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Modern information technology demands advanced storage material and efficient data
writing scheme. Inherent with a superior perpendicular magnetocrystalline anisotropy, the
FePt in L1, phase envisions magnetic storage with ultrahigh capacity. However, reversing
FePt magnetic state and therefore the encoded information has been proven to be
extremely difficult. Here, we demonstrate that an electric current is capable to exert a large
spin torque on a L1y, FePt magnet, which ultimately leads to reversible magnetization

switching through domain nucleation and expansion in an efficient and simple manner.



The spin torque effect increases with FePt thickness, exhibiting a bulk characteristic.
Meanwhile, the spin torque effective fields and switching efficiency are found to increase
when FePt approaches larger chemical ordering with higher crystallinity and stronger
spin-orbit strength. Nontrivial gradients of lattice constant and chemical order are
identified in the film normal direction, which serve as the symmetry breaking to generate
spin torque of L1, FePt as further supported by quantum transport calculations. By
exploring spin torque that survives in the volume of highly ordered ferromagnetic alloys,
our results not only push forward the frontier of the material systems for generating spin
torque, but also bring a transformative impact to the magnetic storage and spin memory

applications with simple architecture, ultra-high density and readily application.

The demand for energy-efficient and high-density information storage has explosively
increased during the past half-century, which has been carried forward by the advances of
magnetic materials as the mainstay of storage media. One of the most transformative tendency of
magnetic storage is to use a materials with high perpendicular magnetic anisotropy thereby
allowing stable information retention in reduced magnet size, i.e., elevated storage density'. The
FePt in L1y phase possesses one of the highest perpendicular magnetocrystalline anisotropy
among transition metal compounds. Along with its strong magnetization, L1, FePt is superior for
vast information applications such as HDD (hard disk drive), MRAM (magnetic random access
memory) and spin logic circuit. However, reversing the magnetization of L1y FePt is extremely
challenging. Although different strategies such as HAMR (heat assisted magnetic recording),
MAMR (microwave assisted magnetic recording)’ or external voltage control® ezc. have been

proposed to ease the magnetization switching of L1, FePt, major issues such as reliability,



compatibility or efficiency still inhibit them from practical applications. Therefore, a simple and
efficient means to reorient the magnetization of L1, FePt is highly desirable for further advancing

modern information technologies.

The origins of the high magnetic anisotropy of Ll FePt lie in the strong coupling
between spin and orbital angular momenta and hybridization between Pt 5d and Fe 3d electrons®
7. The former, i.e., the spin-orbit coupling (SOC), is also the premise of recently emerging spin-
orbit torque (SOT) effect®!, thereby opening new avenues for the possible electrical
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manipulation of magnetization for L1y FePt ~ °. However, the emergence of SOT has hitherto

been associated with the inversion symmetry breaking that happens either at normal

9. 10, 14,15 "y contrast, L1y

metal/ferromagnet interface or inside the bulk ferromagnet structure
FePt is a centrosymmetric alloy without symmetry breaking for either the global crystal or
specific atomic site and therefore the electric current induced spin polarization tends to vanish in
L1, FePt from the perspective of crystalline symmetry. Although inversion symmetry breaking is
a crucial ingredient to obtain overall non-vanishing spin-orbit torques'', recent studies have
implied the possibility of generating spin-orbit mediated torque in ferromagnets with
centrosymmetric crystalline structure or alternative stacking layers structure'® '’ In the former'®,
the spin accumulation arising at the edges of the sample can be engineering to obtain current-

driven domain nucleation, while in the latter'’, local lattice mismatch leads to local spin-orbit

torque with bulk-like characteristics.

Here, we demonstrate the current induced magnetization switching in the single L1, FePt
layers. Despite the large perpendicular anisotropy field that approaches several Tesla, the
magnetization of L1y FePt can be reversibly switched between up and down states as

characterized by anomalous Hall effect measurements and polar Kerr microscopy. The



magnetization reverses through domain nucleation and expansion. The current induced
magnetization switching efficiency as well as the quantified effective magnetic fields is found to
increase with film thickness. Remarkably, the spin torque effect in L1y FePt increases with the
crystallinity and spin-orbit coupling, and its emergence is found to be driven by a structural
gradient in the film volume. This discovery opens a new paradigm for generating spin-orbit
mediated torque in single ferromagnetic alloy with great prospects such as simple structure,

ultra-high density and readily application.
Results

Structural and magnetic properties. The L1, FePt is a face-centered tetragonal magnetic alloy
with alternating Pt and Fe atomic layers as schematically shown in Figure la. Using high
temperature deposition and subsequent annealing, highly ordered L1, FePt has been successfully
grown on (001) MgO single-crystal substrate. Figure 1b shows the x-ray diffraction (XRD)
spectra for a 12 nm FePt and the MgO substrate. The chemical ordering degree S is derived from
the intensity of the (001) and (002) peaks®. The large S of 0.96, together with the pole figure of
FePt (111) diffraction peak (Supplementary Information S1), demonstrates the epitaxial growth
of high quality L1, FePt on MgO single-crystal substrate. Figure 1c shows the in-plane and out-
of-plane magnetic hysteresis loops for the 12 nm FePt. The sample exhibits a saturation
magnetization Ms=1000 emu/cc and a large in-plane saturation field around 7.4 Tesla that
affirming the strong perpendicular magnetic anisotropy. In addition, high resolution cross-section
scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy
(EELS) were performed (Fig. 1d). While a small amount of Pt (~2 atomic layers) segregates at
the top surface of FePt, highly ordered alternative stacking of Fe and Pt atomic layers can be

clearly resolved from the high-angle annular dark field (HAADF) image, which is further



supported by the elementary analysis of Pt and Fe from EELS elemental mapping result for the

region of red square in Fig. 1d.

Current induced magnetization switching. The magnetization switching is performed with in-
plane pulsed current injection as schematically shown in Figure 2a. Pulsed currents (pulse width
of 200 us) with varied amplitude are applied to the 10 um Hall bar device of 4 nm L1, FePt.
After application of each current pulse, the Hall resistance and polar Kerr image are
simultaneously recorded. It should be noted that the Hall resistance is measured with a small
pulsed current (with a current density of ~10° A/cm?), thus the equilibrium magnetization
direction can be recorded without disturbances from current induced spin torque and Joule
heating. Both the anomalous Hall resistance Ry and polar Kerr signal probe the average z-
component of the FePt magnetization, thereby allowing the observation of perpendicular

magnetization switching.

Figure 2b shows the Ry as a function of the pulsed current. As can be seen, reversible
current induced magnetization switching is achieved with an external magnetic field along x axis
(Hx=+1.2 kOe) while no hysteresis switching is observed for H,=0 Oe and H,=1.2 kOe. Opposite
switching polarities are observed when reversing Hy. These switching features are similar to the
SOT switching in perpendicular magnetized normal metal/ferromagnet heterostructures” ',
suggesting the similarity of underlying driving torque. The magnetization switching process is
simultaneously recorded and visualized by the polar magneto-optical Kerr effect (MOKE)
microscopy, and the corresponding Kerr images of the states marked in Fig. 2b are shown in Fig.
2c. As the bright and dark contrasts in the Kerr images scale with the up and down components

of magnetization, respectively, the consecutive changes of Kerr contrast in Fig. 2c confirm the

perpendicular magnetization switching in the FePt device. Moreover, the Kerr images of the



states 2 and 4 both show the magnetic domain formation during the reversal process. The
application of electric current triggers the domain wall nucleation and expansion, leading to

reversible magnetization switching.

Bulk characteristics of spin torque effect. The current induced magnetization switching and
harmonic Hall voltage measurements are performed for L1, FePt with varied thickness ¢ = 4, 8§,
12, 16 and 20 nm. The sample properties are characterized and shown in Supplementary
Information S1. Here, the harmonic Hall voltage measurements are utilized to quantitatively

%1% Figure 3a-d show the harmonic

characterize the current induced effective magnetic fields
measurement results for the two measurement schemes, namely the longitudinal and transverse
measurement schemes. In the longitudinal (transverse) scheme, the in-plane magnetic field is
swept along (transverse to) the current direction, allowing the longitudinal (transverse) effective
magnetic field Hy (Hr) of the current induced spin torques to be characterized separately. The
planar Hall effect is considered in the analysis to address the entanglement between Hi, and Hr.
In addition, the anomalous Nernst effect originating from the in-plane and out-of-plane
temperature gradients is found to be significant especially for the longitudinal scheme as seen
from Fig. 3a (also in Supplementary Information S3). With consideration of both planar Hall and

anomalous Nernst effects, the below equations are utilized to calculate current induced effective

magnetic field Ay and Hy'”:
H 22—
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where B =
anomalous Hall resistances and + denotes the magnetization direction that points either along +z
or —z. Figure 3b and d show the thickness dependences of H; and Hry. Hr is found to be larger
than Hp by more than two times. Most remarkably and quite surprisingly, both Hy and Hry
increase with 7, in sharp contrast with the 1/¢ dependence expected for interfacial torques. This
thickness dependence is neither explained by change in Mg, that remains mostly constant over
the thickness range (see Supplementary Information S1), nor by modification of the sample

conductivity. This increase of spin torque with thickness is further confirmed by the linear

increase in the current induced magnetization switching efficiency, which is defined as

n=H,/Js, with ¢ as shown in Fig. 3e-f.

To gain further insight into the spin torque effect, the correlation between the bulk
crystallinity and the spin torque effect in L1, FePt is studied. Here, the crystallinity of L1, FePt
refers to the fraction of Fe (Pt) sites occupied by the Fe (Pt) atoms, which is in turn determined
by the chemical ordering parameter (S) of the alloy and the alloy composition (x)*. To achieve
ideal crystallinity of L1, FePt, one can enlarge the value of S and tune the alloy toward the
stoichiometric L1, phase composition (x=0.5). The higher crystallinity of L1, alloy not only
contributes to a larger perpendicular magnetocrystalline anisotropy but is also suggested to
accommodate stronger spin-orbit coupling strength®' . Here, we have modified the crystallinity
of L1y FePt using two approaches: either by modifying the FePt composition or by changing the
annealing temperature. The results of the former approach are shown in Figure 4a. By changing
x of Fe,4Pt,, the chemical ordering degree S is continuously tuned, and the maximal S emerges

around x=0.51 (Supplementary Information S4). Furthermore, the derived Hy and Hr from



harmonic Hall voltage measurements as well as the switching efficiency also exhibit strong
correlation with x. The coincidence of maximal values at x=0.51 for Hy, Ht, 77 and S suggests
the spin torque effect in L1, FePt arises from crystallinity and spin-orbit coupling related

mechanism.

Alternatively, we have examined the spin torque effect in L1, FePt with different
annealing temperature 7. While increasing 75 from 550 °C to 760 °C, the chemical ordering
parameter S is tuned from 0.57 to 0.96 (Supplementary Information S5). Subsequent
measurements demonstrate that Hy, Hr and 77 increase more than three times upon §
optimization, as shown in Figure 4b. Therefore, both studies in Fig. 4 suggest the primary
importance of crystallinity and of spin-orbit strength in the onset of the spin torque effect in L1,

FePt.

Bulk structural gradient induced spin torque. The emergence of spin-orbit mediated torque
and its driven magnetization switching in L1y FePt are counter-intuitive from the established
framework of SOT. The only few examples of single ferromagnet possessing non-trivial spin
torque are (Ga,Mn)As and NiMnSb* '* . However, all these ferromagnets lack inversion
symmetry unlike the bulk L1y FePt which is centrosymmetric in the crystalline structure. Other
elements of symmetry breaking, such as antiphase boundary, current induced temperature
gradient and the surface Pt segregation have been observed in the sample. The antiphase
boundary can break the inversion symmetry of FePt crystalline structure locally and hence
promotes current-driven spin density. However, such an effect is difficult to correlate with the
present results as it depends on the orientation of the boundary, which appears to be random
across the FePt crystal as shown in the TEM images (Supplementary Information S7). Moreover,

no explicit correlation between the anomalous Nernst effect and spin torque effect has been



found in the FePt thickness study, suggesting the minor role of temperature gradient in the spin
torque effect (Supplementary Information S8). At last, the SOT generated by segregated Pt at
surface is found to be negligible (Supplementary Information S9) and not in accordance with the
t-scaling characteristic as in Fig. 3, thus it is also excluded to account for current experimental

findings.

One possible symmetry breaking remaining to be considered is the gradient of the
crystalline structure that manifests as the spatial evolutions of lattice constant and long range
chemical ordering. This effect has been found in thin films of crystal due to the strain relaxation
172628 T test this hypothesis, we examine the depth profile of FePt crystalline structure by a
combined technique of ion milling and XRD measurements (Supplementary Information S6).
Sequential ion millings are utilized to reach different depth of a 24 nm L1, FePt film, and the
XRD measurement is performed after each milling to acquire ¢ and S with ultrafine resolution **"
*! Indeed, as shown in Fig. 5a, both ¢ and S are observed to vary continuously along the
thickness direction. As ¢ and S are independently determined by the position and the intensity of
XRD peaks, respectively, the similar variation trends of their depth profiles affirm the chemical
disorder gradient along the film depth i.e., the change of occupation fraction of Fe (Pt) atoms in
their designated sites. ¢ approximately decreases from the bottom MgO/FePt interface to the top
film surface. More remarkably, S shows significant spatial variation that changes from 0.48 +
0.12 to 0.96 + 0.02 as show in Fig. 5a. With such chemical gradient, the symmetry of crystalline

structure in FePt breaks, which can produce a sizable torque throughout the thickness of the FePt

slab.

The pertinence of above idea has been tested by building a ferromagnetic slab within the

tight-binding approximation and by computing the current-driven torque using Kubo formula.



Here, in the absence of handbook parameters for L1, FePt, a slab of bcc Fe(001) for a thickness
of 20 ML (= 5.6 nm) has been considered using Slater-Koster parametrization®>. A gradient of
disorder throughout the slab’s thickness ¢ has been modeled with a homogeneous broadening of
random potential I'(t). More details of the calculation can be found in the Supplementary
Information S10. Figure 5b shows the torque obtained as a function of the gradient of disorder
oI, for an average disorder strength I; = 13 meV, which corresponds to the “ideal” conductivity
of bee Fe, oz, = 107271 - m~1. As can be seen, when both torque components are zero without
6rI, they increase linearly as a function of the disorder gradient, thus indicating that a reasonable
gradient of disorder can maintain a sizable torque throughout the volume of an otherwise
centrosymmetric ferromagnet. On the other hand, by accounting for the experimental fact that
the gradient of disorder is accompanied by a gradient of chemical ordering S, the thickness
dependence of SOT can be readily understood by the proportional correlation between ¢ and S

(and thus the SOC strength) which ultimately leads to the #-scaling characteristic of SOT.

While we have elucidated the spin torque effect in L1, FePt to a certain extent, the full
understanding and the establishment of complete physical picture still wait for more research
works. Especially, the derived effective magnetic fields appear too small to adequately account
for the magnetization switching of L1, FePt that possesses extraordinarily large perpendicular
anisotropy. Such a discrepancy can be ascribed to the fact that the effective fields are derived for
the magnetic saturation states, while the current induced magnetization switching is achieved
through the domain nucleation and expansion processes. Therefore, conventional spin transfer
torque may emerge for the L1, FePt with multi-domains® **. On the other hand, the SOT is

18, 35, 36

believed to be magnetization dependent , possibly leading to significantly augmented SOT

inside magnetic domain wall with evolutive magnetization direction.



At last, it is noted that the conventional SOT originating from the symmetry breaking
places strong restrictions to the material parameters and device architecture. For example, the
interfacial nature of SOT in normal metal/ferromagnet heterostructures maximizes the torque
strength only for a very thin ferromagnet which shrinks the thermal stability and the
nonvolatility'®. Moreover, the conventional SOT devices mostly require 3 terminals architecture

thereby significantly increasing the device complexity’”*®

. The bulk spin torque observed in the
centrosymmetric L1y FePt shows a potential to remove these fundamental obstacles and brings

new perspectives for SOT research and applications.



Methods

Sample preparations and characterization.

FePt films were deposited onto MgO (001) substrates by high vacuum magnetron sputtering at
an elevated temperature, and a 2 hours in-situ annealing was subsequently followed at the same
temperature to promote the formation of L1, phase of FePt alloy. For films of varying thickness
and varying composition, the temperature for both the deposition and annealing was slightly
adjusted in the range from 600 to 760 °C for each film to obtain a high-intensity FePt (001)
diffraction peak and a good perpendicular magnetic anisotropy. A Fe target with several small Pt
slices on its surface was used to simultaneously sputter Pt and Fe atoms. The composition of Fe,_
Pt, samples was varied by changing the number of Pt slices. The thickness and crystal structure
were characterized by X-ray reflection (XRR) and X-ray diffraction (XRD) techniques with a
Bruker D8 Discover diffractometer using Cu Ko radiation (A=0.15419 nm). The composition of
the films was analyzed by Energy Dispersive X-ray Spectroscopy (EDS) with an Oxford X-
max® scanning electron microscope (SEM). The magnetic properties of the films were measured
by a vibrating sample magnetometer (VSM) module of a Physical Property Measurement System
(PPMS) or a Lakeshore VSM. The FePt Hall bar devices, with a width of 10 ym, were prepared
by ultra-violet lithography and Ar ion milling.

Magnetization switching measurements.

The current driven magnetization switching was detected both by electrical measurement and
MOKE at room temperature. A combination of Keithley 6221 source-meter and 2182A
nanovoltmeter was utilized for the electrical measurements. The simultaneous detection of Hall
signal and MOKE signal was carried out in an optical platform equipped with a polar Kerr

microscope using LED as light source (Tuotuo technology). For each step in a Ry-I loop a dc



current pulse of amplitude / with duration of 200 ps was applied to the Hall bar device as write
current, 6 seconds later a probe current pulse of 0.5 mA with duration of 2 ms was applied and
the Hall voltage was measured with a Ims delay by 2182A. The write current was varied to
obtain a complete Rp-/ loop. The electrical detection of Hall signal for current induced
magnetization switching was also implemented in PPMS without acquiring MOKE images.
Harmonic Hall voltage measurements.

The devices were first magnetized to a saturated state by applying a large field (£1.6 T)
perpendicular to the film plane. A sinusoidal ac current of 13.7 Hz was applied by Keithley 6221
source-meter and the first and second harmonic Hall voltages were simultaneously measured by
two Stanford SR830 lock-in amplifiers during sweeping an in-plane field along (Hy) or
transverse (Hy) to current direction. The amplitude of the sinusoidal current varies as the
thickness of FePt to keep a constant current density of 1x10” A/cm?,

STEM measurements.

High-resolution STEM-high angle annular dark field (STEM-HAADF) imaging were performed
using the JEOL-ARM200F microscope equipped with ASCOR aberration corrector and cold-
field emission gun and operated at 200 kV. The cross-section TEM samples were prepared by a
focused ion beam (FIB) machine (FEI Versa 3D) with 30 kV Ga ions, followed by a 2 kV low
voltage cleaning step. The HAADF images were acquired with probe forming angle 30 mrad and
collection angle of 68-280 mrad. EELS elemental mapping was recorded using a Gatan Quantum
ER spectrometer with a 1 eV/channel energy dispersion.

Data availability.

The data that support the findings of this study are available from the corresponding author on

reasonable request.
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Figure captions

Fig. 1. Crystal structure and magnetic property of L1, FePt. a, The crystallographic unit cell
of L1y FePt. Fe atoms and the associated spins are depicted by the red spheres and arrows, Pt
atoms are depicted by the blue spheres. b, 8 - 26 XRD spectra of the 12 nm FePt and the
referenced (001) MgO substrate. ¢, In-plane (yellow) and out-of-plane (blue) magnetization
curves for the 12 nm FePt. d, High-angle annular dark field (HAADF) and electron energy loss
spectroscopy (EELS) images of the FePt sample. The corresponding EELS region is indicated in

the red box in the HAADF image.

Fig. 2. Current induced magnetization switching in L1, FePt. a, Schematic for measurements
of current induced magnetization switching that is simultaneously recorded by Hall voltage
measurement and Kerr microscopy imaging. b, Ry versus pulsed DC current /. The assisted
external magnetic field is indicated with each curve. ¢, Kerr images recorded for the states 1-5 as

indicated in (b).

Fig. 3. Bulk spin torque scales with L1, FePt thickness. a-d, Quantification of the current
induced effective magnetic fields by harmonic Hall voltage measurements. The first and second
harmonic signals in fully saturated magnetic states (magnetization pointing long +Z or -Z are
indicated by M1 and M|, respectively) were recorded with an in-plane magnetic field along (a)
and transverse (¢) to the current direction. In a and ¢, the solid and open symbols in V¢curves
correspond to the original measurement signal and the one with correction of anomalous Nernst
effect respectively for a FePt sample with /=12 nm. The derived effective field, including both
Hy (b) and Hr (d), versus FePt thickness ¢. e-f, Current induced magnetization switching (e) and

the switching efficiency nsor (f) with different .



Fig. 4. Correlation between spin orbit coupling and spin torque in FePt. a, H;, Hr and nsor

vs. x. b, Hr, Hy and nsor vs. annealing temperature 7. The FePt thickness is fixed as 12 nm.

Fig. 5. Structural gradient induced spin torque. a, Depth profile of lattice constant ¢ and order
parameter S for a 24-nm-thick FePt film. The data were obtained by a combination technique of
ion milling and XRD measurements (Supplementary Information S6). b, Calculations of
longitudinal torque (7., red line) and transverse torque (zr, blue line) as a function of parameter

oI, gradient of disorder, for [, = 13 meV.
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