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functionalities.[1–6] The semiconducting 
properties of most 2D magnets investi-
gated so far, however, are strongly affected 
by the extremely narrow widths of their 
conduction and valence bands, typically a 
few tens of meV or less.[7–13] Such narrow 
bandwidths cause electron localization and 
prevent low-temperature conductivity meas-
urements, which is why transport experi-
ments probing the magnetic properties of 
2D semiconductors have been so far lim-
ited to studies of tunneling through atomi-
cally thin multilayer barriers.[14–21] CrSBr[22] 
(see Figure  1a)—a recently introduced 2D 
magnetic semiconductor—appears to be an 
exception.[23,24] First-principles calculations 
(shown in Figure 1b) predict its conduction 
band to have a width of ≈1.5 eV.[24,25] Accord-
ingly, low-temperature in-plane magnetore-
sistance measurements (see Figure  1c,d) 
could be performed successfully, and ana-
lyzed to determine the magnetic phase dia-
gram.[23] The unique magnetic properties of 
this material have been further showcased 

by experiments on van der Waals (vdW) interfaces, in which 
CrSBr was found to imprint into an adjacent graphene layer a 
giant exchange interaction, much stronger than what has been 
reported in earlier work on analogous heterostructures.[26]

Electronic transport through exfoliated multilayers of CrSBr, a 2D semicon-
ductor of interest because of its magnetic properties, is investigated. An 
extremely pronounced anisotropy manifesting itself in qualitative and quantita-
tive differences of all quantities measured along the in-plane a and b crystal-
lographic directions is found. In particular, a qualitatively different dependence 
of the conductivities σa and σb on temperature and gate voltage, accompanied 
by orders of magnitude differences in their values (σb/σa ≈ 3 × 102 to 105 at low 
temperature and negative gate voltage) are observed, together with a different 
behavior of the longitudinal magnetoresistance in the two directions and the 
complete absence of the Hall effect in transverse resistance measurements. 
These observations appear not to be compatible with a description in terms 
of conventional band transport of a 2D doped semiconductor. The observed 
phenomenology—and unambiguous signatures of a 1D van Hove singularity 
detected in energy-resolved photocurrent measurements—indicate that elec-
tronic transport through CrSBr multilayers is better interpreted by considering 
the system as formed by weakly and incoherently coupled 1D wires, than by 
conventional 2D band transport. It is concluded that CrSBr is the first 2D semi-
conductor to show distinctly quasi-1D electronic transport properties.
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1. Introduction

2D magnetic semiconductors are a unique platform to 
explore the interplay between magnetic and optoelectronic  
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With all the attention focused on its magnetic properties, 
the transport and optoelectronic response of CrSBr remains 
to be understood. Scanning tunneling spectroscopy measure-
ments have shown that the Fermi level is very close to the 
bottom of—or possibly inside—the conduction band and that 
charge carriers are electrons,[23] but their microscopic origin 
(i.e., what is the doping mechanism) and precise density are 
currently unknown. Rather uncommonly, the relatively large 
low-temperature conductivity—which confirms the presence 
of sizable non-intentional doping—coexists with a bright fluo-
rescence observed in photoluminescence experiments (see 
Figure  1e).[24] Additionally, the same band structure calcula-
tions (see Figure  1b) predicting a large bandwidth also show 
an extremely pronounced anisotropy: the bandwidth is about 
1.5  eV in the Γ−Y (which corresponds to the crystallographic 
b-axis), but nearly vanishes in the perpendicular Γ−X direc-
tion (i.e., in the a-direction).[24,25] Even though this prediction 

is somewhat surprising, because no obvious pronounced ani-
sotropy can be identified in the atomic structure of the mate-
rial (see Figure  1a), indications of anisotropy (see Figure  1e) 
were indeed found when measuring the photoluminescence 
polarization dependence.[24] However, it is not known whether 
low-frequency transport is also anisotropic, because previous 
studies only investigated the transport properties along the 
crystallographic a-direction.[23,27] Clearly, investigating more 
in depth the nature of transport and of the semiconducting 
properties of CrSBr is essential to understand their interplay 
with magnetism.

Here, we probe the direction-dependent transport properties 
of thin exfoliated CrSBr multilayers and the energy depend-
ence of the density of states, and reveal an experimental phe-
nomenology that cannot be reconciled with conventional 2D 
band transport of a doped semiconductor, that is, the scenario 
invoked to interpret past experiments. A key finding is that 
the temperature and gate voltage dependence of the conduc-
tivity measured along the a- and b-direction exhibit striking 
qualitative differences. In the a-direction, the conductivity σa 
decreases by two orders of magnitude upon lowering T from 
100 to 10 K, and is strongly suppressed (in some devices virtu-
ally fully suppressed) upon applying a sufficiently large nega-
tive gate voltage. In contrast, in the b-direction the conduc-
tivity σb is approximately the same at room temperature and 
at T = 10 K, and remains unaffected by the application of a gate 
voltage. The difference in transport along the a- and b-direction 
is so pronounced large that at T = 10 K and in the presence of 
negative gate voltage, the ratio σb/σa ranges between 3 × 102 
and 105 depending on the devices considered in the analysis. 
Magnetotransport is also unusual: the sign of the low-T mag-
netoresistance is opposite in the a- and b- directions, and the 
transverse magnetoresistance exhibits no sign of Hall effect 
irrespective of current direction and of temperature at which 
the measurements are performed (i.e., above or below the Néel 
temperature). Finally, spectrally resolved photocurrent meas-
urements reveal an abrupt increase of photocurrent above the 
light absorption threshold E  = E* followed by a decrease pro-
portional to 1/ E E− ∗ , a characteristic manifestation of the van 
Hove singularity of a 1D band. All these observations consist-
ently indicate that the electronic properties of CrSBr can be 
better understood by viewing the material as formed by inco-
herently coupled 1D chains, than by considering it as an (even 
strongly) anisotropic 2D electron system.

2. Results and Discussion

Our experiments rely on devices nano-fabricated using crystal-
line CrSBr multilayers exfoliated onto a doped Silicon substrate 
(acting as gate electrode), covered by a 285 nm-thick SiO2 layer 
(a total of 14 devices have been fabricated and used in different 
measurements). Although CrSBr is considerably more air-
stable than some of the magnetic materials investigated ear-
lier,[23,24,26] stability is not perfect and prolonged air exposure 
over a few weeks still affects the multilayers strongly. There-
fore exfoliation is performed in the controlled atmosphere of 
a glove-box and devices are either encapsulated in hexagonal 
boron nitride (hBN) or exposed to air for the shortest possible 
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Figure 1.  Known properties of CrSBr. Using results of our work, we sum-
marize what earlier studies have established about the electronic proper-
ties of CrSBr. a) Crystal structure of a CrSBr layer; the blue, yellow, and 
red balls represent Cr, S, and Br atoms. b) Ab initio calculation of the 
band structure of monolayer CrSBr, performed in the expected ferromag-
netic ground state. The red solid and black dashed lines represent bands 
formed by spin up and spin down states, respectively. c) Temperature-
dependence of the sheet conductance of a 6  nm-thick CrSBr device 
measured in the a-direction. Inset: optical microscopy image of a needle-
shaped exfoliated CrSBr multilayer (the scale bar is 10 μm), showing 
that the crystalline orientation can be easily determined from its shape. 
d) Color plot of the resistance ratio R(μ0H)/R(μ0H = 4T) measured as a 
function of applied magnetic field and temperature. For each value of T, 
the white open circles mark the onset of positive magnetoresistance, and 
trace the boundary determined by the spin-flip transition, which separates 
the layered antiferromagnetic and the fully polarized phase. e) Polariza-
tion resolved photoluminescence spectra of a 6 nm-thick, encapsulated 
CrSBr crystal (the red and blue lines represent the photoluminescence 
signal measured with polarization along the b- and a-directions).
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periods of time during the fabrication process (taking these 
precautions we have not seen clear differences between encap-
sulated and non encapsulated devices). The thickness of the 
multilayers—between 6 and 12 nm for most devices studied—
was determined by atomic force microscopy (AFM), and the 
crystallographic orientation was identified by selecting needle-
shaped flakes whose long direction corresponds (as established 
in earlier work[24,26,28]) to the a-direction (Figure 1d). Contacts to 
the multilayers were then attached in a Hall-bar configuration 
by means of electron-beam lithography, electron-beam evapora-
tion of a Pt/Au bilayer, and lift-off (for encapsulated devices, the 
hBN was reactively ion etched prior to evaporation of the metal; 
encapsulation was performed using by-now common pick-up 
and transfer techniques.[29])

The devices were mounted in the vacuum chamber of a cry-
ostat enabling transport to be studied as a function of tempera-
ture T, applied magnetic field μ0H, and gate voltage VG. In the 
experiments, we measured different devices to compare the T 
and VG dependence of the conductivity along the a- and b-direc-
tion, and we found a strikingly different qualitative behavior. 
The difference can be easily appreciated by comparing the 
measurements plotted in Figure 2 (transport in the a-direction) 
and Figure  3 (transport in the b-direction). In each figure  we 
show data for two different devices that illustrate the common 
aspects of the observed behavior, as well as aspects that depend 
on the specific device.

We start discussing the transport in the a-direction. The 
conductivity σa measured as a function of VG at different tem-
peratures T < 100 K is shown in Figure 2a,b, for two devices 
realized on multilayers that are respectively 6 and 12  nm 
thick. In both cases σa decreases systematically upon lowering 
T and upon applying a negative VG, a trend that is common 
to all devices measured. The absolute value of σa at VG = 0 V 
and how strongly σa is suppressed by the application of a 
negative VG depend on the device, with the differences likely 
originating from the different multilayer thicknesses (thicker 
devices are less sensitive to the applied gate voltage) and from 
material inhomogeneity (i.e., inhomogeneity in the concen-
tration of dopants unintentionally present in the material). 
Irrespective of these differences, at sufficiently large negative 
VG the conductivity in the a-direction is completely—or nearly 
completely—suppressed in all cases. Figure 2c shows the full 
T-dependence of σa measured at different VG values between 
room temperature and T  = 10  K, for the device whose low-
T data are shown in Figure  2a. At VG  = 0  V, σa is strongly 
reduced upon cooling from 300 to 10  K, another aspect 
common to all devices investigated. When σa is plotted in log-
arithmic scale versus 1/T, a linear relation is found, character-
istic of a thermally activated Arrhenius behavior (Figure 2d). 
The activation energy extracted for T < 100 K increases from 
30 to ≈300 meV upon applying an increasingly large negative 
VG (Figure 2e).

Adv. Mater. 2022, 34, 2109759

Figure 2.  Transport properties of CrSBr in the a-direction. a,b) Conductivity σa of two different devices realized respectively on 6 nm-thick (a) and 12 nm-
thick (b) CrSBr multilayers, as a function of gate voltage, for different temperatures, T = 20, 40, 60, and 80 K. c) Conductivity σa versus temperature for 
the device whose data are shown in (a), for different values of VG (from −80 to 80 V in 20 V steps). The insets show an optical microscopy image of 
the device (the scale bar is 20 μm) and a schematic of the measurement configuration. d) Arrhenius plot of σa as a function of inverse temperature for 
the same values of VG shown in (c). e) Activation energy extracted from the analysis of σa as a function of gate voltage.
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The qualitative behavior exhibited by the low-temperature 
conductivity in the a-direction may appear typical of what 
is expected from a doped semiconductor, and indeed it is 
in this way that earlier studies interpreted the experimental 
results.[23] However, measurements of the conductivity σb in the 
b-direction indicate that the electronic properties of CrSBr are 
not at all consistent with such a scenario. σb for two devices 
based on multilayers that are 30 and 12 nm thick is plotted in 
Figure 3a,b, as a function of VG for several different tempera-
tures below 100 K. The data show that the dependence of σb on 
T and VG is strikingly different from that of σa. σb depends only 
weakly on T, and is virtually independent of VG: at T  = 10  K 
σb ≈ e2/h for all VG, comparable to the value measured at room 
temperature. This is even clearer in Figure 3c, which shows the 
full temperature dependence (from 300 to 10 K) measured for 
different values of VG.

The absence of thermally activated transport in the b-direc-
tion and the insensitivity of σb to VG implies that transport in 
the a-direction (see Figure 2) cannot be interpreted in terms of 
temperature or gate-voltage induced depletion of charge car-
riers (i.e., the common behavior of doped semiconductors). 
Indeed, if charge carriers were depleted by applying a gate 
voltage, or if they would be trapped at low temperature around 

the dopants where they originate from, a clear suppression of 
transport should be observed not only in σa, but also in σb. This 
is however not the case. Interestingly, as a result of the different 
T and VG dependence of σa and σb, the ratio σb/σa, plotted in 
Figure  3d, becomes extremely large at low temperature and 
negative gate voltage, reaching values ≈105 (the precise value 
ranges between 3 × 102 and 105 and depend on which device 
is used to measure σa and σb, see open and filled symbols in 
Figure 3d). Such a large σb/σa ratio is ≈2–5 orders of magnitude 
larger than the anisotropy in low-frequency in-plane conduc-
tivity measured in any other 2D van der Waals semiconductor, 
as recently reviewed by Zhao et al.[30] We conclude that both 
qualitatively and quantitatively T- and VG-dependent conduc-
tivity measurements exhibit an extremely anisotropic behavior, 
and appear incompatible with conventional scenarios based on 
band transport in a doped 2D semiconductor.

Albeit an anisotropy is clearly visible in ab initio calculation 
of the band structure (see Figure  1b), such a large difference 
in the conductivity along the a- and b-direction is unexpected 
when looking at the material structure, which does not appear 
to be particularly anisotropic. That the relation between elec-
tronic anisotropy and structure is unusual is also shown by the 
observation that the long axis of exfoliated CrSBr multilayers 

Adv. Mater. 2022, 34, 2109759

Figure 3.  Transport characteristics of CrSBr in the b-direction. a,b) Conductivity σb as a function of backgate VG of two CrSBr multilayers respectively  
30 nm thick (a) and 12 nm thick (b) (data shown for T = 20, 30, 50, and 70 K). c) Temperature dependent conductivity σb for the 12 nm device, from  
−80 V to 80 V with 20 V step size. The insets show the optical microscopy image of the 30 nm CrSBr device (the scale bar is 20 μm) and the schematics 
of the measurement configuration. d) Conductivity anisotropy σb/σa as a function of temperature at various backgate voltages (−80 V, purple circles;  
0 V, green squares; 80 V, pink triangles). The filled symbols represent data obtained by taking σa and σb measured on CrSBr multilayers whose data are 
shown in Figure 2a and 3b; the open symbols represent data obtained by taking σa and σb measured on the CrSBr multilayers whose data are shown 
in Figure 2b and 3b. Note that for large negative gate voltage (VG = −80 V) and at low temperature the anisotropy fluctuates in different devices, but 
it is always orders of magnitude larger than the conductivity anisotropy observed in any other 2D semiconductor: 105 in the first case (full symbols) 
and 3 × 102 in the second case (open symbols).
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(which are platelets having one of their sides much longer 
than the other) corresponds to the crystallographic a-direction, 
that is, to the direction with low electrical conductivity. This is 
indeed rather unique, as it is commonly the case that materials 
exhibiting strongly anisotropic electronic transport are needles 
whose long axis points in the high conductivity direction (see, 
for examples, conductors such as ReS2, NbSe3, TiS3, ZrTe5, 
black phosphorus, or high-mobility organic semiconductors 
such as rubrene[31–39]).

We found further indications of the unusual transport 
behavior of CrSBr multilayers in magnetotransport measure-
ments performed with the magnetic field applied perpendicular 
to the CrSBr layers. Below the Néel transition temperature 
(TN  = 132  K), the longitudinal magnetoconductivity in the a- 
and b-direction exhibits a qualitatively different temperature 
dependence. In the a-direction (see Figure  4a), the magne-
toresistance is negative (i.e., the resistance decreases upon 
the application of an external magnetic field) and increases 
in magnitude as temperature is lowered, showing a depend-
ence on T and μ0H that conforms to results reported in ear-
lier studies.[23,27] In the b-direction (see Figure 4b), instead, the 
magnetoresistance is initially negative (for T < TN), it decreases 
in magnitude, and eventually inverts its sign at approximately 

30  K (possibly in concomitance with a additional magnetic 
transition as also detected by bulk magnetization measure-
ments;[23,27] see Figure  S4, Supporting Information). At even 
lower temperature the magnetoresistance is positive and keeps 
increasing in magnitude upon further cooling. The overall tem-
perature dependence of the magnetoresistance in the a- and 
b-direction—shown in Figure  4c—is an additional manifesta-
tion of the qualitatively different nature of transport in the two 
directions (note for completeness that, irrespective of tempera-
ture, no significant hysteresis in the magnetoresistance was 
observed upon sweeping the magnetic field up and down, nei-
ther in the a- nor in the b- direction).

A possibly even more striking outcome of magnetotransport 
measurements is the virtually complete absence of a compo-
nent of the transverse resistance antisymmetric with respect to 
the applied magnetic field, that is the absence of Hall effect. 
Irrespective of whether the current is sent in the a- or b-direc-
tion, the transverse voltage that we measure is symmetric in 
the applied magnetic field (see Figure  4d,e), and likely origi-
nates from the Hall probes picking up part of the longitudinal 
magnetoresistance. After antisymmetrization, the transverse 
resistance results in a vanishingly small signal comparable to 
(or smaller than) the noise of the measurements, irrespective of 

Adv. Mater. 2022, 34, 2109759

Figure 4.  Magnetotransport properties of CrSBr multilayers. a,b) Magnetoresistance ratio (MRR = (R(μ0H) − R(0))/R(0)) measured at different tem-
peratures below the Néel-temperature (TN = 132 K), as indicated in the legend, respectively along the a- and b-directions (data taken on the devices 
whose VG-dependent transport characteristics are shown in Figure 2a and 3a. Note the change in sign of the magnetoreistance that is observed in the 
20 K curve when measuring in the b-direction (i.e., in Figure 4b). The insets show the measurement configuration and the direction of the applied mag-
netic field. c) Magnetoresistance ratio MRR measured in the a- and b-directions at μ0H = 4 T. d,e) Transverse magnetoresistance measured with current 
flowing along the a- and b-direction, respectively (data taken at 150 and 170 K; the magnetic field is applied in the c-direction). No sign of a component of 
the transverse resistance antisymmetric in the applied field is present in the data. The schemes in the insets illustrate the measurement configurations.
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the temperature and of the gate voltage at which measurements 
are performed (see detailed discussion Section S3, Supporting 
Information) gate voltage at which measurements are per-
formed and of the temperature, that is, the Hall effect is absent 
regardless of whether CrSBr is in its layered antiferromagnetic 
state for T < TN or in its paramagnetic state for T > TN (see also 
Section  S3 and Figure  S8, Supporting Information for more 
details). In line with all other observations presented above, the 
absence of Hall signal confirms that conduction in CrSBr is not 
due to coherent 2D band transport, as it may be expected for a 
conventional doped 2D semiconductor.

Having established that low-frequency transport exhibits a 
behavior inconsistent with conventional band conduction of a 
doped 2D semiconductors, we discuss photocurrent measure-
ments that provide a clear indication as to the physical origin 
of the unusual observed behavior. We measure photocurrent 
in the absence of an externally applied bias, by illuminating 
the device with a tunable laser source that excites electron–
hole pairs (possibly bound into excitons, although this is not 
a crucial aspect here, because in thick multilayers electrostatic 
screening strongly suppresses excitonic effects[40–42]). In the 
experiments, the laser is focused on a spot of ≈2 μm diameter 
and, as it is commonly the case,[43,44] a finite photocurrent is 
measured only when the laser spot is positioned sufficiently 
close to one of the metal contacts. The photocurrent is due to 
minority photoexcited carriers that escape from the sample into 
the nearby contact, and—if the laser spot is located away from 
the contacts—the photocurrent vanishes because electron–hole 
pairs recombine before the carriers have the time to escape.[43] 
In this regime, the photocurrent probes light absorption by 
interband transitions, as discussed more in detail in Section S5, 
Supporting Information. It is therefore proportional to the so-
called joint density of states of the two bands involved in the 
transition, at the energy of the incident photons.[45,46] In other 
words, measuring the photocurrent as a function of wave-
length of incident photons provides information analogous 
to what can be inferred from a wavelength-dependent optical 
absorption measurements.

The photocurrent measured as a function of photon energy 
and of angle between the light polarization vector and the 
b-direction of the CrSBr crystal is shown in Figure  5a. Its 
intensity is maximum when the polarization is parallel to the 
b-direction, and nearly vanishes when the polarization points 
in the a-direction (most of the remnant signal likely originates 
from polarization leakage in our optical system). The photo-
current as a function of polarization angle is shown in the 
polar plot of Figure 5b (at fixed energy of the incident photon), 
which directly illustrates the presence of a very pronounced 
anisotropy. The anisotropy is so strong to suggest a quasi-1D 
electronic behavior, since finding that a sizable photocurrent 
is observed (i.e., that light is absorbed) only when the electric 
field of the incoming light points along the b-direction can be 
understood if CrSBr behaves as a collection of decoupled 1D 
chains. Indeed, for decoupled 1D chains electrons are only able 
to absorb energy when they are accelerated in the direction par-
allel to the chain.

In agreement with this idea, we find that the main photo-
current peak observed at approximately E* = 1.37 eV (red line 
in Figure 5c, corresponding to the energy of the light measured 

in photoluminescence experiments; black line in Figure  5c) 
has a very pronounced asymmetry (red dots in Figure 5d) and 
its line shape past threshold is reproduced excellently by a 
1/ E E− ∗  dependence (black curve in Figure  5d, measured at 
T  = 10 K). Such a functional dependence is the characteristic 
hallmark of the van Hove singularity of a 1D electronic band,[47] 
whose observation provides evidence of the 1D character of 
the electronic properties (more details about photocurrent and 
its relation to the joint density of states between 1D states can 
be found in Sections S5 and S6, Supporting Information). It 
is this one-dimensionality that is responsible for the unusual 
behavior of transport that we are reporting here. Without 
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Figure 5.  Photocurrent measurements on CrSBr. a) Color plot of the 
photocurrent (measured in the absence of applied bias at T = 10 K) as 
function of laser energy and polarization angle relative to the b crystallo-
graphic direction of CrSBr; the white dashed lines correspond to the light 
polarization pointing along the a- and b-direction, as noted on the plot. 
b) Polar plot of the photocurrent (measured under illumination with lin-
early polarized light at λ = 910 nm), as a function of angle relative to the b 
crystallographic direction of CrSBr. c) Photocurrent versus photon energy 
for light polarization pointing along the a- (blue) and b- (red) directions 
(left vertical axis), showing sharp peaks due to inter-band transitions at 
1.35 and 1.75 eV; the black line is the photoluminescence spectrum (right 
vertical axis) for incident light polarized along the b-direction. d) Normal-
ized photocurrent as a function of photon energy, measured with light 
polarized along the b-direction (red open circles). To properly analyze the 
spectral dependence in terms of joint density of states, the photocurrent 
measured at any given wavelength is normalized to the rate of incident 
photons at that wavelength (the photocurrent normalized in this way cor-
responds to the the so-called external quantum efficiency). The black line 
is a fit with a E E1/ − ∗ functional dependence (E* = 1.35 eV), as expected 
for a van Hove singularity of a 1D quadratically dispersing band.
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having performed a fully systematic study as a function of tem-
perature, we find that the photocurrent signal increases rapidly 
in magnitude upon cooling the device from room temperature 
to T  = 10  K, with no change in its qualitative behavior above 
and below TN. Consistently with all other transport anomalies 
of CrSBr discussed above—which are also present both for 
T > TN and for T < TN this behavior indicates that the quasi-1D 
behavior of CrSBr does not originate from the transition into 
the magnetic state.

An extremely strong band structure anisotropy in CrSBr 
had been predicted by first-principles calculations, but the 
implication of such calculations for the interpretation of 
experiments can not be assessed on a purely theoretical 
basis. In particular, a strong anisotropy in the band struc-
ture does not give a clear indication as to the physical regime 
that needs to be considered to properly model and interpret 
transport measurements. On the contrary, finding that light 
is absorbed only when the electric field of the incoming 
wave points along the b-direction, as well as the observation 
of a van Hove singularity in the joint density of states, con-
sistently indicate that it is more appropriate to rationalize 
experimental observations by viewing CrSBr as a quasi-1D 
electronic system, than as a strongly anisotropic 2D semi-
conductor. Indeed, even though much more work is needed 
to reach a detailed understanding of CrSBr, many of our 
experimental observations support a scenario in which CrSBr 
is described in terms of incoherently coupled 1D electronic 
chains, as we now proceed to discuss.

A scenario based on incoherently coupled 1D chains can 
rationalize why transport in the a- and the b-direction exhibits 
striking quantitative and qualitative differences. Indeed, meas-
uring transport in the b-direction corresponds to probing con-
duction along the chain, whereas transport in the a-direction 
measures tunneling in between chains, and it is theoreti-
cally well-established that the two processes are sensitive to 
different physical phenomena.[48] The appropriate concep-
tual framework to describe transport along the chain is the 
physics of Anderson localization, based on concepts such as 
phase coherence and interference.[49] A conductivity σb ≈ e2/h 
implies that the system is still far from the fully localized state 
and that it is very sensitive to changes in the phase coher-
ence time, which may be the reason for the unusual increase 
in conductivity seen upon lowering temperature from 200  to 
100  K (see Figure  3c; as the Néel-temperature is approached, 
the diverging spin fluctuations enhance decoherence, thereby 
reducing the tendency to localize, causing a corresponding 
increase in conductivity). As compared to σb, the conductivity 
in the a-direction is much more strongly suppressed as T is 
lowered, because at low energy the tunneling probability is 
progressively reduced by electron–electron interactions,[48] 
which accounts for the extremely large ratio σb/σa observed at 
low T. Thinking of CrSBr in terms of incoherently coupled 1D 
chains also naturally explains the giant ratio σb/σa, the absence 
of Hall effect, and the van Hove singularity observed in the 
photocurrent measurements. Owing to the different transport 
processes involved for motion along the a and b crystallo-
graphic directions, a model based on incoherently coupled 1D 
chains makes it possible to imagine scenarios to explain the 
different signs of the low-temperature magnetoconductivity in 

the two directions (simply because inter-chain tunneling and 
quantum interference along the chain respond differently to 
an applied magnetic field).

What remains to be identified is a mechanism explaining 
why transport in the a- and b-direction exhibit such a different 
dependence on gate voltage. Such a mesmerizing behavior was 
never reported earlier for any other semiconducting material, 
which currently prevents its explanation by analogy with any 
other known electronic system. Nevertheless—as it appears 
impossible to explain the different gate voltage dependence 
of the conductivities σa and σb in terms of conventional band 
transport of a 2D doped semiconductor—this observation also 
points to the need to invoke a different microscopic scenario 
to understand the nature of electronic motion on CrSBr. Our 
claim that transport should be described in terms of a col-
lection of incoherently coupled 1D chains is consistent with 
this conclusion.

3. Conclusion

CrSBr has been recently identified as an extremely interesting 
2D magnetic semiconductor, rather unique because the width 
of its bands is ≈ 1.5 eV or larger, that is, 50−100 times larger 
than that of other semiconducting 2D magnetic materials 
that have been recently studied.[7,24,25] Earlier work has mainly 
focused on the magnetic properties of the material, exploiting 
the fact that the large bandwidth results in a conductivity that 
is also sufficiently large to remain measurable at low tempera-
ture, well below the magnetic transition temperature. Our 
work concentrates on the electrical transport properties of the 
material that have so far received less attention, and shows 
that they also exhibit strikingly unique aspects, resulting from 
an extremely strong anisotropy. Such a strong anisotropy 
manifests itself in a qualitatively different gate-voltage, tem-
perature, and magnetic field dependence of the conductivity 
along the a- and b- directions, in the complete absence of 
Hall effect for all temperatures and gate voltages investigated, 
as well as in the (nearly complete) absence of photocurrent 
under illumination with light polarized in the a crystallo-
graphic direction. These observations, as well as the giant ani-
sotropy σb/σa  > 3 × 102—orders of magnitude stronger than 
in any known semiconductor— are consistent with the strong 
anisotropy found in ab initio calculations of the band struc-
ture, but incompatible with a description of the observed phe-
nomena in terms of conventional band transport of a doped 
semiconductor. In contrast, all the phenomenology found 
in our experiments—including the manifestation of a van 
Hove singularity characteristic for 1D quadratically dispersing 
bands—appears to be much more naturally interpreted by 
viewing the electronic properties of CrSBr as originating from 
the presence of weakly and incoherently coupled 1D chains. 
Even though many detailed aspects of conduction in the 
material remain to be understood–and most notably the very 
different gate voltage dependence of the conductivity in the  
a- and b-directions– we can conclude based on our experi-
ments that CrSBr represents a first example of 2D van der 
Waals magnetic semiconductor, in which electrical transport 
occurs in the quasi-1D regime.

Adv. Mater. 2022, 34, 2109759

 15214095, 2022, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202109759 by U
niversity M

odena, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advmat.dewww.advancedsciencenews.com

2109759  (8 of 9) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbHAdv. Mater. 2022, 34, 2109759

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors gratefully acknowledge Alexandre Ferreira for continuous 
and precious technical support, Catherine Witteveen and Vanessa 
Kronenberg for experimental help during the synthesis of this material, 
and Enrico Giannini, Tierry Giamarchi for fruitful discussion. A.F.M. 
gratefully acknowledges financial support from the Swiss National 
Science Foundation (Division II) and from the EU Graphene Flagship 
project. FO.v.R. acknowledges Swiss National Science Foundation 
under Grant No. PCEFP2 194183. M.G. acknowledges support from the 
Italian Ministry for University and Research through the Levi-Montalcini 
program. K.W. and T.T. acknowledge support from the Elemental 
Strategy Initiative conducted by the MEXT, Japan (Grant Number 
JPMXP0112101001) and JSPS KAKENHI (Grant Numbers 19H05790, 
20H00354, and 21H05233).

Open access funding provided by Universite de Geneve.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are openly available in 
yareta at https://doi.org/10.26037/yareta:4fmvj2hhl5hhfnnsdekpp6pqde.

Keywords
1D transport, 2D magnets, 2D semiconductors, anisotropy, CrSBr

Received: November 30, 2021
Revised: January 18, 2022

Published online: March 10, 2022

[1]	 K. S. Burch, D. Mandrus, J.-G. Park, Nature 2018, 563, 47.
[2]	 C. Gong, X. Zhang, Science 2019, 363, eaav4450.
[3]	 M.  Gibertini, M.  Koperski, A. F.  Morpurgo, K. S.  Novoselov,  

Nat. Nanotechnol. 2019, 14, 408.
[4]	 H. Li, S. Ruan, Y. Zeng, Adv. Mater. 2019, 31, 1900065.
[5]	 K. F. Mak, J. Shan, D. C. Ralph, Nat. Rev. Phys. 2019, 1, 646.
[6]	 B.  Huang, M. A.  McGuire, A. F.  May, D.  Xiao, P.  Jarillo-Herrero, 

X. Xu, Nat. Mater. 2020, 19, 1276.
[7]	 H.  Wang, V.  Eyert, U.  Schwingenschlögl, J. Phys.: Condens. Matter 

2011, 23, 116003.
[8]	 J. L. Lado, J. Fernández-Rossier, 2D Mater. 2017, 4, 035002.
[9]	 X. Tang, D. Fan, K. Peng, D. Yang, L. Guo, X. Lu, J. Dai, G. Wang, 

H. Liu, X. Zhou, Chem. Mater. 2017, 29, 7401.
[10]	 N.  Mounet, M.  Gibertini, P.  Schwaller, D.  Campi, A.  Merkys, 

A.  Marrazzo, T.  Sohier, I. E.  Castelli, A.  Cepellotti, G.  Pizzi, 
N. Marzari, Nat. Nanotechnol. 2018, 13, 246.

[11]	 X. Li, J.-T. Lü, J. Zhang, L. You, Y. Su, E. Y. Tsymbal, Nano Lett. 2019, 
19, 5133.

[12]	 G. Menichetti, M. Calandra, M. Polini, 2D Mater. 2019, 6, 045042.
[13]	 Y. Zheng, X.-x. Jiang, X.-x. Xue, J. Dai, Y. Feng, Phys. Rev. B 2019, 100, 

174102.

[14]	 D. R.  Klein, D.  MacNeill, J. L.  Lado, D.  Soriano, E.  Navarro-
Moratalla, K.  Watanabe, T.  Taniguchi, S.  Manni, P.  Canfield, 
J. Fernández-Rossier, P. Jarillo-Herrero, Science 2018, 360, 1218.

[15]	 T.  Song, X.  Cai, M. W.-Y.  Tu, X.  Zhang, B.  Huang, N. P.  Wilson,  
K. L.  Seyler, L.  Zhu, T.  Taniguchi, K.  Watanabe, M. A.  McGuire,  
D. H. Cobden, D. Xiao, W. Yao, X. Xu, Science 2018, 360, 1214.

[16]	 H. H.  Kim, B.  Yang, T.  Patel, F.  Sfigakis, C.  Li, S.  Tian, H.  Lei,  
A. W. Tsen, Nano Lett. 2018, 18, 4885.

[17]	 Z.  Wang, I.  Gutiérrez-Lezama, N.  Ubrig, M.  Kroner, M.  Gibertini, 
T. Taniguchi, K. Watanabe, A. Imamoğlu, E. Giannini, A. F. Morpurgo,  
Nat. Commun. 2018, 9, 2516.

[18]	 H. H. Kim, B. Yang, S. Tian, C. Li, G.-X. Miao, H. Lei, A. W. Tsen, 
Nano Lett. 2019, 19, 5739.

[19]	 T.  Song, Z.  Fei, M.  Yankowitz, Z.  Lin, Q.  Jiang, K.  Hwangbo, 
Q.  Zhang, B.  Sun, T.  Taniguchi, K.  Watanabe, M. A.  McGuire, 
D. Graf, T. Cao, J.-H. Chu, D. H. Cobden, C. R. Dean, D. Xiao, X. Xu, 
Nat. Mater. 2019, 18, 1298.

[20]	 Z.  Wang, M.  Gibertini, D.  Dumcenco, T.  Taniguchi, K.  Watanabe, 
E. Giannini, A. F. Morpurgo, Nat. Nanotechnol. 2019, 14, 1116.

[21]	 G.  Long, H.  Henck, M.  Gibertini, D.  Dumcenco, Z.  Wang, 
T. Taniguchi, K. Watanabe, E. Giannini, A. F. Morpurgo, Nano Lett. 
2020, 20, 2452.

[22]	 O.  Göser, W.  Paul, H. G.  Kahle, J. Magn. Magn. Mater. 1990, 92, 
129.

[23]	 E. J.  Telford, A. H.  Dismukes, K.  Lee, M.  Cheng, A.  Wieteska, 
A. K.  Bartholomew, Y.  Chen, X.  Xu, A. N.  Pasupathy, X.  Zhu,  
C. R. Dean, X. Roy, Adv. Mater. 2020, 32, 2003240.

[24]	 N. P. Wilson, K. Lee, J. Cenker, K. Xie, A. H. Dismukes, E. J. Telford, 
J.  Fonseca, S.  Sivakumar, C.  Dean, T.  Cao, X.  Roy, X.  Xu, X.  Zhu, 
Nat. Mater. 2021, 20, 1657.

[25]	 K.  Yang, G.  Wang, L.  Liu, D.  Lu, H.  Wu, Phys. Rev. B 2021, 104, 
144416.

[26]	 T. S. Ghiasi, A. A. Kaverzin, A. H. Dismukes, D. K. de Wal, X. Roy,  
B. J. van Wees, Nat. Nanotechnol. 2021, 16, 788.

[27]	 E. J. Telford, A. H. Dismukes, R. L. Dudley, R. A. Wiscons, K. Lee, 
J.  Yu, S.  Shabani, A.  Scheie, K.  Watanabe, T.  Taniguchi, D.  Xiao, 
A. N.  Pasupathy, C.  Nuckolls, Z.  Xiaoyang, C. R.  Dean, X.  Roy, 
arXiv:2106.08471, 2021.

[28]	 K. Lee, A. H. Dismukes, E. J. Telford, R. A. Wiscons, J. Wang, X. Xu, 
C. Nuckolls, C. R. Dean, X. Roy, X. Zhu, Nano Lett. 2021, 21, 3511.

[29]	 L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T. Taniguchi, 
K. Watanabe, L. M. Campos, D. A. Muller, J. Guo, P. Kim, J. Hone, 
K. L. Shepard, C. R. Dean, Science 2013, 342, 614.

[30]	 S.  Zhao, B.  Dong, H.  Wang, H.  Wang, Y.  Zhang, Z. V.  Han, 
H. Zhang, Nanoscale Adv. 2020, 2, 109.

[31]	 R. Kurita, J. Phys. Soc. Jpn. 2000, 69, 2604.
[32]	 V. C.  Sundar, J.  Zaumseil, V.  Podzorov, E.  Menard, R. L.  Willett, 

T. Someya, M. E. Gershenson, J. A. Rogers, Science 2004, 303, 1644.
[33]	 C. Reese, Z. Bao, Mater. Today 2007, 10, 20.
[34]	 E. Liu, Y. Fu, Y. Wang, Y. Feng, H. Liu, X. Wan, W. Zhou, B. Wang, 

L.  Shao, C.-H.  Ho, Y.-S.  Huang, Z.  Cao, L.  Wang, A.  Li, J.  Zeng, 
F.  Song, X.  Wang, Y.  Shi, H.  Yuan, H. Y.  Hwang, Y.  Cui, F.  Miao, 
D. Xing, Nat. Commun. 2015, 6, 6991.

[35]	 J.  Tao, W.  Shen, S.  Wu, L.  Liu, Z.  Feng, C.  Wang, C.  Hu, P.  Yao, 
H. Zhang, W. Pang, X. Duan, J. Liu, C. Zhou, D. Zhang, ACS Nano 
2015, 9, 11362.

[36]	 G. Qiu, Y. Du, A. Charnas, H. Zhou, S. Jin, Z. Luo, D. Y. Zemlyanov, 
X. Xu, G. J. Cheng, P. D. Ye, Nano Lett. 2016, 16, 7364.

[37]	 T.  Hong, B.  Chamlagain, W.  Lin, H.-J.  Chuang, M.  Pan, Z.  Zhou, 
Y.-Q. Xu, Nanoscale 2014, 6, 8978.

[38]	 A.  Khatibi, R. H.  Godiksen, S. B.  Basuvalingam, D.  Pellegrino,  
A. A. Bol, B. Shokri, A. G. Curto, 2D Mater. 2020, 7, 015022.

[39]	 A. Patra, C. S. Rout, RSC Adv. 2020, 10, 36413.
[40]	 G.  Wang, A.  Chernikov, M. M.  Glazov, T. F.  Heinz, X.  Marie, 

T. Amand, B. Urbaszek, Rev. Mod. Phys. 2018, 90, 021001.

 15214095, 2022, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202109759 by U
niversity M

odena, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.26037/yareta:4fmvj2hhl5hhfnnsdekpp6pqde


www.advmat.dewww.advancedsciencenews.com

2109759  (9 of 9) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbHAdv. Mater. 2022, 34, 2109759

[41]	 J.  Zultak, S. J.  Magorrian, M.  Koperski, A.  Garner, M. J.  Hamer, 
E.  T’ovári, K. S.  Novoselov, A. A.  Zhukov, Y.  Zou, N. R.  Wilson,  
S. J. Haigh, A. V. Kretinin, V. I. Fal’ko, R. Gorbachev, Nat. Commun. 
2020, 11, 125.

[42]	 E.  Carré, L.  Sponza, A.  Lusson, I.  Stenger, E.  Gaufrès, A.  Loiseau, 
J. Barjon, 2D Mater. 2021, 8, 021001.

[43]	 Y. Ahn, J. Dunning, J. Park, Nano Lett. 2005, 5, 1367.
[44]	 N. Ubrig, S.  Jo, H. Berger, A. F. Morpurgo, A. B. Kuzmenko, Appl. 

Phys. Lett. 2014, 104, 171112.

[45]	 D. A. B.  Miller, D. S.  Chemla, T. C.  Damen, A. C.  Gossard, 
W. Wiegmann, T. H. Wood, C. A. Burrus, Phys. Rev. B 1985, 32, 1043.

[46]	 R. T. Collins, K. v. Klitzing, K. Ploog, Phys. Rev. B 1986, 33, 4378.
[47]	 M. P.  Marder, Condensed Matter Physics, John Wiley & Sons, 

Hoboken, NJ, USA 2010.
[48]	 T.  Giamarchi, Quantum Physics in One Dimension, Vol. 121,  

Clarendon Press, Oxford, UK 2003.
[49]	 E.  Abrahams, 50 Years of Anderson Localization, Vol. 24, World  

Scientific, Singapore 2010.

 15214095, 2022, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202109759 by U
niversity M

odena, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


