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Abstract. Two-dimensional (2D) transition metal carbides/nitrides or “MXenes” belong to a diverse-class of layered
compounds, which offer composition- and electric-field-tunable electrical and physical properties. Although the majority of the
MXenes, including TisC,Ty, are metallic, they typically show semiconductor-like behaviour in their percolated thin-film
structure; this is also the most common structure used for fundamental studies and prototype device development of MXene.
Magnetoconductance studies of thin-film MXenes are central to understanding their electronic transport properties and charge
carrier dynamics, and also to evaluate their potential for spin-tronics and magnetoelectronics. Since MXenes are produced
through solution processing, it is desirable to develop deposition strategies such as inkjet-printing to enable scale-up production
with intricate structures/networks. Here, we systematically investigate the extrinsic negative magnetoconductance of inkjet-
printed TisC,Tx MXene thin-films and report a crossover from weak anti-localization (WAL) to weak localization (WL) near 2.5
K. The crossover from WAL to WL is consistent with strong, extrinsic, spin-orbit coupling, a key property for active control of
spin currents in spin-orbitronic devices. From WAL/WL magnetoconductance analysis, we estimate that the printed MXene
thin-film has a spin orbit coupling field of up to 0.84 T at 1.9 K. Our results and analyses offer a deeper understanding into
microscopic charge carrier transport in TisC,Ty, revealing promising properties for printed, flexible, electronic and spin-
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orbitronic device applications.
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1. Introduction

MXenes are a new family of the two-dimensional (2D)
layered materials with potential for electronic, magnetic,
and optical applications due to their tunable band structure
and work function through surface functionalization
(Anasori et al. 2015, 2017, Ghidiu et al. 2014, Guo et al.
2019, Khazaei et al. 2013, Naguib et al. 2011, Naguib et al.
2012, Soundiraraju et al. 2017, Urbankowski et al. 2016,
VahidMohammadi et al. 2021). Over 100 discrete MXenes
have been theoretically predicted by combining different
transition metals with carbon and/or nitrogen, offering a
wide range of applications in addition to fundamental
studies (Anasori et al. 2015, Dahlqvist et al. 2020, Deysher
et al. 2020, Guo et al. 2019, Soundiraraju et al. 2017). There
are currently over 30 different MXenes with electrical
conductivities that vary from metallic to semiconducting
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behaviour (Enyashin et al. 2012, Gao et al. 2016, Han et al.
2020, Khazaei et al. 2013, 2016, 2017, Naguib et al. 2011,
Xie et al. 2013, Zha et al. 2015), with theoretical band gaps
between 0.05 ~ 2.0 eV (Khazaei et al. 2013, Naguib et al.
2011). Some of these compositions represent exotic states
such as topological insulator behaviour (Fashandi et al.
2015, Khazaei et al. 2016, Weng et al. 2015),
ferromagnetism, and antiferromagnetism with high spin-
orbit interaction (SOI) (Enyashin et al. 2012, Jiang et al.
2020, Khazaei et al. 2013, Kumar et al. 2017, Lang et al.
2013, Si et al. 2015). Additionally, density-functional theory
(DFT) calculations predict that MXenes can exhibit strong
spin-orbit coupling at low temperatures for spintronic and
spin-orbitronic applications (Chandrasekaran et al. 2017,
Khazaei et al. 2016).

Since MXenes are typically produced from selective
etching of their parent MAX phases in an aqueous
environment, they have —OH, —O, and —F terminations,
rendering them hydrophilic and readily dispersible in many
solvents (Akuzum et al. 2018, Liu et al 2021, Maleski et al.
2017). Inkjet printing, spray coating, and vacuum filtration
are most widely used deposition techniques for MXene
prototype device fabrication from their liquid dispersions
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(Akuzum et al. 2018, Maleski et al. 2017, Naguib et al.
2011, Salles et al. 2019, Sarycheva et al. 2018). The
deposited MXene sheets are randomly stacked, forming a
disordered network, which defines the electronic properties
of the resultant thin-films. Therefore, it is very important to
understand the influence of randomly oriented networks on
the charge carrier transport properties of MXene sheets.
Recently, Halim et al. reported electrical transport of
TioCTyx, NboCTx, TisCyTx, and MoCTx MXenes by
measuring the temperature- and magnetic-field-dependence
of electrical resistance (Anasori et al. 2016, Deysher et al.
2020, Halim et al. 2014, Halim et al. 2016, 2019, Pinto et
al. 2020). It is shown that certain compositions of MXene
only exhibit weak localization (WL) around zero magnetic
field, indicating that those compositions may not have
strong sufficient spin-orbit coupling (Halim et al. 2014,
2016, 2019, 2018) to observe weak antilocalization (WAL).
Anasori et al. (2016) reported carrier transport on TizCyTx
and Mo, TiC,Ty versus temperature and magnetic field with
positive and negative magnetoresistance behaviour by
substituting the outer Ti with Mo (Anasori et al. 2016);
however, these reports do not show a detailed analysis of
the magnetic field dependence of the electrical resistance
(or conductance) of the MXene thin-films in the WAL/WL
regimes.

WL and WAL are quantum phenomenon seen in
disordered metal or semiconductor systems which exhibit
(quantum) diffusive transport at low temperatures (Datta
1995, Heikkila et al. 2013, Liu et al. 2017). WL is
considered a precursor to strong localization (SL). At low
temperatures, quantum diffusive transport in the absence of
time-reversal symmetry causes electrons to propagate in a
circular path rather than randomly scattering in all
directions, producing an increase in the resistivity. Such
quantum diffusive transport is disrupted by applying a
magnetic field. The delocalization of electrons in materials
with strong spin-orbit coupling induces destructive quantum
interference of time-reversal loops formed by quantum
scattering (Drouhin et al. 2014, Liu et al. 2017). Therefore,
WAL (WL) enhances (suppresses) the conductivity near
zero magnetic field. Understanding the WAL/WL behaviour
in materials or systems such as MXenes is critical for their
development in quantum devices (Caviglia et al. 2014,
Schmidt et al. 2016).

Here, we report extrinsic negative magneto-conductance
and a crossover between from WL to WAL at low
temperature in a TisC,Tx MXene thin-film, fabricated by
inkjet printing using a mixed solvent functional ink. To
determine the carrier mobility of MXene, the MXene sheets
are inkjet-printed into a ‘Hall cross’ pattern on SiO/Si
substrates. We find that the electron transport in the printed
MXene thin-film follows three-dimensional hopping
according to the Mott variable range hopping (VRH) model.
The WAL to WL crossover is seen in the magneto-
conductance which we investigate over a range of (1.9 K to
50 K) with the WL/WAL crossover around 2.5 K to 3 K,
indicating that the dominant charge transport mechanism
changes at this temperature. We estimate a SOI field of Hy,
~ 0.84 T and an inelastic field of Hi ~ 0.5 T at 1.9 K from
the Maekawa-Fukuyama (MF) theory fitting.

2. Experimental
2.1 MXene synthesis

The synthesis of TisC,Tx MXene begins with the
production of the MAX phase. TisAIC; MAX phase is
produced by high-temperature annealing of three different
powders (TiC (99.5%; Alfa Aesar, USA), Al (99.5%; Alfa
Aesar, USA) and Ti (99.5%; Alfa Aesar, USA) mixed in an
atomic ratio of 2:1:1). The precursor powder is ball milled
at 60 rpm for 18 hours, then is annealed at 1400°C for 2
hours in a tube furnace in an Ar atmosphere. After cooling
to room temperature, it is milled using a TiN-coated milling
to convert the porous compact into a fine powder. The
resultant TisAIC, powder is passed through a 400-mesh
sieve, leading to a final particle size that is below 37 pm. To
selectively etch the Al layer of TisAIC; MAX phase,
TisAIC; powder (50 g) is added in a mixed solution of HF,
HCI, and HO (50 mL of HF; 49% by weight; Acros
Organics), 300 mL of HCI (12M; Fisher Scientific; and 150
mL of H0) and stirring at 150 rpm for 24 hours at 35°C, as
described in Ref. (Shuck et al. 2020). The etched mixture is
rinsed repeatedly by centrifuging at 3,500 rpm in 10-minute
cycles, decanting the clear acidic supernatant, and
redispersing the powder in fresh deionized (DI) water until
the pH of the supernatant is neutral (> 6 pH). To delaminate
the multilayer of TisC,Ty, the etched powder is added to 1 L
DI water and 50 g LiCIl. This mixture is stirred in the
reactor at 35°C for 24-h at 150 rpm. The TisC,Tx is next
washed with DI water by centrifugation at 3,500 rpm for 10
min in four 1 L centrifuge tubes. The supernatant is then
decanted and the sediment redispersed in fresh DI water.
This washing procedure is repeated until the supernatant is
black (after 12 L total of DI water). The mixture is then
centrifuged in 1-hour cycles, with the supernatant (clear)
being decanted. This is repeated seven times (additional 28
L DI water). Following this, additional DI water is added,
the mixture is centrifuged at 3,500 rpm for 10 minutes, and
the dark supernatant is collected. This is repeated until the
resultant supernatant was dilute (clear). This dark solution
is collected and centrifuged at 3,500 rpm for an additional
10 min at 3,500 rpm to ensure no multilayer powder
remains. The resulting solution is then concentrated by
centrifugation at 10,000 rpm for 10 min. The concentrated
sediment is redispersed in DI water to a final concentration
to 30 mg/ml. In order to prepare an inkjet printable ink, DI
water (1 ml) and ethanol (3 ml) are mixed with the TizC,Tx
mixture (1 g of the 30 mg/ml mixture), and sonicated for 10
minutes in a 20 kHz bath sonicator at 25°C. Following this,
ethanol (20 ml) is added, and the mixture is sonicated for 30
min. The resultant metastable ink is centrifuged at 4,000
rpm for 60 min and the top 50% of centrifuged ink is
collected for use.

2.2 Inkjet printing

For printing of the TizC,Tx MXene thin film, a Dimatix
DMP-2800 inkjet printer equipped with a 10 pL cartridge
(DMC-11610) is used. ‘Hall cross’ patterns (see Fig. 1(a)
and 1(d)) are inkjet printed with a drop spacing of 30 pm on
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Fig. 1 Fabrication and characterization of the printed TisC,Tx MXene thin-film. (a) Schematic diagrams of inkjet-
printed TisC,Tx MXene with cross-shaped (Hall cross) pattern. (b) High resolution XPS spectra of Ti 2p in TizC,Tx
MXene thin-film. (c) Sequential drop jetting of TisC,Tx MXene ink. (d) Dark Field Optical microscopy image and (e)
SEM micrograph of an inkjet-printed TisC,Tx MXene thin-film surface

SiO2 (100 nm)/Si and PET substrate at a substrate
temperature of 60°C. For all the patterns, 15 print
repetitions are used. After printing, the samples are kept at
60°C for 5 minutes to ensure evaporation of the carrier
solvents. The thickness of the printed TisC,Tx thin-film is
~100 nm, and the length and width of each pattern line are 3
mm and 560 pm, respectively.

2.3 Measurements

The scanning electron microscope (SEM) micrograph in
Fig. 1(e) was obtained using field-emission (S-4800,
Hitachi). The XPS analysis (Fig. 1) is performed using a k-
Alpha XPS system (Thermo Fisher Scientific) with a
monochromatic Al Ko source (1486.6 eV). All electrical
transport measurements are performed using a Quantum
Design Physical Property Measurement System (PPMS,
Quantum Design). Electrical contacts to Al pads and a puck
are made with Ag paste and Cu wires. All electrical data are
obtained using a Keithley 2636 sourcemeter and a Keithley
2182 nanovoltmeter.

3. Results and discussion
3.1 Basic properties of inkjet printed device

The MXene samples are synthesized from the TisAIC,
MAX phases, which are then formulated into inkjet
printable inks to create the Hall-cross patterns on a 300 nm
SiO,/Si wafer (Fig. 1(a)). After ink formulation, we carry
out XPS analysis of a MXene thin-film to confirm
composition. Fig. 1(b) shows the deconvoluted peaks of Ti
2p from the XPS spectra, which correspond to the bonds of

C-Ti-O (455.0 eV and 461.5 eV), C-Ti-O, F (455.7 eV), C-
Ti-F (457.0 eV and 463.5 eV) and TiO, (459.3 eV). It is
known that there is a mixture of —O, —OH, —Cl, and —F
terminations on the flakes (Satheeshkumar et al. 2016,
Shuck et al. 2020, 2019). The average lateral size of the
flakes and average thickness in the prepared ink is 367 nm
and 1.6 layers, respectively. The formulated ink carrier is
based on a binary solvent mixture to enable reliable jetting
and a uniform deposition onto the substrate as well as fast
drying (Hu et al. 2018). Fig. 1(c) shows that the TizC,Ty ink
creates fine jetting during the printing process without
forming unwanted satellite droplets. Fig. 1(d) shows a dark
field image of a typical Hall Cross, each with line
dimensions of 3 mm x 0.5 mm. The printed thin-film has a
thickness of ~100 nm and appears uniform, with a heavily
percolated/stacked structure. Although the edges of the
printed structure are moderately sharp, we do not observe
evidence for “coffee rings” (Hu et al. 2018, 2020) (i.e.,
strong deposition at the edges relative to the center; Fig.

1(d)).
3.2 Electrical transport model

The inkjet-printed Hall cross patterns of TizC,Tx MXene
sheets are then used to investigate the electronic transport
behaviour versus temperature and magnetic field. A total of
15 Hall cross devices are printed onto SiO,/Si wafers and
PET substrate. The printed thin-film has a Hall mobility (is)
of 0.2 ~ 0.3 cm?-V s and a carrier concentration (n) in
the 0.76 ~ 4.11 x 10?2 cm™® range. A typical temperature-
dependent resistivity measurement for the Hall cross
devices is shown in Fig. 2(a), exhibiting semiconductor
behaviour with an exponential increase in resistivity with
decreasing temperature.
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Fig. 2 Resistivity (p) and conductivity (o) versus temperature (T). (a) p (T) showing a rise in p with decreasing T. (b)
Ln(o) versus 1/TY for the inkjet-printed TisC,Tx MXene network; the red line is a fit to the Mott VRH 3D model
(with R = 0.99906) in the low-T range (7.5 ~ 65 K). (c) In o versus 1/T for the inkjet-printed MXene network; the red
line is a fit for the thermal activation model (with R? = 0.99707) at high T (200-65 K).
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Fig. 3 Longitudinal magneto-conductance at different temperatures (labelled) with a perpendicular applied magnetic
field. For 1.9 K (a) to 3 K (c), the WAL is decreased with a competing WL component. At 5 K (d), WAL cannot be
distinguished from the magneto-conductance. For 10 K to 150 K (e-h), the total magneto-conductance ratio decreases

with increasing temperature.

The VRH model is widely used to describe carrier
transport in disordered semiconductors. Due to the random
stacking of the nanosheets as shown in Fig. 1(e) and the
presence of TiO, bonding as shown in Fig. 1(b), the printed
TizC,Tx MXene thin-film can be considered as a disordered
system. We also argue that the presence of the edges in the
MXene flakes additionally makes it a defect dominant
system. Based on hopping theory, VRH has a dominant
effect on electrical conductivity (o) at low temperatures
according to o = ao exp — (To/T)* where g, is the conductivity
prefactor, T, is the characteristic temperature (Halim et al.
2016), and x = (p + 1)/(d + p + 1) represents the relationship
between the variation in the density of states at the Fermi
level D(Eg), p, and dimensionality of the material, d.
Among the VRH models, the Mott VRH, which can be

1

To\ 4 . .
expressed as o = g, exp — (70)4 for 3-dimensional or ¢ =
1

To\3 . - .
0y exp—(FO)3 for 2-dimensional cases describes low

temperature conduction in strongly disordered systems with
localized charge carrier states. We propose that this model
explains the behaviour of the inkjet-printed TisC,Tyx thin-

film in the low temperature regime since measurements
show a Ino — 1/T/* relationship from 7.5 K to 65 K.
This follows a linear function with R? = 0.99906 from the
linear fitting (Fig. 2(b)).

Above 65K, thermal activation dominates the
conductance and the nearest neighbor hopping (NNH)
mechanism controls the electronic properties with o =

gy exp—(k%), where E, is the energy difference between

the nearest localized states. The T-dependence of
conductivity is fitted with Inoc — 1/T linear relationship
(200 K ~ 65 K, R? = 0.99707) as shown in Fig. 2(c).

3.3 Low temperature electronic transport analysis -
Localization

To investigate the charge carrier transport behaviour, we
measured magnetoconductance between 1.9 K to 150 K;
Fig. 3 shows magnetoconductance 4o / oo = [0 (B) — ¢
(B=0)]/ o (B=0) versus an out-of-plane magnetic field (BL).
In the low temperature regime near 2 K (Fig. 3(a)), a large
WAL is observed up to 4.5 T with a negative magneto-
conductance. At 2.5 K, a small peak occurs near-zero
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Fig. 4 Modulation of transport properties of printed TisC.Tx MXene thin-film with an out-of-plane magnetic field
(B1). (a) Ao versus B at different temperatures (different colors as labelled). Black lines are best fits from MF theory.
(b) Obtained parameter H;, from the fitting using MF equations. (c) The extracted lifetimes (which correspond to the
relaxation time) of 7 .. The shaded region (b, c) indicates the WAL/WL crossover

magnetic field (Fig. 3(b)), consistent with competition
between WAL and WL. This is likely due to strong SOI
(Caviglia et al. 2014, Drouhin et al. 2014, Hansen et al.
2005, Kumar et al. 2015, Liu et al. 2012, Lu et al. 2015,
Tikhonenko et al. 2009). As the temperature increases to
5 K (Figs. 3(c) and 3(d)), the negative magnetoconductance
(which corresponds to WAL) disappears and only the
positive WL regime remains. The WL magneto-
conductance shows maximum signal at 10 K at upto 8 T
(maximum field). When the temperature is further
increased, the magneto-conductance signal slowly
disappears around 100 K, likely due to thermal vibrations.
This WAL/WL crossover is observed in all 15 samples
regardless of the substrate. Similar results have previously
been reported in other low dimensional/confined systems
with disorder including LaAlCr1xO3/SrTiOs 2D interfaces
(Kumar et al. 2015), topological insulators (Liu et al. 2012),
VSe; single crystals (Cao et al. 2017) and quantum wires
(Hansen et al. 2005, Schapers et al. 2006); the WAL/WL
magneto-conductance crossover is observed in the printed
Ti3C,Tx thin-film, which is a defect-dominant system with
strong disorder. We note that our printed thin-films, where
the MXene nanosheets are randomly oriented, are different
to those presented by Hamlin et al. which used TizC,Tx
multilayer structures (Halim et al. 2014).

The spin-orbit relaxation time is a key parameter to
describe the WAL/WL crossover. The effect of SOI is
analyzed from magnetoconductance in the diffusive
transport regime which shows a strong dependence in the
conductance variation (As) on Bi; see Fig. 4(a). These
results are modeled using the MF theory (Maekawa et al.
1981):

2

Ac(H) = % [¥ (M)

1 H
+2WW<Hi+HSO(1+W)> @

1 H
C2V1- Y2W<Hl- +Hyy(1-VI- 1/2)>]

where ¥(x) =In(x)+ ¥(1/2+1/x) with P(x) a
digamma function H; and H,, are the inelastic and spin-

orbit fields, which relate to the inelastic time (z;) and spin-
orbit time (s, ) via H;s, = h/4eDt;g,. The Zeeman
correction of Y is expressed as ¥ = gugH /4eDH,, using
the electron g factor and Bohr magneton (ug). The fits to
Ao (BL) in Fig. 4(a) are conducted up to 5 T considering the
critical field and diffusive transport regime of electrons
(Datta 1995, Heikkila et al. 2013).

For the fitting analysis, we use o as a prefactor in order
to include some additional carrier movement such as flake
to flake transport and grain boundary transport. From these
fits, we can extract H;g, close to the temperature regime of
WAL/WL. For the range of fields and temperature
analyzed, the observed WAL/WL crossover is in agreement
(in Fig. 4(b)) between the spin-orbit and inelastic scattering
fields (with parameters H;g,). For the WAL dominant
temperature of 1.9 K and 2 K, SOI field Hy, shows a
maximum value of 0.85 T, which is higher than the inelastic
field of H; ~ 0.5 T. When the temperature is increased over
25K, Hg, is dramatically decreased by more than one
order of magnitude resulting in Hy, < H;. Thus, WAL
diminishes with increasing temperature further.

We note that this is the first observation of a wide
WAL/WL crossover of printed TisC,Tx MXene thin-film
and the high magnitude of Hy, at very low temperature is
unique. Our analysis gives a relatively high value of Hg, ~
0.85 T at 1.9 K, and indicates strong SOI in the printed
MXene thin-film compared with other material systems
such as 2D scale Tellurium (Hy, ~ 0.09 T at 1 K) (Niu et
al. 2020), few-layered VVSe, (Hg, ~ 0.7 T at 2 K) (Liu et al.
2019), bulk Bi;Tes (Hy, ~0.92 T at 2 K) (Dey et al. 2014),
and quasi-2D LaAlOs/EuTiOs/SrTiO; system (Hy;, ~ 10T
at 2 K) (Stornaiuolo et al. 2018). For comparison, we
plotted Hs, is the low temperature regime with various
material systems including bulk, 2-dimensional (2D), and
thin films (Fig. 5).

From the H;y, parameters obtained from our fitting
analysis (Fig. 4(a)), we have determined the relaxation time
Tiso Via D = vit/2 to estimate the diffusion constant D.
From estimates of Fermi velocity and elastic scattering time
using a parabolic dispersion relation with a fixed effective
mass m", we are able to estimate the diffusion coefficient
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using m” = 0.5 m. (where m. is the free electron mass) (Hu
et al. 2015). The estimated relaxation times are plotted in
Fig. 4(c). The temperature range which we implement
fitting analysis shows that the change in inelastic scattering
time remains relatively small (~ 0.1 ps), whereas the spin-
orbit scattering time has a relatively large variation
(increasing up to 1.26 ps at 3 K). For temperatures below
the WAL/WL crossover, we observe that the inelastic
scattering time is longer than the spin-orbit scattering time
(spin relaxation time). This indicates that the effect of SOI
is strong compared to the orbital effect of the applied
magnetic field. Above the crossover temperature (> 2 K),
the SOI scattering time is dramatically increased compared
to the inelastic scattering time. This means that the SOI is
weaker with increasing temperatures above 2.5 K. In
contrast, the inelastic scattering time remains almost
constant over this temperature regime. A similar type of
WAL/WL crossover behaviour with increasing temperature
has been reported before in low bandgap single crystal
semiconductors in the mT magnetic field range (Hansen et
al. 2005, Schépers et al. 2006). However, such a WAL/WL
crossover in highly disordered and defect dominant systems
such as inkjet-printed TisC,Tx MXene thin-film has not
been reported to our knowledge. Furthermore, this type of

WAL/WL crossover behaviour is observed under a wider
magnetic field (z 4T) variation compared with other
materials previously reported (Hansen et al. 2005, Schépers
et al. 2006). Individual MXene nanosheets have defects and
disorder with electron spin currents along the Hall cross
bars interacting with individual MXene nanosheets meaning
that sheet-to-sheet transport will alter quantum mechanical
transport. Furthermore, the nanosheets are strained and
contain impurities, vacancies, and oxidized regions. We can
thus assume that the majority of the WL magneto-
conductance behaviour results from strong disorder of the
nanosheet inkjet printed system and the high SOI will
produce strong WAL magneto-conductance due to the
breaking of time reversal symmetry at low temperature.

To understand further the magneto-conductance trend as
a function of temperature, the simplified Hikami-Larkin-
Nagaoka (HLN) theory (Datta 1995, Dey et al. 2014,
Hikami et al. 1980) has also used to fit the experimental
data (Fig. 6) in terms of variation of conductance Ac (B) =
o (B) - 6 (0) as shown below (Liu et al. 2012),

20:22h [ (% + 4—eZl¢> —In <4eZl¢>]’ (2)

where (x) is the digamma function, 5 and « are the
phase coherence length and a coefficient indicating the type
of localization, respectively. From our fitting, I, gradually
decreases with increasing temperature as shown in Fig.
6(b).

The extracted value of a can be used to determine
material state which can be distinguished with orthogonal
(a = 1), unitary (a = 0), and simpletic (¢ = 0.5) cases,
respectively (Lang et al. 2013): a = 1 corresponds to
elastic state which have two channels of thicker films,
rather than simpletic represents single channel with WAL
(¢ = —0.5) or WL (a = +0.5); and unitary is the case of
magnetic (Hikami et al. 1980, Lang et al. 2013).

This simplified HLN theory is based on the low
dimensional transport analysis. In our system, the magneto-
conductance behaviour is well fitted with the simplified
HLN equation and we expected the coefficient a to be
+0.5 although we obtain a much higher value of several
orders of magnitude. This result may be due to the complex
structure of the inkjet-printed MXene thin-film which has a
high defect concentration and a relatively high thickness
(100 nm). However, the trend of « is negative up to 2.5 K,
then changes to positive from 3 K, matching the WAL/WL
crossover temperature. Furthermore, we estimate the
temperature-dependence of [, which reaches a maximum
(l~20nm) at near 2 K and gradually decreases with
increasing temperature up to 25 K (I~ 10 nm).

Ao(B) =

3.4 Low temperature electronic transport analysis -
Localization

To confirm that the WAL/WL crossover is substrate-
independent, matching TizC,Tx MXene Hall cross networks
are fabricated on uncoated PET substrates. These show
similar magneto-conductance behaviour in the2 K to 50 K
range (Fig. 7) as the thin-films on SiO,/Si. The WAL/WL
crossover on PET is near 2K in agreement with the
inflexible substrates (Fig. 3).
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Fig. 7 Magneto-conductance of inkjet-printed TisC.Tx MXene network on flexible PET substrates with a
perpendicular applied magnetic field B.. With increasing temperature from 2 K (a) — 50 K (f), WAL/WL is visible at

25K

4., Conclusions

We have investigated the electronic transport of inkjet
printed TisC,Tx MXene thin-film Hall cross devices. A
WAL/WL magneto-conductance crossover in the thin-films
is observed between 2.5 K to 3 K, consistent with strong
SOI below 3 K. By analyzing the magneto-conductance
using the MF theory, we obtain a spin-orbit field Hs, of ~
0.84 T and an inelastic field H; of ~ 0.5 T at 1.9 K. Our
results are of interest for potential applications of printed
MXene thin-film in flexible spintronic/spin-orbitronic
devices where SOl is fundamental for spin transport
control. Our results and analyses offer a deeper insight into
microscopic charge carrier transport inkjet printed TisCoTy,
showing promising properties for printed electronic flexible
and smart device applications.
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