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The magnetic state of atomically thin semiconducting layered antiferromagnets such 

as CrI3 and CrCl3 can be probed by forming tunnel barriers and measuring their 

resistance as a function of magnetic field (H) and temperature (T). This is possible 

because the tunneling magnetoresistance originates from a spin-filtering effect 

sensitive to the relative orientation of the magnetization in different layers, i.e., to the 

magnetic state of the multilayers. For systems in which antiferromagnetism occurs 

within an individual layer, however, no spin-filtering occurs: it is unclear whether 

this strategy can work. To address this issue, we investigate tunnel transport through 

atomically thin crystals of MnPS3, a van der Waals semiconductor that in the bulk 

exhibits easy-axis antiferromagnetic order within the layers. For thick multilayers 

below T ~ 78 K, a T-dependent magnetoresistance sets-in at !"# ~ 5 T, and is found 

to track the boundary between the antiferromagnetic and the spin-flop phases known 

from bulk magnetization measurements. The magnetoresistance persists down to 

individual MnPS3 monolayers with nearly unchanged characteristic temperature and 

magnetic field scales, albeit with a different dependence on H. We discuss the 

implications of these finding for the magnetic state of atomically thin MnPS3 crystals, 

conclude that antiferromagnetic correlations persist down to the level of individual 
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monolayers, and that tunneling magnetoresistance does allow magnetism in 2D 

insulating materials to be detected even in the absence of spin-filtering.  

 

Probing the occurrence of magnetism in atomically thin crystals(1-5) is difficult because 

experimental techniques that are conventionally applied to bulk crystals (neutron 

diffraction(6, 7), magnetization measurements(8, 9), etc.) are not sufficiently sensitive to 

work at the atomic scale. Recent work on so-called layered antiferromagnets(5, 10-21) has 

shown that measuring the temperature-dependent magnetoresistance of tunnel barriers 

provides information about their magnetic state, and even allows their magnetic phase 

diagram to be determined(22). That is so because in these antiferromagnets the spins within 

each individual layer are ferromagnetically aligned, and their magnetic state is fully 

determined by the relative orientation of the layer magnetization vectors(12, 15, 20, 21). 

For magnetic configurations of this type, the sensitivity of the magnetoresistance to the 

magnetic states originates from a spin-filtering effect, such that aligning the magnetization 

of individual layers causes a reduction in resistance(12-15, 20-25). For van der Waals 

(vdW) compounds in which antiferromagnetism occurs within an individual layer, 

however, no such spin-filtering effect is present, the same logic does not apply. For 

atomically thin crystals –and certainly for monolayers– this situation is problematic, 

because if transport measurements cannot be used, it is not obvious what other technique 

could be employed to detect antiferromagnetism (for interesting attempts based on Raman 

spectroscopy see Ref. (26, 27)). To address this issue, we perform tunneling 

magnetoresistance measurements on atomically thin crystals of MnPS3 and show that they 

allow tracking experimentally the phase boundary between the antiferromagnetic and the 

spin-flop phases of these 2D systems, all the way down to the ultimate limit of individual 

monolayers.  

 

MnPS3 is an exfoliable 2D material(25, 28-30) whose properties in bulk form have been 

investigated in the past. It is known that in bulk MnPS3 crystals antiferromagnetism sets in 

at TN = 78 K with the spins of the manganese atoms ordering within individual layers, and 

pointing nearly perpendicularly(31) to them due to an easy-axis out-of-plane anisotropy 
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(Fig. 1(a))(6). As the antiferromagnetic exchange is much stronger than the anisotropy 

energy(32), upon the application of magnetic field perpendicular to the layers a spin-flop 

transition(33, 34) occurs at $%&. In the spin-flop state the magnetic moments on the Mn 

atoms preserve their antiferromagnetic ordering, but re-align to point predominantly in the 

plane, with an out-of-plane component that increases upon increasing H (Ref. (7)). The 

spin-flop transition in bulk MnPS3 crystals is easy to detect, as its occurrence is signaled 

by a well-defined onset of the out-of-plane magnetization M (red curve in Fig. 1(b)), and a 

concomitant peak in the differential magnetic susceptibility χ( = *

+,

-.

-/
	  centered at 

µ2$%& = 5.3	6 (blue curve in Fig. 1(b)). At a more microscopic level, theoretical analyses 

of early experiments as well as more recent experimental work indicate that long-range 

magnetic dipolar interactions play an important role in stabilizing the antiferromagnetic 

state in MnPS3, and in accounting for its properties(7, 35-38). 

 

These characteristics make MnPS3 an ideal candidate to explore whether it is possible to 

investigate the evolution of the magnetic state down to individual monolayers by means of 

tunneling magnetoresistance measurements. If dipolar interactions are as important as 

currently believed, the effect of fluctuations on the magnetic state is suppressed at low 

temperature and antiferromagnetism can persist in the two-dimensional limit, without a 

drastic reduction in transition temperature as compared to the bulk(39) (indeed, Mermin-

Wagner theorem that precludes the existence of long-range order in 2D is valid for short 

ranged interactions and does not apply if long-ranged dipolar interactions play a relevant 

role). Additionally, the occurrence of the spin-flop transition at experimentally accessible 

values of applied field provides a hallmark signature of the antiferromagnetic state that we 

can search for in tunneling magnetoresistance measurements. Specifically, for MnPS3 

multilayers that are sufficiently thick we expect the signatures of the spin-flop transition to 

occur at the same temperature and magnetic field as in bulk crystals, enabling its 

identification. Once the manifestation of the spin-flop transition on the tunneling 

magnetoresistance has been identified, we can proceed to probe whether the phenomenon 

persists as the MnPS3 thickness is decreased down to a single monolayer.  
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Following this strategy, we have performed magnetoresistance measurements on MnPS3 

tunnel barriers with thickness ranging from 13-layer down to an individual monolayer. The 

devices consist of an atomically thin MnPS3 crystal contacted with few-layer graphene 

stripes in a cross geometry (see the inset of Fig. 1(c)), and encapsulated between two 

exfoliated boron nitride crystals (to prevent MnPS3 degradation the devices are assembled 

in a glove box with controlled Nitrogen atmosphere, see Supplementary Information for 

details). The very weak temperature dependence of the resistance measured at low T –as 

contrasted to the thermally activated behavior observed at higher T (see Fig. 1c)– indicates 

that low-temperature transport does indeed occur in the tunneling regime(40). For barriers 

up to 4-layer thick, direct tunneling gives a sufficiently large current to be detected 

experimentally, resulting in linear I-V curves at low bias. For thicker barriers the 

probability for direct tunneling is too small and a large bias needs to be applied to generate 

a measurable current, resulting in strongly non-linear I-V curves (Fig. 1(d)). In this latter 

case, tunneling occurs in the so-called Fowler-Nordheim regime(41, 42), with 78 9

:;
  

scaling linearly with  *
:
 , i.e. 78 9

:;
= 	−

=> ?@∗BC
D

EℏG

H

:
+ J (see Fig. 1(e); here J = I/S, with S 

the junction area,  N is the number of layers, t = 0.65 nm the interlayer separation, KL is 

the barrier height, m* the effective mass of MnPS3, and e the electron charge). In agreement 

with expectations, the conductance in the linear regime decreases exponentially with 

increasing the multilayer thickness M = N×P  (Fig. 1(f)), and in the Fowler-Nordheim 

regime the coefficient Q of proportionality between 78 9

:;
  and  *

:
 decreases linearly with d 

(Fig. 1(g))(41). From the slopes of these two curves we can estimate the height of the tunnel 

barrier in few-layer graphene/MnPS3 devices, as well as the effective mass R∗	in MnPS3, 

which we find to be respectively KL ≅ 	440 meV and R∗ ≈ 0.5	R2	(with R2  the free-

electron mass). 

 

We start by searching for the presence of tunneling magnetoresistance 	η($) = Z / [Z 2

Z 2
 

in relatively thick multilayers, to establish whether the occurrence of the spin-flop 
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transition does give origin to a detectable signal. To this end, we measure the temperature 

and magnetic field dependence of the resistance of tunnel barriers realized using N = 13 

(13L) and N = 6 (6L) MnPS3 multilayers (Fig. 2(a) and 2(b)). For both devices at low 

temperature, the resistance is independent of applied field $ up to a threshold µ2$* ≅ 5 T 

–very close to the magnetic field value at which the spin-flop transition is seen in bulk 

crystals (Fig. 1(b)). Above this threshold a pronounced increase takes place and, as the 

applied field is increased further, a change in slope of the magnetoresistance occurs at 

µ2$? ≅ 7.5  T. For both 13L and 6L MnPS3 multilayers, the total low-temperature 

magnetoresistance that we observe at the highest field reached in our experiments (µ2$ ≅

12  T) is approximately 15 %, much smaller than in tunnel barriers of layered 

antiferromagnetic insulators(12, 15, 20-22), but still sizable and easily measurable.   

 

Upon increasing temperature T, the magnitude of the magnetoresistance decreases and 

eventually disappears (becomes comparable to the noise) for T between 70 and 80 K (Fig. 

2(a) and (b)). In order to identify more precisely the value of T at which the resistance stops 

depending on magnetic field, we plot the magnetoresistance at a fixed value of $ as a 

function of temperature, and extrapolate the data points to determine the value of T for 

which the magnetoresistance vanishes; see Fig. 2(c) for the 13L device and Fig. 2(d) for 

the 6L device. For the 13L and 6L devices we find that the magnetoresistance vanishes for 

temperature higher than 76±5  K and 78±3  K respectively, very close to the Néel 

temperature TN = 78 K of bulk MnPS3 crystals(43). Within the experimental precision, the 

extracted values do not depend on the specific value of $ used to perform the analysis, see 

Fig. 2(c) and 2(d). We emphasize, nevertheless, that care is needed in comparing the 

observed onset temperature to the Néel temperature, because the observation of any 

magnetoresistance requires a field `2$ > 5 T to be applied whereas the Néel temperature 

is defined as the transition from the paramagnetic to the antiferromagnetic state at zero 

applied field. Indeed, as we make clear below, the onset temperature for the appearance of 

magnetoresistance corresponds to the critical temperature for the transition between the 

spin-flop and the paramagnetic state. 
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The measurements just discussed show that the 13L and the 6L devices exhibit a virtually 

identical behavior, in agreement with the notion that their thickness is sufficiently large to 

approach the magnetic behavior of bulk MnPS3 crystals. Consistently with this conclusion, 

all observations appear to indicate that the characteristic magnetic and temperature scales 

detected in the tunneling magnetoresistance coincide with those at which magnetic phase 

transitions take place in bulk crystals. To establish the nature of the relation between the 

magnetoresistance of atomically thin multilayers and magnetic phase boundaries in bulk 

MnPS3 more precisely, we represent the magnetoresistance measured on the 6L device as 

a color plot (Fig. 3(a)). Onto the same plot we overlay the spin-flop field Hsf as a function 

of temperature (orange diamond) and the Néel temperature TN as a function of magnetic 

field (orange circle), obtained by Goossens et al. in their systematic study of MnPS3 bulk 

magnetization(9). The orange diamonds outline the boundary between the 

antiferromagnetic phase stable at low field and the spin-flop phase that is stable at higher 

field: it is apparent from Fig. 3(a) that this phase boundary coincides with the observed 

onset of the magnetoresistance in the 6L tunnel barrier (note how the temperature for the 

transition between the paramagnetic and antiferromagnetic states is nearly independent of 

H. This is why the onset temperature for the occurrence of magnetoresistance at  `2$ > 5 

T corresponds well to the value of TN in the bulk).  

 

The results of these measurements already allow us to draw two important conclusions. 

First, a sizable tunneling magnetoresistance is present in MnPS3 despite the absence of any 

spin-filtering effect. Without discussing the microscopic mechanism responsible for the 

measured magnetoresistance in MnPS3 (see below), we emphasize that a difference with 

previously investigated layered antiferromagnets is clear, since in MnPS3 the 

magnetoresistance is positive whereas in CrI3 and CrCl3 it is negative. The second 

important conclusion is that the analysis of the temperature and magnetic field dependence 

of the tunneling resistance of the 13L and 6L MnPS3 devices allows the presence of the 

magnetic transition from the antiferromagnetically ordered state to the spin-flop state to be 

unambiguously detected (see Fig. 3(a)). It is this sensitivity of the tunneling 
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magnetoresistance to the phase boundaries that provides useful information about the 

magnetic state of the barrier material.  

 

Interestingly, magnetoresistance measurements appear to be more sensitive to details of 

the magnetic state than measurements done on bulk crystals. This is illustrated by the 

observation of two distinct characteristic fields $*  and $?  –having virtually identical 

values in both the 13L and 6L devices, see Fig. 2(a) and 2(b)– and not of a single spin-flop 

field. The “splitting” of the spin-flop transition has been predicted theoretically for 

antiferromagnets whose magnetic anisotropy originates from both on-site and inter-site 

anisotropy(44-49), since in the appropriate regime the competition between these 

anisotropy terms makes the magnetic state evolve through a sequence of distinct steps as 

H is swept from below H1 to above H2. In simple terms, the transition from the 

antiferromagnetic to the spin-flop state occurs through intermediate spin configurations, 

such that for H1 < H < H2 the antiferromagnetically coupled spins are oriented along a 

direction that evolves gradually from being parallel (at H = H1) to perpendicular (at H = 

H2) to the applied field (details depend on the precise values of microscopic parameters). 

In experiments on bulk crystals, the competition of different anisotropy terms has indeed 

been invoked to interpret neutron scattering experiments on MnPS3 (Ref. (50)), but a 

splitting of the spin-flop transition was never reported in magnetization measurements 

because inhomogeneity and disorder (such as domain walls(33)) cause a large broadening 

of the corresponding peak in the magnetic susceptibility (Fig. 1(b)). Owing to their very 

small size, tunnel barrier devices are much less influenced by inhomogeneity of structural 

and magnetic origin as compared to bulk crystals, enabling subtler features to be detected.  

Under these conditions, we compare the characteristic fields observed in the 13L and 6L 

with the bulk spin-flop field $%&, by defining –inspired by theory(44)– an “effective” spin-

flop field $%&G = $*×$? . Fig. 3(b) shows that $%&G  matches well $%&  throughout the 

temperature range investigated, which strengthens our confidence in the proposed 

interpretation of the fields $* and $?.  
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Irrespective of these details, having observed tunneling magnetoresistance in thick MnPS3 

multilayers and identified the presence of a spin-flop transition as a distinctive signature of 

antiferromagnetism, we are now in the position to extend our experiments to the ultimate 

limit of individual monolayer barriers. The results of measurements performed on mono- 

and bilayer tunnel barriers –shown in Fig. 4(a) and 4(b)– exhibit important similarities as 

well as clear differences to the behavior observed in the 13L and 6L devices. Notable 

differences are the functional dependence of the magnetoresistance, which starts varying 

already for small applied magnetic field (without a threshold as for thick multilayers), and 

its larger magnitude (in monolayer, the magnetoresistance reaches values close to 100%, 

as compared to 15% observed in the 13- and 6-layer devices). The similarities are more 

telling. The magnetoresistance exhibits a characteristic magnetic field scale –the position 

of the pronounced peak observed in Fig. 4(a) and 4(b)– that  corresponds well to the spin-

flop field measured in thicker multilayers: the peak occurs at µ2$ ≅ 4 T in monolayers 

and at µ2$ ≅ 5 T in bilayers (close to µ2$%& = 5.3 T, the spin-flop field in bulk MnPS3). 

Even more strikingly, the magnetoresistance starts depending on temperature as T is 

lowered below approximately 75 K (respectively 78±5 K and 74 ± 5 K, see Fig. 4(c) and 

4(d)), i.e. nearly exactly the temperature values observed in the 13L and 6L devices. These 

findings are summarized in Fig. 4(e) and (f). Fig. 4(e) shows the evolution of the 

characteristic field extracted from the magnetoresistance measurements as a function of 

multilayer thickness (for 13L and 6L the plotted value corresponds to $%&G = $*×$?, see 

discussion above), and compares it with the spin-flop field of bulk MnPS3 (represented by 

the dashed horizontal line).  Fig. 4(f) does the same thing for the characteristic temperature 

that, within the experimental uncertainty, is essentially independent of thickness and 

coincides with the bulk Néel temperature.  

 

Finding that a pronounced tunneling magnetoresistance continues to be observed as the 

MnPS3 thickness is reduced allows us to conclude –directly from the experimental data– 

that magnetism persists in mono and bilayer MnPS3 (simply because non-magnetic tunnel 

barriers such as hBN(51, 52) exhibit no tunneling magnetoresistance). This is a non-trivial 

conclusion, because it has been very recently suggested on the basis of temperature-
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dependent Raman measurements that monolayer MnPS3 is non-magnetic(27). To extract 

information about the nature of the magnetic state in mono and bilayer MnPS3, we start by 

discussing the aspects of the measured magnetoresistance that are common to all layers, 

irrespective of their thickness. In particular, for sufficiently thick MnPS3 multilayers (i.e., 

the 13L and 6L devices) the T- and H-dependence of the magnetoresistance onset precisely 

tracks the temperature evolution of the spin-flop field (see Fig. 3(a)), which allows us to 

conclude with confidence that in these multilayers the magnetic state coincides with that 

of bulk crystals (i.e., it is an antiferromagnetic state at low applied field, for `2$ < 5T). In 

mono and bilayers the dependence of the magnetoresistance on H differs from that 

observed in the 13L and 6L devices –indicating that the magnetic state is also different– 

but the magnetic field and temperature scale extracted from the experiments remain nearly 

unaltered (Fig. 4(e) and 4(f)). From this observation we infer that a spin-flop transition 

persists down to the ultimate thickness of individual monolayers and –since such a 

transition is characteristically associated to weakly anisotropic antiferromagnetic ordering– 

we conclude that antiferromagnetic correlations remain present even in the ultimate limit 

of individual monolayers.  

 

These conclusions are robust because they rely on qualitative features directly visible in 

the measured tunneling magnetoresistance, which allow boundaries of the magnetic phase 

diagram to be tracked. Establishing more quantitative information about details of the 

magnetic states is however difficult, because the only experimentally accessible physical 

quantity in our measurements is the dependence of the tunneling resistance on magnetic 

field and temperature, for which there currently exists no well-defined microscopic model 

to perform a quantitative analysis. For instance, the statement that antiferromagnetic 

correlations persist all the way down to individual monolayers does not necessarily imply 

that these correlations are long-ranged. As we discussed in the introduction, owing to the 

presence of dipolar interactions in MnPS3, long-range antiferromagnetic order can persist 

in monolayers, but to generate tunneling magnetoresistance a short correlation length is 

likely sufficient (on physical grounds, magnetic correlations over a length comparable to 

the Fermi wavelength in the tunneling electrodes are probably enough). For the same 
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reason, we cannot conclude whether the different magnetic field dependence of the 

resistance observed in mono and bilayers as compared to 13L and 6L devices originates 

from differences in the ground state spin-configuration (certainly expected, since –in the 

presence of long-range dipolar interactions– reducing the number of layers also reduces 

the energy balance determining the spin configuration) or from enhanced spin-fluctuations 

(always present upon reducing dimensionality).  

 

Detailed microscopic models to describe tunneling transport through magnetic barriers will 

need to be developed to answer this type of questions. At this stage we can only try to 

identify physical mechanisms determining the magnetoresistance of magnetic tunnel 

barriers. An obvious one is that, in the presence of spin-orbit interaction, a change in 

magnetic state leads to a modification in the band structure. In a semiconducting material 

such as MnPS3 this can cause a change in the size of the band gap, and therefore in the 

height of the tunnel barrier ϕd in our devices. Indeed, the MnPS3 band structure obtained 

from ab-initio calculations shows clear differences in the antiferromagnetic and in the spin-

flop states (see respectively the blue and red lines in Fig. 3(c)), with the degeneracy 

between K and  K’ valleys that is lifted in the antiferromagnetic state(53) and recovered in 

the spin-flop phase. As a result of these differences, the band gap of MnPS3 is slightly 

larger (by an amount of the order of 10 meV) in the spin-flop phase, in accord with the 

observed increase in resistance as $ > $%&. Albeit possibly only coincidental –because the 

precision of ab-initio methods to determine quantitatively semiconducting band gaps is 

limited– the calculations capture the correct order of magnitude of the effect: with the 

height of the tunnel barrier estimated from the analysis of tunneling process, ϕd ≈ 440 

meV, the 15% magnetoresistance observed in the 13L and 6L devices requires a variation 

Δϕd ≅ 10  meV.  Extending this analysis beyond an order of magnitude estimate is 

however complex, because detailed calculations of the H-dependent tunneling resistance 

require as input the spin-configuration as a function of applied field. 
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It is clear from these considerations that a great deal of theoretical work will be needed to 

analyze the details of the electron tunneling processes in antiferromagnetic tunnel barriers, 

and to extract microscopic information about the magnetic state of atomically thin MnPS3 

layers from the field dependence of the tunneling magnetoresistance (e.g., information 

about spin fluctuations, correlation length, etc.). Nevertheless, even just the fact that 

tunneling magnetoresistance measurements enable the persistence of antiferromagnetic 

correlations to be confirmed down to individual monolayers is an important finding, since 

it is very far from obvious which other experimental routes could be followed to establish 

such a conclusion. For ferromagnetic monolayers, Kerr effect(5) or direct 

magnetometry(54) have been recently demonstrated as possible techniques, but these same 

techniques would not work in the absence of a net magnetization. Possibly, spin polarized 

scanning tunneling microscopy(55) could be an alternative, but the technical complexities 

of performing such experiments on monolayer antiferromagnets are considerably higher 

(even more so if we consider the demands that this technique poses on sample preparation). 

The observations reported here, therefore, are not only relevant because they reveal the 

persistence of antiferromagnetic correlations in the truly 2D limit of individual monolayers, 

but also because they open a new experimental route that can be applied to a broad class 

of 2D antiferromagnetic materials.  
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Figures 

 

Figure 1. MnPS3 tunnel junctions. (a) MnPS3 crystal structure, illustrating the 

antiferromagnetically aligned spins on the Mn atoms (note: past neutron studies have 

shown that the spin direction is not exactly perpendicular to the layers). (b) Magnetization 

(red curve) and differential magnetic susceptibility (blue curve) of bulk MnPS3 measured 

at T = 10 K as a function of perpendicular magnetic field. A spin-flop transition around 

`2$ ≅ 5 T manifests itself in the increase of magnetization accompanied by a peak in 

differential susceptibility. (c) Resistance of a 6-layer MnPS3 device measured with 1.6 V 

(red) and 1.8 V (blue) applied bias, showing a thermally activated behavior at high T 

followed by near saturation at low T, indicative of tunneling transport. The inset shows an 

optical microscope image of a device (the nano-fabricated gold pads, labelled with A, B, 

C, and D, contact the graphene stripes acting as electrodes; the white, blue and red dashed 

lines outline respectively the MnPS3, graphene, and top hBN layer. The blue background 

is the bottom hBN flake. The bar is 5 µm). (d) Tunneling current density j measured at T = 

1.5 K as a function of bias for MnPS3 barriers of varying thicknesses (see the legend). (e) 

At high bias, in the Fowler-Nordheim tunneling regime, ln h

:;
 is proportional to H

:
  (with N 

the number of MnPS3 layers). (f) The linear tunneling conductance (per unit area) Gsq = 

j/V decreases exponentially with MnPS3 thickness M = N×P  (here t = 0.65 nm is the 

interlayer separation), and (g) the coefficient Q  of proportionality between ln h

:;
 and H

:
 

decreases linearly with d, as expected (the dashed green lines are linear fits to the data).  
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Figure 2. Tunneling magnetoresistance of thick MnPS3 multilayers. Tunneling 

magnetoresistance i	 $ = Z / [Z(2)

Z(2)
 measured at different values of temperature T (as 

indicated in the respective panels) on a 13-layer (a) and a 6-layer (b) MnPS3 tunnel barrier 

devices, showing virtually identical behavior (in both panels data are offset for clarity; at 

all temperatures i	 $ = 0 = 0 ). At low temperature, the tunneling resistance is 

independent of field up to approximately `2$* ≅ 5 T, and increases past this threshold 

with a change in slope at `2$? ≅ 7.5  T (see the blue arrows). Upon raising T, the 

magnetoresistance onset $* shifts to higher values and the magnetoresistance magnitude 

decreases; the field $?  at which the slope of the magnetoresistance changes is 

approximately temperature independent (see the dashed blue lines). The magnetoresistance 

vanishes as T is increased past 75 ∼  80 K, as determined by extrapolating the 

magnetoresistance measured at a fixed $ as a function of T (see panels (c) and (d) for the 

13- and 6-layer device respectively).  

 



18	
	

 

Figure 3. Spin-flop transition probed by tunneling magnetoresistance in thick MnPS3 

multilayers.  (a) Color plot of the tunneling magnetoresistance i	 $, 6  of 6-layer MnPS3, 

as a function of applied magnetic field (from -12 to + 12 T) and temperature (from 1.5 to 

120 K). The values of the spin-flop field Hsf as a function of T (orange diamonds) and of 

the Néel temperature TN as a function of `2$	 (orange circles) extracted from past 

measurements on bulk MnPS3 crystals (Ref. (9)) are overlaid on the same plot: note how 

the onset of magnetoresistance as a function of `2$	and T coincide with the T-dependent 

spin-flop field Hsf(T). (b) Temperature dependence of the characteristic fields H1 (black 

circles) and H2 (red circles) measured on a 6-layer tunnel barrier (see Fig. 2(b)), plotted 

together with the effective spin-flop field $%&G = $*	×$? (blue triangles; see main text) 

and with the spin-flop field Hsf measured on bulk crystals as reported in Ref. (9) (orange 

diamonds). It is apparent that Hsf and $%&G  nearly coincide throughout the temperature range 

investigated. (c) Electronic band structure of MnPS3 monolayers obtained from ab-initio 

calculations performed assuming the system to be in the antiferromagnetic phase (blue 

curves) or in the spin-flop phase (red curves). The inset zooms in at the bottom of the 

conduction band, showing that in the antiferromagnetic state the bottom of the conduction 

band near the K point is lower in energy, resulting in a slightly smaller energy gap and, 

accordingly, in a lower height of the MnPS3 tunnel barrier.  
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Figure 4. Persistence of antiferromagnetic correlations in mono- and bilayer MnPS3. 

Tunneling magnetoresistance il	 $  of monolayer (a) and bilayer (b) MnPS3 as a function 

of applied field, measured as T is increased from 10 to 120 K in 10 K steps. A small T-

independent magnetoresistance persists up to the highest temperature of our measurements, 

likely due to the graphene electrodes (mono and bilayer devices have much smaller 

resistance than thicker tunnel barriers and the contact magnetoresistance is not entirely 

negligible; see also supplementary information), which is why we plot il	 $, 6 ≡

	i $, 6 − 	i $, 6 = 120	n . il	 $, 6  starts deviating from zero as T is lowered below 

approximately 75 ∼  80 K (comparable to what is found in 13L and 6L devices) and 

increases upon cooling. In mono and bilayer devices il	 $, 6  exhibits no threshold at low 

field and peaks respectively at `2$ ≅ 4 T and `2$ ≅ 5 T, just slightly smaller than the 

bulk spin-flop field.  Panels (c) and (d) show the peak magnetoresistance as a function of 

T, and its extrapolation to the value of T for which il vanishes (78 and 74 K for mono and 

bilayer, respectively, in both cases with an error of approximately 5 K; the inset in (c) 

zooms in on the region close to the critical temperature). Panel (e) and (f) show the 

characteristic magnetic fields (the position of the peak in mono and bilayers, and the value 

of $%&G  in 13- and 6-layer devices), and the temperature at which magnetoresistance 

vanishes for all devices, as a function of layer number. The horizontal orange dashed line 

in the two panels indicate the bulk Néel temperature TN and the spin-flop field in bulk 

MnPS3, respectively 
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In the Method Section and in the supplementary notes here after we discuss a number of 

more technical points that could not be discussed in full detail in the main text. In particular, 

we present the details of the growth of MnPS3 crystals and the basic aspects of their 

characterization (structural and magnetic), we outline the key points of the device 

fabrication process (including the determination of the multilayer thickness), and we show 

the temperature-independent background magnetoresistance that is present in tunnel 

barrier devices done using mono- and bilayer MnPS3. Finally, we explain the technical 

details of the ab initio calculation of the band structure shown in Fig. 3(c) of the main text. 

 

1. Supplementary methods 

1.1. Crystal growth 

MnPS3 crystals were grown by the Chemical Vapor Transport (CVT) method. A 

stoichiometric amount 1:1:3 of elements Mn (99.98%, Alfa Aesar), P (99.999%, Alfa 

Aesar), and Se (99.999%, Alfa Aesar), corresponding to approximately 1 gram total mass, 

were inserted in a quartz tube (inner diameter 10 mm) inside a glove box, together with 

approximately 2 mg/cm3 of iodine (intended to act as transport agent during the growth 

process). The tube was subsequently evacuated down to ∼10-4 mbar, with intermediate Ar 

flushing, and sealed to a length of 16 cm. The sealed tube was inserted in a horizontal 

furnace, in a controlled temperature gradient of approximately 3 K/cm (with Thot = 680 ℃ 

and Tcold = 630 ℃, for the hot and cold ends, respectively), and left there for 20 days. At 

the end of this period the furnace was switched off and the crystals extracted from the tube. 

The basic characterization of the structural and magnetic properties of MnPS3 crystals 

grown in this way is described below in the supplementary notes 2.1 and 2.2.  
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1.2. Device Fabrication 

The assembly of the MnPS3 tunnel barrier devices start with the preparation of suitable 

exfoliated crystals of few-layer graphene (FLG, typically 5-to-10 layer thick), hexagonal 

boron nitride (hBN) and MnPS3 on silicon substrates covered with 300 nm SiO2. The 

exfoliation procedure –as well as the assembly of the tunnel barriers – was performed in a 

glove box filled with nitrogen gas (with oxygen and water concentration in the sub-ppm 

level), to avoid degradation of the MnPS3 layers. A by-now common temperature-

controlled pick-up and release technique (based on a stack of PC polymer on a PDMS 

support) was employed to assemble the FLG/MnPS3/FLG structures, and to encapsulate 

them between hBN crystals. The assembly of the heterostructure relies on three steps: the 

pick-up, the junction formation and the release (Fig S1 (a-c)). The pick-up process consists 

in putting the PC/PDMS stack in contact with the flake, heating it up to approximatively 

130°C and then cooling down back to 100°C or lower temperature. Steadily removing the 

PC/PDMS stack allow then to lift the flake from substrate, leading to a PC/PDMS/Flake 

stack on one side and the substrate on the other side. The junction formation phase is 

composed of several pick-up steps, stacking the various flakes in the desired orientation 

using a same PC/PDMS support. The release phase is the last step of the assembly where 

the complete structure is then transferred on the final substrate. The PC/PDMS/Structure 

stack is again put in contact with the substrate, but in this case the temperature is increased 

to 180°C to separate the PC film from the PDMS leaving the whole structure onto the final 

substrate covered by the PC film which is then removed by immerging the sample into 

chloroform. Note that both the top and the bottom hBN flakes extend over the entire MnPS3 

layer to protect it from degradation, so that the structures are stable and can be taken out of 

the glove box. At this stage electron-beam lithography, electron beam evaporation, etching 

of hBN (to expose the FLG contacts away from MnPS3 layer) and lift-off were then used 

to define metal electrode contacts.  
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Fig. S1. Device fabrication process. Schematic of the layer-by-layer assembly of MnPS3 

tunnel barrier devices using PDMS/PC stack. The procedure is composed of three phases: 

the pick-up (a), the junction formation (b) and the release (c). In the pick-up and the release 

phases, the whole stack is heated at respectively 130°C and 180°C. The structure is built 

by means of several pick-up and a final release, where each flake is carefully aligned to 

ensure that the transport occurs through the MnPS3 crystal and that the hBN flakes protect 

it from degradation. 
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1.3. Electrical Measurement 

Transport measurements were performed in different cryostats, all equipped with 

superconducting magnets. Depending on the cryostat, the lowest temperature that could be 

reached was either 0.25 K or 1.5 K, and the highest magnetic field that could be applied 

was either 12 T or 14 T. To measure the I-V characteristics of the tunnel barrier and their 

magnetoresistance, the bias voltage was applied using either a Keithley 2400 source unit 

or a home-made low noise voltage source. The current and voltage signals were amplified 

with home-made low noise amplifier, and the amplified signals were recorded with an 

Agilent 34410A digital multimeter unit. 

 

 

 

 

 

2. Supplementary Notes 

2.1. Structural and stoichiometric characterization of MnPS3 crystals 

The quality of the MnPS3 crystals was investigated by X-ray diffraction (XRD) and by 

energy-dispersive X-ray (EDX) spectroscopy. The XRD results showing only one set of 

narrow [001] reflections (Fig. S2) prove a good crystalline quality of the material. EDX 

analysis were performed in a scanning electron microscope (SEM). The SEM images show 

crystals with clean surfaces and sharp angles, and the EDX analysis confirms that the 

crystals have a homogeneous composition with the expected 1:1:3 elemental ratio of Mn, 

P and S atoms.  
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Fig. S2. Characterizations of bulk MnPS3. X-ray diffraction patterns from the cleavage 

plane of a MnPS3 crystal. Insets (a) and (b) show optical microscope (left inset) and 

scanning electron microscope (right inset) images of two different MnPS3 crystals. 

 

2.2. Temperature dependent magnetic susceptibility of bulk MnPS3 

The magnetic response of the MnPS3 crystals grown in our laboratory was characterized 

by magnetization and magnetic susceptibility measurements (see also Fig. 1(b) in the main 

text) and compared to previous studies on bulk MnPS3
56-58. The temperature dependence 

of the magnetic susceptibility measured with an in-plane and out-of-plane field (see, 

respectively, the blue and red curves in Fig. S3) is identical in the two cases as T is lowered 

from room temperature down to 78 K. The in-plane and out of plane susceptibilities start 

to differ for T below the Néel temperature of bulk MnPS3 crystals, TN = 78 K (indicated by 

the green arrow in Fig. S2). The observed behavior is fully in line with earlier studies 

reported in the literature (referred to in the main text). 
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Fig. S3. Identification of the transition temperature to the antiferromagnetic states in 

bulk MnPS3. Temperature dependence of the magnetic susceptibility of bulk MnPS3 

crystals with the magnetic field applied in-plane (blue curve) and perpendicular to the plane 

(red curve). The green arrow points to the temperature below which the two curves start to 

deviate one from the other, which allows us to identify the Néel temperature of bulk MnPS3, 

TN = 78 K. 

 

2.3. Thickness measurement of thin MnPS3 crystals 

For MnPS3 crystals, systematic analysis of optical contrast does not give reliable estimation 

of the layer number. Thus, we used atomic force microscopy to measure the thickness of 

MnPS3 flakes after the encapsulation (Fig S4 (a)), from which we identify the number of 

layers by extracting the height profile across the crystal step edge (FigS4 (b)). 
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Fig. S4. Atomic force microscopy measurement of a 6L MnPS3 tunneling device. (a) 

Topographic image of an encapsulated MnPS3 vertical device fabricated as described in 

the main text (red scale bar is 1 µm). (b) Height profile across the edge of the barrier 

extracted along the white bar in (a) showing a step height of about 3.9 nm, which 

correspond to a 6L MnPS3 crystal.  

 

2.4. High-temperature magnetoresistance in monolayer and bilayer devices 

As we discussed in the main text, thick MnPS3 multilayers exhibit no magnetoresistance 

for T > 80 K, i.e., when the temperature is larger than the Néel bulk temperature, whereas 

in monolayer and bilayer some magnetoresistance is present even at these higher 

temperatures. We find, however, that for T > 80 K and up to the highest temperature of our 

measurements (120 K), the magnetoresistance observed in mono and bilayer MnPS3 does 

not depend on T. The occurrence of the magnetic transition in mono- and bilayer can 

therefore be detected by looking at the temperature below which the magnetoresistance 

starts to be temperature dependent. In practice, as we discussed in the main text, to 

eliminate the effect of this T-independent background magnetoresistance, we subtract from 

the magnetoresistance measured at any given temperature, the same quantity measured at 

T =120 K.  

In Fig. S4 (a) and (b) we plot the magnetoresistance of mono- and bilayer MnPS3 for T 

between 80 and 120 K, to show that it is indeed temperature independent. This background 

magnetoresistance is likely coming from the few-layer graphene electrodes that give a 
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measurable signal only in mono- and bilayers because the resistance of these thin tunnel 

barrier is much smaller than that of the thick MnPS3 multilayers. Indeed, consistently with 

this statement, the magnetoresistance background of bilayer MnPS3 is smaller than that of 

monolayer MnPS3 (see Fig. S5(a) and (b)). 

 

 

Fig. S5. Magnetoresistance background in mono and bilayer MnPS3 devices. 

Magnetoresistance η of a (a) monolayer and a (b) bilayer tunnel junction measured at 

different temperatures above TN. Within the noise, the signal does not depend on 

temperature for T between 80 and 120 K.  

 

 

2.5. First-principles calculations  

First-principles calculations have been performed using the Quantum ESPRESSO suite of 

codes59,60 within the generalized-gradient approximation of density functional theory as 

parameterized by Perdew, Burke, and Ernzerhof61. Structural relaxations have been 

performed assuming an antiferromagnetic configuration of spin on Mn atoms by 

minimizing all atomic forces and unit cell stress using the Broyden–Fletcher–Goldfarb–
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Shanno algorithm, until forces and stresses fall below 10-3 eV/Å and 0.5 kbar, respectively. 

The Brillouin zone has been sampled using a Γ-centered 8x8x1 Monkhorst-Pack grid, 

while electron-ion interactions have been approximated using pseudopotentials from the 

Standard Solid State Pseudopotential library62 (v.1.0) with a cutoff energy of 70 Ry for 

wavefunctions and 840 Ry for the charge density. In structural relaxations spin-orbit 

coupling has been neglected and introduced only when computing band structures by using 

fully-relativistic optimized norm-conserving Vanderbilt (ONCV) pseudopotentials63 from 

the Pseudo-Dojo library64, with a cutoff of 80 Ry on wavefuntions. Spurious effects of the 

presence of artificial periodic replicas of the two-dimensional layer (inherent to the use of 

a plane-wave basis) have been avoided by adopting a real-space cutoff on Coulomb 

interactions in the direction orthogonal to the layers65. 
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