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ABSTRACT 

Exploring and controlling chiral spin textures has attracted enormous interest from 

the perspective of fundamental research and spintronic applications. Here, we report 

the emergence of spiral spin states, bulk spin-orbit torque (SOT), and the 

Dzyaloshinskii–Moriya interaction (DMI) induced with the combination of Bloch- and 

Néel-type in a single GdFeCo layer with a vertical composition gradient. Using 

polarized neutron reflectometry (PNR), the magnetization M is found to rotate with 

depth through the gradient, due to the nonzero out-of-plane DMI (DOOP). Meanwhile, 

the deterministic SOT magnetization switching in a single GdFeCo layer without a 

heavy metal, where the sign of the bulk SOT and in-plane DMI (DIP) is governed by 

the direction of the composition gradient. The presented results pave the way for 

flexibly engineering the spin currents and DMI in the ferrimagnetic materials, which 

have potential applications for future ferrimagnetic SOT devices. 

I. INTRODUCTION 

Symmetry may be described as the presence of physical characteristics of a system 

which are invariant under certain transformations. The presence of spatial symmetry in 

materials systems is necessary for the realization of many important physical 

phenomena, including topological insulators [1], quantum entanglement [2, 3], and 

superconductivity [4, 5]. However, other important physical phenomena require 

specific forms of asymmetry to emerge, as in the case of time-reversal symmetry 

breaking in topological insulators leading to the quantum anomalous Hall effect. 

Alternatively, broken inversion symmetry induces the Dzyaloshinskii–Moriya 

interaction (DMI) [6, 7], which has important implications in magnetic systems for its 

tendency to favor spin configurations which rotate around a local characteristic vector 

D. This can destabilize the uniformly magnetized states and lead to novel chiral 
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magnetic orders, such as magnetic skyrmions [8-10] and chiral domain walls [11-14], 

which result in fascinating physical behaviors [15-17] with the potential for application 

in future spintronic devices [9, 18].  

One important application of broken symmetry in novel devices is the application 

of non-equilibrium transport phenomena such as current-induced spin-orbit torques 

(SOTs) to efficiently control spin orientation through angular momentum transfer. Such 

SOT switching has been widely investigated in both multilayer heterostructures and 

bulk noncentrosymmetric conductors/semiconductors [19]. The prototypical 

implementation of a SOT multilayer heterostructure is a heavy metal/ferromagnet 

(HM/FM) bilayer in which the SOT can arise from either the spin Hall effect (SHE) in 

the HM [20-22], the Rashba effect at the interface [23-25], or both. Regardless of the 

origin, the induced SOT in a HM/FM bilayer is interfacial, so that only a relatively thin 

FM layer can be switched. Such thickness limitations come with challenges in 

achieving high thermal stability. An alternative candidate system is the family of bulk 

noncentrosymmetric conductors/semiconductors, which includes single-layer crystals 

with bulk inversion asymmetry, such as CuMnAs or (Ge, Mn)Te [26], and materials 

with locally broken inversion symmetry, such as Mn2Au [27]. These materials lacking 

inversion symmetry have great promise for SOT induced magnetization switching in 

thicker, more bulk-like layers. Ferrimagnetic SOT heterostructures have attracted 

particular attention in recent years thanks to the competition between multiple magnetic 

sublattices, which enables unconventional spin dynamics and allows the net 

magnetization to be tuned separately from the transport properties. By tuning the 

system to be near the magnetization compensation temperature TM or the angular 

momentum compensation temperature TA, a highly-efficient spin-orbit torque or spin-

transfer torque can be generated [28-30]. Furthermore, the disappearance of the 
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skyrmion Hall effect, which is expected in antiferromagnets, has also been reported at 

TA for ferrimagnets [31, 32]. Since they are antiferromagnetically coupled, their 

topological charges are opposite. Each of these make ferrimagnets even more promising 

candidates for spintronic applications. It has recently been reported that rare earth (RE)-

transition metal (TM) ferrimagnetic (FMI) alloys with inversion asymmetry along the 

growth direction can exhibit deterministic spin-orbit torque switching and non-collinear 

DMI [33, 34]. In GdFeCo ferrimagnetic alloys, strong spin-orbit interactions are 

expected from the 5d band of Gd, and the presence of large SOC effects has been 

demonstrated by the well-defined Rashba surfaces found in Gd metal [35, 36]. The 

existence of such Rashba surface states is a common characteristic of rare-earth metals 

and metallic compounds possessing a conduction band with 5d states [35, 37, 38], 

which give rise to desirable magnetic properties. Given that the magnetic properties of 

bilayers can be dependent on the stacking sequence, it is crucial to study and optimize 

the magnetism and the electrical transport in single GdFeCo layer.  

Here, we report the emergence of spiral spin states, the deterministic SOT-induced 

magnetization switching, and the DMI induced with the combination of Bloch- and 

Néel-type in a single GdFeCo layer with a vertical composition gradient. PNR 

measurements demonstrate the rotation of magnetization M in depth through the 

compositional gradient, suggesting a nonzero Bloch-type DOOP. We also demonstrate 

deterministic SOT magnetization switching in a single GdFeCo layer without a heavy 

metal, where the sign of the bulk SOT and Néel-type DIP is governed by the direction 

of the composition gradient. Thus, both Bloch- and Néel-type result from the intentional 

inversion asymmetry in the z direction in these GdFeCo single layer samples. This may 

advance the practical applications exploiting the rich physics mechanism of spin-orbit 

effects in the FMI system. 
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II. RESULTS AND DISCUSSION 

 

FIG. 1. Schematic depiction of composition gradient in the Gdx(FeCo)1-x samples of the ∇Gd < 0 

(a)-(c) and ∇Gd > 0 (d)-(f). High-resolution HAADF image of the ∇Gd < 0 (b) and ∇Gd > 0 (e). 

The corresponding EDS-measured Fe intensity in the samples (c) and (f), as a function of vertical 

position marked with the blue line in (b) and (e) respectively. Here, 0 nm is the surface of the film. 

 The MgO(2)/Gdx(FeCo)1-x(10)/MgO(2)/Ta(2) (thicknesses in nanometers) 

structured films with various Gd compositions (x) are grown on the Si/SiO2 substrates 

by magnetron sputtering in a system maintained at a base pressure of 5×10-8 Torr. 

During the deposition, the Ar atmosphere is maintained with the pressure of 3 mTorr. 

The MgO layer was deposited by radio frequency (RF) sputtering, and the metal layers 

were deposited by direct current (DC) sputtering. The Gdx(FeCo)1-x film is deposited 

by co-sputtering two off-axis targets Gd- and CoFe- positioned at opposite sides (along 

the y-axis) at the same speed (0.34 Å/s) while rotating the Si/SiO2 substrate. The 

composition of Gd-CoFe is tuned by changing the power of the CoFe source from 90 

to 110 W (or 110 to 90 W), during which the power of Gd sources is kept constant (20 

W), and the nominal composition is calibrated using the deposition rates of individual 
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Gd and CoFe films. The ferrimagnet consists of ten sublayers of GdFeCo with different 

Gd compositions, where each sublayer is 1 nm thick. Fig. 1(a) shows the bottom layer 

composition as Gd0.26(FeCo)0.74 and the top layer composition as Gd0.14(FeCo)0.86, and 

the internal nine deposited layers followed a certain Gd composition step 𝛿 = 0.013. 

The composition can be expressed as Gd0.26-n𝛿(FeCo)0.74+n𝛿, where n = 1, 2, 3…9. Seed 

and cap layers of MgO were grown to eliminate the relative interfacial effect, 

meanwhile the MgO cap can minimize oxidation of this metal structure. The bottom of 

the sample is dominated by Gd, while the decrease of the Gd composition towards the 

top of the sample, and the top of the sample is dominated by CoFe. The decreasing 

composition gradient ∇Gd < 0 leads to an evolution of the overall Ms of the sample. 

Here, the magnetic composition gradients x is from 0.26 to 0.14, in which the Ms 

approaches zero at x = 0.26, which correspond to the magnetic compensation point of 

Gdx(FeCo)1-x at room temperature [39]. Please note that the magnetic composition 

gradients of each layer (1nm) here, with the bottom composition Gd0.26(FeCo)0.74 is 

close to the magnetic compensation point. Reversing the composition gradient ∇Gd > 

0, from the bottom layer with composition Gd0.14(FeCo)0.86 to the top layer with 

composition Gd0.26(FeCo)0.74 as shown in Fig, 1(d), results in the sample evolving from 

FeCo- to Gd- dominated magnetization. Scanning transmission electron microscopy-

high-angle annular dark-field (STEM-HAADF) [Fig. 1(b) and (e)] and energy-

dispersive X-ray spectroscopy (EDS) [Fig. 1(c) and (f)] were performed on the sample 

to verify the existence and quantify the composition gradient of the Gd-FeCo. The 

vertical lines (blue) in Fig. 1(b) and (e) represent the regions of EDS analysis. EDS 

curves versus the thickness direction in Fig. 1(c) and (f) exhibit a prominent linear 

gradient of Fe elements as designed. Both samples, with ∇Gd < 0 and ∇Gd > 0, show 

opposite slopes, with an Fe-rich top or bottom, respectively, verifying the existence as 

well as the direction of the composition gradient.   
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FIG. 2. (a) The NSF PNR reflectivities for the ∇Gd < 0 sample in applied fields of 4.5 T and 250 

mT (offset for clarity). (b) The corresponding difference between the NSF PNR reflectivities 

obtained from the experimental and calculated reflectivities. (c) The SF PNR reflectivities for the 

∇Gd < 0 sample in the field of 250 mT. (d) The nuclear SLDN and magnetization SLDM depth 

profiles of the sample which best fit the PNR data. Here, Z = 0 nm corresponds to the Si substrate, 

which has ~100 nm of thermal oxide on top. (e) The angle of the magnetic moment with depth at 

the fields of 250 mT and 4.5 T, where θ = 270° corresponds to the direction of the applied field. (f) 

Vector plot of the magnetization. 

In order to directly probe the magnetic and structural depth profile of the samples 

along the growth direction, polarized neutron reflectometry (PNR) experiments were 

carried out using the Magnetism Reflectometer (BL-4A) at the Spallation Neutron 

Source at Oak Ridge National Laboratory [40]. The Magnetism Reflectometer operates 

in time-of-flight mode, in which a collimated polychromatic beam of polarized neutrons 
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with a wavelength band  = 0.45 nm to 1.05 nm is incident on the film at a grazing 

incidence angle  < 5°. A magnetic field was applied along the incident beam path, 

primarily in-plane. The neutrons interact in the film both with atomic nuclei and net 

magnetization. The reflected beam intensities measured at multiple angles  were 

reduced using a Jupyter notebook approach [41, 42] and fit simultaneously using a slab 

model in refl1d [43]. By polarizing the spin eigenstate of the incident neutron beam, 

parallel (↑) or antiparallel (↓) to the beam direction, and analyzing the reflected spin 

state, it is possible to separate the in-plane components of the magnetization. A 

magnetization perpendicular to the incident neutron spin polarization causes the 

neutron spin to flip during the scattering interaction. Thus, the non-spin-flip (NSF) 

neutron reflectivities (R↑↑ and R↓↓) are sensitive to the component of the 

magnetization along the axis of the neutron polarization, while the spin-flip (SF) 

neutron reflectivities (R↑↓ and R↓↑) probe the in-plane magnetization component 

perpendicular to the incident neutron polarization. By combining the results from NSF 

and SF neutron reflectivities, the magnitude and direction of the magnetization as a 

function of depth can be determined.  

PNR measurements were performed on samples with both negative and positive 

gradients in magnetic fields ranging from 18 mT to 4.5 T; the results for these two 

samples are illustrated in Fig. 2 and S1 (see the Supplemental Material [44]), 

respectively. The NSF R↑↑ and R↓↓ cross sections [Fig. 2(a)] exhibit a peak with 

significant splitting at approximately Q = 0.09 nm-1 even up to large fields. To better 

visualize this feature, we plot the Fresnel-scaled difference between the two NSF cross-
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sections at 250 mT and 4.5 T in Fig. 2(b), where defined as the (R↑↑ - R↓↓)/(R↑↑ + 

R↓↓). It can clearly be seen that the fits are an excellent description of the data. And the 

obvious oscillations behavior of Fresnel-scaled difference was observed, indicating that 

the magnetic moment from in-plane can be detected by PNR. Furthermore, the small 

splitting at low Q represents a small average magnetization along the field direction 

through the entire film, while large positive and negative splitting features at a high Q 

point to a magnetic superstructure with a very well-defined periodicity smaller than the 

film thickness; similar PNR features are often associated with Bragg reflections in 

superlattices or spiral structures [45]. For the inverse gradient sample (∇Gd > 0) [Fig. 

S1(a)], the R↑↑ and R↓↓ curves are not coincident under the fields of 18 mT and 4.5 T. 

And a larger splitting is also shown at approximately Q = 0.09 nm-1 under 4.5 T 

compared to the field of 18 mT. Here, the value magnetic field of 18 mT is applied, 

which is less than the effective magnetic anisotropy. The oscillations peak under the 

field of 18 mT is more significant than of that 4.5 T from the Fresnel-scaled difference 

[Fig. S1(b)], indicating that the detected stronger magnetic moment along the magnetic 

field for ∇Gd > 0 sample, compared to the ∇Gd < 0 sample. (see the vertical projections 

(see the M || H) in Figs. 2(f) and S1(f)). 

Here, the magnetic structure of these graded GdFeCo layers is such that the only 

way to fit the NSF PNR datasets alone is through an oscillation in the magnetization 

component along the applied field direction at all measured fields (see the red and blue 

dotted lines in Figs. S2 and S3, or the M || H in Figs. 2(f) and S1(f)). Such an oscillatory 

moment is unexpected, as the samples have been designed to exhibit a linearly varying 
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magnetization with depth, passing through the compensation point near the middle of 

the GdFeCo. One way to reproduce this apparent oscillation in ρM is if the oscillation 

is the result of viewing the projection of a spiral along the neutron polarization direction 

while the magnetization varies linearly. Such a projection would produce the magnetic 

SLD curves shown in Figs. S2 and S3, and fits the NSF data extremely well, suggesting 

that there may be some a form of spiral magnetic structure in the film. The zero-

crossings of this oscillating moment can be due to the film grading passing through the 

compensation point (ρM = 0) or by the rotation of the moment perpendicular to the 

applied field. A tight spiral with no compensation point present in the film could result 

in the same oscillation of the moment along the field, and would result in a similar 

oscillatory moment perpendicular to the field which cancels out any net moment. The 

SF reflectivity is critical to resolving these ambiguities through sensitivity to the in-

plane magnetization perpendicular to the applied field direction. As shown in Figs. 2(c) 

and S1(c), strong SF signals (R↑↓ and R↓↑) are observed near the critical edge at 250 

mT and 18 mT and clearly suggest the presence of a net perpendicular magnetization 

in the PNR data. Together these suggest a periodic rotation of the moments within the 

film plane.  

Quantitative modeling of the full polarization analysis PNR data confirms a spiral 

magnetic structure. The best fit depth profiles of the complex nuclear scattering length 

density (SLDN) and magnetic scattering length density (SLDM) are shown in Fig. 2(d). 

The nuclear reflection (𝜌𝑁
𝑟  , real SLDN, black) shows clearly distinct layers of the 

heterostructure, and as designed, increases linearly as the Fe content increases. Of the 
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elements present, Gd has a uniquely large neutron absorption cross section ( 𝜌𝑁
𝑖

 , 

imaginary SLDN, green) at these neutron energies [46]; the large absorption as 

represented by the green dashed line in Fig. 2(d) decreases linearly as the Gd content 

decreases, agreeing with the designed gradient ∇Gd < 0, but indicating a higher Gd 

concentration than 26%. Gd is the only element present with any significant neutron 

absorption cross-section which can contribute to the total imaginary SLD. The 

imaginary SLD of pure Gd metal in the 4-6 Angstrom range is 3.29×10-4 nm-2, so a 

Gd0.26(FeCo)0.74 composition would have an imaginary SLD of 0.85×10-4 nm-2 which 

is significantly lower than the observed values in the range of (1~2)  10-4 nm-2. 

Although we can use a range of values of the absorption to fit the data, lowering the 

value to what is required for a 26% composition cannot describe the data. Though 26% 

Gd is supposed to be the compensation point, we see both that 1) these films pass 

through the compensation point and 2) all regions have significantly more than 26% 

Gd. Oxidation through the capping layers may reduce the Gd moment, shifting the 

compensation point. 

Therefore, the magnetization cannot be described as a linearly varying 

magnetization along the applied field. Instead, we find that while the magnitude of the 

magnetization (ρM, magnetic SLD, red) [Fig. 2(d)] does linearly vary, passing through 

SLDM = 0 at the compensation point between the Gd-dominant bottom and FeCo-

dominant top of the film, the in-plane angle (M) [Fig. 2(e)] also linearly varies, 

resulting in an asymmetric helical structure as shown in Fig. 2(f). As the field is 

increased to 4.5 T, the moments rotate to have a larger component aligned with the field; 
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however, the spiral persists even at these high fields. The same measurements are 

performed for the sample with opposite compositional gradient of ∇Gd > 0. As shown 

in Fig. S1(a)-(f) (see the Supplemental Material [44]), a similar helical magnetic 

structure is observed, consistent with that of ∇Gd < 0 sample. Both graded GdFeCo 

layers exhibit this helical structure rotating within the film plane; high fields of 4.5 T 

are not sufficient to align all moments along the field. This suggests that there is a 

nonzero component of DMI DOOP along the out-of-plane direction.    

 

FIG. 3. (a) and (b) Room-temperature current-induced SOT switching of the ∇Gd < 0 sample with 

an in-plane magnetic field Hx of ±100 Oe, respectively, and Je is the current density in the 

Gdx(FeCo)1-x layer. (c) and (d) SOT switching of the ∇Gd > 0 sample with an in-plane magnetic 

field Hx of ±100 Oe, respectively.  

Having demonstrated the presence of a spiral structure and linear magnetization 

gradient through the compensation point, we now turn our attention to the electrical 
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transport properties and characterize the current-induced magnetization switching. We 

patterned MgO/Gdx(FeCo)1-x/MgO films into Hall bar device with a 20 μm width by a 

standard photolithography method combined with a dry etching process. Cr(20 

nm)/Au(100 nm) electrodes were fabricated for making contact to the Hall bar channel. 

The SOT-induced magnetization switching was measured by sweeping a writing 

current pulse Je for 1 ms to switch state, waiting for 1 s, then applying a much smaller 

reading current pulse (1 mA) and measuring the Hall resistance Rxy to detect the 

magnetic moment out of plane. Fig. 3(a) and (b) show the Rxy-Je loops for the ∇Gd < 0 

sample at room temperature under in-plane magnetic field Hx of ±100 Oe, respectively, 

where Hx is applied to break the mirror symmetry for deterministic switching [21]. The 

critical switching current density Jc was found to be 1.3 × 107 A cm-2. For the ∇Gd > 0 

sample [Fig. 3(c) and (d)], the SOT switching polarity (Rxy-Je) is reversed compared to 

the ∇Gd < 0 sample [Fig. 3(a) and (b)], but the Jc (1.2 × 107 A cm-2) is in excellent 

agreement with the value obtained from the ∇Gd < 0 sample. Both Rxy-Je loops of 

opposite gradient compositions have the opposite polarity, indicating that the vertical 

symmetry breaking of these two samples have opposite signs, confirming that the SOTs 

in the GdFeCo layer originate from the vertical composition gradient. For a more 

quantitative examination of the SOT switching efficiency, we probed the effective spin-

orbit fields.    
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FIG. 4. Magnetic field along the x direction dependence of (a) first- and (b) second-harmonic Hall 

resistances (Rxy
1ω and Rxy

2ω) for the ∇Gd < 0 sample at a current density of 2  106 A cm-2. (c) and (d) 

Rxy
1ω – Hx and Rxy

2ω- Hx curves for the ∇Gd > 0 sample.  

Specifically, we quantified the SOT efficiency using standard harmonic Hall 

measurements [47, 48]. An external in-plane magnetic field Hx is again applied for 

deterministic switching, and an additional small magnetic anisotropy field Hk is applied 

along the x-axis. In this condition, we apply an AC current of the form Je = J0 sinωt, 

along the x-axis. The SOT-induced alternating effective field HSOT = H0 sinωt generates 

the oscillation of the net magnetic moment around the x-axis, which contributes to the 

second-harmonic Hall signal Rxy
2ω

. Since SOT can be divided into the field-like torque 

and the damping-like torque, the second-harmonic Hall resistance can be expressed as 

Rxy
2ω = 

RA

2

HDL

|Hx|-Hk
 + RP

HFL

|Hx|
 + RANE+SSE

Hx

|Hx|
 + Roffset             (1) 
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where the first and second terms originate from the SOT-induced damping-like 

(effective field HDL) and field-like (effective field HFL) torques, respectively. RA and RP 

represent the anomalous Hall and planar Hall resistance, respectively. RANE+SSE is the 

thermal contribution from anomalous Nernst and spin Seebeck effects, and Roffset is the 

signal offset. Fig. 4(a) and 4(b) plot the first- and second-harmonic resistance Rxy
1ω and 

Rxy
2ω as a function of Hx of the ∇Gd < 0 sample. In Fig. 4(a), ∇Gd < 0 sample exhibits 

a strong perpendicular magnetic anisotropy, the Hk is determined to be 2.0 kOe. 

However, after the reversal of the compositional gradient, the perpendicular magnetic 

anisotropy of the film weakens with the Hk =1.0 kOe, as shown in Fig. 4(c) for ∇Gd > 

0 sample. By fitting the Rxy
2ω- Hx curves [Fig. 4(b)] by Equation (1), the effective field 

HDL is obtained for -2.9 Oe at a current density of 2  106 A cm-2. And HDL is obtained 

for 3.1 Oe at a current density of 2×106 A cm-2 from Fig. 4(d). Then, the obtained SOT 

efficiency (HDL/Je) is -1.26  10-6 Oe A-1 cm2 and 1.62  10-6 Oe A-1 cm2 for the ∇Gd < 

0 and ∇Gd > 0 samples, respectively, where HDL is the SOT-induced out-of-plane 

effective field, as shown in Fig. 5. And the SOT efficiency value of two opposite 

gradient samples is very close. And the sign of that is opposite, due to the direction of 

the composition gradient.  
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FIG. 5. Out-of-plane effective HDL of SOT as a function of Je for the ∇Gd < 0 (black hollow circles 

and ∇Gd > 0 (red hollow squares) samples, respectively. The corresponding slope obtained by linear 

fitting implies the effective SOT.  

Then, the current-induced hysteresis loop shift method is employed to obtain the 

DMI field of the ∇Gd < 0 and ∇Gd > 0 samples. The bias field of the loop center with 

respect to the Hz = 0 is defined as Hz
eff, which can be considered as the effective field 

originating from the damping-like torque. Fig. 6(a) and (b) illustrate the SOT = Hz
eff/Je 

as a function of the in-plane magnetic field Hx for the ∇Gd < 0 and ∇Gd > 0 samples, 

respectively. Here, the SOT first change quasi-linearly with Hx and eventually saturate, 

which implies the effective field induced by the DMI (HDMI). We estimated that the 

saturated value SOT is about 1.62  10-6 Oe A-1 cm2 and |HDMI|  49.9 Oe for the ∇Gd < 

0 sample in Fig. 6(a). For the ∇Gd > 0 sample [Fig. 6(b)], the saturated value SOT is 

about 2.4  10-6 Oe A-1 cm2 and |HDMI|  36.2 Oe. Further, the magnitude of the DMI 

exchange constant D can be calculated from the measured |HDMI| by using D = μ0MsδDW, 

where δDW is the DW width and relates to exchange stiffness constant A and effective 

PMA energy density K through δ DW = π√A/K . Using Ms by a superconducting 
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quantum interface device (SQUID) at room temperature (see the Supplemental Material 

[44]), and assuming A = 4 × 10-12 J m-1 and K = 2 × 104 J m-3 [49], we estimated D = 

-28.7 μJ m-2 for the ∇Gd < 0 sample, D = 20.8 μJ m-2 for the ∇Gd > 0 sample, 

respectively. Both the opposite-gradient samples show the opposite DMI and the 

magnitude of the DMI exchange constants are very close. Here, the obtained DMI, DIP, 

is in-plane with Néel-type. Fig. S6(a)-(d) show the represent magneto-optical Kerr 

effect (MOKE) images of the magnetic domain patterns by applying the magnetic field 

normal to the film (Hz). (see the Supplemental Material [44]). The best conditions to 

observe the isolated bubbles corresponding to the magnetic field are 180 Oe and -160 

Oe.  

 

FIG. 6. (a) and (b) The dependence of the effective SOT efficiency SOT as a function of the magnetic 

field Hx for the ∇Gd < 0 and ∇Gd > 0 samples, respectively.  

The combination of spin-orbit coupling and inversion symmetry breaking rise to 

the emergent phenomena: self-SOT and DMI. During the complex preparation process 

of Ta/GdFeCo layers with vertical composition gradient, the DMI induced chiral 

symmetry breaking has been utilized to achieve the deterministic SOT switching in the 

previous work [50]. In the large family of magnetic rare-earth alloys and other 5d 
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magnetic materials, spin torques and DMI in the symmetry-breaking single layer 

without the additional HM layer is of great interest. By precisely controlling the 

compositional gradient of GdFeCo films with the opposite composition gradient 

directions, the distributions of the non-colinear magnetic structures are observed in both 

cases. The DMI is induced with the combination of Bloch-type DOOP and Néel-type DIP 

in a single GdFeCo layer with a vertical composition gradient, which can destabilize 

the non-colinear magnetic structures. On one hand, consider two local magnetic atoms 

A and B at the same depth in GdFeCo (see schematic diagram in Fig. S7), there is a 

mirror plane (myz) perpendicular to the line connecting the two atoms. Therefore, 

according to the Moriya’s rule [6], DMI between A and B (DAB) with Néel-type is 

parallel to this myz plane. Since the in-plane component of the sample is still isotropic, 

thus the DOOP component of DAB is not very large, that is, DAB mainly contribute to the 

DIP. On the other hand, for the magnetic atoms A and C at different depth in GdFeCo, 

a C2 rotation axis cross the line connecting the two atoms. Therefore, the DMI between 

A and C (DAC) with Bloch-type is parallel to this C2 rotation axis, which results DAC 

contribute to the DOOP. As a result, both DIP and DOOP present in the sample.  

In addition, we realize the current-induced magnetization switching by self-SOT 

in the single magnetic layer with a composition gradient. Here, the self-SOT and the 

non-colinear magnetic phase are not directly related to each other, even though both the 

self-SOT and the non-colinear magnetic phase originates from the composition gradient 

induced inversion symmetry breaking. Also, when we reverse the composition gradient 

of Gdx(FeCo)1-x, both signs of SOT and DIP change, this indicates the symmetry-
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breaking related effects in our system. Zhang et al [51] also reported the importance of 

spatial magnetic distributions, which strongly affect the dynamic response of the 

ferrimagnet order by using a two-dimensional atomistic model. The work presented in 

this study can provide a better understanding of the ferrimagnetic behavior with the 

non-uniform magnetic distribution. 

There are other possibilities for the helical state we observed, such as the chiral xy 

model in the frustrated magnetic system, which typically happens at low temperatures; 

in our work, the conical states are observed at the room-temperature where the kBT 

energy will strongly disturbance the frustrated states; and also the GdFeCo in our work 

is the amorphous structure not the crystal structure, therefore, we think chiral xy model 

doesn’t apply in our system.  

IV. CONCLUSION 

In conclusion, we report the conical magnetic structure, the bulk SOT and the 

combination of Bloch- and Néel-type DMI induced in a single GdFeCo layer with a 

vertical composition gradient. The PNR results provide the detailed depth-dependent 

magnetic structure of films at different magnetic fields and observe the oscillation in M 

with a noncollinear structure, suggesting the nonzero out-of-plane Bloch-type DOOP. 

We utilize the bulk SOT induced by the composition gradient to realize the SOT 

switching of the magnetization, and the in-plane Néel-type DIP is also obtained from 

the saturation field of the SOT. With tuning the composition gradient along the opposite 

direction, the SOT and DIP are shown in opposite signs and the magnitude constants are 

close to each other. This work provides an insight into understanding the magnetic order 
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in FMI single layer and may advance the practical applications exploiting the rich 

physics of spin-orbit effects. More importantly, we note that large tunnel 

magnetoresistance (TMR) ratios have been demonstrated in magnetic tunnel junctions 

based on FIMs [51-53]. Therefore, the GdFeCo gradient thin film proposed in this 

article can be integrated with MTJ structures for future SOT-based magnetic random-

access memory applications without additional SOC layers. 
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