A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

eclpsciences IOP Institute of Physics

Societa Italiana

di Fisica

LETTER You may also like

. . . . - Quantum superconductor—insulator
Signatures of two-dimensional transport in lansiton: implications of BKT crilcal

. . behavior

superconducting nanocrystalline boron-doped T Schneier and S Weyeneth

H . - Phase fluctuations in conventional
dlamOnd f'lmS superconductors

Pratap Raychaudhuri and Surajit Dutta

To cite this article: Christopher Coleman and Somnath Bhattacharyya 2018 EPL 122 57004 - Temperature and doping dependent flat-

band superconductivity on the Lieb-lattice
Feng Xu, , Lei Zhang et al.

View the article online for updates and enhancements.

This content was downloaded from IP address 18.118.2.15 on 25/04/2024 at 01:00


https://doi.org/10.1209/0295-5075/122/57004
https://iopscience.iop.org/article/10.1088/0953-8984/25/30/305701
https://iopscience.iop.org/article/10.1088/0953-8984/25/30/305701
https://iopscience.iop.org/article/10.1088/0953-8984/25/30/305701
https://iopscience.iop.org/article/10.1088/1361-648X/ac360b
https://iopscience.iop.org/article/10.1088/1361-648X/ac360b
https://iopscience.iop.org/article/10.1088/1674-1056/abdea5
https://iopscience.iop.org/article/10.1088/1674-1056/abdea5

A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHyYsIcs

June 2018

EPL, 122 (2018) 57004
doi: 10.1209/0295-5075/122/57004

www.epljournal.org

Signatures of two-dimensional transport in superconducting
nanocrystalline boron-doped diamond films

CHRISTOPHER COLEMAN and SOMNATH BHATTACHARYYA(®)

Nano-scale Transport Physics Laboratory and DST/NRF Centre of Excellence in Strong Materials,
University of the Witwatersrand - Private Bag 8, WITS 2050, Johannesburg, South Africa

received 5 March 2018; accepted in final form 22 June 2018

published online 16 July 2018

PACS 74.20.Mn — Nonconventional mechanisms
PACS T74.25.-q — Properties of superconductors
PACS T74.40.-n — Fluctuation phenomena

Abstract — The possibility of a two-dimensional (2D) phase is investigated in superconducting
boron-doped nanocrystalline diamond films. The fluctuation spectroscopy schemes such as the
Azlamazov-Larkin (AL) and Lerner-Varlamov-Vinokur (LVV) ones are used to determine the
dimensionality crossovers occurring near the superconducting phase transition. It is found that a
distinct 2D phase in the fluctuation regime occurs. One of the consequences of the 2D transport is
the manifestation of the Berezinskii-Kosterlitz-Thouless (BKT) transition which is verified through
both current voltage power law scaling as well as the Halperin-Nelson fitting to the temperature-
dependent resistance. The suppression of the BKT transition with applied field is found to be
correlated with the decrease of Josephson coupling between grains. The identification of a 2D
phase accompanied by the BKT transition highlights the subtle effects of dimensionality in this

unique system.

Copyright © EPLA, 2018

Introduction. — Superconductivity in reduced dimen-
sions are well known to exhibit interesting physics [1],
in particular superconductivity in 2D has been investi-
gated with regard to non-trivial topological ordering due
to spontaneous time-reversal symmetry breaking [2]. Such
non-trivial topological superconductors are generally de-
scribed in terms of odd-parity and spinless wave func-
tion [3] and have been observed experimentally only in
a handful of materials [4]. Since topologically protected
states are expected to be useful for decoherence robust
qubits [5], much research is directed at identifying poten-
tial materials offering such exotic low-dimensional phases.

The theoretical models developed for identifying the
dimensionality of superconductors have been extensively
used in both single-crystal and polycrystalline materials,
proving to be invaluable in helping to classify materials so
that this area of analysis is sometimes referred to as “fluc-
tuoscopy” [6]. The main theoretical model was developed
by AL [7] to explain how the formation of finite lifetime
Cooper pair excitations above, but near to, the mean-field
critical point contribute to the excess conductivity. The
model allowed for the determination of the dimensionality
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of the transport channels in a range of superconducting
materials [8-10].

More recently the effects of granularity on the
dimensionality of the transport channels have been
suggested [11]. The granularity allows for charging and
additional scattering effects and offers a suitable system
for studies of the interplay of electron correlations and
mesoscopic disorder. LVV suggested a characteristic scal-
ing scheme for granular superconductors which is based
on the evolution of the temperature-dependent Ginzburg-
Landau coherence length driven by inter- and intra-grain
coupling [11].

This generalized model predicted that granular super-
conducting media would follow a series of dimensional-
ity crossovers starting from a 3D regime within the grain,
a quasi-0D (g-0D) regime where the coherence length is
comparable to the grain size and finally a 3D regime as
the coherence length increases beyond the grain size and
Josephson coupling between grains occurs. This model has
recently been applied to superconducting boron-doped di-
amond [12]. Although the predicted result of an upturn
in resistance due competition between the suppression
of single-electron tunnelling and coherent charge trans-
fer of Cooper pairs was not reported, the dimensionally
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crossover predicted by the model has indeed been ob-
served [12]. In this work we investigate more deeply the
excess conductivity region between the g-0D and 3D tran-
sition and show that the smoothness of the transition is
due to a conductivity region that follows the scaling pre-
dicted for 2D transport. This indicates the presence of
a 2D phase that occurs just before the Josephson cou-
pling becomes significant and intergrain transport occurs.
This observation is explained in the light of the com-
plex microsctructure of this system. As superconducting
diamond has been classified as a type-two superconduc-
tor it bears many similarities with the layered cuprates.
The intergranular subsystem is believed to lead to a
superconductor-insulator-superconductor junction super-
lattice where the interfacial boundary region and weak
coupling between grains are likely responsible for the two-
dimensionality.

We present an interesting manifestation of this 2D cou-
pled system, the BKT transition in a nanodiamond sys-
tem. The BKT transition is classified as a topological
phase transition as the long-range behaviour of the system
is determined by its topology [13] instead of spontaneous
breaking of underlying symmetries that describe the sys-
tem. During the transition thermal excitations of topo-
logical defects in 2D (vortex and antivortex pairs) bind
together allowing for the long-range order. The experi-
mental characteristics of the BKT transition are well doc-
umented and generally easily identified through analysis
of temperature-dependent transport properties [13—-16]. In
this study we present the temperature dependence of both
resistance and voltage-current (V-I) characteristics to ver-
ify the occurrence of the BKT transition which we relate
to the anomalous bosonic insulation (BI) phase reported
for this material [17-19].

Methods. — The diamond samples used in this study
were synthesized using a microwave plasma enhanced
chemical vapour deposition technique on quartz sub-
strates. The grain size (30nm to 70nm) can be con-
trolled by varying the methane-to-hydrogen ratio from
2.5% to 5% CHy in Hy with trimethylborane (TMB) as
a dopant precursor (~4000ppm in the films). Samples
have been named according to the CH4/Hs ratio used
during the synthesis of respective samples, i.e., B2.5, B4
and B5. The data presented in this article are from
the same sample (B5) and data from the other samples
(B2.5 and B4) are presented in the supplementary material
Supplementarymaterial.pdf (SM). Although the boron
precursor gas was kept constant during the synthesis of
the films, it has been shown that the boron concentration
increases with decreasing grain sizel6. Scanning electron
microscopy was used to determine the average grain size
of the films. The films are typically 300 nm thick. The
existence of superconductivity is confirmed by measuring
the resistance as a function of temperature as well as at
various magnetic fields and fixed bias currents. Trans-
port measurements were performed in the van der Pauw
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Fig. 1: (Colour online) (a) The temperature dependence of
the sheet resistance normalized to the resistance in the normal
state. The curvature of the transition can be best fit to fluc-
tuation models taking into account 2D to 3D crossover. The
mean-field critical point used in the fitting is derived from the
peak position in the derivative of the temperature-dependent
resistance (dR/dT’) as shown in the inset. The transition region
was also fitted to the Lawerence-Doniach (LD) and Halperin
Nelson (HN) theory. (b) The crossover from the quasi-0D to
2D to 3D excess conductivity regimes is clearly indicated as a
function of the reduced temperature scale. Although the in-
termediate regime is small, this region of excess conductivity
between the q-0D and 3D follows the expected critical expo-
nent for an intermediate state. The relevant temperatures for
the crossover in dimensionality have been included.

configuration using a closed-cycle cryo-free system with
lock-in amplifier and nanovoltmeter. Magnetic fields were
applied perpendicular to the film surface. The tempera-
ture stability was better than 10% at 300 mK. All samples
undergo a metal-superconductor transition with critical
temperatures in the range 1.2 K-3.6 K.

Results. — As shown in fig. 1, the superconducting
transition of the diamond films shows a broad smooth
transition instead of a sharp downturn to the supercon-
ducting state. This is typical in superconducting materials
that show dimensional transport channel crossover. In or-
der to investigate such an occurrence, the AL equations
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have been used in a range of materials including both
thin films and bulk crystals. In this scheme [6,7] the
fluctuation-induced conductivity can be represented in 2D
as well as 3D according to

e? T
A% = T T T (1)
62 T 1/2
A7 = 5ohe (0) (T - TC) ' @

Or in a more compact and generalized form as

Ao = Ae ™2, (3)
where A is a coefficient taking on the respective values for
2D or 3D depending on the coherence length £(0) as well
as intergrain separation or interlayer spacing (d) as given
in egs. (1) and (2). The reduced temperature is described
ase = (T —T¢)/T. The exponent A is dependent on the
dimensionality of the transport and takes on values of —1.0
and —0.5 for 2D and 3D, respectively. Shown in fig. 1(a)
is the application of the AL equations, where the red line
is a fit to the 2D AL equation and the dotted line a fit to
the 3D equation. As can be seen, the 3D equation does
not fit the data set particularly well, and the 2D fit can be
applied to some extent but breaks down upon approach-
ing the mean-field critical point, here defined as the peak
in the temperature-dependent derivative of the resistance
(fig. 1(a), inset). This clearly demonstrates a crossover in
the dimensionality and, thus, an additional fitting with the
Lawrence-Doniach (LD) model [20] that takes account of
the Josephson coupling between 2D planes was used and
it is given by

ot (B0
16hd d

The LD fitting is indicated by the green line in fig. 1(a)
and shows a good correlation to the data particularly near
Tc. To better understand the various transport dimen-
sionalities within the fluctuation-induced regimes the ex-
cess conductivity is plotted as a function of the reduced
temperature, as shown in fig. 1(b). The crossover from
the quasi-0D to the 3D regime previously described [13] is
clearly interrupted by a region following the 2D critical ex-
ponent of A = 1. This 2D region is furthermore believed to
be significant as the 2D scaling occurs across most of this
intermediate temperature regime and was consistently ob-
served between samples. As this system is composed of a
complex microstructure where superconducting diamond
grains are separated from each other by the intergranular
sublattice system, it is believed that the weak Josephson
coupling ensures that the Cooper pairs are confined even
as the pair size (coherence length) increases beyond the di-
ameter of the grain, in order to accommodate the growing
Cooper pair size the wave function exploits on the surface
of the diamond crystallites leading to a skin-effect before
intergranular coupling occurs.

(4)

One of the most striking features of the 2D phase is
the manifestation of an apparent BKT transition [21,22].
The hallmark feature of the BKT transition is the power
law behaviour of V-I characteristics, which is related
to the universal jump in the superfluid density due to
vortex-antivortex binding upon reaching the BKT transi-
tion temperature (TBKT). This jump in superfluid density
is determined through analysis of the power law expo-
nent describing the V-I characteristics. The BKT transi-
tion is expected when the slope of the V-I curve is steep
enough to yield an exponent with value of a = 3, i.e.,
Vo~ I3,

This has indeed been observed in a range of samples (see
SM), and occurs at approximately 1.3 K for the particu-
lar film represented in fig. 2(a) as indicated by the dashed
line. The occurrence of the BKT transition was also deter-
mined to be extremely sensitive to the applied field, when
evaluating that the power law behaviour of the V-I char-
acteristics the BKT transition was completely suppressed
at fields as low as 0.2 T. Figure 2(b) shows the V-I curves
for the same sample as that represented in fig. 2(a), this
time, however, at an applied field of 1T.

There is a substantial change in the curvature and the
power exponent is not observed to reach a value of 3 in the
experimentally accessible temperature range. Figure 2(c)
shows the temperature dependence of the exponent, where
a stark difference between zero and small applied fields can
be seen. As mentioned above, only when no field is applied
can the BKT transition be observed. The BKT transition
can also be identified in the temperature-dependent resis-
tance, this is achieved firstly through fitting the normal-
ized resistance to the Halperin-Nelson (HN) formula [14]
valid between T and 1.

Ry 2 b\’
Rl S | 2 ginh—
R +(Asm \/?f)’

where A is a coefficient of order 1 and b is related to the
temperature difference between T and Tpgr. This fit-
ting is indicated by the blue solid line in fig. 1(a). The
BKT temperature obtained from the HN fitting is the
same as that obtained from the V-I analysis (i.e., 1.3K for
the sample presented here). This occurrence of a transi-
tion is also demonstrated when plotting the temperature-
dependent resistance on a log scale. As shown in fig. 3(a),
the resistance then clearly shows a resistive peak feature
at the BKT temperature. As before, when the magnetic
field is applied, the BKT transition is not observed, as
indicated by the absence of the resistive upturn.

Further verification of the BKT transition can be made
by comparing the resistance data to predictions of the
BKT theory [13,14], i.e., showing that the resistance tail
below T depends exponentially on the inverse square root
of the reduced temperature:

in [—R;(T)] =a— bt_1/2,

(5)

(6)

n
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Fig. 2: (Colour online) (a) The power law scaling of the I-V
characteristics as a function of temperature at 0 T. The univer-
sal jump in superfluid density is indicated by the dashed line.
(b) The effect of applying magnetic fields at low temperature,
the expected scaling for the BKT transition is not observed at
any field above 0.2 T; also indicated in the inset is the power
law scaling of the critical current as a function of the applied
field. As can be seen, the scaling does not increase to above 3
for the accessible temperature range. (c) The critical exponent
defining the power law scaling of I-V as a function of temper-
ature at different applied magnetic fields. The BKT transition
is completely suppressed in the accessible temperature range
for fields as small as 0.2T.

where a and b are non-universal dimensionless constants.
The BKT temperature can also be extracted through
analysing the temperature dependence of d(In R/dT")~2/3.

As shown in fig. 3(c), (b) both representations yield a
BKT temperature between 1.27 K and 1.31 K, i.e., a devi-
ation of only 40 mK, indicating good consistency between
the respective models. Pronounced resistive upturns in
this material have been observed before and attributed
to the formation of a bosonic insulating phase consisting
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Fig. 3: (Colour online) (a) The evolution of the temperature-
dependent resistance as the applied field is increased plot-
ted in log scale. With zero applied field an upward turn and
peak in the resistance are clearly seen. The upward turn is
not seen in any instance the field is applied. Different scal-
ing relations based on the Halperin-Nelson interpolation for-
mula are presented in (b) yielding a BKT temperature of
1.21 K (b) and 1.27K (c), indicating consistency within 40 mK.
(c¢) The inset shows temperature-dependent resistance at dif-
ferent orientations of the applied field, a clear change in
the transition temperature is observed indicating anisotropic
transport.

of localized Cooper pairs due to confinement effects [19],
such bosonic insulating phases are well known to lead
to a dual charge-BKT transition in low-dimensional
systems [23] and Josephson-Junction arrays tuned to the
low-coupling regime [24]. The observation of the BKT-
transition at the insulating phase thus unifies the bosonic
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100+

Fig. 4: (Colour online) The temperature-dependent resistance
in double log scale, the various temperature regions where
dimensionality crossover occurs as determined from the AL
and LVV fittings have been indicated. The accompanying
images on the right show that the difference between the
dimensionality regimes with the q-0D phase has a Cooper pair
size comparable to the grain diameter, the intermediate 2D
state represented as a surface state around the circumference
of the diamond grain and lastly the 2D + 1 phase where grain
coupling sets in and Cooper pairs can travel between grains.

insulating phase discovered by Zhang et al. [17-19] with
other systems exhibiting the bosonic insulating phases.

In order to explain the physical observations presented
above we rely on the fluctuation spectroscopy already
conducted on boron-doped superconducting diamond [12].
There it was suggested that upon cooling to the supercon-
ducting state the system exhibits a 3D to quasi-0D to 3D
transition. This crossover was explained in terms of the
scaling of the temperature dependence of the Ginzburg-
Landau coherence length of the Cooper pairs. As shown in
the inset of fig. 3(c) temperature-dependent resistance ob-
tained in applied fields of different orientation has shown
shifting of the critical temperature, this is a strong indica-
tion of anisotropy related to the dimensionality crossover.
At temperatures slightly higher than the T¢ the conduc-
tivity is dominated by fluctuations due to Cooper pair for-
mation, in this temperature regime the scaling is 3D as the
coherence length is less than the grain size and can increase
in three spatial dimensions. As the systems is cooled, the
coherence length increases until reaching the grain size.
This temperature range is called the quasi-OD regime and
is characteristic of Cooper pairs localized within the indi-
vidual grains.

According to the LVV model for granular supercon-
ductors [12] the system is then expected to enter the 3D
regime (or 2D + 1) as the coherence length increases tun-
nelling of the Cooper pairs between grains resulting in the
3D behaviour. In this work it is demonstrated that there
is evidence suggesting that (at least 300 mK) before this
final coupling between grains is reached the system enters
into a 2D phase that follows the AL 2D theory.

At temperatures below the mean-field critical point,
the observation of the BKT transition, which is the
vortex-antivortex binding point, is most likely a result

of the Josephson coupling between adjacent grains, sim-
ilar to the coupling between 2D layers in the high T¢
cuprates [25,26]. This crossover in the dimensionality is
demonstrated schematically in fig. 4. The suppression of
this BKT transition with applied field can be explained as
a result of the magnetic-flux lines which propagate along
the grain boundaries decreasing the coupling strength be-
tween the grains.

Having presented evidence for both the 2D nature and
the topological excitations causing the BKT transition,
it is quite plausible to expect a topological phase. The
occurrence of topologically protected phases has been
theoretically predicted and experimentally observed in a
wide range of low-dimensional carbon and boron mate-
rials [27-30]. In fact, very recently Fermi arcs were ob-
served in the Fermi surface of a low-dimensional boron
called borophene [31]. Recent XRD and Raman spec-
troscopy studies based on polycrystalline boron-doped dia-
mond also suggested the existence of structurally arranged
bilayer boron sheets [32] and since weak surface supercon-
ductivity in single-crystal bulk boron-doped diamond [33]
has already been observed, it is not difficult to imagine
the existence of a topological 2D phase in nanocrystalline
films presented here, especially considering the enhanced
confinement effects already reported for this system.

Conclusion. — We have shown through the AL and
LVV scaling analysis that a distinct 2D phase is observ-
able in the temperature-dependent resistance. Although
the LVV scaling has been investigated before in super-
conducting boron-doped diamond, this is the first inves-
tigation of the 2D phase which was determined to set in
before intergranular coupling occur. The 2D phase is ex-
pected to have implications on the transport of the sys-
tem. We have verified this by identifying the occurrence
of the BKT transition at temperatures below the mean-
field critical point just before global coherence and the
zero resistance occur. This has been achieved through
both current-voltage power law scaling analysis as well
as analysis of the temperature-dependent resistance us-
ing the Halperin-Nelson equation. It was also observed
that the BKT transition was suppressed drastically with
the application of magnetic field. As the BKT transition
is due to topological excitations (vortex-antivortex pairs)
this phenomenon is a strong indication that topological
distinct phases occur in this system. Although more re-
search is required to determine whether the phase is trivial
or not. This study highlights the similarity between the
boron-doped diamond and layered high-T~ materials and
shows how the combination of both granularity and the
intergranular subsystem can lead to low-dimensional con-
finement effects.
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