nature porthl i O https://doi.org/10.1038/s41586-024-07914-y

Supplementary information

Signatures of magnetism control by flow of
angular momentum

In the format provided by the
authors and unedited



Supplementary Material for

Signatures of magnetism control by flow of angular momentum

L. Chen!, Y. Sun!, S. Mankovsky?, T. N. G. Meier!, M. Kronseder’, C. Sun®’, A. Orekhov®, H. Ebert?, D. Weiss® and C. H. Back'#>

'Department of Physics, Technical University of Munich, Munich, Germany
’Department of Chemistry, Ludwig Maximilian University, Munich, Germany
3Institute of Experimental and Applied Physics, University of Regensburg, Regensburg, Germany
*Munich Center for Quantum Science and Technology, Munich, Germany
SCenter for Quantum Engineering, Technical University of Munich, Munich, Germany
®Department of Chemistry, Technical University of Munich, Munich, Germany
’TUMint.Energy Research GmbH, Department of Chemistry, Technical University of Munich, Munich, Germany

Table of Contents:

1. Characterization of the Pt/Al/Fe/GaAs multilayers

2. Ruling out possible detrimental effects arising from the application of a dc current
3. Discussion of the effect of the magnetic proximity effect

4. Theoretical calculation of the modification of magnetic moment and magnetic anisotropy



Fig. S2. (a) HRTEM image of the Pt/Al/Fe/GaAs multilayer. (b) HAADF-STEM image. (¢) EDX of each element.

Supplementary Note 1: Characterization of the Pt/Al/Fe/GaAs multilayers

Figs. Sla-d show, respectively, the reflection high-energy electron diffraction (RHEED) images

of GaAs, Fe, Al and Pt. Sharp streaks have been observed after the growth of each layer by molecular

beam epitaxy at room temperature, which indicate the epitaxial growth mode as well as good surface



(interface) flatness.

To further characterize the property of our samples, we have carried out high resolution
transmission electron microscopy (HRTEM) measurements. Before the HRTEM measurements,
sample has been prebaked at 110 °C, which is the highest temperature for device fabrication. The
HRTEM image shows (Fig. S2a) that all the layers are crystalline, due to the pseudomorphic growth
(as indicated by RHEED patterns shown in Fig. S1). To resolve the distribution of the atoms, the Z-
contrast in the high-angle annular dark field (HAADF) scanning transmission electron microscopy
(STEM) image is shown in Fig. S2b, and blurry boundaries (white lines) for each layer can still be
seen. The Pt, Al, Fe, Ga and As elemental chemical maps (Fig. S2¢) have also been acquired using
energy-dispersive X-ray (EDX) spectroscopy, which shows that there is no significant diffusion of Pt
atoms into Fe. Note that a tiny amount of Ga is also present in the Pt layer, which is generated by the
cut of sample into lamina by focused-ion-beam. The good crystallinity of the Al layer prevents the
diffusion of Pt towards Fe, and therefore the magnetic proximity effect can be largely blocked (more
discussions about the magnetic proximity effect are shown in Supplementary Note 3). Although a
diffusion of Al into Pt is observed in Fig. S2c, a sizeable spin-torque efficiency of Pt-Al alloy
(Methods) is still obtained. Previous work has shown that the spin-torque efficiency can be enhanced

by alloying Pt with A3,
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Fig. S3. (a) gn-dependence of Hr of tre = 1.2 Nnm measured in the as-fabricated state and after applying |/| of
3 mA. The application of the relatively large current partially destroys the magnetic properties, i.e., the uniaxial
anisotropy decreases from 128 mT to 62 mT and the biaxial anisotropy decreases from 10 mT to 2 mT. (b)
FMR spectra measured in the as-fabricated state and after applying a dc current |/| of 4 mA for tre of 2.8 nm.

The FMR spectrum remains unchanged after the application of the dc current.

tre (nm) 45 28 22 12 1.1
Ipd (mA) 45 4 4 15 15

Table S1. Optimal current applied for each Fe thickness without detrimental effect by Joule heating.

Supplementary Note 2: Ruling out possible detrimental effects arising from the
application of a dc current

To observe the modification of magnetic anisotropies and Gilbert damping, sizeable charge
currents are needed. However, the application of charge currents inevitably generates Joule heating,
and could partially and/or completely damage the device. Figure S3a shows an example for the case
that applying a relatively large current of 3 mA significantly reduces the uniaxial magnetic anisotropy
from 128 mT to 62 mT, and reduces the biaxial anisotropy from 10 mT to 2 mT for #re = 1.2 nm. In
this case, the change of magnetic properties is irreversible since the device is partially damaged

probably due to interdiffusion. To rule out the possibility that the current-induced modification is not
4



due to any detrimental effect by Joule heating, we increase the magnitude of the current step-by-step,
and measured the FMR spectra before and after applying the dc current. An optimal current value
|Loptl 1s determined by two criteria: I) it shows sizeable modification of the linewidth and the resonance
field, and II) the FMR spectra should be identical before and after applying the optimal charge current.
An example is shown in Fig. S3b for tre = 2.8 nm. According to our expertise, although the device
sizes (4 um X 20 um) and the Pt (6 nm)/Al (1.5 nm) layer thicknesses are identical, the optimal current

for each fr. differs. As summarized in Table S1, the thinner the f., the lower the /oy is.

a GaAs/Fe(1.2 nm)/Al(1.5 nm)/Pt(6 nm) b GaAs/Fe(1.4 nm)/Pt(6 nm)
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Figure S4 (a) gv-dependence of AH for GaAs/Fe(1.2 nm)/Al(1.5 nm)/Pt(6 nm) measured at f= 13 GHz. (b) ¢pu-
dependence of AH for GaAs/Fe(1.4 nm)/Pt(6 nm) measured at f = 18 GHz. The solid lines in (a) and (b) are
fits using the corresponding damping values as indicated. The sample without Al separation layer shows a ~5

times larger damping than the sample with Al.
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Fig. S5. I-dependence of Hr of a Pt{(6 nm)/Cu(2 nm)/Fe(1.3 nm)/GaAs multilayer measured at selected
frequencies for H along the [110]-axis (a), the [ﬁO]-axis (b) the [T10]-axis (¢) and the [170]-axis (d). The inset
in each figure shows the respective orientation of the charge current and the magnetic-field (magnetization).
The solid lines are fitted by eq. 2, and the corresponding d(Hr)/dl values are obtained. When H is applied along

the easy axis ([110] and [110]), the relative amplitude of Hr(-/) and Hr(+/) is independent of f. However, when

H is applied along the hard axis ([710] and [170]), the relative amplitude of Hr(-/) and Hr(+/) strongly depends

onf.
a —r————— b e
0.3} o T | E———
i _[Z,’ ] [ ]
—~ 0.0 ~ 0.0
QE: : : E [ 11/ 1100]
Eos— @mwo| Fosl ¥ ]
e L ©® | € HII{T10]
= R [ R B | | |
g 0 3 [ 1//[100] 1 ;
o U.0r b 14
= T3 A
5 L Hir1110] IS L
0.0 .
r 1 r H/ 0]
03F | 0af == 1
0 5 10 15 0 5 10 15

f(GHz) f(GHz)

Fig. S6. Results obtained for a Pt(6 nm)/Cu(2 nm)/Fe(1.3 nm)/GaAs multilayer: (a) d(Hr)/dl values as a function
of ffor H// M // [110] (easy axis)and H // M // [110] (hard axis). (b) d(HR)/dl values as a function of ffor H // M
/1 [110] (easy axis) and H // M // [110] (hard axis). The inset in each figure shows the orientation of H with

respect to the current.



Pt/Cu/Fe/GaAs

+M -M
AHp (mT) 0.28 ~0.36
AHx (mT) 112 ~1.63
AHy (mT) 1.48 “1.92
lhoerLl (mT) 1.52

Table S2. Summary of AHs, AHk, AHu and hoesr for Pt(6 nm)/Cu(2 nm)/Fe(1.3 nm)/GaAs (001) multilayer under

I=1mA.

Supplementary Note 3: Discussion of the effect of the magnetic proximity effect

In Pt/ferromagnet bi-layers without separation layer, the magnetic proximity seems inevitable
because Pt is in the vicinity of the Stoner condition. The static and dynamic exchange coupling
between the ferromagnet and the proximity magnetized Pt layer produces two effects which can be
discerned in the FMR measurements>?: 1) Static coupling, which is proportional to M, generates a
torque acting on the ferromagnet and manifests itself as a shift of Hr. II) Dynamic coupling, which is

proportional to dM/dt, plays a role for the enhancement of damping.

To show that the magnetic proximity effect can be largely avoided in the Pt/Al/Fe/GaAs samples,
we have prepared and measured Pt/Fe/GaAs samples without Al separation layer. As shown in Fig.
S4, the GaAs/Fe/Pt sample without Al layer (Fig. S4b) shows a ~ 5 times larger damping value than
the GaAs/Fe/Al/Pt sample with Al layer (Fig. S4a). The much lower damping value in the
GaAs/Fe/Al/Pt sample indicates that the Al insertion layer significantly reduces the magnetic
proximity. Note that the damping value of the GaAs/Fe/Al/Pt sample is just slightly higher than that
of a pure GaAs/Fe/AlO, sample (Extended Data Fig. 3) due to the spin pumping effect. Therefore,

we conclude that the Al separation layer indeed plays a significant role in minimizing the magnetic



proximity effect.

To further prove that the magnetic proximity effect is irrelevant for the modification of magnetism
by spin current, we have also measured a Pt(6 nm)/Cu(2 nm)/Fe(1.3 nm)/GaAs multilayer with Cu
separation layer. This is because the Cu interlayer significantly reduces the magnetic proximity
effect> %, It has also been shown® that a 1-nm Cu separation layer is enough to eliminate the

magnetic proximity effect as evidenced by XMCD. Figures S5a and b respectively show the /-
dependence of Hr measured at selected frequencies for H along the [110]-axis and the [110]-axis.
One can see that Hr(~I) > Hg (+]) for H // [110] and Hr(~I) < Hr (+]) for H // [110]. For both [110]-
and [110]-orientations, the relative amplitude of Hr(-/) and Hr (+]) is independent of frequency.

However, for H along the [TlO]-axis and the [ITO]-aXis as shown in Figures S5c¢ and d, the relative
amplitude of Hr(—/) and Hr (+]) strongly depends on frequency, similar to the results presented in

Fig. 3 of the main text.

The I-dependence of the Hr traces are fitted by equation (2), and the /~dependence of the d(Hr)/dI
values is shown for each field orientation in Fig. S6. The sample with Cu separation shows the same
results as the sample with Al separation, and the modification of the magnetic anisotropies (Table S2)
quantitatively matches the results with Al separation (Table 2). Therefore, we confirm that the
observation of the modification of magnetism by spin current is not related to the magnetic proximity

effect.

Although the magnetic proximity effect has been largely avoided in our samples by inserting Al
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and Cu separation layers, we cannot completely exclude this effect. We would like to point out,
however, that the magnetic proximity effect (if it exists) plays no role for the modification of
magnetism by spin current. This is because the modification of magnetism is only related to the
damping-like torque. It has been shown (e.g., Ref. S7) that the magnetic proximity effect in heavy
metal/ferromagnetic metal bilayers has no discernible influence on the magnitude of the current-
induced spin-orbit torques, spin memory loss and spin backflow. Therefore, we confirm that the

magnetic proximity effect does not affect the physics discussed in the work.

1400

Fig. S7. Temperature dependence of Hk, Hu and Hs for tre = 1.2 nm.

Supplementary Note 4: Theoretical calculation of the modification of magnetic
moment and magnetic anisotropy
As the magnetic anisotropy plays a central role in this study, it is useful to clarify the technique
used to calculate the energy of the magneto-crystalline anisotropy (MCA) from first principles. We
will focus here on the spin-orbit induced MCA contribution only, because of its responsibility for the

in-plane uniaxial magnetic anisotropy (UMA) observed in the Fe/GaAs(001) system®®. In the present



work, the MCA energy is obtained by making use of the magnetic torque calculated by means of the
fully relativistic KKR Green function formalism (see e.g. Refs. S9 and S10, and more references can
be found in S10). This approach is especially convenient when dealing with systems with uniaxial
anisotropy, as it gives direct access to the uniaxial magnetic anisotropy energy®!!. In the case
considered here, the electronic structure is calculated for the system with the magnetic moment
oriented along the z-axis (z || [001]). Using these results, the magnetic torque is calculated for the
magnetic moment rotated by an angle of n/4 with respect to the z-axis within the plane including the
[001] and [110] crystallographic directions. For such a geometry the calculated torque is equal to the
energy difference Tj110(/4) = E[1101 — Efoo1], where Ef110) and Ejoo1j are the total energies for the system
with the magnetic moment along the [110] and [001] directions, respectively. Similarly, the magnetic
torque 771-101(/4) gives access to the energy difference Efi-101 — Ejoot], 1.€. T1-10)(/4) = Efi-100 — E[oo1).
Therefore, the in-plane uniaxial magnetic anisotropy, which is of central interest here, can be obtained
from the torque difference, i.e., Efi-10] - E1110) = T1-10)(n/4) — Ti110)(n/4). Furthermore, one has to stress
that the in-plane uniaxial anisotropy is determined first of all by the atomic geometry at the Fe/GaAs
interface. However, the absolute value of the anisotropy energy may be tuned by changing the spin
magnetic moment of the atoms, for example, by electron spin transmission into the FM, as suggested
in the present work. Alternatively, the spin magnetic moment of the Fe atoms may be changed by
applying a magnetic field along the direction of the magnetic moment (i.e. along the quantization axis
parallel to the z-axis), or opposite to it. Then, the resulting self-consistent potential is used to calculate
the in-plane uniaxial magnetic anisotropy (modified due to the applied magnetic field) by means of
the magnetic torque calculations as described above. This way, the dependence of the in-plane
uniaxial magnetic anisotropy on the magnetic moment of the Fe atoms has been investigated by

varying the strength of the magnetic field.
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To supply theoretical support to the discussions on the impact of a spin current on the magnetic
anisotropy in Fe films on GaAs(001), we are going to use rather simple arguments, which allow to
explain the experimental results in terms of the electronic structure. Coming back to the idea
represented at the beginning in the main text, we discuss the spin current J§ through the Pt/Al/Fe
interface, polarized parallel to the Fe magnetization m in the case of m // +z , or antiparallel, in the
case of m // —z. The spin current J§ can be represented in terms of two opposite flows of electrons
carrying up and down spin moments, J§ = Jup — Jaw, in the absence of a net electric current (Je = Jup
+ Jaw = 0). As a consequence, the inflow of the spin-up electrons leads to an increase of occupation
of the spin-up d-states of Fe, while the outflow of spin-down electrons leads to a decrease of
occupation of the spin-down d-states. Therefore, this leads to an increase of the spin-up electron
density Anyp and decrease of spin-down electron density Amgw, resulting in the change of

magnetization Amy (Amy = Anyp - Angw).

A similar effect occurs in the presence of an applied magnetic field on the scale of molecular field
H // +z shifting the spin-up d-states down in energy, followed by an increase of their occupation, and
vice versa, the spin-down d-states shifting up in energy, leading to their depopulation. As a result, the
magnetic moments of the Fe atoms increase, if their direction is parallel to the applied field. And
decrease of magnetic moment is expected in the case of an antiparallel orientation with respect to the
magnetic field. The dependence of the magnetic moment on an applied magnetic field can be studied
within first-principles SDFT calculations. Using a varying strength of magnetic field, one can model
the impact of the spin current injected into the Fe film on the magnetic properties of the film,

depending on the density of the spin current. It should be noted, however, that the strength of the

11



magnetic field used in the calculations is the same for all layers in the Fe film and does not depend
on the distance from the Pt/Fe interface. This is in contrast to the real case that an injected spin current
decays in the Fe film with the distance from the interface. Nevertheless, even in the case of a uniform
strength of the applied magnetic field, the magnetic response in the Fe film is not trivial, leading to
different changes of magnetic moments in the various layers, Am; (see in Fig. S8a the results for 9

MLs of Fe deposited on GaAs(001)). This is, in particular, a consequence of their different spin- and

layer-resolved density of states at the Fermi level.
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Fig. S8. Calculated results for 9ML Fe films deposited on GaAs(001). (a) The layer-resolved change of
magnetic moments as a function of applied magnetic field, the 1stlayer (1) corresponds to the Fe/GaAs interface,
and the 9™ layer (S) is the surface layer. (b) The energy of the in-plane uniaxial MCA as a function of applied
magnetic field. The inset shows a zoom of the selected part of graph, which is used to quantify the effective
magnetic-field values for the modification of UMA. (¢) Spin magnetic moment of two non-equivalent Fe atoms
at the Fe/GaAs interface as a function of the applied magnetic field. Here positive (negative) value corresponds

to magnetic field parallel (antiparallel) to the magnetization direction.
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Fig. S9. Layer resolved spin-up (top panel) and spin-down (bottom panel) Bloch spectral function (BSF) for
9ML Fe films deposited on GaAs(001): (a) interface Fe layer, (b) middle Fe layer, and (c) surface Fe layer.

As a next step, we focus on the dependence of the MCA energy on the applied magnetic field,
which is used to mimic the effect of an injected spin-current. These calculations are performed for 9
MLs of Fe deposited on GaAs(001) (we consider here the As-terminated interface) (Fig. S8b). As the
MCA depends on the electronic structure in the vicinity of the Fermi energy, Fig. S9 represents the
spin-resolved Bloch spectral function (BSF) A(E, k) within a small energy window around EF, for the
wave vector k along two high-symmetric directions in the 2D Brillouin zone, i.e., k = (&, & 0) and (&,
—¢, 0). The intensity of the BSF in Fig. S9 characterize the degree of localization of the electronic
states in the interface Fe layer (Fig. S9a), in central layer of the film (Fig. S9b) and at the surface (Fig.
S9c¢), respectively. One can see the obvious difference of the BSF for these two directions. The
symmetry of the deposited Fe film is governed by the two-fold symmetry of the GaAs(001) substrate.
As one can see that the most distinct asymmetry for the electronic structure along the (&, & 0) and (&,

—¢, 0) directions is observed for the interface Fe layer due to a strong hybridization of the electronic
13



states of Fe with the states of GaAs. Furthermore, a significant smearing of the energy bands is
observed for the interface Fe layer, which are hybridized with bulk-like states of the GaAs substrate.
In the middle and surface Fe layers, the smearing of the d-bands, as well as their asymmetry along
two BZ directions, decreases. The symmetry properties of the electronic structure determine the
symmetry properties of the magnetic anisotropy, leading to the interfacial origin of uniaxial in-plane

MCA.

Fig. S8b shows corresponding field-induced changes of the energy of in-plane uniaxial MCA,
Euma= Ep10] — Ef1-10. The energy is represented in meV per one Fe atom. As one can see that, in the
absence of magnetic field, the easy axis is oriented along the [110] crystallographic direction. The
applied magnetic field results in an increase of the MCA energy along the easy axis, Euma, if it is
parallel to the magnetization direction, and to a decrease of Euma in the case of antiparallel orientation.
These changes are accompanied by an increase (for H > 0) or decrease (for H <0) of the spin magnetic
moment of Fe, which is shown in Fig. S8a (the layer-resolved Ami), and in Fig. S8c¢ (the magnetic

moments for the interface Fe atoms).

In order to make a connection between the theoretical and experimental results, one can estimate
the strength of the magnetic field to be used in the calculations to mimic the role of the spin current,
which induces the change of the in-plane uniaxial magnetic anisotropy energy AEuma. In the
experiments, the application of a charge current of ~1 mA in the Pt layer induces a change of the in-
plane UMA characterized by the anisotropy magnetic field AHy = 2 mT. Using the ‘average’ value of

2.25 up for the magnetic moment per Fe atom, one obtains the change of in-plane UMA energy,
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AEuma, of about 2.6x10~* meV/Fe atom. To connect our theoretical results to the experiment, the
inset in Fig. S8b plots the dependence of the in-plane UMA energy induced by the external magnetic
field Hex:, applied parallel or antiparallel to the magnetization direction, Euma(H) — Euma(H=0). Using
these results, a magnetic field of about 1.5 T needs to be applied to obtain the same change of the in-

plane UMA energy as observed in the experiments.

To further compare of the theoretical results with experiment, we represent the magnetic field
(shown in Fig. S8 in the units of energy) in terms the spin moment transferred into the Fe film, which
was estimated by equating the field induced change of the total spin magnetic moment in the Fe film
Amre (shown in Fig. S8c) with the spin moment transferred due to a spin current through the interface,
Amre = Amy = Amyup — Amaw. Taking into account the zero electric current (J. = 0) through the interface,
one can make a connection between the absolute values of the transferred spin-up density and
corresponding change of the magnetization |Amg| = 2|Anyp).
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Fig. S10. (a) The MCA energy density as a function of the transferred spin density for 9 ML Fe films deposited
on GaAs(001). The ‘plus’ sign corresponds to a transferred spin moment parallel to the magnetization direction,
while the ‘minus’ sign corresponds to the opposite orientation of the transferred spin moment. (b) The

dependence of the modified magnetization of 9ML Fe films as a function of transferred spin density.
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As a result, Fig. S10 replots Fig. S8, which shows the MCA energy density as a function of
transferred electron density. By converting the MCA energy density into effective UMA magnetic
anisotropy field, one obtains a modulation amplitude of -228 mT/(el./nm*). Considering the
experimentally observed AHy of 2.5 mT, we estimate the number of transferred spin density to be
0.01 el./nm? (i.e., ~10' cm™). In addition, Fig. S10b shows the dependence of the modified Fe

magnetization as a function of the transferred spin density.

Finally, Fig. S11 represents a polar plot for the 9ML Fe/GaAs(001) system, showing the
dependence of the MCA energy density, E(M)(¢)) — E[1-10], on the magnetization angle ¢ . The results
are obtained for two values of the magnetic field corresponding to a transferred spin density of 1.05
el./nm® (curve 1) and 1.3 el./nm® (curve 2), respectively, demonstrating that the impact of the

transferred spin moment on the MCA energy density is anisotropic with 2-fold symmetry.
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Fig. S11. Results for a 9 ML Fe film deposited on GaAs(001): polar plot for the MCA energy density, E(Mj(¢))
- Epr-10,, as a function of the magnetization angle ¢. Line ‘1’ corresponds to a transferred spin-up electron
density of 1.05 el./nm3, and line ‘2’ represents the results for a transferred spin-up electron density of -1.3
el/nm3.
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