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We report on low-temperature scanning tunneling microscopy/spectroscopy experiments performed on su-
perconducting boron-doped nanocrystalline diamond (NCD) thin films prepared by chemical-vapor deposition
methods. The most representative sample reveals the observed superconducting gap (A) highly modulated over
a length scale on the order of ~30 nm, which is much shorter than the typical diamond grain size. The sample
local and macroscopic behavior favors for the A modulation as being an intrinsic property of the NCD
granules. On the other hand, A shows its temperature dependence [A(7)] consistent with the results obtained
by Fominov and Feigel’man [Phys. Rev. B 63, 094518 (2001)], who studied theoretically the behavior of the
superconducting gap of a BCS superconductor in contact with a normal layer by solving the one-dimensional
Usadel equations on the superconducting side of the superconducting to normal interface.
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I. INTRODUCTION

Due to its outstanding electronic, mechanical, and thermal
properties, diamond became a potential candidate for devel-
oping electronic devices which could meet the increasing
demand' for smallness, higher performance, and less power
consumption and heat dissipation. Furthermore, the material
rigidity and electrochemical robustness make it of interest
for high-temperature electronic application such as diamond
transistors” that could operate at 7>700 K.

Besides of its potential technological applications, the
fundamental properties of diamond constitute by themselves
intriguing and fascinating research topics. For example, the
evolution of the transport behavior on the boron dopant con-
centration might help understanding more general aspects
such as the metal-insulator transition and its correlation with
the appearance of a superconducting state. In 2004, the dis-
covery of superconductivity in highly boron-doped diamond
films has been reported,’ adding a new property to the al-
ready broad phenomena exhibited by these materials. Pure
diamond is known to be a wide-gap insulator with a 5.5 eV
band gap and, for boron dopant concentrations of np
~ 10" cm™, an acceptor ground level is located at approxi-
mately 370 meV above the host’s valence band.* So far, su-
perconductivity has only been observed when the system is
in the metallic regime,3’5’7 i.e., when the boron concentration
(ng) exceeds a critical value n.. For the case of diamond
films prepared by chemical-vapor deposition (CVD) meth-
ods, the experimental values for n. have been found to lie
between>°® 2 X 1020 and 4.5 X 102° ¢cm™3. On the other hand,
single-crystalline boron-doped diamond has revealed its
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critical temperature (7) to depend on ny as® Te~ (ng/nc
—1)"2. So far, the highest T, obtained for boron-doped
diamond?® is 11.4 K.

CVD boron-doped nanocrystalline diamond (NCD) films
have revealed their surface as composed of crystalline nan-
ograins, displaying well-defined three-dimensional geometri-
cal shapes® such as pyramids and hexagons. In these, planes
and vertexes are identified under scanning electron micros-
copy (SEM) imaging, each plane corresponding to a single-
crystal growth.! Both superconductivity and the structural
properties of these materials offer an appropriate scenario for
studying regularly shaped superconductors with sizes beyond
the achievable by standard lithographic techniques. More-
over, the grains are potentially interesting systems for being
investigated with local techniques such as scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy
(STS).

Among the few reports concerning STM and STS mea-
surements on superconducting boron-doped diamond films,
the work done by Sacepe ef al.!' is particularly noteworthy.
In this, single-crystalline diamond films have revealed a ho-
mogeneous superconducting gap A under local spectroscopic
measurements.'! Furthermore, the temperature evolution of
A is in agreement with the dependence predicted by the BCS
theory.!! Recently, Ekimov et al.'> were able to measure the
isotope effect of the carbon on the 7. These two indepen-
dent observations''!> strongly supports the phonon-BCS
mechanism for the superconductivity in diamond.

Here, we report on STM and STS studies performed on
superconducting boron-doped NCD films prepared by CVD
methods. These were initially aimed to explore locally the
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evolution of the superconducting properties along the planes
and vertexes revealed by the granules in order to study con-
finement effects. It was expected to find the superconducting
order parameter to be modulated due to the granularity, with
the characteristic period coinciding with an average grain
size. Contrary to that, we have found a pronounced intrinsic
intragrain modulation of A by revealing the A to vary typi-
cally over 30 nm, a distance much smaller than the charac-
teristic grain size. Moreover, coexisting normal and super-
conducting regions were resolved inside the granules as well
as in between them. A comparative analysis of the macro-
scopic and local properties of our samples supports the intra-
grain modulation of A as being an intrinsic property of the
NCD granules. It will be shown that our results are in agree-
ment with the recent observation of modulated local density
of states (LDOS) on surfaces of boron-doped diamond
films.!

On the other hand, the superconducting gap A, extracted
from the /-V curves measured at a fixed point and at different
temperatures, shows its temperature dependence [A(7)] dif-
ferent from that predicted by the BCS theory. The A(7) is
significantly affected between 2 and 1 K, below which it
saturates. Supported by numerical solutions of the one-
dimensional (1D) Usadel equations, our experimental data
give direct evidence that proximity effects are responsible for
the departure from the conventional BCS behavior. As far as
we know, the temperature evolution of the superconducting
gap in the presence of proximity effects has not been exten-
sively studied experimentally in superconducting diamond, if
not at all. On the contrary, research has been focused mainly
on the spatial evolution of A with respect to a
superconductor/normal (SN) interface instead.'*~'® However,
the A(T) dependence in the proximity of a SN interface has
been treated theoretically by Fominov and Feigel’'man.'”

II. EXPERIMENT

The boron-doped NCD films were prepared by plasma-
assisted CVD techniques. Diamond layers were grown onto
Si substrates in a H,/CH, plasma, with methane concentra-
tions below 3%, at 700 °C and under pressures of 30 Torr.
Boron doping was achieved by injecting trimethylboron
[B(CH;);] gas during whole growth process with a
B(CHj;);/CHy ratio of 6500 ppm. Different growth times
were used for each sample. Further details are reported
elsewhere.”!8

To study the samples macroscopic properties, electrical
transport and magnetic measurements were performed. The
electrical transport properties were probed by using a four-
terminal configuration with the contacts silver pasted to the
corners of the 1 X 1 cm? samples. Current is caused to flow
along one edge of the sample while the voltage was mea-
sured between the extremities of the opposite edge. We have
found that the resistance measured by using this configura-
tion showed almost no difference with the obtained when a
transport bridge was patterned on one of the samples. The
latter evidences the absence of important current redistribu-
tion processes in the whole temperature and field range, and
hence the sample’s extrinsic (resistance) and intrinsic (resis-
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tivity) parameters only differ by a constant. The temperatures
between 272 and 1.5 K were obtained in an Oxford *He
cryostat. This setup is provided with a 12 T dc magnet coil
and a Lakeshore temperature controller. Four-point resistiv-
ity measurements were performed with a nanovoltmeter
(Hewlett Packard 34420A) and a programmable current
source (Keithley 220). To eliminate thermal or offset volt-
ages while using the nanovoltmeter, the measured voltage is
averaged over both positive and negative polarities of the
injected current. Typically a current of 10 uA is used.

The magnetic properties of some of the samples were ad-
ditionally probed by measuring the temperature dependence
of their magnetic moments, M(T). For these, a “magnetic
properties measurement system” (MPMS-XL) device from
Quantum Design was used. The basic element of operation is
an 1f-SQUID (superconducting quantum interference device)
(Ref. 19) which act as a very accurate flux-voltage converter.
Magnetic moments as small as 10~® emu can be measured
with deviations of 10~ emu. Typically, the measurements
were conducted at 1.5 cm scan length with a reported field
homogeneity of 0.005%. Moreover, parasitic magnetic sig-
nals were reduced to the minimum by carrying out a demag-
netization procedure prior to a measurement. This setup has a
stable temperature range between 4 and 300 K.

Low-temperature STM/STS measurements were per-
formed on three of the superconducting NCD samples in a
home-build STM setup installed in a dilution refrigerator.
The system is mechanically decoupled of external vibrations
and has a resolution in energy of?>2! 15 ueV. Furthermore,
this setup has been thoroughly tested on several samples in
the past.?>?! For the present experiment, a sharpened golden
wire was used as a scanning tip. The microscope scanning
window is 2.2X 2.2 um? in the temperature range between
2.7 and 0.01 K. dc magnetic fields were applied perpendicu-
lar to the sample surface. Topographic STM images were
taken at a constant tunneling current. Local spectroscopic
information was obtained by deriving the tunneling /-V char-
acteristics [a(V)=dl/dV(V)], ranging from voltages above
the superconducting gap. STS maps, such as the one shown
in Fig. 2(b), were then constructed by subtracting the zero-
bias conductance, o(0), from the constant normal
background,”? oy. The brighter pixels in Fig. 2(b) corre-
spond to larger on—o0(0) while the dark spots indicate oy
—0(0)=0, i.e., they are normal regions. We have to note here
that the I-V curves taken on these samples were highly re-
producible without any loss of the tunneling current, no mat-
ter whether the regions scanned were semiconducting or me-
tallic.

III. RESULTS AND DISCUSSION
A. Macroscopic properties

All superconducting samples show similar characteristics
for their resistance versus temperature dependencies [R(T)]:
(1) a broad transition toward a state of zero resistance, a
characteristic for granular superconductivity,”?* (2) the val-
ues for their T are below 4 K when taking the half value of
the normal resistance criterion, and (3) the R(T) curves mea-
sured under O and 12 T magnetic fields split typically at
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FIG. 1. (Color online) (a) A typical resistance versus temperature dependence of a superconducting NCD sample. The broad supercon-
ducting transition is revealed by the splitting of the R(7) curves measured under 0 and 12 T fields at temperatures above 8 K. A T¢
=2.35 K has been obtained for this particular sample when taking the half value of its normal-state resistance. (b) The corresponding
zero-field-cooling and field-cooling magnetic moment versus temperature dependence measured in a SQUID magnetometer. The onset of the
increase in the sample’s diamagnetic signal occurs at 6.3 K when a small field of 20 mT is applied.

temperatures above 8 K [Fig. 1(a)]. On the other hand, the
samples reveal an increase in their diamagnetic response at
temperatures well above T, when measured in a SQUID
magnetometer. This can be seen in Fig. 1(b), in which the
temperature dependence of the magnetic moment of a repre-
sentative sample is shown. Although the latter has a T,
=2.35 K [Fig. 1(a)], the onset of the increase in the diamag-
netic response occurs at 6.3 K for an applied field of 20 mT.
Both results, namely, those obtained from magnetic and
transport measurements, show that the superconducting tran-
sition of the samples starts at temperatures two to three times
higher than T~. The latter behavior can be explained by an
inhomogeneous doping of the sample. First, highly doped
regions become superconducting around 6.3 K and their
presence is detected by magnetic measurements. Next, a state
of zero resistance is achieved below 2 K once percolating
paths of Josephson-coupled regions are provided.’*

B. Local properties
1. Intrinsic granularity

Table I summarizes the structural and superconducting
properties of the three samples, labeled as s2, s3, and s5,
whose low-temperature local properties were probed with

TABLE 1. Superconducting and structural parameters of the
samples studied. Grain sizes and film thicknesses were inferred
from SEM and cross-sectional SEM imaging, respectively. Critical
temperatures and fields, 7 and H,, respectively, were extracted
from the R(T) curves at the values corresponding to the half of the
maximum resistance. The zero-temperature Ginzburg-Landau co-
herence length, £(0), was obtained from the H,(0) value extracted
from the slopes of the H(T) dependencies.

Grain size  Film thickness Te He(0)  &O0)
Sample (nm) (nm) (K) (T) (nm)
s2 50 85 1.6 2.7 11
s3 300 200 2.78 4.3 8.7
s5 1000 800 3.1 4.1 8.9

STM. It has been found that A could be only observed in two
of the samples while it was totally absent in the scanned area
of s2. Moreover, in contrast to s3 and s5, the voltages re-
quired for producing a tunneling current in the scanned areas
on sample s2 were higher than 2 V, evidencing the semicon-
ducting character of those regions. On the other hand, A
could be only measured on very small spots over the surface
of sample s5 while it was better resolved on s3. The latter
revealed larger regions with homogeneous A and hence en-
abled to study its temperature dependence since the anchor-
ing of the STM tip to a particular point is subjected to space
fluctuations caused by thermal noise.'">> Therefore, in what
follows we will present and discuss in detail the data ob-
tained on this particular sample which has a typical thickness
of 200 nm and a lateral grain size of 300 nm, inferred from
both STM and SEM imagings.

Figure 2(a) shows the topography corresponding to a
560 560 nm? STM scanned region and Fig. 2(b) its corre-
sponding STS map obtained from I-V measurements per-
formed at 0.1 K. As mentioned before, the latter was con-
structed by subtracting the zero-bias conductance from the
normal background, on—0c(0). A comparison of both maps
shows that the nucleation of superconductivity is highly in-

FIG. 2. (Color online) (a) A 560X 560 nm? STM scanned area
and (b) the STS map constructed from the I-V curves measured on
64 X 64 equidistanced points on the region displayed in (a), at a
temperature of 0.1 K. The brighter pixels in (b) indicate a larger
on—0(0) while the dark spots correspond to normal regions.
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homogeneous over the film surface. Furthermore, cross-
sectional analysis of the STS maps shows that A changes
typically over ~30 nm, a considerable smaller length scale
compared to the NCD grain size. This indicates clearly the
presence of the intragrain modulation of A.

As is known, the quality of a STM measurement is sub-
jected to many parameters, being surface contamination a
fundamental issue. The latter often prevents stable and repro-
ducible tunnel junctions and the investigation of intrinsic
properties.” It is important here to remark the high repro-
ducibility of the tunnel currents in our samples, no matter
how fast the measurements were performed. Slow and fast
scans gave exactly the same results even in the case of
sample s2, in which the LDOS of a semiconductor was mea-
sured. On the other hand, similar observations as those
shown in Fig. 2(b) were reported for a superconducting TiN
thin film,'® which reveals its surface as consisting of normal
and superconducting regions under STM. An important proof
for the inhomogeneities as being intrinsic to the sample is
attributed to the smooth transition from the superconducting
to the normal regions, with no change in the noise of the STS
data.'® Moreover, at low temperatures, surface contamination
due to adsorbates are claimed to be detectable with STM by
the observation of bumps in the topographic images and by
measuring the LDOS of an insulator.!® The latter were totally
absent in the scanned areas of sample s3; even more, no
important changes were observed in the noise of the STS
data when transiting from a superconducting to a normal
region inside the grains.

Another possible cause for the inhomogeneous A could be
attributed to the composition of the boron-doped diamond
surface. In particular, the boundaries of heavily boron-doped
NCD grains are expected to be constituted of sp? graphite
layers with boron-rich B,C,_, phases.”!®?0 These normal
layers could influence the measurement of A by proximity
effects. In fact, as will be seen below, the temperature depen-
dence of the conductance is well reproduced theoretically by
considering the diamond grains covered with a thin normal
layer on top. However, since the superconducting gap inside
the normal layer is expected to evolve with distance as®’
A(x) cexp(—x/€), where £ is the superconducting coherence
length (~10 nm, see Table I) and x is taken from the SN
interface; the change in A shown in Fig. 2(b) would imply
that the normal layer thickness varies several times & over a
length scale on the order of 30 nm.

The above analysis suggests that the observed A modula-
tion is at least an intrinsic property of the NCD grain sur-
faces. An additional support for the latter comes from the
correlation existing between the Hq,(T) dependencies ob-
tained from STS and electrical transport measurements (Fig.
6). As will be discussed in the last section, the correspon-
dence observed is consistent with regarding the sizes of the
superconducting grains below r<<37 nm, on the order of the
modulation length inferred from Fig. 2(b).

The A nanomodulation observed in sample s3 is in agree-
ment with the rencent results reported by Altfeder et al.,'3
who studied the surfaces of boron-doped diamond films by
performing STM experiments. It has been found that these
surfaces reveal spatially ordered magic-sized nanocrystals by
showing an arrangement of the LDOS in parallelograms with

PHYSICAL REVIEW B 80, 224518 (2009)

base and height sizes equal to 8.3 and 10.5 nm,
respectively.!> Such arrangement is completely absent in
pure nondoped diamond samples and is claimed to be caused
by the Fermi-sea-induced quantum electronic growth
mechanism.'3 According to the latter, the electron de Broglie
wavelength controls the geometry of the nanostructures, es-
tablishing a preferred size for them.!> Moreover, as can be
inferred from Figs. 2(a) and 2(b) of Ref. 13, the nanocrystals
also display a preferred orientation. Remarkably, the super-
conducting and normal regions observed in the STS map of
our sample [Fig. 2(b)] show their characteristics similar to
the diamond nanocrystals of Altfeder et al.,'® namely, a pre-
ferred orientation can be identified and many of them display
parallelogramlike shapes. Although there is an important dif-
ference in the modulation length (30 nm versus 10.5 nm),
which can be attributed to many factors such as sample sur-
face quality, difference in the values for np, inhomogeneous
boron incorporation, etc; our results essentially confirm those
of Altfeder et al."?

Most probably, the change in A is caused by the inhomo-
geneous boron incorporation by the diamond grains. The lat-
ter might affect the T locally since it has been found to vary
with ng as® To~ (ng/nc—1)"2. Taking into account that the
NCD grains are formed of single-crystalline facets with dif-
ferent orientations,'® a correlation between Figs. 2(a) and
2(b) suggests that these facets also have an inhomogeneous
distribution of ng. Here, it is important to discuss the follow-
ing: recent STM studies®® on boron-doped single-crystalline
films show that although having the samples an inhomoge-
neous boron incorporation, revealed by the difference in the
spectra measured over different points at 7~ T, the super-
conducting A was spatially homogeneous at 7<<T. Since at
0.1 K<T¢ A also varies on the single-crystalline facets of
the NCD grains of sample s3, the difference between our
results and those reported in Ref. 28 leaves the possibility
open for other mechanisms as causing the A modulation.

It is worth mentioning that strong intrinsic A nanomodu-
lation in boron-doped diamond reminds the similar observa-
tions made on Bi,Sr,CaCu,Oq4,s (B-2212) high-T¢
superconductors,?®3? where this A modulation is attributed to
the quasiparticle scattering between high joint density of
states regions of the k space.3*3! Similar effects could take
place in heavily boron-doped diamond, where the important
admixture of the anisotropic L bands is present at the Fermi
level.*>33 Under these conditions, contrary to the pure I'-like
Fermi surface, a few k vectors with a much higher statistical
weight can also be found to interfere strongly within a
grain® thus leading to a pronounced intrinsic intragrain na-
nomodulation of A. The possibility for the boron-doped dia-
mond electronic band structure as responsible not only for
the surface LDOS modulation, but also for the A modulation,
is currently under study.

2. Temperature dependence of A

Figure 3 shows the normalized conductance o,,,,, versus
the bias-voltage dependencies, which were extracted from
the I-V curves measured at different temperatures and on a
fixed point. Here, the normalized conductance is defined as
Oorm=0(V)/oy. Contrary to the case of single-crystalline
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FIG. 3. (Color online) The normalized conductance o,,,,,,, 0b-
tained by deriving the measured 1(V) characteristics at a fixed point
and at different temperatures versus the bias voltage (units in
millivolts).

boron-doped diamond, where (V) has a BCS U-like shape
with"! o(0)=0 ; o,,,, is nonzero at zero bias and shows a
V-like shape even at the lowest temperatures. Such a change
in shape has been reported for systems having SN proximity
junctions!*!> and is attributed to the effect of diffusive Coo-
per pairs on the density of states of the normal part. In these
SN contacts, ox—0(0)—0 when moving deeper into the
normal part.

The coexistence of normal and superconducting regions
on the sample surface [Fig. 2(b)] as well as the possibility for
the existence of thin normal layers separating superconduct-
ing crystals from the surface, motivates the importance of the
consideration of proximity effects when attempting to formu-
late a quantitative interpretation of the results. Systems deal-
ing with such effects have been well reproduced by solving
the 1D Usadel diffusion equation.®® In the present case, one
BCS superconducting grain (S) and its normal outer layer
(N) are modeled as a SN bilayer of respective thicknesses Lg
and Ly. The density of states is calculated within the quasi-
classical real-time Green’s-function formalism. In the dirty
limit, the Usadel equation® for the retarded Green’s func-
tions G=cos € and F=—i sin 6 at equilibrium in zero field
reads

D
E&i0+(iE—Fm)sin 0+ A cos =0, (1)

where D is the diffusivity, I';, is the inelastic-scattering rate,
and 0= 60(x,E) is a complex function of position x and energy
E. We take ii=kz=1, where kg is the Boltzmann’s constant.
This equation is self-consistently solved by a numerical re-
laxation method with the equation for the order parameter,

A= )\f dEJ(sin O)tanh| — |, (2)

where N\ is the superconducting pairing strength and wj, is
the cutoff frequency which is on the order of the Debye
frequency. These parameters define the critical temperature
Tco=27Y wpe "N 1 and the zero-temperature gap value A,
=mT¢y/y' (with y’' = 1781) of the bulk system in the clean
limit. In the normal layer A and A are zero but a finite F is
induced by the proximity of the superconductor. The Usadel
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FIG. 4. (Color online) Fittings of the experimental data plotted
in Fig. 3. (Inset) The fit performed on the 0.3 K experimental data
(circles) by solving the Usadel (solid line) equations. As a compari-
son, the result obtained for the case in which the normal layer is
absent is also shown (dashed line). This corresponds to the pure
BCS situation.

equation is supplemented by the boundary conditions
3,0(0)=0 and d,6(Lg+Ly)=0 at the extremities.’® At the SN
interface 0d,0(Lg)=ond, O(LS)=sin[ (L) — 6(Lg)]/R;,; with
the normal-state conductivity in the S(N) layer ogy)
=2¢’N(0)Ds(x) and the resistance at the interface R;,. The
obtained LDOS N(E)=N(0)9(cos 6) at x,=Lg+Ly is convo-
luted with the derivative of the Fermi-Dirac distribution at
the temperature of the probe 7), in order to compare it with
the experimental dI/dV. Variations in Dy, o, R, and Ly
have similar effects on the LDOS at x,. Because of the un-
certainty on the interface quality, we then set Dy/Dg
=oyn/0s=1, R;,,=0 and use the normal layer thickness as an
effective parameter. On the other hand, I';, depends linearly
on the temperature, a typical dependence for one-
dimensional diffusive processes.’’

The fits of the experimental data presented in Fig. 3 are
plotted in Fig. 4, showing a good agreement with the experi-
ment. These fits were obtained for T-,=3.8 K, a value that
is consistent with previous results from magnetic and elec-
trical transport measurements where the onset of the super-
conducting transition is observed above 6 K and the critical
temperature, taken at the half value of the maximum resis-
tance, is T-=2.78 K. For all of the fits, the values used for
the probe temperature 7, were the same as those of the
sample. This is consistent with the vast number of tests per-
formed on the setup used, where it has been observed that
above 0.15 K there exist almost no difference between the
temperatures of the sample and the tip.?’ In the inset of Fig.
4, the o,,,, corresponding to 7=0.3 K is plotted together
with the fit found by using the 1D Usadel equation (solid
line). For comparison, the o,,,, obtained in the absence of
proximity effects (i.e., when Ly=0) is also shown (dashed
line) and corresponds to the BCS situation. The good agree-
ment between theory and experiment, as well as the obser-
vation of similar features in the SN proximity junctions,'*!3
confirms that the measured spectra are indeed affected by
proximity effects.

As a consequence, A(T) shows to depart from the classi-
cal BCS dependence (solid lines in Fig. 5), tending to vary
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FIG. 5. (Color online) The (red) dots are the experimentally
obtained A (with 20% error bars), corresponding to the voltage
where do/dV is maximum. The (green) squares and (blue) triangles
are the calculated A by solving the Eq. (2) at x=Lg and x=0, re-
spectively. The solid (black) lines are the expected BCS dependence
for Tc=24 K, Tc=2.78 K, and T-=3.8 K, respectively. A T
=2.78 K was obtained from transport measurements by taking the
half value of the maximum resistance criterion. 7-=2.4 K is the
temperature above which a,,,,,(V) of Fig. 3 is constant. In addition,
a dashed straight line is shown as a guide to the eyes.

linearly upon lowering the temperature between 2 and 1 K,
below which it evolves toward saturation. This is shown in
Fig. 5 where the experimental A(T) (dots), taken as the volt-
age where do/dV is maximum,*® are plotted together with
the calculated A(T) at x=Lg (squares). The bars correspond
to an error of 20% in the data acquisition and are shown in
order to make the difference clear between the temperature
dependence of A and the behavior predicted by the BCS
theory for a To=2.4 K, temperature above which a,,,,,,(V) is
constant (see Fig. 3). The theoretical A, obtained by solving
Eq. (2) when fitting the data plotted in Fig. 3, shows the
values close to the experimental data and reproduces the
temperature dependence observed. Furthermore, the evolu-
tion of the A deep inside the superconductor, i.e, at x=0
(triangles), also shows to be affected by the normal layer.
This can be seen by the significant departure showed from
the BCS dependence (solid line).

The aforementioned behaviors are consistent with the re-
sults obtained by Fominov and Feigel’man,'” who studied
theoretically the temperature evolution of the A of a BCS
superconductor in contact with a normal layer, by solving the
1D Usadel equations on the superconducting side of the SN
interface. Hence, our experimental data show that proximity
effects not only alter the o(V) shape but also the temperature
dependence of a BCS A when measured through a normal
layer and both features are well reproduced by the solution of
the 1D Usadel equation. It is important to remark that these
results do not contradict those reported in Refs. 11 and 12.
Here, the temperature dependence of A is that of a BCS A
measured through a normal layer.

3. Hcy(T) from local measurements

Finally, boron-doped diamond films in general have re-
vealed high values for their critical magnetic field>*° (H ).
Such values are, however, not expected for a weak-coupled
low-T - BCS superconductor and must be caused by confine-
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T(K)

FIG. 6. (Color online) Correlation between the H, obtained by
applying the local A(T) to the Clogston’s formula (red circles) and
the H, obtained from magnetoresistance measurements under the
criteria shown in the inset: criteria 1 (blue squares) and 2 (black
triangles).

ment effects. In particular, it has been found that when re-
ducing the size of a superconducting grain below its bulk
magnetic penetration depth, H, can have values even orders
of magnitude higher than those for the bulk sample (e.g., Li
et al.,** and references therein). This can be understood by
noticing that the partial or complete field penetration inside
such a small superconductor is accompanied with a reduction
in the system’s Meissner free energy.*! Clogston*!' argued
that even in the absence of the Meissner effect, a limit is
imposed by the normal state on the critical field. Moreover,
the zero-temperature critical field of a BCS superconductor
with a paramagnetic normal state (e.g., a metal) is obtained
by4l

A(0)
,U«och(O) = m, (3)

where wp is the Bohr magneton. Although the (paramagnetic
pair breaking) Clogston’s formula has been derived for a
BCS superconductor at zero temperature and with a para-
magnetic normal state,*! it correlates well with the tempera-
ture evolution of the H(T) obtained from electrical trans-
port measurements by inserting the values of A(7) in Eq. (3).
This is shown in Fig. 6 where the calculated H,(T) (dots) is
plotted together with the H(T) extracted from macroscopic
transport measurements (squares and triangles). The squares
correspond to the H(T) obtained by using the half value of
the normal resistance criterion (shown as 1 in the inset) and
the triangles by taking the points at which the constant nor-
mal resistance intersects the linear part of the transition
(shown as 2 in the inset). Close values for H(0) and
dH»(T)/dT (between 4.65 and 5.97 T, and 1.6 and 1.83 T/K,
respectively) were obtained from the linear fitting at T
>1 K. The consistency of the local and macroscopic H(T)
dependencies is not fortuitous and can be explained by the
following: the magnetic field required for breaking a Cooper
pair by diamagnetic effects in a spherical grain of radius r is
given by*?
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Py
Horb =~ 2/—_ T’ (4)
T"N&dim

where @ is the quantum flux, g4;,,=Er,/d is the dimension-
less conductance, E7;, and d are the grain Thouless energy
and the mean energy-level spacing, respectively. In the free-
electron approximation d is given by*?

1.5
d= eV nm?, (5)
kpVol

where kj is the Fermi vector and Vol ~ 73 is the grain vol-
ume. On the other hand, the expression for E, in the diffu-
sive regime reads*?

_ 0.25k¢

m=—— —meV nm?, (6)
.

where € is the transport mean-free path. By taking the values
for'' =13 nm and the k; for a heavily boron-doped
diamond®® between*® 1.1 and 2.7 nm™'; a 4.65<H,,
<597 T corresponds to a grain radius between 37<r
<59 nm. In other words, for grain sizes less than 37 nm,
paramagnetic pair breaking is expected. Hence, the high-H,
values are consistent with the characteristic length of A
found from the STS experiments [Fig. 2(b)].
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IV. CONCLUSIONS

In conclusion, we have performed STM and STS mea-
surements on nanocrystalline boron-doped CVD diamond
thin films at dilution fridge temperatures. In addition, the
samples macroscopic properties were probed by performing
electrical transport and magnetic measurements. The most
representative sample reveals a strongly modulated A, vary-
ing over the distances much shorter than the typical size of
the NCD grains. Macroscopic and local experimental results
strongly supports the observed pronounced intragrain nano-
modulation of A as being an intrinsic property of the NCD
granules and is most likely caused by an inhomogeneous
boron doping. However, the possible implication of the
boron-doped diamond electronic band structure on the modu-
lation of A cannot be fully ruled out. On the other hand, A
shows its temperature dependence consistent with the results
obtained by Fominov and Feigel’'man,'” who studied theo-
retically the behavior of the superconducting gap of a BCS
superconductor in contact with a normal layer by solving the
1D Usadel equations on the superconducting side of the SN
interface.
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