Coherence lengths and anisotropy in MgB2 superconductor
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Field and temperature microwave measurements have been carried out on MgB2 thin film grown
on Al2 O3 substrate. The analysis reveals the mean field coherence length ξM F in the mixed state
ab
c
and a temperature independent anisotropy ratio γM F = ξM
F /ξM F ≈ 2. At the superconducting
transition, the scaling of the fluctuation conductivity yields the Ginzburg-Landau coherence length
with a different anisotropy ratio γGL = 2.8, also temperature independent.
PACS numbers: 74.60.Ec 74.25.Nf 74.40.+k 74.76.Db

The recent discovery of superconductivity at 39 K in
the simple binary compound MgB2 [1] has sparked a considerable effort in the scientific community to determine
the fundamental parameters and the nature of superconductivity in this compound. Quite surprisingly, the usually simple determination of the upper critical field Bc2
has emerged as a controversial issue. The early attempts
c
ab
to determine Bc2
(B k c-axis), and Bc2
(B k ab-plane),
have shown a large span of values and anisotropy ratio
ab
c
γ = Bc2
/Bc2
varying in the range 1.2-9 [2]. One could
have ascribed these discrepancies to an insufficient control of the sample preparation conditions at the early
stage. However, the controversy has not been fully settled even with the improved sample quality in the recently prepared thin films and single crystals of MgB2
[3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. One of the puzzling observations was that different experimental techniques often
yielded strongly diverse Bc2 values in one and the same
sample. Thus, Welp et al. [9] have shown that resistive
onset of superconductivity in a given field, which was
traditionally taken as the upper critical field, was in disc
accord with the Bc2
values obtained in the same sample
by specific heat and magnetization measurements. Similar discrepancy has been observed in the results of the
resistive onset and the thermal conductivity [12]. On the
other hand, the onset of the diamagnetic response was
found to corroborate with the zero resistance (or the onset of finite resistivity) [11].
The common approach in these methods is to make a
choice of a percentage in cutting the transition curves.
The corresponding points are then taken for Bc2 (T ). Alternatively, one looks for the geometrical intersection of
the tangents above and below the transition. None of
these choices, however, is guided by a physical law describing the transition.
In this Letter we show that the problem of the upper
critical field, and the related coherence length, is more
subtle than implicitely assumed before. Our analysis is
based on the physical process which defines the shape
of the experimental curve, and yields unequivocally the

value of Bc2 . We find the mean field (MF) coherence
length ξMF as the radius of the vortex core in the mixed
state and, separately, the Ginzburg-Landau (GL) coherence length ξGL at the transition. The two coherence
lengths are quite different in MgB2 . The anisotropy ratios are also different (γGL > γMF ), but both turn out
to be temperature independent.
The thin film of MgB2 was grown on (11̄02) Al2 O3
substrate using a two-step method [13, 14]. Precursor
thin film of B was deposited by pulsed laser deposition at
room temperature. The B thin film was sealed together
with high purity Mg into Nb tube with Ar atmosphere.
The heat treatment was carried out at 900 ◦ C for 10-30
min. The film thickness was 400 nm. X-ray diffraction
indicated that the MgB2 film has a highly c-axis oriented
crystal structure normal to the substrate surface with no
impurity phase observed.
Microwave measurements were carried out in an elliptical cavity resonating in e TE111 mode at 9.3 GHz. The
thin film was mounted on a sapphire sample holder and
placed in the center of the cavity where the microwave
electric field Eω was maximum. The sample was oriented
with ab-plane parallel to Eω . The measured quantities
were the Q-factor of the cavity loaded with the sample
and the shift of the resonant frequency f . From the complex frequency shift ∆e
ω /ω = ∆f /f + i∆(1/2Q) one can
obtain by inversion the complex conductivity σ
e = σ1 −iσ2
of the film using the cavity perturbation expression [15].
Figure 1 shows the experimental results in zero magnetic field. From the imaginary part of the conductivity
σ2 = 1/µ0 ωλ2L one can infer the zero temperature London penetration depth λL (0) = 79 nm in our film. With
this value, and the shape of σ2 , this film is found to be
between the clean and the dirty limit, closer to the latter
[16].
Here we focus on the effects of the applied magnetic
field in the superconducting state. Figure 2 shows the
field dependences (B k c) of the complex frequency shift
at various temperatures. By inversion of these data
points, one can obtain the field dependent complex con-
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FIG. 1: Plots of imaginary and real parts of the complex
frequency shift in MgB2 thin film in zero magnetic field. Inset
shows the corresponding conductivities.

ductivity at each given temperature. Theoretically, the
response of the superconductor in the mixed state to an
oscillating electric field Eω is given by an effective complex conductivity [17]
1
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eeff
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The first term is due to the microwave current outside
the vortex cores, and the second to the normal current
in the cores of the oscillating vortices. The meaning of
the fraction B/Bc2 in Eq. (1) is the volume fraction of
the sample taken by the normal vortex cores. The depinning frequency ω0 may change with field and temperature from strongly pinned case (ω0  ω) to the flux flow
limit (ω0  ω). In Eq. (1) the zero field conductivity is
σ1 − iσ2 , and σn is the normal state conductivity.
Using the experimental field dependent complex conductivity and Eq. (1) we have determined the values of
B/Bc2 and ω0 /ω. Figure 3 shows some of the results.
One observes that each of the curves has initially a constant slope (dashed lines in Fig. 3). It defines very precisely the value of Bc2 at a given temperature. Note that
in this region the actual field B is much smaller than
Bc2 so that the superconducting film is well in the mixed
state. Hence, we determine, in fact, the mean field coherence length ξMF as the radius of the normal vortex core
MF
2
(Bc2
= Φ0 /2πξMF
, where Φ0 is the flux quantum). The

FIG. 2: Magnetic field dependences of the complex frequency
shift in MgB2 thin film for B k c. The arrows indicate increasing temperatures.

fundamental property of a vortex much below the transition to the normal state is that it contains many Landau
levels as bound superconducting states [18]. When the
field is increased so that the transition to the normal
state is approached, the upper Landau levels are gradually lifted and finally only the lowest Landau level remains. The field at which this level nucleates is conventionally known as the upper critical field Bc2 . When the
transition is very sharp, Bc2 can be determined straightforwardly from the single turning point. However, in the
cases of rounded transitions, one has to consider the fluctuation conductivity and the scaling laws which govern
the physics of the transition.
In Fig. 4 we show the scaling of the fluctuation conductivity σ1 − σn according to the 3D LLL scheme [19, 20].
A very good scaling is achieved only with a linear choice
of Tc (B) line (equivalently Bc2 line) for the temperature
interval indicated in Fig. 4. The corresponding values are
marked by arrows in Fig. 3. It is obvious that the values of Bc2 obtained from 3D LLL scaling are close to the
points where the normal state seems to be reached, but
not precisely there. This feature is due to the superconducting fluctuations which appear also above the mean
field transition. By taking the deviation from the normal state behavior as the onset of superconductivity, one
selects, in fact, the point where the superconducting fluc-
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FIG. 3: Variations of the volume fraction of the normal electrons. The dashed lines mark the low field linear segments of
MF
the curves wherefrom Bc2
can be determined. The arrows
LLL
indicate the Bc2
values obtained from the 3D LLL scaling
of the fluctuation conductivity in Fig. 4.

tuations start to exhibit a contribution noticeable above
the noise level in the experimental curve.
The results of the present analysis are synthesized in
Fig. 5. The full symbols represent the mean field results
MF
Bc2
with vortices formed by a great number of Landau levels and having radius ξMF . The anisotropy ratio
ab
γMF = ξMF
≈ 2 is practically temperature independent. The full lines in Fig. 5 are obtained from 3D LLL
scaling. These lines delineate the nucleation of vortices
with the lowest Landau level only. The field required for
this nucleation is related to the Ginzburg-Landau coherLLL
2
ence length Bc2
= φ0 /2πξGL
. The anisotropy ratio is
ab
c
γGL = ξGL /ξGL = 2.8, and also temperature independent in the interval where the 3D LLL scaling could be
applied.
We show by the dashed lines in Fig. 5 the results obtained by cutting the experimental curves of 1/2Q in
Fig. 2 at 95% of the normal state value. The line obtained
ab
in this way for Bc2
(T ) exhibits a positive curvature and,
consequently, yields a temperature dependent anisotropy
ratio. Similar results have been obtained in other recent
reports [8, 9, 10, 11, 12] where various cutting criteria
have been used rather than the scaling law. It is not pos-

FIG. 4: 3D LLL scaling of the fluctuation conductivity σ1 −
σn .

sible to find a single cutting level which would mimic the
3D LLL scaling procedure. It appears that the cutting
level should be changed from one experimental curve to
another at a different temperature in a way which is, a
priori, not known. Obviously, the effects of the superconducting fluctuations cannot be simply accounted for by
a cuting procedure.
LLL
One may remark that the extrapolated Bc2
lines in
Fig. 5 point to Tc = 33.8 K, while the dashed lines based
on the 95% cutting criterion reach 35.5 K. With a higher
percentage for the cutting level, one could reach even
higher temperatures. These values are in the fluctuation region above the true Tc defined as the temperature
where ξGL diverges.

In conclusion, we have shown that in MgB2 one can
distinguish the mean field coherence length in the mixed
state, and the Ginzburg-Landau coherence length at the
transition. The latter should be found by considering
the superconducting fluctuations and the proper scaling law of the measured physical quantity. We find the
anosotropy ratios γMF ≈ 2 and γGL = 2.8, both with no
temperature dependences.
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FIG. 5: The upper critical fields determined by various methMF
GL
ods, Bc2
(symbols), Bc2
(full lines), and the values resulting
from cutting the experimental curves (dashed lines).
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