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In all van der Waals layered antiferromagnetic semiconductors investigated so far, a negative
magnetoresistance has been observed in vertical transport measurements, with characteristic trends that
do not depend on applied bias. Here, we report vertical transport measurements on a layered
antiferromagnetic semiconductor CrPS4 that exhibit a drastically different behavior, namely, a strongly
bias-dependent, positive magnetoresistance that is accompanied by pronounced oscillations for devices
whose thickness is smaller than 10 nm.We establish that this unexpected behavior originates from transport
being space-charge limited and not injection limited as for the layered antiferromagnetic semiconductors
studied earlier. Our analysis indicates that the positive magnetoresistance and the oscillations only occur
when electrons are injected into in-gap defect states, whereas when electrons are injected into the
conduction band, the magnetoresistance vanishes. We propose a microscopic explanation for the observed
phenomena that combines concepts typical of transport through disordered semiconductors with known
properties of the CrPS4 magnetic state, thus capturing all basic experimental observations. Our results
illustrate the need to understand, in detail, the nature of transport through vdW magnets in order to extract
information about the nature of the order magnetic states and its microscopic properties.

DOI: 10.1103/PhysRevX.15.011017 Subject Areas: Condensed Matter Physics,
Electronics, Magnetism

I. INTRODUCTION

In most magnetic systems, the application of an external
magnetic field causes a better spin alignment and facilitates
electron conduction [1,2]. As a result, the resistance
decreases upon the application of a magnetic field [3–12],
which is the reason why giant [3] and colossal magneto-
resistive systems [5], ferromagnets near the Curie temper-
ature [8], or magnetic tunnel barriers commonly exhibit a
negative magnetoresistance [6,10,11]. Indeed, in magnetic
conductors, a positive magnetoresistance originating from
the coupling of the applied magnetic field to the magnetic
state of the materials is only rarely observed [13–15],
and when observed, the effect is often relatively small
[14,15]. These considerations also hold true for the vast

majority of van der Waals (vdW) magnetic materials that
have been attracting considerable attention, in which
magnetotransport has been investigated either in field-
effect transistors or—more commonly—in tunnel barrier
devices (i.e., using multilayers of magnetic semiconduc-
tors as tunnel barriers) [16–28].
Many of the vdW magnets studied to date are layered

antiferromagnetic semiconductors, i.e., materials whose
layers are uniformly magnetized with the direction of the
magnetization alternating from one layer to the next.
Examples of semiconducting layered antiferromagnets
include CrI3 multilayers [18,29], CrCl3 [23], two different
allotropes of CrBr3 [30], and CrSBr [31–33]. The vertical
transport properties of all of these compounds show dis-
tinctive, common characteristics trends. The resistance
always decreases upon increasing the applied magnetic
field below the spin-flip field; i.e., the magnetoresistance is
indeed negative. The decrease of the resistance is monoto-
nous and occurs either through sharp jumps or smoothly,
depending on whether magnetic anisotropy is strong or
weak. The evolution of the magnetoresistance with mag-
netic field and temperature is the same irrespective of the
voltage applied—as changing the bias only affects the
absolute magnitude of the magnetoresistance—and allows
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mapping the magnetic phase diagram of these systems
[16,23,34].
Here, we report vertical transport measurements on

multilayers of a layered antiferromagnetic semiconductor
CrPS4 that exhibit an unexpected magnetoresistance at
odds with the observations that have been reported in all
other vdW layered antiferromagnets studied earlier. The
evolution of the resistance with magnetic field depends
strongly on the applied bias. For small and intermediate
bias voltage, the magnetoresistance is large and positive for
magnetic field below the spin-flip field, and it becomes
negative at larger field. In this bias range, the positive
magnetoresistance is accompanied by pronounced mag-
netoresistance oscillations in devices with thickness below
approximately 10 nm. Upon increasing the applied bias, the
amplitude of the magnetoresistance and of the oscillations
decreases and eventually vanishes. We show that the
unexpected observed behavior is rooted in the fact that
vertical transport in CrPS4 occurs in the space-charge-
limited regime; i.e., transport is not injection limited [see
top panel of Fig. 1(a)] as in previously studied layered
antiferromagnets. We further show that the different behav-
ior of the magnetoresistance as a function of bias depends
on whether space-charge-limited current (SCLC) transport
occurs in the trap-limited [see middle panel of Fig. 1(a),
(TL-SCLC)] or in the trap-free regime [see bottom panel of
Fig. 1(a), (TF-SCLC)]. These conclusions allow us to
propose a realistic scenario to explain the unexpected
phenomena observed in the experiments in terms of
defect-mediated transport processes well established for
disordered semiconductors, combined with properties of
the magnetic state of CrPS4 multilayers.

II. RESULTS AND ANALYSIS

CrPS4 is a weakly anisotropic layered antiferromagnet,
whose easy axis points perpendicular to the layers [35–41].
The material becomes antiferromagnetic below TN ¼ 38 K
and exhibits low-temperature spin-flop and spin-flip tran-
sitions at approximately 0.8 T and 8 T [27,38,42,43]. The
precise values depend on the batch of crystals employed
(CrPS4 crystals were purchased from HQ Graphene), as we
found that different batches exhibit different doping levels
(inferred from the different values of the linear conductivity
measured at high temperature). High-quality field-effect
transistors based on multilayers have already been reported
and have allowed the study of magnetism in the material—
as well as its dependence on accumulated charge carrier
density—by means of in-plane transport [27,43]. Vertical
transport—i.e., transport with current that flows in the
direction perpendicular to the layers—has so far been
studied only through tetralayer CrPS4, in which direct
tunneling gives the dominant contribution to the electrical
conductance [44]. The devices that we investigate rely on
thicker CrPS4 multilayers (thickness ranging from 4 to
100 nm, with negligible direct tunneling).

The structures [see Fig. 1(b) for a schematic representa-
tion] were assembled in a glove box with a sub-ppm
concentration of water and oxygen, and encapsulated
between hBN layers. The device realization relies on by-
now standard layer exfoliation and manipulation tech-
niques, and it consists of a CrPS4 multilayer in between
two multilayer graphene strips attached to the opposite
surfaces and acting as contacts [45]. The graphene strips are

(a)

(b)

(c)

(d)

(e)

FN tunneling

TL-SCLC

TF-SCLC

Graphite

CrPS4

e-

V (V)

V (V)

V (V)

6.7 nm

10.8 nm

80 nm

0.0-0.5

-100

100

0

I(
μA

)
I(

μA
)

0.0 0.4 0.8-0.4-0.8

0

50

-50

I(
μA

)

100

50

0

-50

-100
0 4 8-4-8

0.5

FIG. 1. (a) Cartoon schematics of the band diagrams represen-
tative of Fowler-Nordheim tunneling (top panel) and space-
charge-limited current, or SCLC (middle and bottom panels),
transport. When Fowler-Nordheim tunneling dominates, the
applied voltage generates an electric field that tilts the conduction
band and increases tunneling probability. The resulting I-V
curves exhibit a very strong exponential dependence of current
on bias. In the absence of a sizable barrier at the contacts,
transport occurs in the SCLC regime, in which the applied bias
both injects electrons in the material and accelerates them. SCLC
transport can either be trap limited (middle panel), when the
injected electrons propagate through in-gap defect states (traps),
or trap-free (bottom panel), when the traps are filled and the
largest contribution to the current is due to electrons injected
into the conduction band. (b) Schematic representation of our
graphite-CrPS4-graphite vertical junctions, which are encapsu-
lated between top and bottom hexagonal-boron nitrate (h-BN)
layers (not shown). (c)–(e) Current-voltage (I-V) characteristics
of a 6.7-nm-thick (c), 10.8-nm-thick (d), and 80-nm-thick
(e) device measured at 2, 4, and 4 K respectively.
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contacted by metal electrodes, which are used to interface
the structures with the voltage sources and current amplifier
employed to measure their I-V characteristics. More details
about the device fabrication are presented in the Sec. S1 of
the Supplemental Material [46]. A total of ten devices have
been investigated, and they show a consistent behavior that
we illustrate here by showing data measured on a number of
different selected devices.
Figures 1(c)–1(e) show the current-voltage (I-V) char-

acteristics of three devices (with the thickness of the CrPS4
layer ranging from 6.7 nm to 80 nm) measured at low
temperature [T ¼ 2 K in panel (c); T ¼ 4 K in panels (d)
and (e)]. The I-V curves exhibit a clear nonlinearity, which
is nevertheless much less pronounced as compared to most
layered antiferromagnetic semiconductors studied earlier
[18,20,47], in which the current increases exponentially
fast with bias. To appreciate the difference, we analyze the
I-V characteristics by plotting them in a double-logarithmic
scale [see Figs. 2(a)–2(f), as well as Fig. S3 in Ref. [46] ].
The double-logarithmic plot shows the presence of multiple
regimes with the current depending differently on voltage
[Figs. 2(d)–2(f), as well as Fig. S3 in Ref. [46] ]. In the
lowest voltage range—i.e., between 1 and 10 mV—I is
either linear in V or too small to be measured (i.e., for
thicker multilayers, the current is below the sensitivity of
our amplifiers). For larger voltages, I increase very rapidly
with increasing V, compatibly with a power law I ∝ Vm

with very large power (m ≈ 10). Eventually, the double-
logarithmic plot tends to flatten, resulting in a I ∝ V2

dependence [see the zoomed-in plots in Figs. 2(a) and 2(c),
and Fig. S3 in Ref. [46] for data from additional devices
showing that I ∝ V2 at high bias].
In a minority of cases, the power of the I ∝ Vm relation

decreases below 2 at the highest bias, and the I-V relation
tends to approach linearity [as visible, for instance, in
Fig. 2(b)]. This happens when the series resistance of the
graphene strip used as an electrode—larger than 10 kΩ
for the longest contact strips employed in the device
fabrication—cannot be neglected. To illustrate the role of
the series resistance, we look at one of the devices that we
investigated, in which multiterminal measurements could
be made to compare the resistance value measured with and
without the contribution of the resistance of the graphene
strip (in a four-terminal configuration, we measure only the
voltage drop across the CrPS4 multilayer). Data from this
device are shown inFig. S4 ofRef. [46]. It is clear that at high
bias, the slope of the I-V curve decreases below 2 for
measurements made in a two-terminal configuration (i.e.,
when the resistance includes the series resistance of the
graphene strip used as an electrode), but the curve is
perfectly quadratic when measured in a four-terminal
configuration (to exclude the series resistance and probe
exclusively vertical transport through the CrPS4 multilayer).
Finding that at high bias the I-V characteristic of the

CrPS4 multilayers becomes quadratic provides a first, clear

indication that, at low temperature, vertical transport
through CrPS4 multilayers occurs in the so-called SCLC
[48,49] regime. This transport mechanism is different from
that observed in similar structures that probe vertical
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FIG. 2. (a)–(f) Double-logarithmic plots of the I-V character-
istics shown in Figs. 1(c)–1(e) [(a), (d) 6.7-nm device; (b), (e) 10.8-
nmdevice; (c), (f) 80-nmdevice). Panels (a)–(c) are zoom-ins of the
high-voltage bias parts of the I-V curves. The red (slope2) and blue
(slope1) dashed lines areguides for the eye. In panels (a) and (c), the
red dashed line overlaps with the data at high bias (i.e., I ∝ V2). In
panel (b), the slope at high bias is smaller than 2 and seems to
approach 1 as V is increased due to the series resistance of the long
graphene strip used as the contact (see discussion in the main text
and Fig. S4 in Ref. [46] for a comparison of two- and four-terminal
measurements on another device, illustrating the effects of the
contact resistance). (g)–(i) Temperature dependence of the current
measured at different biases for the three devices whose I-V curves
are shown in panels (d)–(f) [see legend for device thickness; purple,
blue, yellow, and red curves representmeasurements taken at biases
corresponding to the dots of the same color in panels (d)–(f)]. At
low bias, the devices exhibit an insulating behavior (the current
decreases with decreasing T), whereas at sufficiently high bias, the
behavior is metallic (the current increases with increasing T).
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transport in other layered antiferromagnetic semiconduc-
tors studied earlier. When transport is mediated by SCLC,
the role of the applied bias is twofold: It injects charge
carriers into the material (just like when charging a
capacitor), and it accelerates them. Different regimes of
space-charge-limited transport are realized depending on
whether the charge is injected into in-gap localized states
associated with defects (traps) or into states inside a band
[48,49]. In the first case—referred to as trap-limited
SCLC—the current decreases with lowering temperature
and eventually saturates at low T, when electron motion is
mediated by elastic hopping processes. In the second
case—referred to as trap-free SCLC—the current increases
upon cooling since, for electrons occupying states in a
band, the mobility is normally larger at lower T. Thus, to
confirm that what we observe in our measurements is
effectively space-charge-limited transport, we look at the
evolution of the current with temperature at different values
of the applied bias V.
Figures 2(g)–2(i) show the temperature dependence of

the current measured for four values of applied voltage,
spanning across the different regimes observed in the
double-logarithmic plot of the I-V characteristics. It is
apparent that at low bias, the current I decreases rapidly
upon lowering T—a behavior typical of thermally-activated
or variable-range hopping. As the applied bias is increased,
the current still decreases upon cooling but eventually tends
to saturate at low temperature to a value that is sufficiently
large to be detected. Such a temperature-independent
transport regime is expected when transport is mediated
by elastic hopping. At sufficiently large bias, the current
increases upon lowering temperature. Such a behavior,
indicative of band transport, starts to occur as the applied
bias is such that the I-V curve in the double-logarithmic
plot enters the I ∝ V2 regime. Microscopically, band
transport occurs when the nonequilibrium electron distri-
bution generated by the applied bias, and commonly
described by a so-called quasi Fermi level, results in a
sizable population of states in the conduction band.
Therefore, overall, the evolution of the current with temper-
ature that we observe experimentally is precisely the one
expected for SCLC, passing from the trap-limited transport
regime (in the bias range where the current decreases upon
decreasing T) to the trap-free regime at high bias (where
electrons injected in the conduction band dominate the
current flow). It is therefore the concomitant observation of
a high-bias I ∝ V2 regime, and of the correlation between
bias and temperature dependence of the current, that allows
us to conclude that vertical transport occurs in the SCLC
regime, irrespective of the multilayer thickness (at least in
the thickness range investigated).
The behavior of the magnetoresistance of van der Waals

magnetic semiconductors operating in the SCLC regime
has never been reported and is currently unknown. We find
that at small and intermediate bias, the resistance exhibits a

pronounced increase corresponding to a positive magneto-
resistance between 1000% and 2000%, before eventually
decreasing asH approaches the spin-flip field μ0Hflip ≃ 8 T
[see Figs. 3(a)–3(c)]. For H > Hflip, the resistance is lower
than at μ0H ¼ 0 T; i.e., the high-field magnetoresistance is
negative (with a typical magnitude of approximately
100%). In devices with thickness smaller than approxi-
mately 10 nm, the positive magnetoresistance observed for
H < Hflip exhibits pronounced oscillations. In thick devi-
ces, these oscillations are either absent or cannot be clearly
resolved and only result in less-pronounced features (e.g.,
magnetoresistance “kinks”). Such pronounced magneto-
resistance oscillations have never been observed in any
vdW magnetic semiconductor.
Upon increasing temperature, the magnetoresistance

decreases, and for T > TN—in the paramagnetic state—
only a weak and broad negative magnetoresistance persists
[see Figs. 3(a)–3(c)]. The overall evolution as a function of
temperature and magnetic field is illustrated in detail in
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FIG. 3. (a)–(c) Temperature dependence of the magnetoresist-
ance MR ¼ ½RðHÞ − Rð0Þ=Rð0Þ�measured at low bias (in the TL
SCLC regime) on three different devices with a CrPS4 layer that
is 3.5 (a), 5.5 (b), and 45 nm (c) thick (the magnetic field is
applied perpendicular to the layers). Red, orange, yellow, and
light and dark blue solid lines represent magnetoresistance
measured at T ¼ 2, 10, 20, 30, and 40 K, respectively. In all
our devices, a large (up to 1000%–2000% at the lowest temper-
atures) positive magnetoresistance is observed below the spin-flip
field (≃8 T), and it exhibits pronounced oscillations in devices
that are less than 10 nm thick. The magnetoresistance becomes
negative and smaller [approximately 100%, see inset of panel (c)]
when the field applied is larger than the spin-flip field.
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Fig. 4 with color plots of dR=dHðH; TÞ. The data clearly
show how Hflop and Hflip shift to lower values at higher T
and eventually vanish at the Néel temperature TN ∼ 38 K,
as expected. Interestingly, the data further show that
magnetoresistance oscillations also evolve with increasing
temperature as the spin-flip field does. This result is
unexpected because it is well established that, in bulk
CrPS4 crystals, no magnetic transition occurs at the
corresponding magnetic field values [27,38].
We find that the overall behavior of the magnetoresist-

ance is nearly identical when the magnetic field is
applied perpendicular or parallel to the plane [see
Figs. 5(a) and 5(b), as well as Fig. S5 in Ref. [46] ].
This finding is the case for the complete magnetic field
dependence and for its temperature evolution. Indeed,
virtually all features observed in the magnetoresistance
are present irrespective of whether the field is applied in
plane or perpendicular to the plane (with the exception of
features originating from the spin-flop transition, which are
seen when the field is applied perpendicular to the layers, as
expected). These observations indicate that the magnetic
field strongly influences the electron motion by coupling to
the magnetic spin structure.
The magnetoresistance also decreases rapidly upon

increasing bias. This result is shown in Fig. 6 for two

devices based on one of the thinnest [Fig. 6(a)] and one of
the thickest [Fig. 6(b)] CrPS4 multilayers studied. It can be
seen by comparing the data in Fig. 6(b) with the I-V curves
for the same devices shown in Fig. 2(c) that the bias at
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which the magnetoresistance disappears corresponds to the
onset of the high-voltage range over which I ∝ V2 (a
similar observation has been made on other devices as
well). This finding implies that, in the trap-free limit of the
SCLC regime, when current is carried by electrons injected
in the conduction band of CrPS4, virtually no magneto-
resistance is observed, neither positive for H < Hflip nor
negative forH > Hflip. Indeed, in all devices investigated in
which a bias sufficient to enter the trap-free limit was
applied, no sizable magnetoresistance was found to survive.
At the highest bias, when the resistance is in the 10-kΩ
range, a small positive magnetoresistance due to the
contribution of graphene is visible in some devices,
consistently with the fact—mentioned earlier—that in
some devices at the highest bias, transport is limited by
the resistance of the graphene strip acting as the contact.
Finding that the magnetoresistance tends to vanish when
the applied bias V brings the device into the I ∝ V2 regime
allows us to conclude that the magnetoresistance (as well as
the magnetoresistance oscillations) originates from elec-
trons propagating via localized defect states inside the gap
of CrPS4.
Establishing that the positive magnetoresistance origi-

nates from electrons hopping between localized states is
important because, in conventional (i.e., nonmagnetic)
semiconductors, a positive magnetoresistance in the hop-
ping regime can be readily explained in terms of wave-
function squeezing induced by the applied magnetic field.
The orbital effect of the magnetic field on states localized at
defects enhances confinement and decreases the spatial
extension of the wave functions. As a result, the overlap of
the wave functions located at neighboring hopping sites
decreases, as does the corresponding hopping probability
[50]. Since at low temperature the distance of the impurities
hosting states with the same energy (i.e., the states that
mediate elastic hopping transport) is large, the wave-
function overlap is due to the wave-function tail, whose
amplitude decreases exponentially with applied magnetic
field. In this regime, theory predicts a positive magneto-
resistance given by RðHÞ=RðH ¼ 0Þ ¼ eαH

2

[50], such that

lnðRðHÞ=RðH ¼ 0ÞÞ ¼ αH2: ð1Þ

Indeed, if we plot the logarithm of RðHÞ=RðH ¼ 0Þ versus
H2 for devices based on CrPS4 layers of thickness between
3 and 80 nm, we always find a linear relation for values of
μ0H up to approximately 3 Tesla [Fig. 7(a)].
For nonmagnetic semiconductors, the magnetoresistance

at sufficiently high magnetic field eventually saturates, but
for a layered antiferromagnet such as CrPS4, the situation is
different. In a layered antiferromagnetic semiconductor,
increasing the applied magnetic field not only decreases the
extension of the localized states but also causes the
magnetization of adjacent layers to cant in the same
direction. This finding is important because when the

magnetization in adjacent layers points in opposite direc-
tions (for μ0H ¼ 0 T), electrons cannot hop from one layer
to the next because the exchange energy is too large
(approximately 0.6 eV in CrPS4 [43]). Electrons then need
to hop to defect states located in the next-next layer so that
the overlap of the initial and final states involved in the
hopping process is truly due to the tail of the wave function,
and the mechanism for positive magnetoresistance dis-
cussed above is pertinent.
As the magnetic field is increased and the magnetization

in different layers cant towards the field direction, however,
defect states in adjacent layers have a larger parallel spin
component. The parallel spin component increases the
probability for electrons to hop from states in one layer
to states in the neighboring layer. Increasing spin canting,
therefore, effectively reduces the distance between states
involved in the electron hopping process and eventually
causes the magnetoresistance to start deceasing at suffi-
ciently large magnetic field. Thus, the observed magneto-
resistance in CrPS4 devices peaks below the spin-flip field.
Eventually, for H above the spin-flip field, the magneti-
zation of all layers points in the same direction, and
hopping is fully dominated by states in the neighboring
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FIG. 7. (a) Plot of lnðRðHÞ=RðH ¼ 0ÞÞ as a function of H2

(with field applied perpendicular to the layers) measured in
several different devices (with the CrPS4 layer, respectively, 3.5,
4.6, 45, and 80 nm thick). The linear dependence indicates that
the positive magnetoresistance measured in the TL-SCLC regime
is due to squeezing of the wave functions of the states involved in
the hopping process. (b) Magnetic field values of the two local
minima associated with the magnetoresistance oscillations ob-
served in devices thinner than 10 nm (data taken at 2 K or 4 K,
depending on the device; the thickness of the CrPS4 layer is
indicated in the legend). The red, yellow, and blue data points
correspond to the first minimum in the oscillations, the second
minimum, and the spin-flip field. The dashed lines represent the
value of the spin-flip field extracted from CrPS4 transistor
measurements done on CrPS4 bilayers (red dashed line), trilayers
(yellow dashed line), and thick, bulklike multilayers (blue dashed
line) [51].
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layers, which have a much larger overlap. The closer
distance between the defect states means that the wave-
function overlap is not determined by their exponential tails
and is therefore no longer exponentially sensitive to an
increase in magnetic field. In this regime, magnetotransport
is likely dominated by a different process, namely, the shift
to a lower energy of the conduction band edge that has
recently been observed in field-effect transistor measure-
ments [42,43]. The lowering of the conduction band edge
increases the spatial extension of the localized wave
functions relative to the μ0H ¼ 0 T case, resulting in a
negative magnetoresistance for H > Hflip.
The experimental observations indicate that the role

played by spin canting in adjacent layers to determine
the relevant hopping processes is likely also the reason for
the magnetoresistance oscillations observed in sufficiently
thin CrPS4 layers. This idea is suggested by the analysis of
the magnetic field at which the resistance exhibits minima
in devices thinner than approximately 10 nm. The position
of these magnetoresistance minima (as a function of
applied electric field) is summarized in Fig. 7(b), based
on data measured on four different devices with thickness
smaller than 10 nm.We focus on the minima that are clearly
defined so that their position can be determined unambig-
uously (more shoulders or kinks become visible as the
CrPS4 thickness increases, but the positions of those
features are more difficult to determined precisely). In
all devices, we find two such minima, at μ0H ≃ 3.5–4 T
and μ0H ≃ 6 T. We also plot the value of the spin-flip field
μ0H ≃ 8 T, at which the magnetoresistance saturates to a
constant value. Interestingly, the values of μ0H for the two
minima identified match quite precisely the spin-flip field
of bilayer and trilayer CrPS4, which we know from
separate studies of MR on CrPS4 field-effect transistors
[51]. This observation suggests that, inside the multilayers
used to study vertical transport, structural domains are
present, with stacking faults that magnetically decouple
the CrPS4 layers.
Structural defects (such as stacking faults) can cause

electronic decoupling of thin layers within thicker crystals,
resulting in CrPS4 regions that effectively behave as bi-,
tri-, and tetralayers. In terms of their magnetic response,
these layers would have a correspondingly lower spin-flip
field, as expected theoretically. For bilayers, for instance,
the spin-flip field is half that of the bulk because each
constituent layer feels the exchange interaction of only one
other neighboring layer and not of two like in the bulk (for a
study of the spin-flip field as a function of multilayer
thickness in low-anisotropy layered antiferromagnets, see
past work on CrCl3 [23]). We therefore suggest that the
observed peaks in the magnetoresistance originate from the
contributions of regions inside the device in which stacking
faults cause electronic decoupling of a few layers, which
contribute to the total measured resistance. Specifically,
because of the lower spin-flip field, in these regions, a large

spin canting starts at smaller H, causing their contribution
to the total magnetoresistance to also peak at values of H
smaller than that of thick multilayers. To confirm this idea
—and explore whether electronic decoupling caused by
structural defects may be controlled to engineer the
magnetoresistive response—it would certainly be interest-
ing to investigate crystals of different structural quality.

III. CONCLUSIONS

In devices based on vdW layered antiferromagnetic
semiconductors studied in the past, transport was virtually
always injection limited, and the experimental results were
properly captured in terms of a phenomenological Fowler-
Nordheim tunneling description [52,53]. This same
approach, however, does not properly describe the behavior
of CrPS4-based devices because vertical transport in CrPS4
occurs in the space-charge-limited current regime; i.e.,
electron injection at the contacts is not the process limiting
current flow. Why vertical transport occurs in the SCLC
regime in CrPS4 multilayers (whereas for all other 2D
magnetic materials studied earlier at high bias, transport
was found to be injection limited) remains to be understood
in detail. It is probably due to the high (unintentional)
doping level of CrPS4 crystals, which shifts the Fermi level
in the material much closer to the conduction band edge as
compared to other 2D magnetic van der Waals semi-
conductors. The closer proximity of the Fermi level to
the conduction band edge is corroborated by the observa-
tion of a linear transport regime in many of our devices
down to low temperature, with relatively small activation
energy of the resistance (30 to 40 meV depending on
crystals, see Fig. S2 in Ref. [46]), much smaller than, for
instance, in CrI3 (where the activation energy is approx-
imately 200 meV) [16]. The proximity of the Fermi level to
the conduction band edge enhances both the density of
states at the Fermi level and the overlap of the wave
functions of electrons localized at defects, drastically
increasing conductivity due to in-gap states through
CrPS4. The conductivity due to the in-gap state implies
that charge injected in the material is sufficiently mobile to
enable the observation of current, which is precisely the
idea of space-charge-limited transport. In other vdW
magnets, in contrast, charge injected into in-gap states
inside the material does not lead to any measurable current
because the much larger distance between the Fermi level
and conduction band edge implies that electrons in defects
are much more strongly localized. As a consequence,
current is only observed when the bias is large enough
to directly inject electrons into the band, which is the idea
behind Fowler-Nordheim tunneling.
Irrespective of the precise microscopic reason why

vertical transport in CrPS4 is space-charge limited, what
is particularly interesting is that the SCLC transport regime
has not been investigated earlier in layered vdW magnets,
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and nothing is known about the expected behavior of the
magnetoresistance. In the space-charge-limited transport
regime, the applied bias accumulates electrons in the
material—similarly to what happens in a capacitor—and it
then accelerates them. At low bias, electrons are injected
into localized states and can propagate only via hopping.
Upon increasing the bias, the larger density of accumu-
lated electrons also starts to occupy states in the con-
duction band. Electrons occupying these states can
propagate much more easily and cause a large decrease
in resistance. The microscopic processes responsible for
current flow are therefore different at low and high bias.
This difference is the reason for the strong bias depend-
ence of the magnetoresistive response and of the temper-
ature dependence of the measured resistance. Because
CrPS4 devices are the first in the family of vdW semi-
conducting magnets to operate in the space-charge-limited
transport regime, their behavior is different from that
observed in materials studied earlier and appears anoma-
lous at first sight.
Our work succeeds in rationalizing all the seemingly

anomalous experimental observations by considering the
interplay between semiconductor physics—which deter-
mines how the localized states responsible for hopping
respond to an applied magnetic field—with the evolution
of the magnetic state of CrPS4 upon increasing the
applied magnetic field—which determines whether elec-
trons can or cannot hop to states in an adjacent layer. The
application of the magnetic field enhances localization
effects of electrons in in-gap states involved in the
hopping conduction, causing the resistance to increase
at low field. The gradual increase in canting of the
magnetization of different layers in the same direction
enhances the probability for electrons to hop from one
layer to the nearest neighboring one, which effectively
decreases the distance between hopping sites. The net
result is the positive and nonmonotonic magnetoresist-
ance that we observe. Once the accumulated electrons
populate states in the band, the resistance becomes much
less sensitive to the magnetic field. The observed overall
decrease in resistance relative to the value measured at
μ0H ¼ 0 T is again likely due to the downshift of the
conduction band edge.
In summary, our results show how vertical magneto-

resistance measurements on van der Waals semiconduct-
ing magnets can exhibit a very different evolution with
field, temperature, and bias in different materials with
virtually identical magnetic states, simply because of the
different regimes in which transport occurs. Our experi-
ments also reveal the behavior of the magnetoresistance in
the space-charge-limited transport regime, that in van der
Waals semiconducting magnets have never been inves-
tigated. Both these issues are important to realize mag-
netoresistance measurements as a reliable technique to
investigate the magnetic properties of atomically thin van
der Waals magnets.
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