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Abstract:

Hydrogen-terminated diamond possesses an intriguing p-type surface conductivity which is
induced via thermodynamically driven electron transfer from the diamond surface into surface
acceptors such as atmospheric adsorbates, a process called surface transfer doping. High
electron affinity transition metal oxides (TMOs) including MoOs and V20s have been shown
to be highly effective solid-state surface acceptors for diamond, giving rise to a sub-surface
two-dimensional (2D) hole layer with metallic conduction. In this work, low temperature
magnetotransport is used as a tool to show the presence of a Rashba-type spin-orbit interaction

with a high spin-orbit coupling of 19.9



meV for MoOs doping and 22.9 meV for V20s doping, respectively, through the observation
of a transition in the phase-coherent backscattering transport from weak localisation to weak
antilocalization at low temperature. Surface transfer doping of diamond with TMOs provides
a 2D hole system with spin-orbit coupling that is over two times larger than that reported for
diamond surfaces with atmospheric acceptors, opening up possibilities to study and engineer

spin transport in a carbon material system.

1. Introduction

Despite being a bona fide wide bandgap insulator, hydrogen-terminated diamond, once
exposed to moist air, develops a p-type surface conductivity. The underlying mechanism,
known as surface transfer doping, induces a spontaneous sub-surface, quasi-two-dimensional
(2D) hole accumulation layer with an areal density of typically 103 cm? without the need to
introduce impurities into the diamond lattice [1, 2]. This simple yet effective doping scheme
overcomes the limitation caused by conventional bulk doping (e.g. by boron substitution) [3],
such as high dopant activation energy and carrier freeze-out at low temperature, and also offers
a platform for the exploration of quantum transport phenomena in the resulting 2D hole gas
(2DHG) at low temperature. Recent improvements in diamond bulk and surface quality have
permitted hydrogen-terminated samples to be fabricated which support metallic conduction in
the surface to sub-K temperatures [4]. This has allowed the observation of a surprisingly strong
spin-orbit interaction in the diamond 2DHG with a measured spin-orbit splitting of 9.74 £ 0.1
meV [5] manifested in the form of phase-coherent quantum transport effects. Using an ionic-
liquid gating approach, the spin-orbit splitting energy can be tuned over a wide range from 4.6
meV to 24.5 meV, opening up possibilities for the study of spin-coherent transport in diamond

and the development of
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spintronic devices such as a spin field-effect transistor [6]. As reported previously, the spin-
orbit interaction strength increases with the carrier concentration of the 2D hole band via the
Rashba effect [6] induced by the highly asymmetrical surface confining potential as a result of
surface transfer doping. Therefore, a higher hole density is expected to yield an even stronger
spin-orbit interaction and permit an even wider dynamic range of spin-orbit coupling to be
achieved. In recent years, there have been extensive reports demonstrating that high electron
affinity transition metal oxides (TMOs), such as Nb2Os [7], ReO3z [8], WOz [7, 8], M0oO:s [9,
10], and V205 [7, 11], act as excellent surface acceptors which can induce hole density in the
range of 1.8 x 10 cm? to 2.5 x 10* cm? on hydrogen-terminated diamond surfaces,
comparable or higher than that achievable by air-induced doping. Furthermore, the TMO-
induced hole accumulation layer exhibits improved thermal stability and operational stability
compared to the air-induced surface conductivity [12]. However, the low-temperature phase-
coherent quantum transport in the 2DHG on diamond induced by TMOs transfer doping has so

far not been explored.

In this study, we use low-temperature magnetotranport as a tool to probe the phase-coherent
transport in the 2D hole layer on hydrogen-terminated diamond induced by surface transfer
doping with the two representative TMOs, i.e. M0oOs and V20s, and quantitatively analyze the
spin-orbit interaction in this system by fitting to 2D localization theory. Through transfer
doping with TMOs, a very strong spin-orbit coupling is achieved: 19.9 + 2 meV for the MoO3-
hydrogen-terminated-diamond interface and 22.9 + 2 meV for the V20s-hydrogen-terminated-
diamond interface. These are over two times larger than the previously reported value for

ungated air-induced surface conducting diamond (9.74 £ 0.1 meV) [5].



2. Experimental

Hall bar devices were fabricated using commercial (Element Six) type-lla 100-orientated
single-crystal diamond substrates. Hydrogen-termination was carried out via exposure to a
microwave hydrogen plasma, operating at a power of 1700 W, with a sample temperature of
850 °C for 10 minutes. Hall bar devices were subsequently fabricated using standard
photolithography techniques. The active Hall bar regions (Fig.1) were defined and isolated by
exposing the surrounding regions of the sample to a 50 W room-temperature oxygen plasma.
Palladium contacts (100 nm) were formed by deposition using an electron-beam evaporator
forming metal-diamond contacts displaying Ohmic behaviour at low temperature. [APL 116
111601 2020] Following fabrication of the diamond Hall bars, the sample was annealed to a
temperature of 400 °C for 30 minutes in an ultra-high vacuum (UHV) system with a base
pressure of 7 x 1071° mbar to completely remove adsorbed water and atmospheric adsorbates
while keeping the hydrogen-termination intact. In the same vacuum, MoO3s (Device A) and
V205 (Device B) were thermally deposited via a standard Knudsen cell (Fermion Instrument)
onto the active region of the Hall bars through a precisely-aligned shadow mask as shown in

Fig.1(c).

Magnetotransport measurements were carried out over the temperature range from 0.25 K to
20 K using a Leiden Cryogenics dry dilution refrigerator with a 9-1-1 T superconducting vector
magnet. Standard AC lock-in measurements were employed to record simultaneously the
longitudinal voltage V,, and Hall voltage V,, (Fig.1(a)) from which the corresponding
symmetrised resistivities p,, and p,, were determined as a function of temperature and

magnetic field applied perpendicular to the sample surface.
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Fig. 1. (a) Configuration of TMO (MoOQ3, V20s) doped Hall bar devices; (b) cross section of
the TMO/hydrogen-terminated-diamond interface with electron exchange (c) Optical image
of TMO (Mo0QOg3, V20s) doped Hall bar device; the grey rectangle is the TMO layer deposited

through a shadow mask after annealing in ultra-high vacuum (see text).



3. Results and discussion

The zero-field conductivity, o,, (B =0 T), displays a weakly temperature-dependent behavior
in both TMO-doped devices rather than an exponential dependence observed in previous work
[13, 14], which rules out the carrier freeze-out and demonstrates a metallic conductivity at the
hydrogen-terminated diamond surface introduced by TMO surface transfer doping. As shown
in Fig.2, o,,(B =0 T) has a logarithmic relationship with temperature similar to that observed
for air-induced surface conducting diamond devices [5, 6], which demonstrates that the TMO-
induced surface conductivity manifests a hole accumulation layer with Fermi liquid nature [15].
The weakly temperature-dependent conductivity observed in both devices is due to quantum
corrections to the Drude conductivity that are characteristic of two-dimensional electronic
systems: the hole-hole interaction (HHI) and phase coherent backscattering in the form of weak
localization (WL) and weak antilocalization (WAL). HHI and phase coherence backscattering
cause a similar logarithmic correction to the Drude conductivity at low temperature. A
significant difference between these two corrections is that the HHI impacts both the Hall and
longitudinal resistivities but is independent of magnetic field, whereas phase coherence
backscattering plays no role in the Hall resistivity but introduces a distinctive signature to the
longitudinal resistivity versus magnetic field curves through quantum interference corrections.
This makes it possible to isolate the HHI contribution and independently probe the WL and

WAL effects in the 2D hole layer [15, 16].
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Fig. 2. Temperature dependence of the zero-field conductivity a,.,.(B =0 T), illustrating

logarithmic temperature dependence for (a) MoOsz and (b) V20s doped devices.
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Fig. 3. Original R, (B) data for TMOs-doped devices at different temperatures and the
corrected R,,,(B) data after HHI removal (all cureves collapsed onto on signle black trace) for:
(@) Device A (Mo0O3), (c) Device B (V20s). Original p,,(B) for TMOs-doped devices at
different temperatures and the corrected (dash lines) p,.,(B) after HHI removal for: (b) Device

A (Mo00:3), (d) Device B (V20s).



As the phase coherent backscattering does not impact Hall resistance, all p,,,(B) curves should
collapse onto one single trace regardless of temerpature after removal of the HHI. The
temperature-dependent correction to the Drude conductivity arising from the HHI takes the
form [15]:

KTz,

Aoy, =K,,G, In(

j Eq.(1),

where G, = e?/mh, Ky is the interaction strength, and 7., is the transport relaxation time.
The accurate determination of Ky is required to account for the HHI correction. Following

the approach of Goh et.al. [15], and also used by Edmonds et.al. [5] and Akhgar et.al. [6], an

initial value for Ky can be calculated directly from the slope of AR, vs.In(T / Treference) ; see

Fig.S1in the Supplementary Information (SI). The value of K}, is then systematically adjusted

until all p,,, (B) curves collapse onto one single, termperature-independnet trace as shown in

Fig.3(a) and Fig.3(c). The final value of K, was found to be 0.429 + 0.002 for Device A
(Mo0O3) and 0.437 £+ 0.002 for Device B (V20s), which is comparable to the value found for
air-induced surface conducting diamond [5, 6]. After HHI removal, corrected hole carrier
concentrations were derived from the slope of p,,,(B), giving 2.84 x 10'* cm™ for Device A
and 2.69 x 10'® cm for Device B. We note that the hole densities recorded in these devices
are considerably smaller than achieved densities for TMO-doped diamond reported in the

literature [7, 10] and we will return to this point later.

Fig.3(b) and Fig.3(d) depict both original (solid lines) and HHI-corrected (dashed lines) p,.(B)
curves for the MoOs and V20s transfer doped Hall bars respectively. The pronounced features
in the magnetoresistance around zero magnetic field are characteristic of the quantum
interfernce effects in the form of WL and WAL in 2D electronic systems. At 20 K a negative

magnetoresistance around B = 0 T arises from WL (Fig.S2), while a clear positive



magnetoresistance cusp, caused by WAL, can be observed in the data recorded at 8 K and
below (Fig.S2). The intensity of the WAL cusps become stronger as the temperature decreases,
indicating that the the spin-relaxiation driven WAL becomes the dominant quantum
mechanical interference mechanism at low temperature. These observations are consisent with
previous work that has used phase coherent scattering to probe the spin transport properties in
the hydrogen-terminated diamond devices with an air-induced surface conductivity [5, 6]; we
therefore follow the same approach to model the magnetoconductance in order to evaluate the
spin-orbit interaction in TMO doped surfaces. It is worth noting that the corrected p,.,(B)
curves (dashed lines in Fig.3(b) and Fig.3(d) at different temperatures do not collapse onto a
single value of the sheet resistivity value at £ 7 T because of a high characteristic transport
field (B =27.4 T for MoOs, B, =28.2 T for V20s), so that the applied magnetic fields in this

case are not strong enough to completely suppress the WL effect. Here B, can be calculated

by B, =7/(4eDz, ), inwhich D and 7, is the diffusion constant and transport relaxation time,

respectively.
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Fig. 4. Reduced magnetoconductivity in units of G, = e?/mh at different temperature: (a)
Device A (Mo0s3); (b) Device B (V20s). The open circles represent the experimental data,

and the solid lines are fits to theory.

WAL arises when a material experiences strong spin-orbit interaction and is typically seen in
2D electronic systems in which the spin-orbit coupling is further enhanced by the reduced
dimension. The spin-orbit interaction exists only in crystals without inversion symmetry, which
could arise either from a bulk inversion asymmetry (Dresselhaus effect) or an induced
asymmetry (Rashba effect) through an engineered asymmetric confinement potential. In
hydrogen-terminated diamond the WAL may arise from either anisotropy of the crystal, due to
the hydrogen termination and (2 x 1) surface reconstruction, or from asymmetry of the 2D
surface confining potential that leads to the surface hole accumulation. Previous work has
shown that the theoretical models for Dresselhaus and Rashba driven WAL both fit

experimental data well and give similar values of experimental parameters [5]. However, our

11



previous work in air-induced conducting devices showing that the spin-orbit coupling can be
tuned over a wide range with an electrostatic gate suggests that the Rashba effect is the
dominant mechanism [6]. In addition, the heavy hole nature of surface conducting diamond
has been reported in literatures [17, 18], suggesting a k® Rashba interaction rather than a k-
linear Rashba interaction. We therefore use the 2D localization theory described by Bergmann
and Hikami [14, 16], appropriate for a k¥ Rashba interaction in a 2D hole system, to describe

the observed changes in magnetoconductivity caused by WL and WAL in the current case:

J(1,B*Bo) 1 (1 B+2Bo) 1 (1 B
Ao 2 B 2 "\ 2 B 272" B

a0 __ Eq.(2),

GO —In ﬁ _l.m M +1.|n i
B 2 B 2 B

where v is the digamma function. The characteristic phase- and spin- field are By, and Bgy,
which can be defined by B, =7/(4eDrz,) and By, =7/(4eDr,), respectively. Here, 7, is

the phase coherence time, tg, is the spin coherence time.

In order to compare and model the magnetoconductivity data for different temperatures, we
plot in Fig.4 the change in low field magnetoconductivity Ac = o(B) — o(B = 0) in the unit
of Gy = e?/zh. The open circles represent the experimental data at different temperatures, i.e.
20 K (purple), 8 K (orange), 4 K (pink), 1.2 K (green), 0.75 K (blue) and 0.25 K (red). The
black lines in Fig.4 correspond to a least-square fit of the experimental data using equation (2)
and good agreement with the experimental data is observed at all temperatures within the
diffusive regime (B << B,,.) [19, 20]. The single theoretical model describes well the transition

from WL to WAL as the temperature decreases. The magnetoconductivity is positive,

12



corresponding to WL effect, at 20 K for both MoO3 and V,0s doped devices. At 8 K and below

a negative magnetoconductivity develops close to zero field which grows with decreasing

temperature.
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Fig. 5. Temperature dependence of the characteristic spin coherence field Bg, (solid black
circles) and phase coherence field By (open red circles): (a)Device A (MoOs); (c) Device B

(V20s). The lines are linear fits to the data. Temperature dependence of the characteristic spin

coherence length L, (solid black circles) and phase coherence length Ly (open red circles): (b)
Device A (Mo00O:s); (d) Device B (V20s). The black lines are linear fits to Lg,. The red curves

are T % fitto L.

As reported in previous work [5, 6], the ratio of the phase-coherence rate (z,) and the spin-

relaxation rate (so) governs the evolution from WL to WAL. As B, =7/(4eDz,) and

13



By, =17/ (4eDrSO), the key ratio can be simply converted to Bs,/Bg . By fitting the

magnetoconductivity data, these important fitting parameters can be extracted and are plotted
as a function of temperature in Fig.5 (a) for Sample A (MoO3); Fig.5(c) for Sample B (V20s).
B, is temperature independent as expected in a degenerate system with charge transport
dominated by carriers near the Fermi surface [5, 6]. In contrast, B increases almost linearly
with the temperature due to the Nyquist dephasing [21]. Following evaluation of Bs, and By,

the corresponding phase and spin coherence lengths can be calculated according to
L, =[h/(4eB¢)]o'5 and L, :[7‘1,/(4eBSO)]O'5 as illustrated in Fig.5 (b) and Fig.5 (d). For both

MoOs and V20s doped devices, Ly is found to be proportional to T35, giving clear evidence
of the 2D nature of the hole layer induced by TMO doping [5]. For both devices a spin
coherence length, Lg,, of approxmiate 12 nm is determined, which is appropriate given the
similar hole densities achieved using the two TMOs. The relative size of Lg, and Lg
conveniently describes the transition from WL to WAL. In a system with strong spin-orbit
interaction the spin of a carrier is coupled to its momentum. At low temperature where spin-
coherence length Ly, is shorter than the phase coherence length Ly, backscattering loops are
sufficiently large such that spin coherence is lost and the spin rotates as it goes around time-
reversed self-intersection paths, leading to destruction interference with characteristic WAL
cusp in the magnetoconductivity at low magnetic field. At high temperature for which Ly <
Lso, Spin coherence is maintained over the entire backscattering loop and the time-reversed,
self-intersecting path interferes constructively similar to that of spinless particles, consequently
the phase-coherent transport is dominated by WL with positive magnetoconductivity. The

crossing points in Fig.5(a) to Fig.5(d) qualitatively reflect the transition temperature.

14
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Fig. 6. Spin-orbit interaction strength (As,) plotted as a function of hole density. The solid stars
represent measurements from Hall bar devices (A and B); the solid triangles represent the same
Ag, values but with the hole density adjusted to the value determined for the corresponding
Van der Pauw devices (C and D).The solid circles are spin-orbit interaction data for air-induced

surface conducting devices taken from Ref. 6.

Having quantified the WL and WAL from the experimental magnetoconductivity curves, we

now turn to the evaluation of the spin-orbit interaction strength , Ag,, which is related to the

spin relaxation time (ts0) and transport relaxation time (z¢,), as given by 7., =%/ (4eDBSO)

and 7, = h/(4eDBt, ) The corresponding Agp are 19.9 £ 2 meV for Device A (MoOs3) and 22.9

+ 2 meV for Device B (V20s) hydrogen-terminated-diamond interface, which is calculated by
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Ago =11 (27,74 )0'5 [5, 6]. In both cases, the spin-orbit interaction strength is found to be at

least two times higher than the value of 9.74 meV determined for the air-induced surface
conducting diamond devices [5]. Hence we demonstrate that a strong Rashba spin-orbit

interaction can be induced by doping the hydrogen-terminated diamond surface with TMOs.

As noted earlier, the achievable spin-orbit coupling, as a result of the Rashba effect, should
be dependent on the asymmetry of the quantum well that confines the carriers to a 2D sheet
which in turn is related to the charge carrier density via the Poisson equation. In principle Ag,
should increase with increasing n,, for Rashba effect. Indeed, previous work on air-induced
surface conducting devices and devices gated with ionic liquid has shown that Ag, increases
proportionally to the hole density [6]. It is therefore interesting to see if the spin-orbit splitting
derived above for TMO-induced 2D conducting channel is consistent with a universal
relationship between Ag, and n,,, derived from the air-induced, ionic-liquid gated devices [6].
In Fig.6, the spin-orbit interaction energies for both for both Device A (MoOs) and Device B
(\V20s) are plotted alongside previous data from ref. [6]. Intriguingly, the spin-orbit coupling
strengths in the TMO-induced 2D hole layer are significantly larger than those at similar hole
densities achieved with electrostatic gating. In another word, to account for the high Ag, in the
present case, higher hole densities are expected in the TMO transfer doped channel to appear
consistent with the universal relationship. We argue that this discrepancy can be explained by
a spatial inhomogeneity of the hole density in the diamond surface conducting channel which
has been reported elsewhere with a fluctuation as large as an order of magnitude both for air-
induced as well as gated surface conducting devices [22~24]. The spin-orbit interaction is a
localised effect which occurs on the sub-100 nm length scale characterised by the phase and
spin coherence lengths and is probed through the WAL correction to the conductivity. In

contrast, the hole density derived from Hall effect measurements is based upon a macroscopic

16



measurement of the device as a whole. Consequently, the local carrier density on diamond,
giving rise to the high spin-orbit interaction strength as dictated by WAL, could be much higher
than the macroscopically averaged hole density derived from Hall effect measurements. In
addition, there are several mechanisms that could contribute to the laterally inhomogeneous
hole carrier distribution in the surface conducting channel. For example, a spatial
inhomogeneity of the diamond surface or of the TMO layer might cause local fluctuation in
the density of surface acceptors, and hence the induced hole density. As noted earlier the hole
densities in the present diamond Hall bar devices are considerably lower than hole densities
reported elsewhere [7, 10]. In the latter cases, TMOs were deposited directly onto pristine
surfaces of hydrogen-terminated diamond without any further device fabrication. This suggests
that photoresist residues as a result of the device fabrication process [25] could also potentially
affect the local hole density by interfering with the surface transfer doping process between
diamond and TMOs. In order to test this hypothesis Hall effect measurements were performed
on two additional hydrogen-terminated diamond samples in a simple Van der Pauw (VdP)
geometry with conductive epoxy on the four corners of the samples. Both samples were
subsequently annealed in UHV with subsequent in-situ TMO deposition, following the same
approach described earlier. In this way, the surface of the hydrogen-terminated diamond
samples can be kept as pristine as possible before exposure to TMOs without undergoing any
photolithography processing. The hole densities for these two samples were determined as (4.9
+ 0.5) x 10® cm when doped with MoO3 (Device C) and (6.1 + 0.5) x 10*3 cm when doped
with V205 (Device D). The VdP results are corrected to eliminate the overestimation of hole
density compared with Hall bar results. [26] Both are indeed consistently higher than the hole
density measured for the corresponding Hall bar devices, suggesting that the high spin-orbit
interaction for MoOs and V205 induced 2D conducting layers is possibly derived from local

regions of the surface in which the TMO-C (100):H interface is undisturbed and at which the

17



local hole density is approximate two times higher than the macroscopic hole density recorded
for the device as a whole. The small drifting of the quantitatively corrected data points (solid
triangles) from the universal line (Fig. 6) might arise from the systematically errors in the
measurements, or be caused by the solid-state surface acceptors, which will be further studied

in the future study.

4. Conclusions

In summary, we have shown that surface transfer doping by TMOs (MoOz and V20s) at
diamond surface produces a metallic two-dimensional hole layer with a strong spin-orbit
interaction. The spin orbit interaction can be well described by the k® Rashba model, with a
spin orbit coupling of 19.9 + 2 meV for the MoOs-hydrogen-terminated-diamond interface and
22.9 + 2 meV for V.0s-hydrogen-terminated-diamond interface. These coupling strengths are
significantly higher than that reported for air-induced surface conducting diamond [5], and
other low-dimensional systems such as hydrogenated graphene [27], carbon nanotubes [28]
and InAs quantum dots [29]and-this-is-explained-by-the-local-high-hole-density-afforded-by
FMO-transfer-deping—The reason, as noted above, is that the spin-orbit interaction arises
through an asymmetry induced Rashba effect, which can be very large in diamond due to its
ability to sustain a very high electric field, comparing with other materials. These results
suggest that surface conducting diamond devices realised through TMO-based surface transfer
doping provide a viable route to generate, control and convert spin currents, and has great

potential for the study and development of all solid-state low-power spin transport devices.
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