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Heterostructures of van der Waals (vdW) ferromagnetic materials have become a focal point in research of low-
dimensional spintronic devices. The current direction in spin valves is commonly perpendicular to the plane (CPP). How-
ever, the transport properties of the CPP mode remain largely unexplored. In this work, current-in-plane (CIP) mode and
CPP mode for CrTe; thin films are carefully studied. The temperature-dependent longitudinal resistance transitions from
metallic (CIP) to semiconductor behavior (CPP), with the electrical resistivity of CPP increased by five orders of magni-
tude. More importantly, the transport properties of the CPP can be categorized into a single-gap tunneling-through model
with the activation energy (E;) of ~ 1.34 meV/gap at 300-150 K, the variable range hopping model with a linear negative
magnetoresistance at 150-20 K, and weak localization region with a nonlinear magnetic resistance below 20 K. This study
explores the vertical transport in CrTe, materials for the first time, contributing to understand its unique properties and to

pave the way for its potential in spin valve devices.

Keywords: 2D vdW, CrTe,, current-perpendicular-to-plane, negative magnetic resistance
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1. Introduction

Van der Waals (vdW) magnetic materials exhibit layered
atomic structures with strong in-plane binding forces and weak
interlayer interactions.'! =3 These materials often exhibit novel
characteristics due to their unique structures.*>! Recently, ex-
ploration of new functional devices through stacking of high-
quality vdW material heterostructures with different thick-
nesses has become a prominent avenue.!*' In the field of
spintronics, a representative device is the spin valve, which
constitutes a multilayer heterostructure capable of toggling be-
tween two magnetic states.!!"'?] Some 2D vdW ferromagnetic
materials, such as Fe;GaTe,,!'3 Crl;,l'4 and Fe;GeTe,,[!9]
have been employed in spin valve magnetoresistance.!'® For
example, Fe;GeTe; serves as the ferromagnetic layer with an
insulating layer hBN tunnel barrier sandwiched in between,
and a typical spin valve magnetoresistance of ~ 160% has
been observed.!!”l Additionally, the bilayer Crl3 structure ex-
hibits a resistance switching ratio of up to 10> when a cur-
rent flow through the spin valve.[!8] The elevated magne-
toresistance for the devices is attributed to excellent inter-
layer transport, specifically the current-perpendicular-to-plane
(CPP) effect.['%29] The 2D ferromagnetic materials introduce
additional resistance, which affects the performance of spin
valve.

CrTe,, as a rising star among the 2D ferromagnetic ma-
terials, exhibits excellent thickness-dependent ferromagnetic
properties and a tunable Curie temperature (7¢) up to room
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temperature.!?!=23] These characteristics make it suitable for
spin valve devices. While extensive research and exploration
have been conducted on its characteristics at in-plane current
(CIP) mode,**-291 there is still a blank in understanding the
vertical transport properties and mechanisms for CrTe;.

In this work, the resistance characteristics of ultra-thin
CrTe, films with perpendicular magnetic anisotropy (PMA)
is analyzed for the CPP mode. The resistivity has increased by
five orders of magnitude compared to that of the CIP mode. In
the high temperature range (150-300 K), the activation energy
(E,) of approximately 1.34 meV/gap has been found, which
is attributed to the tunneling-through mechanism. As the tem-
perature decreases, the variable-range hopping (VRH) mech-
anism dominates, leading to a linear negative magnetoresis-
tance (NMR). At extremely low temperatures (below 20 K),
the observation of weak localization (WL) effects is noted
with a nonlinear magnetoresistance (MR). This study marks
the first attempt to investigate the CPP transport of CrTe; thin
films, establishing a groundwork for conducting vertical cur-
rent testing on 2D spin valve devices.

2. Experimental details

On a clean GaAs (111)B substrate, the seven bottom elec-
trodes (3 nm Pt) are fabricated by photolithography and mag-
netron sputtering. The width of the electrodes is uniformly
10 um, and the gap between the electrodes is also 10 pm.
Subsequently, high-quality CrTe, films are grown in a molec-
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ular beam epitaxy (MBE) system (SSI smart-100) under high
vacuum conditions (10~ Torr). The growth covered the en-
tire sample, and the XRD characterization of the sample is
shown in Fig. S1(b), demonstrating the high quality. Sam-
ple thickness depends on RHEED oscillations characterized
in Fig. S1(c). Then, the CrTe; film is patterned into a rect-
angular shape (20 x 200 um) using photolithography and ion
beam etching (IBE). Ultimately, three top electrodes (3 nm Pt)
are fabricated on the top surface of CrTe;. The schematic di-
agram of the device is shown in Fig. 1(a), and Fig. 1(b) is a
microscopic image of the device.

This structure facilitates conducting CIP and CPP tests
on the same sample, enabling a direct comparison and elimi-
nating errors introduced by sample variations. As depicted in
the insets of Fig. 1(c), CIP testing entails current between the
top and bottom electrodes, which implies that the current pri-
marily flows within the layers. CPP mode involves directing
current between the top and bottom electrodes, which implies
that the current flows through the vdW gaps. Figure 1(c) il-
lustrates the temperature-dependent resistivities of a 20-layer
CrTe; thin film. The resistivity is obtained according to the
formula p = RS/I. For the CIP mode, as the temperature de-
creases, the resistivity gradually decreases (to approximately
0.6 mQ-cm), exhibiting a metallic behavior overall with a kink
at 170 K [the black arrow in Fig. 1(c)], representing the Tc,
which is consistent with other works.[21=28] In contrast, the
CPP mode demonstrates a semiconductor characteristic, and

Top
electrodes

0 100
T (K)

200 300

pcpp (105 mQ-cm)

increases by five orders of magnitude from that of CIP, with
the resistivity of 1.23 x 103 mQ-cm at low temperatures.

The temperature dependence remains consistent for other
samples of 10 and 40 layers for CPP mode, as illustrated in
Fig. 1(d). The resistance at 300 K exhibits a linear depen-
dence on the thicknesses and intercepts the zero as depicted in
the inset of Fig. 1(d).

For a deeper comprehension of the charge transport
mechanisms of CPP, the modified Arrhenius plots are pre-

sented in Figs. 2(b)-2(d).
29,30]

This model can be expressed
[
as

p—nrewn (L),

where pg is a pre-exponential factor, E, is the activation en-
ergy, kg is Boltzmann’s constant.
range (150-300 K), the black solid lines are linear fittings
for different thicknesses. This verifies the direct tunneling-

In the high-temperature

through model, which involves the entire sample as a barrier,
through which charge carriers undergo tunneling-through ef-
fects.

Ultimately, the activation energies were obtained to be
14.3 meV, 20.3 meV, and 53.1 meV for 10-, 20-, and 40-layer
samples, respectively. As depicted in Fig. 2(e), the activation
energy demonstrates a linear dependence on the film thickness.
A linear fitting (indicated by the red dotted line) gives the slop
of 1.34 meV/gap. It should be noted that for an n-layer sample,
there are (n — 1) gaps.
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Fig. 1. (a) Schematic representation and (b) optical microscope image of the device. T|—T3 represent the three top electrodes, and
B4—Bjg represent the seven bottom electrodes. Characterization of CIP and CPP transport can be conducted in the same device using
the corresponding top and/or bottom electrodes. (c) Temperature-dependent resistivities of CIP and CPP in a 20-layer CrTe, sample.
The resistivity of the CPP mode exhibits a semiconductor behavior, accompanied by a five-order-of-magnitude increase compared to
the CIP mode. The insets show the principles of CIP and CPP testing. (d) The CPP measurements of 10-, 20-, and 40-layer samples
exhibit the same semiconductor trend, with the resistance linearly dependent on the thickness as shown in the inset.
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Fig. 2. (a) Illustrations of the tunneling-through and VRH models when the current flows along the c-axis. (b)-(d) Modified Arrhenius
plots of In(p/T) vs. T~ for samples with different thicknesses between 160 K and 300 K. Activation energies of 14.3 meV, 20.3 meV, and
53.1 meV can be extracted, respectively. (e) E, showing a linear correlation with the number of gaps in the red dotted line, resulting in a slop
of 1.340.3 meV/gap. The logarithm of the tunneling current at a fixed bias voltage of 0.4 mV also exhibits a linear dependence on the gaps, as

indicated by the blue dashed line. The fitting results give the average tunneling barrier height of 1.9 meV. (f) Characteristics of Inp vs 7~

1/2.

The black dotted lines are linear fittings with the 1D-VRH transition model within the range of 50-150 K.

As mentioned above, the transport process at high tem-
peratures can be treated as a tunneling process. Thus, the elec-
trons tunnel through the multiple vdW’s gaps directly. The
tunneling current can be expressed as

I = Cexp(—2kd),

where C is a constant and d is the width of the tunneling gap.
Assuming that an interlayer gap distance in a vdW material is
do, the distance for the n layers sample would be d = (n—1)d,,.
Here, k = 27”\/27 , h is the Planck constant, ¢ is the tun-
neling barrier height of the vdW gap, and m is the electron
mass. 3!

Then, the magnitude of the 2kdy can be extracted from
the linear fitting of In/ vs n, as shown by the blue dashed
line in Fig. 2(e) (detailed calculations can be found in the
supplementary note I). Adopting the interlayer gap dp of
0.11 nm,3?! the tunneling barrier height ¢ is 1.63 £0.02 meV.
This value closely matches the calculated activation energy of
1.3+£0.3 meV mentioned earlier. Thus, the result confirms the
direct tunneling-through model at high temperatures for the
CPP transport.

Another way of thinking, the thermal energy of the carri-
ers is denoted as Er ~ kgT. It typically accounts to approxi-
mately 25.9 meV at 300 K, which is comparable with the ac-
tivation energies of 14.3 meV (for 10 layers), 20.3 meV (for
20 layers), and 53.1 meV (for 40 layers). Thus, the direct

tunneling-through model is reasonable in the range close to
room temperature for the samples.

As the temperature decreases, the thermal energy is insuf-
ficient to support the direct tunneling-through model, the elec-
trons randomly move between different layers of the CrTe,,
and VRH transition emerges.>’! The resistivity follows the
equation provided by this transport model:

T

P = poexp (70

?

)71/(n+l)

where n is the system’s dimension. In the CPP mode of 2D

materials, n equals 1, because the electrons only hop along

1341 As shown in Fig. 2(f), the relation-

~12

the vertical direction.
ship between Inp and T exhibits a good linearity within
the temperature range of 50-150 K for 10-, 20- and 40-layer
samples, suggesting the existence of 1D-VRH transport.

Furthermore, the MRs of CIP and CPP modes at vari-
ous temperatures have been studied, as shown in Figs. 3(a)
and 3(b). The applied magnetic field is maintained perpen-
dicular to the current, as shown in the insets of Fig. 1(c). In
CIP mode, the magnetic field is oriented parallel to the c-axis
(B]|¢), while in CPP testing, it is oriented within the ab-plane
(B||ab).

In Fig. 3(a), CIP demonstrates a distinctive butterfly-
shaped NMR at 2 K (the change in peak position is related to
Hc). The distinct magnetic switches observed in both the AHE

097201-3
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(Fig. S5(a)) and MR suggest the presence of a unified mag-
netic domain for the entire film, eliminating the usual NMR
associated with domain wall movements in ferromagnets. In

this case, the NMR is likely a result of the linear suppression
[35]

of magnon populations by external magnetic fields.'>~!, and

(a) 0.0
—0.5
—1.0

S

~ —1.5

"

=

[¢
©
_1 I
=—-0.5
72k
S L0
x 4 —_—2K o
S —4&[——10K 50K —1.5 S
sk 70K
100K
. —120K —2.0
-6 —150K
L L L —2.5

15 =10 -5 0
B (T)

B (T)

the distance between the two peaks represents twice of the
coercivity field (2Hc). At higher temperatures, the splitting
of the peaks decreases as Hc becomes smaller, as shown in
Fig. S5(b). This result is consistent with many other reports

working on the in-plane transport properties of CrTe,.[30-37)

a T
= 0.20 Tunneling H
& through —0.6 9
g 01 2
£ 0.10 04 &
@)
o &
0.05
1 —0.2
0.00 L——1. ' :

|
50 100 150 200
T (K)

Fig. 3. (a) The CIP mode at 2 K, showing the butterfly-shaped MR, with the magnetic field applied perpendicular to the current
(Bllc). (b) The CPP mode at 2 K, demonstrating the NMR, with the magnetic field applied perpendicular to the current (B||ab).
(c) Temperature-dependent MR for the 20-layer sample from 220 K to 2 K. As the temperature decreases, sharp cusps can be observed
at low fields, demonstrating the existence of WL effect. (d) Temperature-dependent MR slopes of CIP and CPP, which are extracted
between 12 T and 14 T [white dotted line in (c)]. The Ycrp and ycpp reveal distinctive trends in the tunneling-through and VRH regions,

respectively.

On the other hand, the CPP mode exhibits similar NMR
without the splitted peaks, compared to the CIP mode. This is
because the out-of-plane ferromagnetism of CrTe, leaves zero
magnetic moment within the plane. Figure 3(c) demonstrates
the CPP MR at different temperatures. For all the tempera-
tures, they exhibit unsaturated linear NMR. This can be at-
tributed to the suppression of magnon populations, similar to
the CIP mode, and/or the VRH mechanism, 1381 which also oc-
curs below 150 K. At 20 K and below, MR exhibits a nonlinear
bend, typically associated with the presence of WL effect.[>]

The Ycrr = |dMRcp/dB| and  yepp =
|dMRcpp/d B| at 12-14 T show the non-monotonic tempera-

slopes

ture dependence in Fig. 3(d). The ycyp significantly decreases
in the high temperature ranges, with a clear step close to its
Tc of 170 K. On the other hand, the Ycpp first decreases, then
increases and decreases again in the tunneling-through, VRH
and WL effect regions, respectively.

Furthermore, the sharp cusps at low fields are typically
the fingerprint of WL effect at temperatures below 50 K. The
Hikami-Larkin—-Nagaoka (HLN) formula is introduced to fit

the resistivity in the low magnetic field region: (40411

where Aoy, = 0(H) — 6(0) represents the change of magneto-
conductivity, ¥ is the digamma function, e is the electronic
charge, and [y = h/(4e|B|) is the magnetic length. The [, is
the phase coherence length. The « is a pre-factor represent-
ing the type of localizations (WL or WAL) and the number of
transport channels.

Fitting MR with different thicknesses based on HLN for-
mula (Fig. S7) to obtain the value of o at 2K. As depicted
in Fig. 4(a), a remains close to 0.5, suggesting the presence
of one-channel WL phenomena. The temperature-dependent
WL for the 20-layer sample has also been fitted, as shown in
Fig. 4(b). The o remains around 0.42 with minimal variations

as the temperature increases.
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(a) 0.6

0.5
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Fig. 4. (a) Relationship between the pre-factor ¢ and thickness, ob-
tained through the HLN fitting at 2 K. Here a ~ 0.5 indicates the pres-
ence of WL at low temperature. (b) HLN formula fitting performed at
different temperatures. The parameter o remains constant.

3. Conclusion and perspectives

In summary, the vertical transport properties of the 2D
ferromagnetic material CrTe, has been studied. A five-order-
of-magnitude increase has been found in the resistivity com-
pared with that of CIP mode. From room temperature down to
low temperatures, tunneling-through transport is demonstrated
with a single interlayer transition energy of 1.34 meV/gap,
then the VRH model with linear unsaturated NMR at 20—
150 K and WL effect with nonlinear NMR at extremely low
temperatures. This study contributes to the understanding of
the unique properties of CrTe, and paves the way for theoreti-
cal advancements in applications of spin valve devices.
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