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ABSTRACT: Ferromagnet/heavy metal bilayers represent a central building block for spintronic
devices where the magnetization of the ferromagnet can be controlled by spin currents generated
in the heavy metal. The efficiency of spin current generation is paramount. Equally important is
the efficient transfer of this spin current across the ferromagnet/heavy metal interface. Here, we
show theoretically and experimentally that for Ta as heavy metal the interface only partially
transmits the spin current while this effect is absent when Pt is used as heavy metal. This is due to
magnetic moment reduction at the interface caused by 3d—Sd hybridization effects. We show
that this effect can be avoided by atomically thin interlayers. On the basis of our theoretical
model we conclude that this is a general effect and occurs for all Sd metals with less than half-
filled Sd shell.
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pin current (SC) is the net flow of angular momentum and der,””** and lattice mismatch.”> SML due to i-SOC is often
in condensed matter usually carried by the spin degree of evoked in order to explain inconsistencies of the value of the spin
freedom of electrons." The discovery that the magnetization Hall angle in spin transport experiments.”*
vector can be controlled in nanostuctures using spin currents” > Separating, understanding, and finally controlling these
has generated enormous interest in the field of spintronics. This interface properties is an essential step to enhance the spin-
effect is essential for spin-based nonvolatile memory applica- current injection efficiency. Up to now, only a limited number of
tions, displacement of spin textures such as chiral domain walls studies have been performed in regard of this complex
and skyrmions for racetrack applications,””'* or spin torque problem,20’37_46 using, for example, interface alloying and
oscillators. " interlayer insertion. For the giant magnetoresistance samples,
A spin-polarized current may be produced electrically by the insertion of interface dusting layers leads to a dramatic
passing a current through a ferromagnet (FM). Alternatively, an enhancement of the magnetoresistance.“’48 In the same spirit,
unpolarized charge current can be used to generate spin using nonmagnetic dusting layers between FM and HM allows
polarization at the surface of a nonmagnetic heavy metal (HM) one to increase the efficiency of current-induced chiral domain-
with spin—orbit coupling (SOC) via the spin Hall effect wall motion.*
(SHE)."”™"* The efficiency of this conversion is material- In this work, we use MgO as an interlayer with varying

dependent and usually quantified by the spin Hall angle. When thicknesses placed at the HM/FM interface. To identify the
interfaced with a FM, the spin current is transmitted through the SML processes, two experiments are used to independently
interface and can exert a torque on the magnetization, a determine (i) the total amount of spin current injected by the
phenomenon known as spin orbit torque (SOT). Reciprocally, ferromagnet and (ii) the amount of spin current delivered into to
spins can be pumped from the FM into the HM where the SC is the HM. By performing optical ultrafast spin injection and ISHE
converted to a charge current via the imferse SHE (ISH_E)‘ This charge current detection, we demonstrate that ultrathin MgO
approach may be demonstrated via microwave-induced layers reduce the spin-current transmission differently depend-

. . 13,15 . .
precession of the magnetization or via ultrafast optical ing on the HM element. While we find a reduction for HM = Pt,

s 16,17 . .
exc1tatlop. The latter examp le. S thel?_a f;s of ultrabroadband it is rather enhanced for HM = Ta. On the basis of electronic and
and efficient terahertz (THz) emitters.

t rt calculati link this effect to th ti
The key element for these processes is the FM/HM ransport caicuiations, we fnk Hus etiect o the maghetic

interface.”” Mainly, two effects can impair the spin-current
transmission: (i) the magnitude of the spin-mixing conduc- Received: November 11, 2021
tance’' and (ii) spin-memory loss (SML).”>">> SML has first Revised:  March 7, 2022
been considered in magnetoresistance experiments.”*>” The Published: April 20, 2022
possible underlying mechanisms for SML are still debated.

Nevertheless, it is believed to be related to interface spin—orbit

coupling (i-SOC),”>***" noncollinear magnetization, disor-
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Figure 1. Experimental configuration. (a) Ultrafast measurement of the ISHE using optical excitation and electronic detection. A pulsed femtosecond
laser excites the HM/FM bilayer and creates an ultrafast spin current pulse J; propagating across the MgO interlayer into the HM where it is converted
into a charge current J, picked up by a rf-probe tip. (b) In a complementary spin pumping experiment, a continuous rf field excites the magnetization,
causing its precession, which generates a spin current that is pumped from FM to HM. The spin transport into the HM enhances the damping in the

EM.
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Figure 2. Ultrafast ISHE measurements. (a) Time-resolved ISHE signal for opposite magnetization directions. (b) Time-resolved ISHE signal for HM
= Pt sample with different MgO thicknesses ranging from 0 to 17 A. (c,d) MgO-thickness dependence of the ISHE signal amplitude and the calculated
spin-current transmission per unit cell for HM = Pt and HM = Tha, respectively. Note that for HM = Ta, the ISHE signal has negative values due to the

negative sign of the spin Hall angle of Ta.

moment reduction at the FM/Ta interface. By the additional
measurement of the total spin momentum pumped by the FM
across the interface (spin pumping), we estimate the magnitude
of SML. We conclude that SML is not a significant effect for the
interfaces investigated here.

B RESULTS AND DISCUSSION

Ultrafast spin current pulses are generated by exciting the layer
stack with optical femtosecond laser pulses. The ISHE converts
these spin current pulses into charge currents, which are
typically detected in the form of free-space THz radiation using
electro-optic sampling.'” Here, we use a coplanar probe tip to
detect the sub-THz current pulse directly on the sample as
shown in Figure la. Typical results are shown in Figure 2a.

As a next step, we examine the influence of ultrathin MgO
interlayers on the inverse SHE signals for HM = Pt. Different
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waveforms are shown in Figure 2b for various MgO thicknesses.
The amplitudes of the signals are displayed in Figure 2c. As a
function of the MgO thickness, one observes a plateau-like
behavior for up to 2 A of the MgO layer corresponding to the
thickness of a MgO unit cell. For a larger thickness, the signal
decays exponentially with a decay length of 2 A. Next, these
experiments are repeated for HM = Ta. The results in Figure 2d
surprisingly show an increase of the signal of more than 20% for
small thicknesses of MgO (up to 2 A). For larger thicknesses,
again an exponential decay with a similar characteristic length
scale as for HM = Pt is observed. We note that the signal
amplitude vs MgO thickness exhibits identical behavior when we
employ broadband free-space THz field detection (see Figure
S3).

To reveal the mechanism responsible for the enhanced ISHE
signal in samples with a MgO interlayer and HM = T4, ab initio
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Figure 3. ISHE signals, enhanced damping, and interface magnetic moments. MgO-thickness dependence of the ISHE signal amplitude and the
enhanced damping due to spin pumping for (a) HM = Pt and (b) HM = Ta. The top panels of (a,b) show the calculated magnetic moment per atom at
the interface for (a) Fe and Pt and (b) Fe and Ta. The red open circle in panel (b) represents the corrected enhanced damping by considering the
reduced magnetic moment as determined by the VSM measurement. The red fit is a plateau up to 2.2 # 0.1 A followed by an exponential decay with a

decay length of 2 + 0.2 A.

transport calculations are combined with density-functional
theory (DFT) calculations. To model the laser-excited
electronic transport, we use a Landauer-Buettiker approach
with a bias voltage of 50 mV. We justify this approach based on
the fact that hot electrons thermalize within around 100 fs to a
Fermi—Dirac-type distribution whose edge covers a ~50 meV
wide energy window around the Fermi level. Figure 2c,d shows
the calculated MgO thickness dependence of the SC. To
compare the experiment with the calculations, we scale the two
data sets at zero MgO thickness. Clearly, for both HM = Pt and
HM = Tha, the calculated SC reproduces well the corresponding
experimental ISHE data. For the case of Pt, the spin current
decreases monotonically with the MgO thickness after showing
a plateau behavior up to 2 A. By contrast, when Ta is used as
HM, one first finds an increase of the SC up to 1 monolayer
(ML) of MgO followed by a rapid decay matching well the
experimental results.

To understand the origin of the overall rapid decay of the SC
with increasing MgO thickness, we consider the projected local
density of states (LDOS) for both systems, where the thickness ¢
of MgO barrier varies from 1 to 4 ML. As seen in Figures S8 and
S9, the MgO layer is actually metallic for a thickness of up to 2
ML and only starts opening a band gap for thicknesses larger
than 3 ML. With increasing MgO barrier thickness, the transport
mechanism changes gradually from a metallic transport to a
tunneling behavior and, as expected the SC drops exponentially
with a decay length of 2 A as shown in Figure 2¢,d.

Figure S6b shows the spin- and energy-dependent trans-
mission spectrum for the case of Fe/Ta and Fe/MgO(1 ML)/
Ta. The corresponding k-dependent transmissions are pre-
sented in Figures S10 and S11. One finds that, around the Fermi
level, the transmission is reduced by more than 50% for both
spin channels when 1 ML of MgO is inserted at the Fe/Ta
interface. However, this reduction is larger for the spin-down
channel (minority-spin), which leads to an enhancement of the
overall SC. In other words, the absolute value of the transmission
difference T' — T" at the Fermi level for Fe/ MgO(l ML)/Tais
about 30% larger than the corresponding value in the Fe/Ta case
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(see Figure S6b). This enhancement of the SC (see Figure 2d) is
linked to the recovery of the magnetic moment of Fe (or Co)
and thus the spin polarization at the Fe/Ta (CoFeB/Ta)
interface.

It is known that when elementary 3d ferromagnets are
interfaced with transition metals with less than a half-filled 5d
shell such as Hf, Ta, or W, the magnetic moment at the interface
is reduced.’” In some cases (e.g., Nig,Fe,), this effect can even
give rise to the formation of a magnetically dead layer.”" The
suppression of the magnetic moment can be qualitatively
explained on the basis of the Stoner model by considering the
density of states N(Ep) at the Fermi level (see Figures S12 and
S14a) and the Stoner parameter (see Section S2 in Supporting
Information). Because of extended Sd orbitals of the early
transition metals, the strong Fe(3d)—Ta(5d) hybridization at
the interface transfers the Fe-3d weight around the Fermi level to
lower energies. Therefore, N(E;) is substantially reduced, and
the Stoner criterion for the Fe atoms at the interface is hardly
satisfied. Note that for simplicity, only Fe atoms are considered
in the calculations. However, we wish to point out that for Co
atoms at the interface, the reduction of N(Ey) is even larger than
for the Fe case as illustrated in Figures S13 and S14b. Thus, the
Co magnetic moments at the interface with Ta are also strongly
suppressed. As one moves from the left to the right within the
row of elements in the periodic table, the nuclear charge of the
HM increases, causing the d-wave functions to contract. This
effect reduces the hybridization between Fe(3d)—Pt(5d)
orbitals and causes an enhancement of the Fe magnetic
moments at the Fe/Pt interface.

The DFT-calculated values of interface magnetic moments
are presented in Table S1 and show that the spin magnetic
moment of the Fe atoms at the interface layer are reduced to an
average value of 0.8 4, which only corresponds to 30% of the Fe
bulk magnetic moment. The reduced spin polarization at the
interface layer also leads to a reduced spin-current transmission.
Interestingly, the insertion of 1 ML MgO at Fe/Ta junction
causes the recovery of magnetic moment of Fe at the interface,
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resulting in an enhancement of the spin-dependent transmission
and SC in agreement with experimental data.

To better understand the MgO interlayer dependence of the
ISHE signal for HM = Ta layers, we now consider the total spin
current pumped out of the FM layer. For this purpose, we use
the ferromagnetic resonance (FMR) technique (see Figure 1b
and Methods in Supporting Information) and measure the
additional damping caused by the MgO/HM capping layers due
to spin pumping as shown in Figure S17. This effect is sensitive
to the total spin current emitted by the ferromagnet,” while the
electrically measured ISHE signal is only sensitive to the fraction
of the spin current pumped into the HM layer, as illustrated in
Figure 1. We emphasize here that, despite the difference in the
excitation energies between the two techniques, the relevant
electronic transport occurs in a small energy window close to the
Fermi level. It has been recently demonstrated that ultrafast laser
excitation leads to a generalized spin voltage driving the spin
current.” This notion is supported by measurements where the
spin current does not depend on the photon energy from 0.8 to
1.5 eV.>* Here, we extend this range by showing results between
1.1 and 4.4 eV (Figure S7). We find no notable difference of the
ISHE signal for the three different photon energies as a function
of the MgO barrier thickness.

In Figure 3, we show the enhanced damping Aa due to the
proximity of the HM layer as a function of the MgO interlayer
thickness and compare it to the thickness dependence of the
corresponding ISHE signal. For the case of HM = Pt, the ISHE
signal and the additional damping exhibit the same MgO-
thickness dependence as shown in Figure 3a. This implies that
the spin current that is generated in the FM is fully delivered to
the Pt layer. In contrast, for HM = Ta, the ISHE signal and the
additional damping diverge for small MgO interlayers, as shown
in Figure 3b. Enhanced damping and ISHE signals match well
for MgO thicknesses >2 A. For zero MgO thickness (i.e., the
direct CoFeB/Ta interface), they deviate by about 30%. At first
glance, this implies that part of the spin current pumped in the
HM = Ta case is not delivered to the HM layer and lost at the
interface. However, one needs to consider the magnetic moment
suppression at the FM/Ta interface. From the calculations
(which correspond to zero temperature) one expects only one
atomic layer with reduced magnetization. At 300 K, thermal
fluctuations enhance the thickness range of the suppressed
moment to about three atomic layers. This effect is often
referred to as magnetically dead interface layer’> " and was
confirmed for the present samples using vibrating sample
magnetometry (VSM) as shown in Figure S15. For a 2 nm thick
CoFeB layer, the depolarization of three atomic layers
corresponds to a reduction of the magnetic moment by about
25%. Since the enhanced damping scales inversely with the
magnetic moment per interface area as 1/(Md), where d is the
thickness of the magnetic layer,””*” one can expect an increase
of the enhanced damping by 25% when the MgO spacer layer is
absent. Hence, most of the deviation between enhanced
damping and ISHE amplitudes can be explained by this effect.

In the following, we discuss the relevance of spin memory loss
(SML) for the experiments above. SML can be quantified by the
parameter O as follows

HM
L= =9 6y
Here, J,"™ is the spin current on the HM side, and J; is the total
spin current pumped from the FM side. In the case of HM = Pt,
there is very close correspondence between the ISHE voltage
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and the enhanced damping due to spin pumping implying that
SML is a small effect at the Pt/CoFeB interface with Jp, < 0.0S.
For HM = Ta, the results imply that 51, < 0.10 is needed to
account for the remaining difference between enhanced
damping and ISHE signals. With the insertion of 1 ML of
MgO, the magnetic moment recovery at the interface enhances
the spin current transmission and simultaneously suppresses the
enhanced damping as well as the SML (see Figure 3b).

We want to point out that SOC is neglected in the transport
calculations. To estimate the impact of SOC at the various
interfaces, we calculate the layer-resolved magnetic anisotropy
energy (MAE) (see Figure S16). At the Fe/Ta interface, MAE is
enhanced by more than a factor of 5 compared to the Fe/Pt or
the Fe/MgO interface. This is in line with the experiments
indicating enhanced spin relaxation for the FM/Ta interface.

Inserting MgO interlayers between FM and HM layers
suppresses the spin current transmission exponentially with a
decay length of ~2 A. This effect can be well explained by the
calculated spin-current transmission. By combining ISHE and
spin-pumping measurements as a function of MgO thickness, we
demonstrate a connection between reduced magnetic moments
at the HM/FM interface and potentially a small SML
contribution at the CoFeB/Ta interface. On the basis of
calculations of the electronic structure, we conjecture that the
effect of interface moment reduction occurs for all 5d heavy
metals with less than half-filled d-shells*® when interfaced with
3d ferromagnets. The insertion of an atomically thin MgO
interlayer is sufficient to recover the interface spin polarization of
the ferromagnet. We demonstrated that spin current trans-
mission for two highly relevant HM/FM interfaces can be
modeled well without considering spin relaxation (such as
SML). Hence, we conclude that it is physically more reasonable
to discuss the incomplete spin current transmission across these
interfaces by a transmissivity parameter (related to the matching
of the electronic bands) rather than attributing it to SML.

In summary, we demonstrate that the orbital hybridization
between FM and HM layers at the interface can lead to two
effects which need to be avoided for efficient spin injection: (1)
reduced spin polarization of the FM and (2) enhanced spin
relaxation. We show that an MgO interlayer with a thickness of 2
A leads to optimum results for the spin injection at Ta/CoFeB
interfaces. We believe that chemical control of the interface
hybridization at the atomic scale (e.g., by ultrathin oxide layers)
as demonstrated here is a promising approach to tune and
enhance the interface spin transmission and thereby improve the
efficiency of many spintronic devices.
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