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Electron diffusivities in MgB, from point contact spectroscopy
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We quantify the underlying physical mechanism behind the variation of the Andreev reflection with applied
magnetic field in MgB, epitaxial film and find good agreement with the theory for a dirty two-band supercon-
ductor. The important microscopic property, the ratio of electron diffusivities in the o and 7 bands can be
measured directly by means of Andreev reflection. We analyze results obtained for different directions of the
applied field and determine the anisotropy of the diffusivities demonstrating that the anisotropic upper critical
field is determined solely by the anisotropic diffusivity in the o band.

DOI: 10.1103/PhysRevB.72.224506

Magnesium diboride, MgB, is as yet a unique supercon-
ductor that has two distinct order parameters. They are de-
rived from two groups of disconnected sheets of the Fermi
surface (FS). Quasi-two-dimensional o bands give rise to the
larger superconducting gap, A,~7 meV, whereas the
smaller gap, A opens up on the three-dimensional sheets of
the FS that correspond to the 7 bands.!? First principle cal-
culations of the electronic structure were successful in ex-
plaining the key normal-state properties of MgB,. The theo-
retical description of superconducting properties in the
presence of two bands has been developed on the basis of the
Usadel equations, which are applicable to dirty-limit super-
conductors. Using this approach, the temperature depen-
dence of the upper critical field H,,,? the variation of the
order parameters at the vortex core,* the anisotropy of H,,
and the London penetration depth®> have all been calculated.
The theoretical results are generally in good agreement with
the available experiments, and provide guidance to engineer-
ing the material with desired properties. The elastic scatter-
ing rates in the two types of bands can be very different, as
they are controlled by different kinds of atomic defects.®
Varying the ratio of electron diffusivities in the two bands
(D,/D,) will change the resulting macroscopic supercon-
ducting properties, and therefore independent determination
of this ratio has emerged as a key prerequisite to understand
and control the properties of MgB,. Due to the crystalline
anisotropy, the diffusivities along the ¢ axis (Df;)w ) can be

different from the in-plane values (Dgfﬁ)). It is in principle
possible to obtain the scattering rates from the temperature
dependence of the resistivity,”® but this method is subject to
large uncertainty if the sample is not 100% dense,’ which is
often the case with MgB,. In this work we demonstrate that
the diffusivity ratio can be directly evaluated from point-
contact Andreev reflection (PCAR) spectroscopy in magnetic
field.

Point contact'®'? and tunneling spectroscopies,'*!* have
been used to study the properties of MgB, in applied mag-
netic field. In Ref. 11 the point-contact results were linked to
the theoretical density-of-states calculations* and the diffu-
sivities ratio was evaluated, but without revealing the physics
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behind the observations, most importantly the effect of vor-
tices. The scanning tunneling spectroscopy (STS) images of
vortices parallel to the ¢ axis'® have been successfully ex-
plained by theory.* Importantly, vortex imaging is demand-
ing experimentally and probes mainly the properties of the =
band. It is possible to use the STS method to probe the in-
plane vortices in sufficiently thick single crystals,'* but cer-
tainly not in thin films. The effect of vortices on the point-
contact measurements has not been considered.

In our previous work'> we have demonstrated that as the
field is increased, the transition to the normal state occurs
simultaneously in the two superconducting subsystems, i.e.,
the o and 7 bands are characterized by a unique H,. Later
we have studied the evolution of the PCAR spectra with
magnetic field in niobium;!® we showed that the mechanism
behind the field variation of the Andreev reflection in Type-II
superconductor is the presence of normal vortex cores, which
leads to effective broadening of the spectra and increasing
the zero-energy density of states (DOS), N° (corresponding
to progressive increase of normal-state-like core excitations
with increasing density of vortices). Therefore the PCAR
data can be treated as a quantitative probe of the magnitude
of N°. The theory* predicts that in MgB, the DOS in the o
and 7 bands have distinctly different field dependences,
which is a very specific conclusion that can be tested directly
by experiment.

Here we discuss our results in the light of this theoretical
prediction. We have found that in field parallel to the ¢ axis
there is a good agreement with the theory, in that the 7-band
DOS, N?T increases with field much faster than the o-band
DOS. From the experiment we can directly extract the de-
pendence N?T(H) and hence, on the basis of Ref. 4, the value
of D,/D,. In our sample, there is strong disparity between
the diffusivities, with the 7 band being relatively cleaner
than the o band. In theory® increasing scattering in the
band would lead to a strong enhancement of H,, at low tem-
peratures. Although this is not the case in our sample, we
demonstrate that the in-field point contact spectroscopy gives
an insight into a highly relevant microscopic property of the
two-band superconductor.

The measurements were performed on an epitaxial (c-axis
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FIG. 1. (a) Scanning electron microscopy image of the gold tip
after the point-contact measurements. The scale bar corresponds to
50 microns. The size of the deformed tip apex is indicative of the
contact dimensions. (b) Schematic representation of the contact
probing a large number of Abrikosov vortices (vertical lines) with
the current injected into a large solid angle (dashed lines).

oriented) MgB, film grown by hybrid physical chemical va-
por deposition (HPCVD).!” The critical temperature of the
film was 39 K, an indication of negligible interband scatter-
ing. The value of H,,llc was 6.5 T at 4.2 K, as obtained from
resistivity measurements. The two-fold enhancement of H,,
compared to clean single crystals suggests that the film is
closer to the dirty-limit superconductivity. The anisotropy of
H,, is a slowly varying function of temperature, increasing
from 3 at T=38.5 K to 4 at 28 K.!> At lower temperatures
the in-plane H., was too high to be measured with our 8-
Tesla magnet. The point contact setup that we use is com-
pletely free of any magnetic parts, and mechanical stability
of the contacts is independent of the magnetic field. The
background resistance does not vary with field, which we
take as a good indication of the contact geometry being in-
variant. Point contacts were made by pressing a sharpened
gold tip to the surface of the film. The typical size of the
contact footprint was 30 to 50 microns (see Fig. 1). However
the sizes of the individual junctions at which the Andreev
process occurs must be much smaller. Using the value of the
contact resistance R=10 Ohm, residual resistivity of the film
p=10 uOhmcm (Ref. 8) and the electron mean-free path
[~ 100 nm, it is possible to make an order-of-magnitude es-
timate of the junction size d. Using the formula for the
resistance of a ballistic contact!® (Sharvin resistance),
R~pl/d2, we obtain d~30 nm, which indicates that the
junctions are in the ballistic regime, d <I. If the contact com-
prises multiple junctions, their individual sizes are less than
30 nm, so the ballistic regime can only be reinforced. An-
other evidence is that experimental spectra are well described
by the ballistic, not diffusive regime of the BTK theory."
For consistent interpretation of the effect of magnetic vorti-
ces on the Andreev reflection, we assume the contact com-
prises a number of small junctions randomly distributed
across the contact area. The relevant length scale in a Type-II
superconductor subjected to magnetic field is the distance
between vortices, a=\2®d,/ V3H, where d, is the flux quan-
tum. For example, in a field of 1 mT, the vortex separation is
about 1 wm. Since our measurements were done at signifi-
cantly higher fields, there was always a large number of vor-
tices within the contact. We therefore presume that the cur-
rent from the tip samples a random selection of microscopic
junctions in an area large compared to the unit cell of the
vortex lattice, and the results we obtain represent an effective
average over the vortex lattice. We have demonstrated'® that
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this interpretation provides a consistent agreement between
experiment and the relevant theoretical calculations.?’ Impor-
tantly, we have confirmed experimentally that the results of
the in-field measurements with Nb were independent of the
mutual orientation of the field and the point-contact tip. This
fact agrees with the premise that the current injection
through a direct metal-superconductor junction is nondirec-
tional. It is also plausible that surface roughness can contrib-
ute to the out-of-axis injection. These mechanisms explain
why for any orientation of the vortex cores there is current
that couples to the core excitations.

Similar to the case of Nb, here we write the conductance
of the point contact in field as a sum of the “normal channel”
(current injected into the cores) and the “SC channel” (cur-
rent in between the vortices), extending this approach to
combine it with the formulas used to describe the two-gap
SC (e.g., Ref. 11). In zero field, the voltage-dependent nor-
malized conductance of the point contact is then

G(V)
Gy

=fg‘lT+(1 _f)go" (1)

Here Gy is the normal-state junction conductance, and the
normalized conductances g, and g, are given by the usual
expressions from the Blonder-Tinkham-Klapwijk (BTK)
theory?! for the two values of the gap, A, and A,, respec-
tively. The shape of the functions g, and g, is determined by
the effective interface barrier Z; we assume it is the same in
the two bands. Typically the values of Z were found to be
close to 0.5. The effects of finite temperature and interface
scattering are taken into account by a convolution of the
zero-temperature BTK functions with a Gaussian of width w.
In all the measurements reported here, the gold tip was per-
pendicular to the MgB, film, so that the “nominal” current
direction was along the ¢ axis. The fact that there is a con-
tribution from the quasi-2D ¢ bands in this experimental
geometry again confirms the nondirectional injection, which
is characteristic of direct metal-superconductor contacts, and
could be further facilitated by the fact that the surface of the
MgB, film is not perfectly smooth due to columnar growth
pattern.'” In Ref. 8 we have demonstrated that the contribu-
tion of the o bands is correlated with the normal-state resis-
tance (Ry=1/Gy) of the junction. Less transparent junctions
(high Ry) have smaller amplitude of the o peaks, and hence
are more directional. The degree of directionality affects the
value of the weighting f in Eq. (1). Therefore, if there were
equal contributions to the DOS from the o and 7 bands,*> we
would still expect the geometrical factor to result in a higher
measured weighting for the 7 band. The effect is difficult to
quantify, and so we must rely on a best fit procedure for
obtaining the value of f. We have found that typically f
=0.65-0.8 in different contacts. We also make an assump-
tion that in the applied field the deflection of current trajec-
tories in the superconductor (e.g., due to Meissner screening)
does not affect the nondirectionality of the injection.

In the presence of magnetic field, Eq. (1) needs to be
modified to take into account the effect of normal cores. We
do so by introducing two further variables, n, and n,, to
represent the field-dependent normal state contribution to the
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differential conductance in each of the two bands. The result-
ing formula is

? =flnz+ (1 =n)g.]+ (1= flng+ (1 -nyg,l.
N

2)

As n, and n, represent the number of normal-state core
excitations, these parameters can be identified with the zero-
energy DOS N and N, where the latter are understood as
values averaged over the vortex lattice.

It is worth noting at this point that the properties of key
significance for this work are n, and n,; importantly they
enter Eq. (2) as simple scaling parameters. To a good ap-
proximation the conclusions on the behavior of n,. and n,, are
largely independent of the mathematical description of the
functions g, and g,. Therefore our results are not restricted
to the particular regime of BTK theory but have a more
general meaning, independent of the exact mathematical
form used to model the zero-field Andreev spectra. To reflect
this, and to eliminate problems with convergence of the mul-
tiparameter fitting procedure, we constrain some parameters
in Eq. (2) to their zero-field values, as explained below.

The experiment in Hll¢ corresponds to the situation con-
sidered theoretically in Ref. 4. The data and respective best
fits to Eq. (2) are shown in Fig. 2(a). The fitting is performed
in two steps. At zero field the fit to Eq. (1) is robust and we
obtain the values of Z and f. Assuming that the interface
properties (Z) and the injection geometry (f) remain the
same unless the tip moves and the contact geometry changes,
we treat these parameters as field-independent. In this case,
adding two more variables in Eq. (2) (n, and n,) for the
in-field data does not compromise the robustness of the fit, so
that the set of five parameters (A, A,, w, n,, and n,) can be
extracted reliably. The field dependences of the order param-
eters, A, A, obtained from the present analysis are consis-
tent with Ref. 15. In particular, we observe that A does not
collapse at a field much smaller than the global H,.,. The
effective broadening increases linearly with field. In prin-
ciple, the form of A_(H) and A,(H) can be used to evaluate
the diffusivities ratio according to Ref. 4, but these functions
are only weakly sensitive to the variation of diffusivities. In
contrast, the effect on the behavior of n, and n, is strong and
hence it can be measured with greater accuracy.

The variation of the average DOS with field is presented
in Fig. 3. The experimental data for the two field orientations
(filled and open symbols, respectively) are plotted together
with theoretical results for the case fob)/be):O.S.z3 The
key experimental result here is a strong disparity between the
field dependences of n, and n,. At low fields both param-
eters exhibit closely linear increase with H. For Hllab, the
gradient of the n,(H) dependence is close to 1/H,,, similar
to both calculated and observed behavior for a conventional
superconductor such as Nb.2% In contrast, n_(H) has a gradi-
ent at low field that is four times as steep. These results are in
qualitative agreement with the theory.* Quantitatively, the
values of the gradients are controlled by the ratio of electron
diffusivities in the two bands, fob)/ Dg:’b) (the in-plane diffu-
sivities are relevant in this field orientation). It is the value of

PHYSICAL REVIEW B 72, 224506 (2005)

T=42K
T R T
‘ ‘ 13F

qQpoo

12 [of t e |

11FEP % 3 :

Normalized conductance

1.0H@) Hlle, H,, = 85 T] 10fib) H || ab, H_, ~ 30T
-10 -5 0 5 i0  -10 -5 0 5 10

Bias (mV) Bias (mV)
o012} (@ BT Ld) | o gy
o
— —03 { ¢ jord
- o
E 011 os g
&
3 o.10 5
c O
o °
B [
2 0.09 \ N
c LU ] g
8 W Vil 5
0.08 £ 2
Hllab f H=0 %j
007 1 1 1 1 1 1 1 1 1 1 1 1 1 1 O 8
-30-20-10 0 10 20 3¢ -30-20-10 C 10 20 30
Bias (mV) Bias (mV)

FIG. 2. Representative experimental data at 4.2 K and corre-
sponding best fits to Eq. (2), (a) field parallel to the ¢ axis; (b) field
parallel to the ab plane. The data in field parallel to the ab plane are
shown in (c) on a larger bias scale. The presence of a sloped back-
ground and extra high-bias features do not affect the quality of fit at
the bias range of interest, as it is demonstrated in (d) for the zero-
field, Hllab normalized spectrum.

dn/dH that is very sensitive to the variation of foh)/ Dgfb),
with the gradient being steep for a relatively dirty o band/
clean 7 band (fob)/DSfb)<l). The conclusion is that the
results of our experimental analysis in conjunction with the
two-band dirty-limit theory can be used for accurate deter-
mination of the diffusivities ratio.

To take measurements in the field applied parallel to the
ab plane, the sample and the tip were remounted and a new
point contact was made. The central part of the normalized
spectra for Hllab are shown in Fig. 2(b). The same data but
on a larger bias scale is shown in Fig. 2(c). In this contact the
normal-state conductance is weakly dependent on the bias, as
it can be seen for the 8 Tesla curve at |V|>15 mV. This
effect is not related to superconductivity and we eliminate it
from the analysis by way of normalizing all the data by the
linearly varying background. Additionally, there are large
field-dependent features at high bias (~25 mV), which are
not accounted for by the BTK model. Indeed similar pro-
nounced dips have been reported in point-contact experi-
ments with varous materials. Several possible mechanisms
have been proposed to explain these features (proximity
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FIG. 3. Field variation of the normal state contribution to the
DOS in the o and 7 bands as a function of field, as inferred from
the PCAR data using Eq. (2). Solid symbols, Hllc; open symbols,
Hllab; circles, o band; squares, 7 band. The dashed lines are theo-
retical results (Ref. 22) for Hllc and fob)/D(qu)zo.S and H.y,
=6.5 T. The dotted line shows the estimated theoretical behavior of
the o-band DOS in Hllab.

effect,?* Josephson effect,? influence of the critical current
in the SC electrode®®), but no complete agreement between
any of the models and the experiment has been attained. It
has been pointed out®® that the presence of the dips may
signal that application of the BTK model can lead to over-
esimating the value of the SC gap. However this issue would
only affect the interpretation of the zero-field curves but not
the scaling analysis based on Eq. (2), from which our main
conclusions stem. As it is demonstrated in Fig. 2(d) neither
the normalization nor the presence of high-bias features com-
promises the quality of the fit to the central part of the
spectra.

In field applied parallel to the ab plane of the sample, H,
at T=4.2 K is beyond the reach of our magnet; we therefore
extrapolate the slowly varying anisotropy factor from
higher temperatures (as measured in Ref. 15) and evaluate
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H .50y ~30 T. n(H) does not scale with H_,,,, but rather
follows the same dependence for the two field orientations,
hence the m-band diffusivity is effectively isotropic. On the
contrary, the behavior of the o-band normal state contribu-
tion does depend on the field direction. The theoretical
consideration” strictly applies to the case of the field applied
parallel to the ¢ axis. To have an indication of how the
o-band density of states could depend on the in-plane mag-
netic field, we scale the results for the c-axis up to the value
of Hya~30 T (lower dotted line in Fig. 3) At fields below
3 T the experimental n,(H) agrees with the thus obtained
theoretical curve. At higher fields the accuracy of the fitting
procedure deteriorates, as the spectra become smaller in am-
plitude and less resolved as the result of the field-induced
broadening. Still the results clearly demonstrate that in both
field orientations, the o band is the dirtier one and so it
always determines H, in our sample. Consequently,>*
foh)/DEf) ~ (Hayap! Heae)* ~ 25.

In conclusion, we have demonstrated that the field varia-
tion of the Andreev reflection spectra in an MgB, film can be
consistently understood in terms of the dirty-limit theory of a
double-band superconductor. In field applied parallel to the ¢
axis, this method provides a direct means of measuring the
ratio of band diffusivities. This independent evaluation of the
diffusivities is particularly important for the analysis of the
enhanced H,, in MgB, films,?’ as the theory? requires these
parameters for calculating H,., and its temperature depen-
dence. The diffusivities are also key to understanding the
anisotropy of H, and the behavior of the London penetration
depth, and hence the microwave properties of MgB,.
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