (t = 0.38). Rc

is calculated from the measured Fp and using the expres-
sion (5). a0 is field dependent according to the expression
1.075

√
φ0/B. The values used in equations (4) and (5)

for ξ(T ) (or λ(T )) are calculated from the zero tempera-
ture values using the expression ξ(T ) = ξ(0)/

√
1− T/Tc

(or λ(T ) = λ(0)/
√

1− T/Tc). The application of the 3D
collective pinning theory to our samples is justified by
the fact that the correlation length Lc is always smaller
than the sample thickness. In fact, at B = 0.5 T Rc is
≈ 3.5a0 ≈ 250 nm, and using the relation valid for large
values of κ and λ and for b < 0.5 [32]

Lc ≈ 3
[
b/(1− b)

]1/2
Rc (6)

we find Lc = 539 nm . d.
We observe that the calculated values of Rc/a0 are at

low fields equal to 2 and never greater than 4. These values
for Rc/a0 for the sample MR6 turn out to be much smaller
than those reported for weakly pinning amorphous NbGe
thin films [15]. This is in agreement with the assumption
that strong disorder is present in our samples. In fact,
evaluation of the ratio Rc/a0 for all the other measured
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Fig. 5. Rc/a0 versus B for the sample MR6 at T = 3.1 K (t = 0.38). Inset: Same as in the main panel for the sample MR19
at T = 4.2 K (t = 0.39).

Mo-Re films gives values that are always of the order of the
unit because of the higher values of the measured critical
current (see the inset of Figure 5 where Rc/a0 versus B at
T = 4.2 K (t = 0.39) for the sample MR19 is plotted). This
could explain why we do not observe any ordering of the
vortex lattice under the influence of the driving current in
the stronger pinning Mo-Re films which are characterized
by single vortex pinning.

Finally the above results confirm the results previously
obtained on 2D collective pinning samples [15]. In fact,
also in case of strong disordered Mo-Re samples, dynamic
ordering occurs at low fields due to the fact that, when
the pinning force is high, the vortex lattice can be plasti-
cally deformed also for small applied fields. The peak in
Rd disappears when increasing the magnetic field and the
temperature toward Tc because it is too close, and then
undistinguishable, to the much larger peak related to the
normal state transition.

4 Conclusions

In conclusion, the occurrence of dynamic ordering has
been investigated in Mo-Re films of different stoichiome-
try and structural disorder. The samples, even amorphous,
are fairly strong pinning and the flux line lattice is three
dimensional. Also, they all fall in the category of dirty
type-II superconductors. We observe that, regardless of
the composition of the samples, current induced ordering
takes place only if Rc & 2a0. For samples with higher cur-
rent density, for which Rc ≈ a0, ordering of the vortex
lattice cannot be established by the applied current. This
result confirms that Rc/a0 is the relevant parameter one
should consider when evaluating the degree of disorder in
the vortex dynamics of a superconducting sample.
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