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Two-dimensional (2D) transition metal carbides and nitrides known 

20 as MXenes have shown attractive functionalities such as high 

electronic conductivity, a wide range of optical properties, versatile 

transition metal and surface chemistry, and solution processability. 

Although extensively studied computationally, the magnetic prop­

erties of this large family of 2D materials await experimental 

25 exploration. 2D magnetic materials have recently attracted signifi­

cant interest as model systems to understand low-dimensional 

magnetism and for potential spintronic applications. Here, we 

report on synthesis of Cr2TiC2Tx MXene and a detailed study of its 

magnetic as well as electronic properties. Using a combination of 

30 magnetometry, synchrotron X-ray linear dichroism, and field- and 

angular-dependent magnetoresistance measurements, we find 

clear evidence of a magnetic transition in Cr2TiC2Tx at approxi­

mately 30 K, which is not present in its bulk layered carbide 

counterpart (Cr2 TiAIC2 MAX phase). This work presents the first 

35 experimental evidence of a magnetic transition in a MXene material 

and provides an exciting opportunity to explore magnetism in this 

large family of 2D materials. 
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New concepts 

MXene is a large and rapidly growing family of 2D transition metal 

carbides, carbonitrides, and nitrides with outstanding electronic, optoe­

lectronic, mechanical, and thermal properties. Within less than a decade 

after the first MXene, Ti3C2T,, was discovered, more than 30 MXenes with 

different compositions have been experimentally synthesized. Given the 

large number of transition metals that can be included in their structure, 

MXenes have been predicted to form a plethora of 2D magnetic materials. 

However, their magnetic properties remain largely unexplored experi­

mentally. In this work, we provide an experimental evidence of a 

magnetic transition in Cr2TiC2T,, an ordered double transition metal 

carbide MXene, using a combination of magnetometry, spectroscopy, and 

magnetotransport measurements. This finding adds a new functionality 

to the MXene family and paves the way for further studies of magnetism 

in this large family of 2D materials. The desired magnetic properties can 

potentially be achieved by manipulation of the transition metal composi­

tions including solid solutions, C/N ratio, surface terminations, and 

interlayer magnetic coupling in MXenes. This multi-level control of 

magnetic properties is a unique advantage of MXenes compared to 

other existing 2D magnets. 

Introduction 

Following the realization of ferromagnetic ordering in mono­

layer Crl3 and ultrathin Cr2Ge2Te6,
1

'
2 there has been a surge in 

the discoveries of intrinsic 2D magnetic materials as well as 

their applications.3
-

14 However, most 2D magnetic materials

reported to date are produced either by mechanical exfoliation 

of van der Waals layered materials or sophisticated epitaxial 

growth on specific substrates. 5'
8 In addition, the ultrathin 

crystals are generally unstable under ambient conditions, so 

the experiments were either done in inert environments or an 

additional capping layer was required. This poses a challenge 

for both fundamental studies and the development of devices 

using the existing 2D magnetic materials. 

Two-dimensional transition metal carbides (MXenes) have 

received increasing interest in applications including energy 

storage, optoelectronics, plasmonic, and photonics. 15
•

16 With

several possible combinations of transition metals, a large 
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1 To study the magnetic properties of the Cr2TiC2T
x
, macro-

scopic quantities (tens of milligrams) of d-Cr2TiC2Tx MXene 
were synthesized and processed into a textured, free-standing 
paper (Fig. 2c). The magnetic properties measured from this 

5 film morphology inevitably include flake-to-flake coupling, 
which may affect the macroscopic signal obtained from the 
magnetometer. The primary characterization was completed by 
applying the magnetic field (H) within the plane of the sample, 
which is perpendicular to the c-axis of Cr2TiC2Tx

, assuming the 
10 papers are perfectly textured. The results are summarized in 

Fig. 3. In Fig. 3a, magnetization data obtained above 50 K from 
the MXene are compared to the full temperature-dependence of 
the parent MAX phase (Cr2TiAIC2); these results demonstrate 
that solution-based exfoliation to Cr2TiC2Tx 

greatly enhances 
15 the magnetization. Above 100 K, the Cr2TiC2Tx sample shows a 

local-moment paramagnetic response that can be well­
described using the Curie-Weiss model. For H = 10 kOe, fitting 
the data between 100 and 350 K yields an effective moment of 
2.73 µ8 per Cr atom and a Weiss temperature (0) of -30.3 K (red 

20 line Fig. 3a). The effective moment is slightly reduced from that 
expected for Cr3+ (3.86 µ8 per Cr atom) but is fairly similar to 
that predicted by DFT for this MXene ( ~2.6 µ8 per Cr atom).26 

The negative Weiss temperature indicates dominant antiferro­
magnetic interactions. The parent MAX phase shows only Pauli 

25 paramagnetic behavior, where the magnetization is relatively 
independent of temperature and much smaller than in the 
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exfoliated material. This suggests that conversion of MAX to 
MXene produces a local moment on Cr in Cr2TiC2Tx and 
illustrates that residuals of the MAX phase cannot account for 
the observed magnetic transition. 

The magnetic transition at Tr ~ 30 K in Cr2TiC2Tx is 
evidenced through a bifurcation of the zero-field-cooled (ZFC) 
and field-cooled (FC) de magnetization (Fig. 3b and Fig. S4, 
ESit) as well as by a maximum in the ac susceptibility (Fig. 3c). 
The in-phase component x' of the ac susceptibility is shown in 
Fig. 3c and the small out-of-phase contribution is shown in Fig. 
S5 (ESit). x' has a slight frequency dependence, suggesting a 
spin freezing transition to a glassy state. Consistent with this, 
we found that the bifurcation of the ZFC-FC de magnetization 
data is decreased as the applied field increases (Fig. S4a, ESit ). 
The isothermal magnetizations M(H) are shown in Fig. 3d and 
e. The small and linear M(H) observed for Cr2TiAIC2 is expected
for this Pauli paramagnetic phase, while the MXene sample has
a much larger induced magnetization with strong curvature in
M(H) at 5 K (Fig. 3d). Close inspection reveals a remanence
(non-zero moment at H = o) after decreasing the field from 60
kOe. However, this data does not imply ferromagnetic behavior
because the net moment is small relative to the effective
moment and a time-dependent decay of the remanent magne­
tization is observed, as shown in Fig. 3f. Similarly, a slow
increase in magnetization is observed at 10 K upon applying
a magnetic field following an initial zero-field-cooled (Fig. S4b,
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Fig. 3 Magnetic characterization of Cr2TiC2Tx MXene and Cr2TiAlC2 MAX phase. (a) Field-cooled (FC) magnetization of Cr2TiC2Tx MXene (black) and 

Cr2TiAlC2 MAX phase (blue) measured using 10 kOe external magnetic field. The data from Cr2TiC2Tx was fitted with Curie-Weiss (CW) model. (b) Zero­

field-cooled (filled squares) and field-cooled (empty circles) magnetization from 5-45 K of Cr2 TiC2 Tx MXene. (c) In-phase component of ac susceptibility 

measured at zero de field with an amplitude of 5 Oe and frequencies ranging from 2-221 Hz. (d) Field-dependent magnetization of Cr2TiC2Tx MXene 
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55 (black) and Cr2TiAlC2 MAX phase (blue) measured at 5 K. (e) Field-dependent magnetization of Cr2TiC2Tx MXene measured at 40 K (orange) and 100 K 55 
(black). (f) Time-dependent magnetization measured after cooling Cr2TiC2Tx MXene from 300 K to 2 K in 60 kOe external field. 
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1 the change of the %MR magnitude coincides almost perfectly 

with the divergence observed in the ZFC and FC measurements, 

pointing to a coupling between magnetic and electronic trans­

port properties. One possible explanation of the negative MR 

5 arises from a reduction of spin-dependent scattering of 

carriers.47 It is very unlikely that impurity oxide particles (if 

there are any presence in the sample) are accountable for both 

the peak in ZFC curve and the macroscopic magnetotransport 

behaviors of the MXene. We note in passing that, in contrast to 

10 a classical quadratic magnetoresistance, the MR observed in 

Cr2TiC2Tx is linear above ±20 kOe as shown in Fig. S12 (ESit). 

Similar MR behavior was also observed in the sample annealed 

at 500 °c (Fig. S10, ESit ), suggesting that the magnetotransport 

behavior is independent of intercalant and/or surface 

15 termination. 

Angular-dependent magnetoresistance (AMR) measure­

ments, where the longitudinal resistance (Rxx) and Hall resis­

tance (R
xy

) of a d-Cr2TiC2Tx free-standing film are recorded as it 

is rotated with respect to H, provide further evidence of the 

20 magnetic transition and coupling between magnetic and elec­

tronic transport properties. Here, H is perpendicular (parallel) 

to the sample surface at 0° (90°), see Fig. S13, ESit and 

Experimental Section. We define the normalized AMR as (Rw 

- Rw=o)IRw=o x 100%, where co is the angle between the applied

25 field direction and the sample surface; Rw and Rw=o are the 

resistance values measured at co and 0°, respectively. Shown in 

Fig. 4d are normalized Rxx of Cr2TiC2Tx measured from 15 to 

50 K with H = 90 kOe. Strikingly, Rxx shows a clear difference 

between that measured above and below Tc. At 35 and 50 K, Rxx 

30 exhibits an almost identical functional form analogous to sin2co 

with two maxima at around 90° and 270°. However, it changes 

to a different functional form with two minima at lower 

temperatures and the magnitude of the minima increases with 

decreasing temperature. Note that at 35 K and above, the 

35 resistance is maximum when His parallel to the sample surface 

(90°), while the opposite is true at 30 K and lower temperatures. 

This suggests the presence of an anisotropic magnetoresistance 

component, which might stem from anisotropic magnetization 

of the Cr2TiC2Tx below Tc. Similar changes in the shape of R
xy 

40 are observed below 30 K, as presented in Fig. S13 (ESit). 

Although the magnetotransport property of MXenes is not 

well-understood,48 this abrupt change of the magnetoresis­

tance at the magnetic transition temperature provides further 

evidence of a coupling between magnetic and magnetoelectro-

45 nic transport of Cr2TiC2Tx. For comparison, the paramagnetic 

Ti3C2Tx MXene shows negligible difference in AMR between 10 

and 50 K (Fig. S15, ESit). 

5
° Conclusions 

In summary, we presented clear evidence of a magnetic transi­

tion in 2D Cr2TiC2Tx MXene at ~30 K, which was not observed 

in its Cr2TiAIC2 MAX precursor. Magnetometry reveals a clear 

55 bifurcation in the macroscopic magnetization as measured 

under ZFC and FC conditions, along with the presence of glassy 

8 I Nanoscale Horiz., 2020, 00, 1-9 
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dynamics in the low-temperature state. The divergence of the 1 

ZFC-FC magnetization is accompanied by a significant increase 

in magnetoresistance that is negative, linear and non­

saturating up to 90 kOe below Tc. The demonstration of a 

magnetic transition in the Cr2TiC2Tx demonstrates the feasi- 5 

bility of MXenes to host magnetic interactions and lays the 

groundwork for future studies of magnetism in this relatively 

new and rapidly growing family of 2D transition metal carbides 

and nitrides. 
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