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ABSTRACT: Superconductivity and ferromagnetism are two mutually
antagonistic states in condensed matter. Research on the interplay
between these two competing orderings sheds light not only on the cause
of various quantum phenomena in strongly correlated systems but also
on the general mechanism of superconductivity. Here we report on the
observation of the electronic entanglement between superconducting and
ferromagnetic states in hydrogenated boron-doped nanodiamond films,
which have a superconducting transition temperature T, ~ 3 K and a
Curie temperature T¢,;. > 400 K. In spite of the high Tc,;., our nano-
diamond films demonstrate a decrease in the temperature dependence of : : e
magnetization below 100 K, in correspondence to an increase in the -0.02 0,'_?01.) 0.02 L 17Q(K1)00
temperature dependence of resistivity. These anomalous magnetic and Ho

electrical transport properties reveal the presence of an intriguing pre-

cursor phase, in which spin fluctuations intervene as a result of the interplay between the two antagonistic states.
Furthermore, the observations of high-temperature ferromagnetism, giant positive magnetoresistance, and anomalous Hall
effect bring attention to the potential applications of our superconducting ferromagnetic nanodiamond films in
magnetoelectronics, spintronics, and magnetic field sensing.
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part from being a symbol of wealth, prestige, and but also a promising candidate for the next-generation high-
Alove, diamond is increasingly being recognized as a piece speed high-power electronics.' > Cost-effective diamond films,
of jewelry for science and technology, due to a broad prepared by the wafer-scale growth of diamond using chemical
spectrum of its properties and wide ranging applications.’ vapor deposition (CVD), can be integrated into the mature
The extraordinarily high breakdown voltage and thermal
conductivity, remarkable inertness to chemicals and contami- Received: March 9, 2017
nation, and tunable electronic properties upon doping make Accepted: May 16, 2017
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silicon industry and shaped into various high-technology
devices.” ¢

The most effective method to tune the electronic properties of
diamond is to introduce substitutional boron dopants into this
material. Upon doping, diamond undergoes the insulator—metal
transition when the boron concentration is about 3 X 10% cm ™.’
At even higher boron doping levels, diamond becomes super-
conducting.” These phase transitions in diamond can be
roughly traced by its color change, i.e., light blue for semi-
conducting diamond, blue for diamond in the metallic regime,
and black for superconducting diamond. The discovery of
superconductivity in doped diamond has triggered a series of
experimental and theoretical studies of the Cooper pairing
mechanism in doped semiconductors, while no conclusion has
been reached due to the limits of different experimental and
theoretical methods. On one side, scanning tunneling micros-
copy/spectroscopy (STM/S) measurements on black diamond
suggested phonon-mediated pairing in the weak coupling limit,
based on the match between the theoretical and experimental
values of the Bardeen—Cooper—Schrieffer (BCS) ratio. On the
other hand, the fact that the emergence of superconductivity
coincides with the doping-driven insulator—metal transition in
diamond appears to validate the resonant valence band theory and
indicate correlation-driven Cooper pairing in black diamond.”
In the latter case, singlet coupling between spins of neighborin
boron acceptors was considered as the seed of pairing.'
Furthermore, despite the three-dimensional nature, significant
variability in its physical properties has been observed in boron-
doped diamond, e.g, the broad range of the superconducting
transition temperature T,,*”~"* the pronounced difference in the
normal state resistivity,”” ' * and anomalous resistance peaks and
dips.””"" The cause of this variability lies in the specific synthesis
method, growth mode, and post-treatment of the diamond.

Synthetic-doped diamond can be not only superconducting
but also ferromagnetic. Theoretical modeling based on first
principle calculations has demonstrated that the hydrogen
incorporation can turn a metal-free diamond into a ferromag-
net.'” Meanwhile, ferromagnetism has also been reported via
bulk magnetization measurements for diamond that has been
bombarded with nitrogen or carbon ions. This effect has been
attributed to the bonding defects and mixture of sp*/sp* carbon
created by the ion damage.'”'” Hydrogenation and sp*/sp®
defects have been generally employed to explain the intrinsic
ferromagnetism observed in other forms of carbon as well, e.%.,
fullerenes,'® graphene,19 carbon nanotubes,” and graphite. !
Taking graphene for instance, first principle calculations based
on spin-polarized density functional theory have demonstrated
that semihydrogenation of a graphene sheet will result in the
localization of electrons at the unhydrogenated carbon sites, and
the uncompensated spin polarizations at these sites will turn the
system into a ferromagnet.22

Here we report on the investigation of the interplay between
ferromagnetism and electrical transport in hydrogenated and
heavily boron-doped nanodiamond (HBD) films, which have a
Curie temperature of T > 400 K. In spite of the presence of
the ferromagnetic ordering, the superconducting state still
develops in our HBD films at T, ~ 3 K. The magnetization
and resistivity data of the HBD demonstrate at different tem-
peratures important correlations, suggesting spin-dependent
electrical transport and possible Cooper pairing due to spin
fluctuations in the HBD films. Furthermore, the significant mag-
netic remanence well above room temperature, the anomalous
Hall effect, and the giant positive low-field magnetoresistance,
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observed in our HBD films, bring attention to the potential
applications of this material in different areas, e.g, magneto-
electronics, spintronics, and magnetic field sensing.

RESULTS AND DISCUSSION

The HBD films were deposited on SiO,/Si substrates (undoped
Si with 300 nm-thick SiO, on top) in a hot filament CVD reactor
(see Experimental Section). Grazing incidence X-ray diffrac-
tion (GIXRD) was used for phase identification of the HBD
films. Besides the Si (311) peak of the substrate, only diffraction
peaks from polycrystalline diamond are found in the GIXRD
spectrum (see Figure 1A). In addition, our secondary ion mass
spectrometry (SIMS) measurements on the HBD films did
not detect metallic impurities or anything other than carbon—
hydrogen species within the detection limit (see Supporting
Information Figure S1). Neutron depth profiling (NDP) analysis
indicates that the film thickness is ~900 nm, and the boron
concentration ..., ~ 1.5 X 10?' cm™, well above the critical
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Figure 1. Structural analysis and the longitudinal thermoresistivity
P:(T) of the HBD films. (A) In the grazing incident X-ray diffraction
spectrum, only diffraction peaks from diamond (colored stars) and
the Si substrate (inverted triangle) are found, revealing the
polycrystalline structure of the HBD and the absence of impurity
phases. (B) Neutron depth profiling analysis indicates that the HBD
film thickness is about 900 nm, and the boron concentration is
around 1.5 X 10*' cm™. (C) Raman scattering spectrum, excited
with a 488 nm laser, confirms the successful surface hydrogenation of
the HBD. For clarity, the two regions of significance, i.e., the boron-
doped nanodiamond (BND) modes and the carbon—hydrogen
(C—H) surface modes, are emphasized, with the latter being resolved
and rescaled (X4). B—B: boron—boron dimer/cluster vibrations.
PDOS: the disorder-activation of otherwise forbidden diamond
phonon density of states. For CH,, x = 1-3. (D) p,..(T) demonstrates
a resistive superconducting transition at low temperature with the
offset critical temperature T, = 3 K and an anomalous dip at
around 100 K. Both the superconducting transition and the
anomalous dip are suppressed by applied magnetic fields. Inset:
scanning electron micrograph displaying the granular morphology of
the HBD.
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doping level for the insulator—metal transition in diamond (see
Figure IB).7

To analyze the hydrogenated surface, we investigated the
HBD films by Raman scattering. Figure 1C presents a char-
acteristic Raman spectrum recorded from the HBD surface. The
spectrum is partitioned into two areas of significance: low-
frequency diamond vibrational modes, and a high-frequency
band associated with carbon—hydrogen stretching vibrations
originating from the hydrogenated surface. Note that similar
spectra were obtained from both the undersurface (i.c., after the
Si substrate had been chemically removed) and the upper sur-
face of the HBD films. The two low-energy bands, centered at
approximately 450 and 1200 cm™', are caused by localized
boron—boron dimer/cluster vibrations and the disorder-
activation of otherwise forbidden diamond phonon density of
states (PDOS), respectively.””** In addition to the diamond peak
located at 1332 cm ™', a weak G band appears near 1500 cm™" due
to the presence of sp* carbon bonding at the diamond grain
boundaries.”

The high-energy modes between 2800 and 3100 cm™" are the
well-known signatures of a hydrogenated diamond surface and
the stretching vibrations of carbon—hydrogen surface
bonds.”*"** The prominent features, which are resolved just
above 2800 cm™’, originate from a combination of symmetric
and asymmetric carbon—hydrogen stretching with sp-hybrid-
ization.”” A smaller peak at 3050 cm™ also arises from carbon—
hydrogen bonding, although from carbon in a spz-hybridization,
and likely contributes to the bands at approximately 1500 cm™.*
The relatively high strength of the carbon—hydrogen surface
Raman modes, as well as its presence over the entire HBD
surface, confirms the successful hydrogenation of the sample
surface.

We performed four-probe ac measurements on the HBD films
to characterize their electrical transport properties. Figure 1D
shows the characteristic longitudinal thermoresistivity p,,(T) of
the HBD films in different applied magnetic fields yoH. In zero
magnetic field, when lowering T from 320 K, the resistivity
decreases and reaches a minimum at about 100 K. Further
decrease of T brings about a steep increase of p,,(T) within the
temperature window of 30—100 K. As a result, the p,.(T) curve
demonstrates a sharp dip at about 100 K. Below 30 K, a slight
increase in p,,(T) is followed by the resistive superconducting
transition with T = 3 K (T.°®* is the offset critical
temperature at which p drops to 0). Note that similar p,..(T) dips
with much smaller amplitude have been previously reported for
boron-doped diamond films grown by microwave plasma-
enhanced CVD.” Both the superconducting state at low
temperature and the anomalous p,.(T) dip at high temperature
are suppressed by the applied magnetic field (see Figure 1D).

Based on the magnetic field dependence of p,.(T), we
constructed the yoH,—T phase diagram for the superconducting
state (see Figure 2). A quadratic fit to the poH,—T phase
boundary yields y,H,(0 K) = 4.3 T and thus the Ginzburg—
Landau coherence length &g = [@y/22H,(0 K)]'/* = 8.7 nm
with @, = h/2e being the flux quantum. The same yoH,(0 K)
and &g values are obtained from the linear fit to the phase
boundary, following the standard relationship for a dirty type-II
superconductor H,(0 K) = —0.69T (dH/dT)l.

Consistent with the p,(T) data, giant positive magneto-
resistance (PMR) was observed when measuring the longitu-
dinal resistivity as a function of magnetic field p,(H) at tem-
peratures around the p,.(T) dip (see Figure 3A). The largest
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Figure 2. Bulk upper critical field y,H_, of the HBD. The criterion is
set at 95%p ok in the p.(T) plots to extract the temperature
dependence of i H,,. Quadratic and linear fits to the yoH_,—T phase
boundary yield the same poH,,(0 K) value of 4.3 T.
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Figure 3. Longitudinal magnetoresistivity p,,(H), the PMR, the
transverse resistivity pxy(H), and the mean free path [ of the HBD
films. (A) Magnetic field dependence of the longitudinal resistivity.
(B) Giant PMR is observed in the temperature window, where the
anomalous p,.(T) dip is located. (C) In the same temperature
window, p,,(H) demonstrates anomalous Hall effect. (D) The mean
free path, deduced from the p,.(H) and p,,(H) measurements, is
plotted together with the anomalous p,,(T) dip. The anomalous
P:(T) behavior is translated into strong variation of the mean free
path.

PMR = [p,..(H) — pruli-0)/ Pl =0 g0es up to nearly 90% at about
83 K when y,H = 8 T (see Figure 3B). The strong temperature
dependence of the electrical transport properties is also revealed
in the Hall effect measurements. Figure 3C shows the transverse
resistivity p,,(H) measured at different temperatures. Below
30 K, linear pxy(H) behavior is found at the normal state, while
anomalous Hall effect (AHE) appears at high temperatures
where the p,(T) dip is located.

AHE has been generally observed in ferromagnetic semi-
conductors and oxides,” and its origin still remains an open
question. The nonlinear pxy(H) behavior has been either attrib-
uted to the magnetic field-dependent ratio between the mobility
of holes and electrons based on the compensation effects”" or
interpreted as a result of superposition of the ordinary Hall effect
and the magnetic scattering mechanism.”” Note that the two
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techniques involved in our preparation of the HBD films,
i, boron doping and hydrogenation, are both well-known
approaches to achieve p-type conduction in diamond.* Fur-
thermore, although the intergrain sp” medium (about 1% in our
HBD) can be a source of electrons, no AHE so far has been
reported for other granular diamond systems which are also rich
in intergrain sp” phases.”*”° The AHE observed in our HBD films
is, therefore, most likely due to the magnetic scattering in the
samples.

The anomalous p,,(T) data can be translated into strong
variation of the mean free path. Based on the p,..(H) and pxy(H)
data, we deduced the mean free path | = fikpt/m* of the free
carriers by assuming contributions from p-type carriers only.
Here 7 is the Planck constant, ki = (37°1)'/2 is the Fermi wave
vector under a spherical Fermi surface approximation with
n being the carrier density, 7 the mean free time, and m™* the
effective mass of the carriers. To eliminate 7/m*, the Boltzmann
conductivity 6 = nq*t/m* is introduced into the expression for I:

2\1/3 2/3
= h() PO = POT) Ry
2/3 2 4/3
nq P (1)

where g is the elementary charge, and Ry is the Hall coefficient.*®
This calculated value of [ is plotted as a function of T and
UoH in Figure 3D, to which the p,.(T)ly-, curve is added for
reference.

When looking into the underlying physics of the anomalous
P(T) dip via bulk magnetization measurements, ferromagnet-
ism was found in our HBD films. Figure 4A shows the mag-
netization hysteresis loops M(H) before subtraction of the linear
diamagnetic background of the substrate. After eliminating the
substrate signal and normalizing the HBD signal to the HBD
mass, the low-field M(H) of significance is plotted in Figure 4B,C
to provide a clear view of the temperature-induced evolution of
the central peak, the virgin curve, and the coercivity. The M(H)
loops, measured at T < T.°®, demonstrate a central peak super-
imposed on a ferromagnetic background around zero field. The
central peak diminishes as the temperature is increased, leaving
the ferromagnetic signal behind at higher temperatures (see
Figure 4B,C). A similar scenario takes place in the virgin curve as
well. The V-shaped virgin curve diminishes and ends up with
a conventional ferromagnetic feature above T.°®. Analysis of
the virgin curves yields a lower critical field of yoH,; ~ 0.5 mT at
T = 0 (see Figure S).

As shown in the inset to Figure 6A, a sudden increase begins in
the coercive field uoHcp when the temperature is lowered to
T In contrast to the data for a nonmagnetic supercon-
ductor,'* the zero-field cooling (ZFC) and field cooling (FC)
curves of our HBD, measured at S mT, remain separated from
each other throughout the entire temperature range of 1.8—400 K
(see Figure 6A), suggesting the presence of ferromagnetism with
Tcuie > 400 K in addition to the superconducting transition
around T % = 3 K. We measured the ZFC and FC mag-
netization as a function of temperature in different applied
magnetic fields (see Figure 6B). When increasing the magnetic
field, the superconducting state is gradually suppressed, and the
ZFC and FC curves start merging at high temperatures. Our bulk
magnetization data clearly reveal the coexistence of supercon-
ductivity and ferromagnetism in the HBD films.

To gain further insight into the ferromagnetism and its inter-
play with the superconductivity in the HBD films, we performed
direct local measurements with magnetic force microscopy
(MFM) and STM/S, respectively. Granular diamond films
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Figure 4. Magnetization versus applied magnetic field, indicating
the coexistent ferromagnetism and superconductivity in the HBD.
(A) Magnetization hysteresis loops M(H) measured at different
temperatures for the substrate (SUB) and the HBD grown on the
substrate (HBD + SUB). As evidenced by its linear M(H), the
substrate is simply diamagnetic throughout the entire temperature
range. (B) After eliminating the diamagnetic background signal of
the SUB, the M(H) is normalized to the mass of the HBD. The M(H),
measured below 3 K, demonstrates a central peak and a V-shaped
virgin curve which are superimposed on a ferromagnetic back-
ground. Ferromagnetic M(H) is seen up to 400 K. (C) The central
peak and the V-shaped virgin curve smear out at higher temper-
atures, leaving behind the ferromagnetic signal above 3 K.
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Figure 5. Bulk lower critical field p1,H,, of the HBD. (A) Virgin curves
of the M(H) measured at different temperatures. By recording the
magnetic fields, at which the virgin curves deviate from the linear
behavior (the dashed lines), we build up the p,H ,—T phase
boundary in (B). Linear fit to the y,H.,—T phase boundary yields
HoH (0 K) = 0.52 mT.

such as our HBD generally have an upper surface roughness
comparable to the film thickness due to the growth mode of this
material. To minimize the influence of the surface roughness on
the local measurements, the MFM and STM/S measurements
were carried out on the relatively flat undersurface.

Direct evidence for the presence of ferromagnetism in our
HBD was provided by the MFM measurements at room tem-
perature. Figure 7A—C displays the topography of a 10 ym X 10 ym
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Figure 6. Magnetization versus temperature, indicating that in spite
of the presence of the ferromagnetic ordering, the superconducting
state still develops in our HBD films at T, ~ 3 K. (A) Magnetization
versus temperature M(T) measured in ZFC and FC processes. The
ZFC and FC curves show a superconducting transition at about 3 K
(the dash-dotted line) and remain separated from each other up to
400 K. Inset: Coercive field versus temperature goHcr(T). (B) M(T)
measured in different applied magnetic fields. When increasing the
magnetic field, the ZFC and FC curves start merging at high
temperatures.
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Figure 7. MFM images taken at room temperature for the
undersurface of the HBD. (A) Topography of a 10 gm X 10 gm
area of the HBD undersurface, obtained by atomic force microscopy.
(B and C) MFM images of the same area, taken at 28 mT and 47 mT,
respectively. The frequency shift ¢ (in degrees) represents the
strength of the near-surface stray field produced by the HBD.

undersurface and the corresponding MEM images of this area,
respectively. Since MFM measures the vertical component of the
force gradient between the sample and the tip, it is sensitive to the
strength and polarity of near-surface stray fields produced by
ferromagnetic samples. As shown in Figure 7A—C, our MFM
data demonstrate clear magnetic contrasts in different magnetic
fields and show no correlation between the topography and the
magnetic structures, revealing the intrinsic ferromagnetism of the
HBD.

The origin of the ferromagnetism in metal-free carbon
allotropes still remains a subject of debate. It was first argued
that bonding defects in sp* and sp® mixtures are responsible
for the ferromagnetism observed in bombarded graphite and
diamond.'®"” Later, the ferromagnetism in carbon-based mate-
rials was found to be intrinsic and linked to hydrogen at the
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surface, based on detailed studies using X-ray magnetic circular
dichroism.”" In our HBD films, both bonding defects and hydro-
gen are present. The grain boundarles of polycrystalhne diamond
are known to be rich in sp* and sp® mixtures.'* Taking into
account the absence of ferromagnetism in polycrystalline bulk
diamond prepared using the high-temperature high- pressure
method (a synthetic process in which no hydrogen is involved), "*
hydrogen incorporation at the surfaces and interfaces is more
likely to be the cause of the ferromagnetism observed in our
HBD films.

To gain further insight into the competing interplay between
the superconductivity and ferromagnetism in the HBD films,
we simultaneously acquired the conductance map and the
topography of the HBD undersurface with STM/S in the
current-imaging tunneling spectroscopy (CITS) mode and in
constant-current mode, respectively.”” By normalizing the diff-
erential conductance spectra G(V;)) = dI/dV to a value far outside
the superconducting gap and collecting the G,, = G(V;, = 0)
values, we built up so-called zero-bias conductance G,, maps in
combination with the corresponding topography (see Figure 8A,
for example).

Figure 8A—D shows the magnetic field-induced evolution of
the G, map from a characteristic area at 0.5 K. When p(H =0T,
the G, is rather homogeneous and equal to zero, indicating a full
superconducting gap across the whole area (see Figure 8A).
Upon applying a magnetic field, the G,, map separates into two
main regions: a bluish one with lower G, and a reddish one with
higher G,;, (see Figure 8C). The spatial variations of G, (the
modulations of the superconducting order parameter A) have
also previously been observed in nonferromagnetic diamond and
were explamed as resulting from the granular disorder and/or
intragrain “uniform” disorder."* In our superconducting ferro-
magnetic HBD, variations of the local magnetic structure (see
Figure 7B,C) can also be a cause of this phenomenon. By further
increasing fioH, the superconductivity in the whole scanned area
was gradually suppressed, resulting in G, = 1 at nearly every spot
(see Figure 8D).

Figure 8E shows the normalized differential conductance
spectra Gpo,,(V;) recorded from a characteristic spot @ (see
Figure 8A—D). The gradual destruction of superconductivity in
higher magnetic fields is responsible for the in-gap states and the
suppression of the coherence peaks. The magnetic field-induced
evolution of Gy, is summarized in Figure 8F. In all cases, G
remains zero below ~0.05 T (see Figure 8B,F) and then
increases linearly to almost unity at higher magnetic fields, i.e., at
~0.2 T for the @ region and at ~0.3 T for the @ region. Note
that the effective shielding of the applied magnetic field at poH <
0.05 T cannot be due to Meissner expulsion, since this field is
larger than pyH. ~ 0.5 mT by two orders of magnitude. In
contrast, magnetic field compensation can give rise to the
shielding effect, i.e., the applied magnetic field is compensated by
the stray field of the ferromagnetic HBD.

We performed STS measurements over several areas across
the whole sample surface and found no superconductivity above
0.4 T, which clearly demonstrates that the surface critical field of
our HBD is one order of magnitude smaller than the bulk critical
field of ~4 T, as obtained from the p,.(T) measurements (see
Figure 1D). We also emphasize that for a nonferromagnetic
diamond with similar T.°%* and normal-state resistivity ppo.m
(T25 ~ 3K oo ~ 18 #Q m), the surface critical field is of the
same order of magnitude as the bulk value ~4—5 T."*

As already discussed above, the critical magnetic field of the
HBD surface is unusually small in comparison with the bulk
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Figure 8. Magnetic field- and temperature-induced evolution of the superconducting gap in STM/S measurements. (A—D) Combined
topography and zero-bias conductance G, maps of the HBD undersurface at 0.5 K in different applied magnetic fields. The small patch,
remaining blue/green in (D), is the undoped insulating diamond seed which acted as a tunneling barrier (see Supporting Information Figure S2)
and served as a position marker for our STM/S measurements. (E) Magnetic field-induced evolution of the characteristic differential
conductance spectra taken at location @ in (A—D). The G,,,.,(V},) curve, measured at oH = 0 T, is fitted to the density of states, as obtained from
the Maki formalism convoluted with the Fermi distribution function. (F) Magnetic field-induced evolution of G, at different locations. The mean
zero-bias conductance values G, are calculated by averaging the G, of 1000 spots around ® and @, respectively. (G) Temperature-induced
evolution of the superconducting gap at locations @ and ®. The STM/S data indicate an unusually small surface critical field of ~0.3 T in our

HBD.

critical magnetic field. The same conclusion can be drawn when
taking into account the superconducting gap size 2A and the
local critical temperature T.(local). We measured the temper-
ature-induced evolution of G(V;) at uoH = 0 T, from which the
A(T) values are deduced. The A(T) of spots ® and € are then
fitted by a BCS-like A(T) dependence in Figure 8G. Despite the
difference between their critical field (see Figure 8A—D), both
spots have the same A(0 K) = 1.45 meV and T (local) = 7 K
within the limits of experimental error. Similar A and T.(local)
values were observed across the whole sample. Accordingly, in
the absence of ferromagnetism, an applied magnetic field higher
than 10 T will be needed to fully suppress the superconductivity
at the HBD surface.'' This is obviously not the case, as evidenced
by our STM/S measurements in different applied magnetic fields
(see Figure 8A—F). Notably, the ratio 2A (0 K) /k T.(local) = 4.8
is 36% larger than the conventional BCS theory value, indicating
that our HBD films are situated in the strong coupling regime.

Figure 9 shows the fits of different models to G(V;,) measured
at uoH = 0 T. Using the Maki formalism convoluted with the
Fermi distribution function,” we are able to reproduce the
reduced singularities in the measured coherence peaks, while
retaining the full superconducting gap, suggesting pair breaking
potentially caused by magnetic effects. Such consistency is
unattainable by using the thermally smeared density of states
given by the BCS theory or its Dynes modification.””*’

The two antagonistic strongly correlated states, supercon-
ductivity and ferromagnetism, are not electronically independent
from each other but intimately entangled in our HBD. When
plotting the electrical transport and magnetization data together
(see Figure 10A), a correlation between the p,.(T) and M(T)
behaviors is found in different temperature windows. Above
100 K, our HBD demonstrates an overall ferromagnetic state with
parallel-aligned spins in magnetic domains (see Figure 10B), and
the transport of carriers with well aligned spins results in the
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Figure 9. Fits of different models to G, (V;,)|g—o 7 measured at spot
@. The experimental data (blue) are plotted together with the
differential conductance calculated using three different models
(red): (A) BCS model, where the single-particle density of states is
smeared only by temperature-dependent Fermi—Dirac function;
(B) Dynes modification of the BCS model, which employs the smearing
parameter ¥ = 0.024 meV; and (C) Maki formalism employing the pair
breaking parameter & = 0.011 meV. The fitting results in the dashed
boxes of (A—C) are magnified in (D—F), respectively.

metallic state (see the red-shadowed regime in Figure 10A). At
low temperatures, besides boron-doping-induced superconduc-
tivity in diamond, Cooper pairing of the carriers with antiparallel-
aligned spins at domain walls can also contribute to the formation
of the superconducting state (see Figure 10D and the blue-
shadowed regime in Figure 10A) in the framework of the
so-called domain wall superconductivity,*"** a concept devel-
oped in line with the Anderson—Suhl theory.*’ In the Anderson—
Suhl theory, a spin-singlet superconducting state can survive and
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Figure 10. Correlation between p,.(T) and M(T), indicating the
electronic entanglement of the ferromagnetic and superconducting
states and the presence of a precursor phase, in which spin
fluctuations intervene for the development of the domain wall
superconductivity at low temperatures. (A) The p,.(T) and M(T)
curves are roughly divided into three regions (shadowed in red,
green and blue, respectively) with respect to the temperature
coefficient of p,, and M. The corresponding spin configurations are
schematically illustrated in (B—D). (B) In the temperature window
of 100 K < T < Ty, the overall ferromagnetism of the system results
from the ferromagnetic arrangement of the domains (domain walls
represented by the black lines). (C) The precursor phase emerges in
the temperature window of T, < T < 100 K, where spin fluctuations
intervene in the system via antiferromagnetic arrangement of the
domains. (D) When T < T,, carriers with antiparallel-aligned spins
can be an additional source for Cooper pairing (opposite arrows
bound by blue o) at the domain walls, in addition to the boron-
doping-induced superconductivity in the HBD.

coexist with an overall ferromagnetic state, as long as the
coherence length is much larger than the size of the anti-
ferromagnetically arranged domains. Under this precondition,
charge carriers with opposite spin polarizations in different
domains can form Cooper pairs at the domain walls. This theory
may not be applied to our system in a direct sense, while in the
physics picture of domain wall superconductivity,""** narrow
superconducting areas can emerge at the domain walls owing to
the compensation of the stray fields of neighboring domains with
antiparallel-aligned spins.**"*® Accordingly, we schematically
interpret the possible domain wall superconductivity in our
system as shown in Figure 10D.

For our superconducting ferromagnetic HBD, in the case
that the same charge carriers are involved in the development
of the two phases as illustrated in Figure 10B,D (or in other
words, the superconducting state is electronically entangled with
the ferromagnetic state), a precursor phase will be required for
the antiferromagnetic arrangement of the magnetic domains at
low temperatures. The green-shadowed regime in Figure 10A
shows exactly the precursor phase, in which spin fluctuations take
place (see Figure 10C), as fingerprinted by the decrease in M(T)
when lowering the temperature. Note that in the absence of such
an electronic entanglement and the domain wall supercon-
ductivity, the M(T) should demonstrate a monotonic increase
when lowering the temperature from T¢,,., which is, however,
clearly not the case for our HBD. Here we emphasize the
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important role of spin fluctuations in developing the super-
conducting state and determining the electrical transport at low
temperatures. The negative temperature coefficient of p,.(T),
however, cannot be attributed to the spin fluctuations alone,
since after all our HBD is a granular disordered system and the
granular disorder-correlated localization effect should be also
taken into account.”

CONCLUSION

In conclusion, the significant magnetic remanence well above
room temperature, the giant positive low-field magnetoresistance
(~90% above liquid-nitrogen temperature), and the pronounced
anomalous Hall effect make our HBD a promising candidate for
applications in not only power electronics and microelectronics
but also magnetoelectronics, spintronics, and magnetic field
sensing. Most importantly, the ferromagnetic ordering with
Tcuse > 400 K and the superconducting ordering with T, ~ 3 K,
proven to be electronically entangled with each other, make our
HBD also an interesting platform for investigating the competing
interplay between the two antagonistic strongly correlated states
of condensed matter. Our data indicate the presence of a pre-
cursor phase, in which spin fluctuations intervene and contribute
to the superconducting transition at lower temperatures. The
significant difference between the starting temperature of this
precursor phase (~100 K) and T, however, raises an important
question, i.e,, how does a ferromagnetic superconductor such as
our HBD “foresee” its low-temperature superconducting “fate”
and start “preparing” for the superconducting transition via
antiferromagnetic arrangements of the magnetic domains at a
much higher temperature? More thorough local measurements,
i.e., mapping of the spin polarizations and the density of states in
the precursor phase, and theoretical modeling are needed to
solve this mysterious problem.

EXPERIMENTAL SECTION

Synthesis of the HBD Films with Hot Filament CVD. The HBD
films were synthesized in a hot filament CVD reactor. SiO,/Si substrates
(undoped Si with 300 nm-thick SiO, on top) were seeded with diamond
powders (@ ~ 15—25 nm), to generate nucleation sites for the diamond
growth at 800 °C. A gas mixture, 0.6% CH, in H,, was thermally
dissociated at 2200 °C as the source of reactive hydrocarbon species.
Boron doping was obtained by adding diborane (B,H) to the gas
mixture with a B,Hs/CH, ratio of 5%. After 1 h deposition, the resulting
boron-doped nanodiamond films had a thickness of ~900 nm and a
mean grain size of ~800 nm (see inset, Figure 1D). The interface
between diamond crystallites is believed to be only a few atoms thick and
composed of a mixture of hydrogenated and unhydrogenated sp* and
sp> carbon. Following deposition, the CH, and B,H; gases were
switched off while the sample remained under the filaments for 1 min in
pure hydrogen gas, before being cooled to room temperature under H,.
This ensured that the surface was hydrogen terminated." The as-
deposited diamond films were directly used for our structural analysis
(GIXRD, NDP, and Raman scattering), electrical transport, and bulk
magnetization measurements. To perform Raman scattering, MFM, and
STM/S measurements on the relatively flat undersurface of the HBD,
the samples were marinated in 40% HF analar for 3 h to etch out the
SiO, in between the HBD and Si. The freestanding HBD films, removed
from the substrate, were then flipped over and placed onto nonmagnetic
substrate for relevant experiments.

Phase Identification of the HBD Films by GIXRD. The GIXRD
spectrum was collected by using a Panalytical X'pert Pro diffractometer
with an incident angle of 2° for the incoming X-ray.

Determination of the Boron-Doping Level by NDP. Based on
the thermal neutron-induced °B(n,a)’Li reaction, NDP was used to
measure the depth dependence of the boron concentration.*®
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Confirmation of the HBD Surface Hydrogenation by Raman
Scattering. Unpolarized micro-Raman scattering data were acquired in
a quasi-backscattering configuration from the sample surface, employing
220 mW argon ion gas laser operating at 488 nm, with the beam focused
using a Zeiss 100X/1.3 oil objective. Raman spectra were dispersed via
a triple grating system (300:300:500g/mm) in a subtractive configura-
tion, and the Raman signals were recorded using a liquid-nitrogen-
cooled CCD detector. The correct instrument calibration was verified
by checking the position of the Si band at +520.7 cm™.

Electrical Transport Measurements. The electrical transport
properties of the HBD films were characterized in a Heliox *He cryostat
(Oxford Instruments) and a physical property measurement system
(Quantum Design). The same results were obtained from the four-
probe ac and dc measurements on the HBD. No difference was seen
between the data measured in a parallel magnetic field and in a per-
pendicular field, indicating that our HBD films are in the three-
dimensional regime.

Bulk Magnetization Measurements. Magnetometry of the HBD
was performed by using a MPMS3 (Quantum Design) system in Dresden
for preliminary checks and another MPMS3 (Quantum Design) system in
Leuven for detailed characterization. No difference was seen between the
data measured in a parallel magnetic field and in a perpendicular field.

Magnetic Force Microscopy (MFM). MFM measurements were
performed with a Dimension 3100D scanning probe microscope
(Bruker) operated in the tapping lift mode. Commercial MFM probes
PPP-MFMR (Nanosensors) with a remanence tip magnetization of
~3X10° Am™" aligned along the tip axis were used. During the scanning
procedure, the MFM probe-cantilever resonant frequency (~60 kHz)
shifts were proportional to vertical gradients of the magnetic forces
acting on the tip. These frequency shifts ¢ (in degrees) were detected as
the cantilever’s phase of oscillation relative to its actuator drive. In the
tapping lift mode, the first scan was performed to obtain the topography
by scanning the tip near the sample surface. During the second scan,
MEFM lifted the tip and maintained a constant tip—sample distance of
~50 nm. Thus, from the second scan, a topography-free MFM signal
was acquired.

Scanning Tunneling Microscopy/Spectroscopy (STM/S).
STM/S experiments were carried out by means of a sub-Kelvin STM
system. Atomically sharp STM tips were formed in situ by controlled
contact of the Au tip with a clean Au surface at cryogenic temperatures.*’
Since the Au tip has a constant density of states, the acquired G(V;,)
spectra represent the local density of states of the sample, and the G,
maps reflect the spatial variation of the superconducting gap. Surface
topography was acquired in the constant current mode with tunneling
resistance of 500 k€2. Magnetic fields were applied perpendicular to the
HBD surface for the field-induced evolution of G(V;).
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