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The magnetoconductance of Tiz;C,T, MXene thin films under both perpendicular and
parallel magnetic fields is systematically investigated to elucidate how finite thickness
impacts weak localization (WL). In thicker films (~700 nm), the magnetoconductance is
nearly orientation independent, indicating a three-dimensional (3D) regime. In contrast,
thinner films (<70 nm) exhibit pronounced angle-dependent WL, consistent with two-
dimensional (2D) behavior. Notably, in some of these thinner films, a small negative
magnetoconductance is also detected at low temperatures in parallel fields—a hallmark
of weak antilocalization arising from spin-orbit coupling. By fitting the 2D data in both
orientations, the key transport parameters are extracted, including an effective thickness of
around 12 nm (smaller than the physical thickness) and dephasing lengths. These findings
deepen the understanding of quantum interference in MXenes and lay the groundwork for
harnessing their tunable dimensionality and spin-orbit effects in emerging electronic and
spintronic applications.

DOL: 10.1103/yx84-zxzf

I. INTRODUCTION

MXenes, i.e., two-dimensional (2D) transition metal carbides or nitrides, represent a ground-
breaking addition to the family of 2D materials, offering a unique blend of promising electrical
properties, chemical versatility, and ease of processing. Since their discovery in 2011 [1], these
materials have shown great potential for electromagnetic interference shielding [2], transparent
conducting electrodes [3], supercapacitors [4], electrochemical devices [5], and sensing applications
[6]. They are obtained from their bulk counterparts called MAX phases (M being a transition metal,
A an element from group 13 or 14 of the periodic table, and X being carbon or nitrogen), which
are three-dimensional (3D) nanolaminated materials, with a combination of metallic, covalent, and
ionic bonding [7]. MXene synthesis is achieved by the chemical etching of the A element atomic
planes from the MAX phases under acidic conditions and leading to the exfoliation of the MX
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layers. After breaking the M—A bonds, surface terminations termed T (OH, O, F, and/or CI groups
in most common cases), and stemming from the aqueous etching solution, consequently bond to the
M surface atoms. Their core and surface chemistry, which can be finely tuned via various synthesis
protocols, strongly influences their electronic properties [8—10]. Among the more than 50 different
MXenes reported to date [11], TizC,T, is the most studied and envisioned for many applications.
Each Ti;C,T, layer is terminated by functional groups T, such as hydroxyl (OH), fluorine (F),
chlorine (Cl), oxygen (O), or their combinations, depending on the exfoliation technique used, x
denoting the stoichiometric number. These functional groups impart hydrophilic properties to the
MXene flakes, thus allowing scalable, solution-based processing. From a general point of view,
these surface groups also have strong impact on the electronic properties of MXenes, one of the
most spectacular effect being that they can induce a superconducting-to-metal transition in Nb,CT,
MXene [12].

For these reasons, a deep understanding of MXene thin films’ transport properties, and par-
ticularly for Ti;C,T, thin films, is of highest interest to further improve the potential of these
materials in the wide range of applications that benefit from its specific transport properties. At
low temperatures, after a decrease of resistivity upon cooling due to electron-phonon interactions
typical of a metal, thin Ti3C,T, films often exhibit a pronounced resistivity upturn primarily
attributed to weak localization (WL) [13-15]. Weak localization is a quantum interference effect
in which electrons traveling along time-reversed scattering paths interfere constructively, thereby
increasing resistivity in disordered systems [16—19]. While other low-temperature mechanisms—
such as electron-electron interactions and Kondo scattering—can also produce a similar upturn,
magnetoconductance (MC) measurements by Piatti et al. [15] confirm that WL is the dominant
mechanism in Ti3C,T,. Indeed, the application of a magnetic field breaks time-reversal symmetry
and suppresses the upturn, a hallmark feature not expected from electron-electron or Kondo-driven
resistivity increase. On the other hand, while variable-range hopping dominates the transport in
molybdenum-based MXenes [20], it has been proven to fail in reproducing the resistivity versus
temperature measurements in TizC, T, [13,14], leaving WL as the only relevant mechanism for the
resistivity upturn.

Layered materials often exhibit weak localization effects that can be described by either 2D or 3D
transport models. In 2D systems, the magnetoconductance under a perpendicular field is typically
captured by the Hikami-Larkin-Nagaoka (HLN) equation [21], whereas in 3D samples, Kawabata’s
theory [22] provides a suitable description. Recently, we have demonstrated that thin Tiz;C, T, films
of thickness below the electron phase-coherence length £,4 (which is few tens of nanometers) endure
2D WL, while thicker films endure 3D WL [13]. What is more, by applying either low or high
vacuum levels, thus modifying the hydration state of the film, we demonstrated the possibility to
decouple the electron phase coherence across neighboring MXene flakes by increasing the interflake
spacing, thus recovering 2D WL even at high thickness. This evidences how intricate is quantum
transport in these materials and how sensitive it is to fine structural parameters.

Despite extensive research on perpendicular-field magnetotransport in TizC,T, MXenes
[13-15,23], the effects of parallel (in-plane) magnetic fields remain largely unexplored. Parallel-
field magnetoconductance has indeed been investigated in various quasi-2D systems, showing that
nominally two-dimensional materials remain sensitive to in-plane fields if their finite thickness
or corrugations allow electrons to sample the out-of-plane dimension. For example, in corrugated
graphene, parallel fields partially suppress weak localization due to local tilts inducing random vec-
tor potental [24], whereas ultraflat graphene encapsulated in hexagonal boron nitride shows negligi-
ble in-plane magnetoresistance [25]. A similar effect is observed in topological insulator thin films
[26,27]. Likewise, conventional metallic 2D thin films also exhibit pronounced parallel-field mag-
netoconductance [28-30]. This demonstrates that even slight out-of-plane variations can influence
quantum interference effects at low temperatures. Therefore, by probing electron transport in both
in-plane and out-of-plane directions, parallel magnetotransport measurements in Ti;C, T, thin films
could provide insights into the intrinsic dimensionality of the transport and the coupling between
neighboring flakes, and unravel other possible transport mechanisms such as spin-orbit coupling.
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Spin-orbit interactions results in weak antilocalization (WAL) inducing a negative magnetocon-
ductance. Jin et al. [23] have observed WAL under perpendicular magnetic field below 2 K in thin
Ti3C,T, films prepared by inkjet printing, which they claimed to stem from spin-orbit coupling.
However, in other references, WAL is usually not observed under perpendicular magnetic field in
Ti3C, T, thin films [13—15], possibly because it is a much weaker effect as compared to WL. Under
the application of a parallel magnetic field on the contrary, it is possible that WAL becomes visible.
Indeed, the overall magnetoresistance signal is reduced because the finite thickness of the thin film
reduces the magnetic flux within the material. Under these conditions, the much weaker signature
of WAL might become measurable, as exemplified, e.g., in copper thin films [31]. Such spin-orbit
coupling enables the manipulation of electron spins via external electric fields, offering an efficient
platform for spin-based information processing [32-35], with potential applications in advanced
spintronic device architectures. The investigation of these effects in emerging two-dimensional
materials like MXenes paves the way for quantum and spintronic technologies.

In this work, we conduct a comprehensive study of WL and WAL in Ti3C,T, thin films by
measuring their magnetoconductance under both perpendicular and parallel magnetic fields at
low temperatures. We relate the results to the film thickness, thereby identifying whether the
underlying physics is effectively two dimensional or three dimensional. By comparing parallel- and
perpendicular-field magnetoconductance curves, we distinguish between 2D and 3D behaviors: in
3D samples, these curves collapse, whereas in 2D systems they differ markedly. In the 2D limit,
analyzing the parallel-field response further reveals the film’s effective thickness for transport,
which is somewhat smaller than its structural thickness. For thin films exhibiting WAL, we extract
the spin-orbit coupling strength directly from the parallel-field fits, highlighting the importance of
leveraging both parallel and perpendicular magnetic fields to uncover subtle quantum interference
effects. Overall, these insights deepen our understanding of quantum transport in MXenes, a
necessary prerequisite for potential integration in advanced electronic and spin-based technologies.

II. SAMPLE PREPARATION, CHARACTERIZATION, AND MEASUREMENT SETUP

Thin film preparation of TizC, T, was carried out using delaminated MXene powder dispersed
in ultrapure water. The MXene powder, synthesized from a Ti3AlC, precursor, was first exfoliated
with a mixture of HCI and LiF, as described in Ref. [36]. X-ray diffraction (XRD, Cu K« radiation,
% = 1.5406 A) confirmed the successful removal of Al layers and the formation of the MXene phase
[Fig. 1(b)]. Notably, the XRD pattern of as-etched Ti;C,T, powder corresponds to an interstratified
and partially segregated structure, i.e., a layered structure with multiple hydration states [37]. Two
main distinct (002) reflections, labeled (002) and (002), corresponding to c-lattice parameters
of approximately 29.7 and 25.6 A, respectively, are observed and correspond to double-layer and
single-layer water intercalation stabilized with Lit cations. Moreover, a very low intense peak at
8.7° labeled (002)" is observed and corresponds to the nonhydrated state of the MXene (¢ = 21 A).
The very low intense peaks at 9.5° and 38.8° correspond to the (002) and (104) peaks of Ti3AlC,,
respectively [38], indicating the small presence of residual MAX phase, and no other impurities
were observed, confirming both the near-complete removal of Al and the high purity of the MXene
powder. Regarding the functional groups, a chemical composition of Ti3C.940.94(OH)g.17Fp 75 has
been obtained from X-ray photoelectron spectroscopy characterizations in a previous work focusing
on MXene flakes synthesized with the same protocol [39].

To ensure complete delamination and obtain a stable suspension, the MXene powder was hand
shaken, stirred with a vortex mixer, and sonicated for 20 min in ultrapure water, achieving uniform
flake distribution. The resulting MXene ink was then drop-cast onto 1 cm x 1 cm fused silica
substrates, followed by spin coating using a Polos SPIN150i/200i. After spinning, some parts of the
film were mechanically removed by hand using a wooden toothpick, in order to obtain a Hall bar
for transport measurements. The corresponding morphology was evaluated via optical microscopy
[Fig. 1(c)], confirming uniform coverage and flake distribution.
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FIG. 1. (a) Structural model of Ti;C, T, MXene showing Ti (blue), C (gray), and surface terminations T
(red) that are typically -O, -OH, -F, or -Cl, and intercalated H,O. The arrow marks the out-of-plane spacing
¢/2. (b) X-ray diffraction (Cu Keay, A = 1.5406 A) confirms the removal of Al and the formation of Ti;C, T,
MXene. The (002), (002), and (002)" peaks correspond to double-, single-, and zero-layer hydration states,
respectively. The * symbol refers to residual Ti; AIC, MAX phase. (c) Optical micrograph showing uniform
film coverage and the four-point contact geometry. I™ and I~ denote the positive and negative current leads,
and V* and V™ denote the positive and negative voltage contacts. The red dotted square marks the region
analyzed in panel (d), from which the transport properties are extracted. (d) WLI thickness map of the region
in panel (c) used to determine film thickness and verify uniformity. The black curve is the line profile extracted
along the solid red line, and the color map indicates a film thickness of ~40 nm.

White light interferometry (WLI) using a Taylor Hobson Precision Talysurf CCI 6000 was then
performed to measure the thickness and uniformity of the film in the central region of the sample,
highlighted by the red dotted square in the middle part of Fig. 1(c) where transport properties
are measured. The WLI image provides a height map of this area, confirming that the final
film maintains a homogeneous coverage across the measured region. The average film structural
thickness (hereafter referred to as #) was determined from these measurements [Fig. 1(d)], namely,
40, 70, and 700 nm for the films presented here.

All electrical transport measurements were carried out under secondary vacuum with direct
current (DC) allowing cooling to 2 K in a standard four-probe configuration, as depicted in Fig. 1(c).
The current was driven from the positive (I'") to the negative (I7) lead, while the voltage drop was
measured between the positive (V1) and negative (V™) leads. This setup eliminates the influence
of contact and lead resistances on the measurement, thereby capturing only the intrinsic properties
[40] of the central region of the sample [red square in Fig. 1(c)]. Dc resistivity measurements were
carried out in a Quantum Design Physical Property Measurement System cryostat equipped with
a 9 T superconducting coil. The magnetic field orientation was varied either by a rotator for the
700 nm film (allowing full rotation range but limited to ~12 K due to the increased thermal load)
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or by using a custom sample holder for the 40 and 70 nm films (enabling measurements of both
parallel and perpendicular magnetoconductance and allowing cooling to 2 K).

III. MODELS

The dimensionality of the WL in Ti;C,T, thin films, i.e., 2D- or 3D-like behavior, can be
determined by comparing the film thickness to the phase-coherence length £4—the average distance
over which an electron maintains its phase coherence—as previously discussed in Ref. [13]: If the
film thickness is smaller than £4, quantum interference effects are effectively two dimensional,
whereas films thicker than £4 exhibit three-dimensional WL.

Prior research works have thoroughly investigated weak localization in Ti;C,T,, focusing on
both the temperature dependence of the resistance and the magnetoconductance under perpendicular
magnetic fields [13—15]. Building on these findings, we will first revisit the models relevant to
perpendicular-field magnetoconductance in Ti3C,T,. We will then introduce the theoretical frame-
works necessary for analyzing magnetoconductance when the magnetic field is applied parallel
to the film plane, which is particularly important for understanding electron transport across the
thickness of Ti;C, T, MXene samples.

A. 2D sheet conductance as a function of temperature

The temperature dependence of the sheet conductance G,(T) in two-dimensional materials is
described by [41]

T
Gs(T) = Gs(To) + Np Gy In (7) (D
0

where G;(7) is the sheet conductance at the crossover temperature 7p. In this expression, N denotes
the number of independent conducting layers, while p is determined by the inelastic scattering
mechanisms influencing electron mobility: p = 1 for electron-electron scattering and p = 3 for
electron-phonon scattering, following the temperature dependence of the inelastic mean free path
¢; = aT~P/?. Here, a is a proportionality factor and Ly = /L., with £, the elastic mean free path.

Gy = % represents the quantum of conductance, with e the elementary charge of the electron and
7 the reduced Planck constant.

2D WL thus leads to a linear dependence of the sheet conductance to the logarithm of temperature
at low temperatures. Such linear behavior serves as a clear indicator that the sample exhibits two-
dimensional weak localization. In contrast, in the three-dimensional case, the conductivity o follows
a power-law dependence on temperature [17]:

2
1
o(T) = o(T = 0) + %—T”/Z. 2)
Toa

This underlines the distinct nature of 3D weak localization, so that examining how the resistance
changes with temperature is a robust way to determine whether a given material endures 2D or 3D
WL.

B. 2D magnetoconductance
1. Perpendicular magnetoconductance (without spin-orbit coupling)

The effect of a perpendicular magnetic field B, on the sheet conductance of 2D metallic thin
films is captured by the HLN formula [21], taken here in the limit of vanishing spin-orbit interaction.
This formula illustrates how magnetoconductance due to B is related to the phase-coherence field
By and the elastic scattering field B,, defined as By, = %ffg’ where &y = h/e is the quantum of
magnetic flux. The elastic scattering length £, is the averagé distance an electron travels between
elastic scattering events. Under the condition that B, > B, (i.e., £, < {4), the expression for
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magnetoconductance simplifies to

2000 [u(te ) ()] .
Gy 2 B B,
where W denotes the digamma function and « is an amplitude factor that quantifies the strength of
the perpendicular magnetoresistance correction.
Here, the phase-coherence length £, sets the characteristic scale at which quantum interference
effects are suppressed by perpendicular magnetic fields. A larger £, indicates a higher sensitivity:
Even relatively weak perpendicular fields can more effectively disrupt interferences, causing a more

pronounced increase in conductance. Conversely, a smaller £, requires stronger fields to achieve the
same degree of interference suppression, leading to a smaller conductance change.

2. Parallel magnetoconductance (without spin-orbit coupling)

The magnetoconductance response to parallel magnetic fields in 2D MXene thin films is here
described by the Altshuler-Aronov (AA) regime [42]. This regime is applicable to low-thickness
MXenes, where the effective material thickness d satisfies £, < d < {£4. In the case of TizC,T,,
experimental studies [14] allow to estimate that £, is on the order of ~1nm, while £, typically
ranges between 50 and 100 nm [13]. The relationship described by the AA regime is expressed by
the following formula:

AG,(B ed?B?
%:auln (1+ ) @)
0

where AG,(B))) denotes the change in sheet conductance due to a parallel magnetic field B); and
o quantifies the strength of the parallel magnetoconductance correction. Using this equation, the
effective thickness d of the film can be determined by extracting the value of the magnetic phase-
coherence field By, from measurements under perpendicular magnetic fields, thereby improving our
understanding of weak localization effects within these films.

3. Parallel magnetoconductance (with spin-orbit coupling)

In the presence of spin-orbit coupling, interference corrections can cross over from WL to WAL.
A useful parallel-field model that incorporates the spin-orbit field is [43]

AG,(By) 1 ed® B 3 ed” B}
o =1+ —>In(1+ : )
Go 2 12iiBy | 2 127 B,

where B} = By + %BSO. Here, By, = n%%o is the spin-orbit scattering field, with £y, the average
distance an electron travels before its spin orientation is randomized due to spin-orbit coupling. The

coefficients % and % correspond to singlet and triplet Cooperon channels, respectively. Here, o takes

a negative value to account for the crossover from weak antilocalization (negative correction) to
weak localization (positive correction).

C. Magnetoconductance in 3D

For MXene samples with thickness d > {4 (3D regime), the magnetoconductivity correction
Ao (B) under a perpendicular magnetic field is described by Kawabata’s model as follows [22]:

Ac(B) _ B (B,
Go = a3p sz3<B)' (6)
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FIG. 2. Temperature-dependent resistance R(7T') for Ti;C,T, films of thickness (a) 40 nm and (c) 70 nm,
each showing a low-temperature upturn indicative of weak localization. Above 70 K, the resistance follows
metallic behavior, while below this threshold, WL-driven quantum interference dominates. Panels (b) and
(d) plot the corresponding sheet conductance G,(T") vs In(T"); the solid lines represent fits to the 2D WL
model, highlighting linear behavior consistent with two-dimensional quantum interference effects.

The anisotropy parameter «sp is defined as ,/ %’ where D) and D represent the diffusion constants
in plane and out of plane, respectively. The function f3(x) is given by
00 1 -1/2
B =) 20+ 140" = (n+0)) - (n+§+x> . (7)
n=0

IV. RESULTS AND DISCUSSION

A. 2D WL temperature dependence of the resistivity

To investigate 2D weak localization in TizC, T, MXene films under both parallel and perpen-
dicular magnetic fields, we focus on two samples with thicknesses of 40 and 70 nm. Because each
film’s thickness is smaller than the previously estimated phase-coherence length (£, ~ 100 nm),
these samples are strong candidates for displaying 2D WL effects.

Figures 2(a) and 2(c) present the temperature-dependent resistance R(7) down to 2 K for both
films. Above 70 K, the resistance decreases with temperature in a manner consistent with metallic
conduction. However, below 70 K, both curves exhibit a characteristic upturn that indicates WL-
induced quantum interference and enhanced electron backscattering.

To confirm the 2D nature of the weak localization phenomenon, we plot the sheet conductance
G,(T) versus In(T') in Figs. 2(b) and 2(d). In the low-temperature regime, G;(T") varies linearly with
In(T'), in agreement with the 2D WL model described by Eq. (1). This observation indicates that
the phase-coherence length exceeds the film thickness, confirming the two-dimensional character
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of the conduction in sub-100 nm MXene films, consistently with our previous report [13]. A more
detailed discussion of £ is presented in the next subsection.

B. 2D magnetoconductance analysis

To gain deeper insights into charge transport in 2D Ti3;C,T, thin films, we performed mag-
netoconductance measurements on the 40 and 70 nm thick samples, which exhibited 2D R(T")
behavior. Magnetic fields were applied both perpendicular and parallel to the film plane. This
dual-field approach enables us to distinguish electron transport predominantly within individual
MXene flakes (for perpendicular fields) from that governed by interflake pathways (for parallel
fields), while emphasizing the role of finite thickness in defining conduction pathways in MXene
thin films.

Notably, the effective thickness d of the thin films (i.e., the thickness effectively involved in
transport) can be extracted from the characteristic crossover magnetic field (i.e., the x axis) using
Eq. (4), which does not rely on the absolute value of the sheet magnetoconductance correction but
rather on its relative variations.

1. Perpendicular magnetoconductance

Figures 3(a) and 3(c) present the magnetoconductance correction of the 40 and 70 nm Ti;C,T,
thin films under perpendicular magnetic fields up to 6 T. The conductance is normalized by the
quantum of conductance, AG,(B)/Gy. In each panel, the data span temperatures from 2 K in lighter
color to 30 K in darker color, as indicated in the legend. The dark solid lines are the HLN fit to the
data [Eq. (3)], with the amplitude parameter «z; held fixed across all temperatures for each sample.
As the perpendicular field increases, the phase difference between electrons traveling around closed
loops increases, weakening the constructive interference responsible for weak localization and
thereby increasing the conductance. Consequently, at lower temperatures where £ is longer and
thus By is smaller, even relatively modest perpendicular fields can effectively suppress interferences.
This temperature-dependent sensitivity is evident from the magnetoconductance curves in Figs. 3(a)
and 3(c), where the magnitude of the correction becomes larger as T decreases for both the 40 and
70 nm films.

By fitting the perpendicular magnetoconductance curves with the HLN equation, we extract the
dephasing field B, and the phase-coherence length £,4 for temperatures ranging from 2 to 30 K,
as shown in Figs. 4(a) and 4(b). In panel (a), B4 exhibits a linear increase with temperature for
both the 40 and 70 nm films. This confirms electron-electron scattering as the dominant dephasing
mechanism, that is, B4 ~ T7 with p = 1. Correspondingly, panel (b) shows £, decreasing with
increasing temperature, consistent with a 7~!/2 dependence. Specifically, for the 40 nm sample, £,
decreases from approximately 135 nm at 2 K to around 80 nm at 30 K, while for the 70 nm sample,
it decreases from about 120 nm at 2 K to roughly 70 nm at 30 K. In both cases, £, remains larger
than the physical film thickness ¢ across the entire temperature range, confirming two-dimensional
conduction and explaining the logarithmic dependence of R(T") at low temperatures.

2. Parallel magnetoconductance

Following the analysis of the perpendicular-field data, we now turn to the parallel-field magneto-
conductance of the 40 and 70 nm Ti;C,T, samples. Figures 3(b) and 3(d) present the parallel-field
magnetoconductance correction, AG(B))/Goy, plotted against the magnetic field By up to 6 T.
Although the measurements span from 2 to 30 K, only the 5-30 K range is shown here; data at
2 K exhibit a slight contribution of negative magnetoconductance and will be discussed next. The
color gradient is consistent with that used for the perpendicular-field data. At each temperature
between 5 and 30 K, AG;, increases with B, resulting in a positive magnetoconductance whose
absolute magnitude decreases as the temperature rises. This temperature dependence reflects the
shorter phase-coherence length £, at higher 7.
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FIG. 3. Magnetoconductance for 40 and 70 nm Ti;C, T, films: (a), (c) perpendicular orientation and (b), (d)
parallel orientation. The datasets shown correspond to temperatures at which the measured magnetoconduc-
tance is fully positive over the entire magnetic field range. The solid black curves in panels (a) and (c) are the
HLN fits to the data according to Eq. (3), whereas those in panels (b) and (d) are the AA fits based on Eq. (4).
The temperatures for each dataset are indicated in the legend. Notably, the magnetoconductance correction
in the perpendicular orientation is significantly larger than that in the parallel orientation, underscoring the
pronounced anisotropy in these measurements due to thickness-induced flux reduction in the parallel magnetic
field.

Comparing these curves with the perpendicular-field results, one observes that the parallel-field
correction is generally smaller—by a factor of about 2—4. Compared to the perpendicular orien-
tation, where phase-coherent loops can span an area on the order of ¢4 x £4, the maximum loop
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FIG. 4. (a) Dephasing magnetic field B4 vs temperature, showing B4 o T; (b) the corresponding phase-
coherence length ¢4 vs temperature, following €4 o< T~'/2; both panels (a) and (b) are obtained from
perpendicular (B, ) magnetoconductance; (c) effective thickness across the temperature range 5-30 K, obtained

from parallel (B)) magnetoconductance.
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dimension in parallel fields is limited to £4 x d. Since d < £4, the flux by such loops is reduced
by a factor d /{4, leading to the smaller magnetoconductance correction observed in the parallel
configuration.

To interpret the parallel-field data quantitatively, we used the AA model of Eq. (4). We obtained
By (T) from the perpendicular-field fits and fixed | at a single value for each film, leaving d as the
only adjustable parameter. The dark solid lines in Figs. 3(b) and 3(d) represent these AA fits from
5 to 30 K. The extracted values of d, shown in Fig. 4(c), range from about 9 nm at 5 K to roughly
13 nm at 30 K for the 40 nm sample, and from approximately 12 nm at 5 K to nearly 17 nm at 30 K
for the 70 nm sample. In both cases, d remains relatively stable across this temperature range, with
values well below the film physical thickness ¢.

One possible reason for d < ¢ is that the film effectively behaves as a single conductive region
whose thickness is reduced to d by morphological or chemical factors that limit conduction through
the full physical thickness. Roughness is evident from the topographic measurement in Fig. 1(d)
and reaches about 10 nm for the 40 nm thick sample. Inhomogeneities in the interlayer spacing stem
from the various hydration states, i.e., zero, one, or two equivalent water molecules layers between
neighboring flakes, as explained in detail by Célérier er al. [37]. This leads to broad (00£) peaks
and the presence of (00¢)" peaks in the XRD pattern (¢ = 2,4, 6, ...), which are clearly visible in
Fig. 1(b) for the samples in the present study. Finally, the surface terminations on both sides of
the MXene layers [T, pictured as red spheres in Fig. 1(a)] have a strong impact on the conduction
properties, because the Fermi level sits mostly on the 3d bands of the surface titanium atoms to
which surface terminations are attached (and not the core titanium or carbon atoms) [44]. Because
surface terminations are randomly distributed, inhomogeneties in the conduction properties are thus
expected at the local scale. All these inhomogeneities can lead to inhomogeneities in the current path
distribution; that is, some regions may be more conducting than others throughout the thickness of
the film, so that only a reduced thickness contributes effectively to the electron transport.

Alternatively, the film may act as a stack of multiple conductive sublayers, each one with
thickness d, that do not preserve phase coherence between neighboring flakes from the point of view
of WL, at least for the out-of-plane transport probed by parallel-field magnetoresistance. Indeed, the
films studied here comprise both single-layer as well as multilayer MXene flakes, so that the value
of d could be linked to the average flake thickness. Macroporosities have also been evidenced in a
previous work using transmission electron microscopy performed in a film cross section, as visible
in Fig. 1(e) in Ref. [45], and for which the sample preparation is identical as in the present work.
Both interflake decoupling (in the sense of multilayered flakes) and macroporosities could lead to
reduced phase coherence in the perpendicular direction, and thus to a reduced effective thickness
as probed by WL measurements. Such a phase decoupling has been observed in our previous work
[13] when the interflake spacing and macroporosities were maximized by measurement under low
(primary) vacuum. In this case, WL maintained 2D behavior even for thick samples. Under high
(secondary) vacuum on the contrary, it was shown that the interflake spacing and/or macroporosities
were reduced and the phase coupling between adjacent flakes was restored, so that thick samples
recovered 3D behavior regarding WL. In the present study, measurement are performed only under
high vacuum, so that such a decoupling is not expected. And indeed, the 700 nm thick sample shows
rather isotropic 3D WL behavior here, as parallel and perpendicular field magnetoresistances are
found to be identical. Therefore, the explanation of phase decoupling, although interesting, seems
less reasonable than simply current path inhomogeneities.

3. Parallel magnetoconductance with spin-orbit coupling

We now examine the parallel-field magnetoconductance at 2 K, shown in Fig. 5, for the 40 and
70 nm TizC, T, films. In contrast to the higher-temperature data, both samples exhibit a significant
negative magnetoconductance (NMC) at low magnetic field, indicative of WAL behavior (purple
data), which then evolves into a positive magnetoconductance at higher fields (red data).
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FIG. 5. Parallel magnetoconductance measured at 2K for (a) the 40 nm thick sample and (b) the 70 nm
thick sample. Experimental data are shown together with fits obtained from the AA model including spin-
orbit coupling (dark solid lines). The characteristic effective thicknesses and spin-orbit fields reported here—
specifically d = 15nm, By, = 0.14 T for the 40 nm sample in panel (a), and d = 22nm, By, = 0.165T for
the 70nm sample in panel (b)—are derived exclusively from the spin-orbit-inclusive fits, as the simplified
model without spin-orbit coupling fails to accurately capture the observed magnetotransport behavior. The
figure highlights regions of positive and negative magnetoconductance, emphasizing the role of spin-orbit
coupling under parallel magnetic field By.

Although quite weak, down to a maximum change in normalized magnetoconductance of —0.37,
the observed NMC stands out clearly above the measurement noise level (see Fig. 5) and is
reproducible among various samples, upon cooling and warming cycles, as well as upon increasing
or decreasing magnetic field with various sweeping rates. Heating effects can be ruled out because it
would correspond to a temperature decoupling of 0.58 K between the sample and the thermometer
at 2 K, as can be estimated from the resistance versus temperature measurement at zero magnetic
field in Fig. 2, which is unphysical in the present measurement configuration.

As a result, the observed NMC is to be considered as having a physical origin. As potential
causes, one cannot exclude the influence of other scattering regimes (or a combination thereof) that
would be so far unknown and unexplored in Ti;C,T, MXene films. However, the most straight-
forward interpretation for the observed NMC is to still consider WL as the dominant phenomenon
affecting the conductivity, and to simply explain the observed WAL as stemming from the presence
of spin-orbit coupling.

To determine whether spin-orbit coupling is responsible for the low-field WAL, we fit the data
using the parallel-field magnetoconductance model with spin-orbit coupling in Eq. (5), setting the
dephasing field By to the value obtained from the perpendicular magnetoconductance fit at 2 K. The
solid curves in Fig. 5 demonstrate that this model accurately reproduces both the WAL downturn
at low field and the positive magnetoconductance at higher field, thereby supporting our attribution
of this crossover behavior to spin-orbit coupling. From these fits, we obtain By, = 0.14 T for the
40 nm film and By, = 0.165 T for the 70 nm film, corresponding to spin-orbit dephasing lengths
of £y, =97 and 89 nm, respectively. These values are comparable to the values of £4 = 135 and
120 nm at 2 K [Fig. 4(b)], respectively, and therefore consistent with the emergence of a WAL-WL
crossover. Moreover, these spin-orbit fields—on the order of 0.1 T—align well with those reported
for other Ti-based materials such as Nb-doped SrTiOj [46] or SrTiOs-based interfaces [47,48].

Electronic transport in Ti3C, T, mainly involves 3d bands crossing the Fermi level, which are
formed with the d orbitals of the surface titanium atoms [44,49-51]. Generally speaking, heavier
elements favor relativistic effects such as spin-orbit coupling through the enhanced confinement of
electron orbitals, especially with d orbitals or heavier. Although Ti is one of the lightest elements
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FIG. 6. (a) Magnetoconductivity Ao vs magnetic field for a 700 nm thick Ti;C, T, sample at 12, 20, and
30 K, with circles/squares indicating parallel/perpendicular orientations. Solid curves are fits using a 3D weak
localization model. (b) Dephasing field B4 vs temperature, showing By, o< T. (c) Phase-coherence length £,
vs temperature, exhibiting £, oc T~'/2, indicative of electron-electron scattering as the primary decoherence
mechanism in this 3D regime.

involving d orbitals, notable spin-orbit coupling can already be induced in some Ti-containing
materials, such as strontium titanate [52]. Regarding Ti;C,T, MXene, there is no experimental
evidence of strong spin-orbit coupling apart from Jin et al. [23], but ab initio calculations predict,
for example, strong spin-orbit coupling together with Dirac point band structure at the Fermi level
in fully fluorine-terminated MXene Ti;C,F, [53]. Replacing titanium by the heavier tantalum atoms
in MXene also leads to strong spin-orbit coupling involving the d orbitals of tantalum [54]. As a
result, it is plausible to attribute WAL effect to atomic spin-orbit coupling involving the titanium d
orbitals in TizC,T, MXene.

C. 3D magnetoconductance analysis

We now examine the magnetoconductance in the 3D regime of Ti;C,T, films by investigating a
sample with thickness &~ 700 nm. Because this thickness is much larger than the phase-coherence
length ¢4, we indeed expect this film to endure 3D WL [13]. We measured the normalized
magnetoconductivity Ao /Gy for this 700 nm thick Ti3C,T, film as a function of the magnitude
of the magnetic field [Fig. 6(a)] under both perpendicular (squares) and parallel (circles) magnetic
fields at different temperatures. First, we observe that, for each temperature, Ao /Gy increases
monotonically, which is indicative of purely weak localization corrections. Second, the perpen-
dicular and parallel fields data are found to coincide nicely, indicating an isotropic nature of the
magnetoconductance in this thick film.

This isotropy contrasts sharply with the thinner films of Sec. IVB, in which the parallel
magnetoconductance was strongly reduced as compared to the perpendicular one. Indeed, in those
thinner samples where ¢ < £, the film thickness across the out-of-plane direction was the limiting
dimension for phase-coherent loops in parallel magnetic field orientation. However, once t > £4,
the thickness is no longer the limiting dimension—these loops are instead constrained by £g:
This is the three-dimensional weak localization regime, where magnetoconductance corrections are
independent of magnetic-field orientation and are described by the Kawabata equation (6).
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To study the isotropic magnetoconductance in our thick film, we simultaneously fit the parallel
and perpendicular data at each temperature using Eq. (6), with a single, fixed value of the prefactor
a3p across all temperatures, since «3p depends solely on the sample rather than on temperature. It is
expected that o3p > 1 because of the layered structure of the MXene film, with reduced out-of-plane
diffusion constant compared to the in-plane one. However, Eq. (6) indicates that «3p is also directly
affected by any uncertainty on the absolute value of the conductivity o. As commented in Ref. [13],
the fitted values of a3p for thick MXene films enduring 3D WL are found to lie around unity,
with, however, some scatter resulting from the uncertainty in the precise distribution of current
flow, which affects o. This may come from thickness inhomogeneities, surface roughness, and
importantly from inhomogeneities in the contact resistances between neighboring flakes, which
are highly sensitive to intercalated species. Such geometrical parameters are not accessible from
the present macroscopic transport measurements, so that no reliable information on the anisotropy
stemming from the layered structure can be extracted here. Interesting insights at the microscopic
scale have been recently put forward from conductive tip atomic force microscopy measurements
by de Leuze et al. [55,56].

The solid lines in Fig. 6(a) illustrate these fits, demonstrating excellent agreement with the exper-
imental data. From these simultaneous fits, we extract the dephasing field B, and phase-coherence
length £, as functions of temperature, shown in Figs. 6(b) and 6(c). The values of £4 (around 50 nm)
are similar to those of 2D WL in Sec. IV B, while somewhat smaller, probably because the models
and equations used for fitting are not exactly the same. However, we still find that By increases
linearly with T, while €4 follows a 7~'/? dependence, consistent with electron-electron scattering
as the primary decoherence mechanism. These trends are thus consistent with the results on thin
films enduring 2D WL in Sec. IV B, as well as with previous findings [13].

Moreover, unlike thinner 2D films—where weak antilocalization is observed in parallel fields
at low temperatures—no signature of WAL is observed here in the thicker (¢ > £4) Ti3C,T, film.
Indeed, parallel-field MC of thick film coincides with perpendicular field one, and both resemble the
perpendicular MC of thinner films, for which WAL is also absent. Possibly, weak antilocalization—a
quite faint effect here—becomes visible only for 2D parallel configuration because the overall MC
is much weaker. For example, in copper thin films studied by Barone et al. [31], WAL induces a
change in magnetoresistance of only 0.2 2 under perpendicular field, versus up to 1 €2 under parallel
field (see Fig. 3 in Ref. [31]). While WL and WAL both are phase-dephasing effects and should be
affected in a similar way by a magnetic field in theory, it appears from the experimental point of view
that the measurement of very weak WAL effect is facilitated under parallel field where the overall
magnetoresistance is reduced. Therefore, parallel MC of thin (r < £4) films may be an interesting
measurement configuration to investigate weak antilocalization and possible spin-orbit coupling in
MXene thin films.

V. CONCLUSION

We performed a comprehensive investigation of the low-temperature transport properties of
Ti;C,T, by focusing on the magnetoconductance correction under perpendicular and parallel
magnetic fields. We classified the films as 2D or 3D by comparing their thickness ¢ with the
phase-coherence length, €4, in agreement with previous work [13]. For both 2D (¢ < £4) and 3D
(t > £y) samples, fits to the perpendicular-field magnetoconductance with the relevant 2D and 3D
models allowed us to retrieve the coherence length (£4) and the dephasing magnetic field (By)
as a function of temperature, confirming that electron-electron scattering is the primary scattering
mechanism in this low-temperature regime. Furthermore, the extracted dephasing length is on the
order of 50-100 nm, which exceeds the film thickness of the 2D samples (40 and 70 nm), but is well
below the one of the thickest film (700 nm), confirming the classification of the samples depending
on their dimensionality.

We next examined the magnetoconductance of the 2D samples under a parallel magnetic field,
which is is strongly reduced as compared to the perpendicular one. The fit with the 2D WL
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model in the Altshuler-Aronov regime [42] reveals an effective thickness d ~ 15 nm that remains
constant across the measured temperature range, yet is notably smaller than the structural thickness
t, possibly because of sample inhomogeneities in thickness, roughness, surface terminations, or
species intercalation. At T = 2K, a small negative magnetoconductance emerges in this parallel-
field configuration, which is attributed to weak antilocalization arising from spin-orbit interactions
involving the d orbitals of the titanium atoms [52,53].

In contrast, for a much thicker film (# ~ 700 nm) where ¢ > £4, we observe that the parallel
and perpendicular field data coincide nicely; that is, the magnetoconductance is isotropic with
respect to the orientation of the applied magnetic field, which is consistent with 3D WL theory
[22]. What is more, the magnetoconductance remains positive for the 3D sample, meaning that
weak antilocalization, a weaker phenomenon, is not visible in this case because of the much larger
overall positive magnetoconductance background.

Our aim here is to highlight the relevance of including parallel-field magnetoconductance in
the study of magnetoconductance in MXene thin films. In particular, parallel-field magnetoconduc-
tance can provide valuable insights into the effective transport thickness and weak antilocalization
phenomena in these two-dimensional systems. Most importantly, we hope this approach will inspire
future research to include parallel magnetic fields when examining the transport properties of highly
conductive MXenes, e.g., vanadium or tantalum-based ones, which are also suspected to endure
weak localization, and possibly stronger spin-orbit coupling [54]. It would also be interesting to
explore how parallel magnetic fields might affect single-flake Ti;C, T, MXenes [57-59].
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