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Current-induced spin-orbit torque (SOT) driven magnetization switching has relied mostly on 4d and
5d heavy metals with strong spin-orbit coupling to generate large spin currents to deliver SOT and a MgO
layer to acquire perpendicular magnetic anisotropy (PMA). We demonstrate 3d Cr metal can generate
PMA and deliver SOT switching with more prowess than Ta. In certain Cr-based heterostructures, even
field-free SOT switching has been achieved due to the subtle microstructure in the layered structure.
The field-free SOT switching device based on 3d Cr provides significant advantages for next generation
high-efficiency and low-cost nonvolatile spintronic devices.
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Recently, current switching of a ferromagnetic (FM)
layer via spin-orbit torque (SOT) has drawn a great deal
of interest for spintronic devices [1,2]. An FM layer, sand-
wiched between a heavy metal (HM) with strong spin-orbit
coupling (SOC) and MgO, can acquire perpendicular mag-
netic anisotropy (PMA). When a lateral charge current
Je flows through a HM/FM/MgO structure, the spin Hall
and/or the Rashba effects generate a spin current Js through
the FM layer with PMA and switch its magnetization via
the SOT [3–5]. However, this highly attractive current-
switching scheme occurs only if an external field is also
applied along Je, and its direction dictates the up and
down orientations of the PMA layer. The external field
is necessary to break the up-down degeneracy, but such
a field is technologically unattractive. Spintronic appli-
cations demand field-free SOT switching. There are a
few approaches to achieve field-free switching including
the fabrication of geometrically asymmetric layers [6–10],
the use of exchange bias via an antiferromagnetic layer
[11–13], and other more complex schemes [14–18].

Previously, one most often employs HM layers of
either 5d (e.g., Pt, W, and Ta) or 4d elements (e.g.,
Mo), for PMA and SOT switching to exploit the stronger
SOC, hence a higher charge-to-spin conversion efficiency
[4,10,19,20]. In this work, we show that 3d Cr layers can
also induce strong PMA and deliver SOT switching, and
most interestingly, field-free SOT switching. Previously,
both HM and MgO have been essential for achieving PMA
in HM/(Co, Fe)B/MgO heterostructures [2]. In contrast,
the PMA in Cr-based heterostructures can be realized,
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even enhanced, without the MgO layer. Furthermore, we
show that sputtering deposition induces oblique columnar
growth in the layer structure, which induces an effective
in-plane anisotropy for field-free switching. The direction
of the oblique columnar structure dictates the up and down
orientations of the PMA layer. Our results of SOT switch-
ing in 3d Cr-based heterostructures with unique advantages
provide promising platforms for high-density and low-cost
spintronic devices.

We use magnetron sputtering to grow Cr-based hetero-
structures including Ta(3)/CFB(1)/MgO(2)/Cr(1), Cr(3)

/CFB(1)/MgO(2)/Cr(1), and Cr(3)/CFB(1)/Cr(0.5) on
Si/SiO2, where CFB = Co60Fe20B20 is a common material
for spintronic devices, and the thickness in nanometers is
shown in the parentheses. After deposition, the multilayers
are annealed in vacuum at 250 °C to acquire the interfa-
cial PMA of the CFB layer. X-ray reflectivity and atomic
force microscopy are used to determine film thickness and
roughness. The magnetic properties are characterized by a
vibrating sample magnetometer (VSM).

Previously, one has employed HMs of 4d and 5d ele-
ments to exploit their strong SOC, and thus spin Hall effect
(SHE), for SOT switching, but not 3d metals. However,
while some 3d metals, (e.g., Cu) have weak SHE, others
(e.g., permalloy) have sizable SHE [21]. Unique among the
3d metals, Cr has very strong SHE, comparable to those in
Pt and Ta, as has been demonstrated by spin pumping [22]
and the spin Seebeck effect [23]. The SOT effective field
of Cr has also been studied by second-harmonic measure-
ment [24,25]. Here, we report deterministic field-free SOT
switching in Cr-based heterostructures with robust PMA.

The multilayer structure of underlayer/CFB/capping
layer is shown in Fig. 1(a), where the CFB layer acquires
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PMA when sandwiched between an underlayer (such as
Cr as shown, or Ta) and a capping layer (Cr or Ta). Both
Cr and Ta have negative spin Hall angles. The hystere-
sis loops of Ta/CFB/MgO/Ta, Ta/CFB/MgO/Cr, and
Cr/CFB/MgO/Cr, measured by VSM with a magnetic
field applied perpendicular and parallel to the film plane,
are shown in Fig. 1(b). The sample of Ta/CFB/MgO/Ta
shows PMA as previously known. However, we have also
observed PMA in Ta/CFB/MgO/Cr, where Cr replaces
Ta as the capping layer, and even in Cr/CFB/MgO/Cr,
where Cr is both the underlayer and the capping layer.
These results show Cr can induce robust PMA whose
strength can be measured by the anisotropy field (Ha). In
each case, the loops with in-plane field and perpendicu-
lar field merge at the anisotropy field (Ha), which is about
3500 and 3000 Oe for the Cr underlayer (bottom figure)
and the Ta underlayer (middle figure), respectively. The
magnetic anisotropy energy density of PMA can be esti-
mated by KefftFM = (1/2)μ0msHa, where tFM is the FM
layer thickness, μ0 is the vacuum permeability, and ms is
the saturation magnetic moment per area [26]. The value
of KefftFM for Ta/CFB/MgO/Cr is 0.06 erg/cm2, whereas
the value of 0.14 erg/cm2 for Cr/CFB/MgO/Cr is much
larger, demonstrating the prowess of Cr in establishing
PMA.

We pattern the multilayers into Hall bar structures
with widths of 10 µm for the electrical measurements.
Figure 1(c) shows the anomalous Hall effect (AHE) resis-
tance (RH ) as a function of out-of-plane magnetic field

(Hz). The RH is defined by the Hall voltage divided by
the applied current. We find that the measured RH of 2.6
� does not depend on the capping layers, but its value
reduces to 1.8 � when the underlayer is Cr. The AHE
loops of these heterostructures show a sharp transition
and good squareness. The coercivity of about 16 Oe for
Cr/CFB/MgO/Cr is larger than the other two samples
with Ta at about 5 Oe.

We then employ current-induced SOT to switch the
PMA CFB layer in these heterostructures containing Cr
and Ta. As shown in Fig. 2(a), with the presence of an
applied magnetic field Hx along the current (I ) direc-
tion, all devices can achieve deterministic switching with
the same polarity, which confirms the same (negative)
sign of the spin Hall angle for Cr and Ta. The Cr-based
PMA samples exhibit a hysteresis RH -I loop with a higher
squareness and a sharper switching behavior, in agreement
with the AHE results. Thus, we unambiguously demon-
strate SOT switching from the 3d Cr layer without any
HM. The critical current densities for the three heterostruc-
tures are comparable and remain unchanged with larger
Hx. The value for Ta/CFB/MgO/Ta is 8.6 × 106 A/cm2,
which reduces to 4.9 × 106 A/cm2 in Ta/CFB/MgO/Cr,
but increases to 14.5 × 106 A/cm2 in Cr/CFB/MgO/Cr,
similar to the changes in the PMA anisotropy.

To quantitatively measure the SOT efficiency, we further
perform current-induced hysteresis loop shift measurement
[27]. This is illustrated in Fig. 2(b) for Ta/CFB/MgO/Ta,
where the center of the AHE loop shifts to the positive

(a)

(c)

(b) FIG. 1. (a) Schematic of the Cr-
induced SOT by applying current
(Je) in a heterostructure with per-
pendicular magnetization (m). (b)
The magnetic hysteresis loop with
out-of-plane and in-plane mag-
netic field in the Ta/CFB/MgO/

Ta, Ta/CFB/MgO/Cr, and Cr/
CFB/MgO/Cr heterostructures.
(c) Anomalous Hall resistance
(RH ) as a function of out-of-plane
magnetic field (Hz).
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(a)

(b) (c)

(d)

Hx = –400 Oe

FIG. 2. (a) The current-induced switching
with external in-plane magnetic field (Hx)
along the electric current in the Ta- and
Cr-based heterostructures. (b) The hysteresis
loops measured with H x = 200 Oe for Ta-
based heterostructure with I =±1 mA. H eff

z
is defined by the damping-like SOT effective
field. (c) H eff

z as a function of applied I with
Hx = 0, ±200 Oe. (d) H eff

z /Ias a function of Hx
for the Ta- and Cr-based heterostructures.

(negative) direction by applying negative (positive) current
of I = 1 mA in the presence of Hx = 200 Oe. This
horizontal shift is induced by the damping-like SOT effec-
tive field (H eff

z ) along the out-of-plane direction, which
scales linearly with the applied current, as shown in
Fig. 2(c). Note that the sign of the linear slope and the
shift of the RH -Hz loop reverses when the magnetic domain
wall chirality is flipped by the opposite Hx. However,
without Hx, there is no SOT-assisted domain expansion
or contraction, resulting in zero H eff

z . When Hx is larger
than the Dzyaloshinskii-Moriya interaction (DMI) effec-
tive field (H DMI) at the interface, the domain wall starts
to move along the preferred directions to achieve switch-
ing. On the other hand, H eff

z is always proportional to I for
each different Hx, and the slope saturates to H eff

z(sat)/I when
Hx ≥ H DMI, as shown in Fig. 2(d). Here, the damping-like
SOT efficiency ξDL can be estimated by

ξDL = 2e
�

μ0ms
2
π

(
H eff

z(sat)

I

) (
ρCFBtNM + ρNMtCFB

ρCFBtNM

)
.

(1)

In Eq. (1), we include the shunting effect of metallic
layers [28]. For the heterostructure with a Ta under-
layer, despite different capping layers of Ta and Cr, the
obtained |ξDL| of 8.2 × 10−2 and 8.8 × 10−2 are compa-
rable, while the value for the heterostructure with the Cr
underlayer is much reduced at 1.1 × 10−2. The obtained
values of H DMI for Ta/CFB/MgO/Ta, Ta/CFB/MgO/Cr,
and Cr/CFB/MgO/Cr are 115, 260, and 300 Oe, respec-
tively. Apparently, Cr enhances H DMI in addition to Ha.
Note that a further investigation is required to under-
stand the microscopic origin of the enhanced H DMI,
including the Heisenberg exchange interaction, the orbital
anisotropy, and the degree of the inversion symmetry
breaking at the interface [29–32]. It is known that a
Néel-type domain wall induced by DMI is the key to
achieve SOT switching [33,34]. We estimate the strength
of the DMI by |D| = μ0Ms

√
A/KeffHDMI [35], where

D is the DMI exchange constant, Ms is the saturation
magnetization per unit volume, A is the exchange stiff-
ness constant around 1.5 × 10−11 J/m [36], and Keff is
defined before. The obtained value of |D| ∼ 0.11 mJ/m2 in
Ta/CFB/MgO/Ta is consistent with previous reports [37].
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(a) (b)

(c) (d)

FIG. 3. Results of (a) the magnetic
hysteresis loop with out-of-plane and in-
plane magnetic field. (b) The RH as a
function of Hz . (c) The current-induced
switching as a function of Hx. (d) H eff

z /I
as a function of Hx for the Cr/CFB/Cr
heterostructure.

We find a significantly higher value of |D| ∼ 0.25 mJ/m2 in
Cr-based heterostructures.

Another remarkable feature of Cr is that the inter-
facial PMA can be formed in the Cr/CFB/Cr het-
erostructure even without the MgO layer. As shown
in Fig. 3(a), a strong PMA with Ha = 1600 Oe and
KefftFM = 0.07 erg/cm2 can exist in Cr(3)/CFB/Cr(0.5).
This may be associated with the high enthalpy of oxide
formation of the capping Cr layer [38,39]. Furthermore,
the coercivity in the AHE loop is significantly reduced to
1 Oe, as shown in Fig. 3(b), which is beneficial to reduce
the critical current density in SOT switching. As shown
in Fig. 3(c), the obtained value of 6.0 × 106 A/cm2 for
critical switching current density without the MgO layer
is about two times smaller than that with the MgO layer.
In addition, from the current-induced hysteresis loop shift
measurement in Fig. 3(d), HDMI and |D| are about 150 Oe
and 0.19 mJ/m2, respectively, which indicates the pres-
ence of a stable Néel wall. On the other hand, |ξDL| is
slightly increased to 1.4 × 10−2 compared with Cr/CFB/

MgO/Cr.
After demonstrating the deterministic SOT switching

in Cr, we further achieve the highly desirable field-free
switching by exploiting the slanted columnar structure
in thin film at different locations on the substrate. The
geometrical relation between the substrate plate situated
at 53 mm above the 2-inch sputtering gun is shown
in Fig. 4(a). We pattern devices made from samples at
various locations on the substrate plate at different hor-
izontal distances (x′) from the center, which is directly
above the center of the sputtering source. In Fig. 4(b),
the thickness within |x′| < 7 mm is uniform, which can
also be confirmed by the consistent value of RH within
the same range. While the film is uniform, each of these

locations at a different x′ has a different tilt angle (β)
with respect to the vertical direction, where β = 0 at
x′ = 0, as shown in Fig. 4(c). We then conduct SOT cur-
rent switching measurement without a magnetic field for
these samples, anticipating that no switching will take
place. This is indeed the case for samples with x′ ≈ 0,
β ≈ 0°, such as the results with β ≈ 1° shown in Fig. 4(d).
However, at larger β, partial switching appears, and at
β ≥ 7°, we have accomplished field-free SOT switching
for both Ta/CFB/MgO/Cr and Cr/CFB/MgO/Cr. Inter-
estingly, the critical switching current remains the same in
these cases. One notes that the inability of, the propen-
sity for, and the accomplishment of field-free switching
is determined entirely by the location of the sample on
the substrate. The SOT switching polarity is reversed
when samples are measured at locations with negative β,
as shown in Fig. 4(d). These results rule out oxidation,
magnetic anisotropy gradient, and slight layer thickness
differences as possible causes [6,7,40].

Instead, we investigate the microstructure of the cross-
sections of films by the field emission gun scanning elec-
tron microscope (FEG SEM). We find clear evidences of a
tilted columnar structure whose orientation directly corre-
lates with the oblique angle deposition and the shadowing
effect during sputtering deposition. As a consequence,
the in-plane isotropy has been broken, with an in-plane
symmetric axis in place acting as the role of an applied
magnetic field in SOT switching. The evidence of tilted
columnar microstructure is clearly observed in Fig. 4(e),
when Ta films of 300-nm thickness grow at different posi-
tions along x′ axis by sputtering. The oblique columnar
growth is a general phenomenon and occurs in all sput-
tered materials including amorphous, single crystalline,
and polycrystalline films [41,42]. The sign of β can be
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(a)

(b)

(c) (e)

(d)

FIG. 4. (a) Schematic diagrams of sputtering deposition. The thickness and RH of sample and the tilt angle β of columnar structure
as a function of deposition position in (b),(c). The dash line in (c) is fitted by the cosine rule. (d) The current-induced switching without
external magnetic field measured at different positions as shown in the red block marked area in (b),(c) for both the Ta- and Cr-based
heterostructures. The solid lines of the current switching loops are guided by eyes. (e) Cross-section FEG SEM images of Ta films
grown by sputtering at different positions (x′ =−45, 0, and 40 mm).

changed when the samples locate at two sides of the
center position. In Fig. 4(c), we show β as a function of
position x′. β increases with the value of x′ and can be
well described by the cosine rule [43] with only one fitting
parameter, h, the distance between gun to sample holder,
as

β = tan−1 x′

h
− sin−1

({
1 − cos

[
tan−1(x′/h)

]}
2

)
. (2)

We find good agreement between the calculated value of
h = 51.4 mm with the actual one. From the fitting curve
result of Fig. 4(c), we estimate the critical angle β to have
the field-free deterministic SOT switching around 5° ± 1°.
Therefore, when the mirror symmetry along the x′ axis is
broken by slanted columnar thin films with a slightly tilted
angle, the corresponding current-induced SOT can facil-
itate magnetization switching. We suggest the zero-field
current-induced switching can be accomplished via the

effective in-plane field associated with spin-transfer torque
[44]. The direction of the current and the tilting columnar
microstructure need to be orthogonal to each other. On
the other hand, the SOT switching cannot occur when the
charge current flows along the x′ direction. This finding
provides a significant path toward field-free SOT switching
and has a strong impact for films prepared by sputtering.

In summary, we unambiguously demonstrate 3d Cr
can induce strong interfacial PMA, SOT switching, and
even field-free SOT switching. By utilizing the Cr layer
alone, without heavy metals and a MgO layer, the robust
PMA provides an attractive way to explore high-efficiency
current-induced SOT and ultra-low damping spintronic
devices. Importantly, we realize field-free SOT switch-
ing and find the underlying cause of the slanted columnar
structure in the otherwise uniform thin films. This oriented
columnar structure breaks the in-plane isotropy and facil-
itates field-free magnetic switching. Our results shed light
on field-free SOT switching and uncover the significant
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role of 3d materials with a variety of functions for next
generation spintronic devices.
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