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Abstract

The topological surface states (TSSs) in topological insulators (TIs) offer exciting prospects for
dissipationless spin transport. Common spin-based devices, such as spin valves, rely on trilayer
structures in which a non-magnetic layer is sandwiched between two ferromagnetic (FM) layers.
The major disadvantage of using high-quality single-crystalline TI films in this context is that a
single pair of spin-momentum locked channels spans across the entire film, meaning that only a
very small spin current can be pumped from one FM to the other, along the side walls of the film.
On the other hand, using nanocrystalline TI films, in which the grains are large enough to avoid
hybridization of the TSSs, will effectively increase the number of spin channels available for
spin pumping. Here, we used an element-selective, x-ray based ferromagnetic resonance
technique to demonstrate spin pumping from a FM layer at resonance through the TI layer and

into the FM spin sink.

Keywords: spin pumping, topological insulators, nanocrystalline quantum materials,

ferromagnetic resonance, x-ray magnetic circular dichroism

(Some figures may appear in colour only in the online journal)

1. Introduction

Modern non-volatile magnetic memory devices are relying on
magnetoresistive multilayer structures to read out the magn-
etic state of domains in a ferromagnetic film. At their core, the
multilayers consist of a ferromagnet/non-magnetic/ferro-
magnet (FM/NM/FM) trilayer structure whose resistance
depends on the relative orientation of the magnetization of the
two FM layers. Depending on whether or not the NM layer is
electrically conducting or insulating, the trilayer is referred to
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as a spin valve or a magnetic tunnel junction. While it is still
common to switch the magnetization of the magnetic bits via
an applied external field, all electrical current-driven magne-
tization reversal has been the key challenge [1], in particular
for advanced magnetic random access memory. Among the
contenders, spin-transfer and spin—orbit torque (STT [2-4]
and SOT [5, 6]) switching have evolved as two possible
energy-efficient and scaling-friendly replacements. As SOT is
relying on the spin Hall effect [7] in materials with large spin—
orbit coupling, heavy metals (HM) such as Pt [5] and Ta [6]
are the materials of choice for switching the magnetization
state in a HM/FM heterostructure.

The figure-of-merit for SOT heterostructures is the so-
called spin Hall angle (SHA), which is essentially the charge-
to-spin conversion efficiency, defined as the ratio of the spin
and charge current densities. While there is a considerable
level of disagreement with regards to the precise value of the

© 2023 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Pseudo spin valve and structural sample properties. Schematic illustrating spin pumping from a ferromagnetic source (FM1) via the
TI into the sink layer (FM2) for (a) crystalline and (b) nanocrystalline TI layer, consisting of many grains around which the spin current can
flow. (c) NiFe(21)/Bi,Te;(14)/CoFeB(15) (thickness in nm) heterostructure on c-plane sapphire used for the synchrotron based XFMR
measurements. (d) Cross-section low-magnification TEM image of the heterostructure, demonstrating chemically homogeneous films. (e)
Higher-magnification TEM image showing that the CoFeB layer is amorphous while the Bi,Te; and FeNi layers are crystalline with grains
sizes ranging from 10 to 20 nm. The thicknesses of the layers of 16—17 nm for CoFeB, 13—15 nm for Bi,Tes, and 20-24 nm for NiFe agree
with the values determined by XRR. On the right-hand side, a close-up of the interfaces between the layers is shown. The properties of the
(uncoated) TI layer were further investigated on a Bi,Te;(13)/CoFeB(15) bilayer on c-plane sapphire (see (f)). (g) Out-of-plane XRD
spectrum showing the (0 0 6) and (0 0 15) peaks of Bi,Tes;, as well as the (0 0 6) peak of the Al,O3 substrate. (c) The AFM image shows a
homogeneous distribution of small grains, which have an average radius of 15 nm (as shown in the inset in (i)).

SHAs [8], owing to the way the quantity has been measured
and the values have been extracted, there is a clear indication
that topological insulators (TIs) may have larger room
temperature SHAs than common HMs. TIs host conducting,
spin-momentum-locked topological surface states (TSSs)
[9, 10], which have been reported to lead to large spin-torque
effects in adjacent FMs [11-21]. This, in turn, can have a
great effect on dynamic properties of magnetic layers in a
FM/TI/FM heterostructure, possibly increasing the strength
of interaction between the magnetic layers, allowing for
quicker response times in magnetization switching [22].

The efficiency of spin-charge effects can be measured in
different ways, e.g. by spin transport methods such as spin-
torque ferromagnetic resonance (ST-FMR) [11, 15, 18] and
spin pumping [13, 14, 17, 23-26], and we refer the reader to
the work by Sinova et al for a comprehensive review of spin
Hall effects [27]. We have previously demonstrated spin
pumping through an epitaxially grown Bi,Te; layer [28],
however, found that the efficiency is limited by the fact that
the TSS is extended across the entire film, thereby reducing
the spin pumping efficiency through the thickness of the film
(see figure 1(a)). On the other hand, in nanocrystalline TIs, for

which any dimensions is larger than the thickness below
which the 3D TI transitions into a 2D TI [29], a large number
of surface states per unit area is taking part in spin pumping
(see figure 1(b)). It has been demonstrated that due to
quantum confinement in sputtered Bi,Se; _, films [30, 31], as
well as in electron beam deposited Bi,Ses; films [32], the
spin—orbit torque in Bi,Se;_/Co,oFegoBg heterostructures is
greatly improved. A similar increase in spin pumping effi-
ciency compared to perfect thin films can be expected for
FM/TI/FM trilayer systems. Here, we use XFMR to unam-
biguously determine the spin pumping efficiency through a
nanocrystalline TI layer in a FM/TI/FM trilayer structure,
and compare the effect of nanocrystallinity of the TI layer
with the result for an epitaxial film.

2. Methods

2.1. Sample preparation and structural characterization

A series of NiFe(20)/Bi,Tes(dry)/CoFeB(15)/Al,05 samples
was grown (thicknesses in nm) on c-plane sapphire substrates
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by magnetron sputtering using stoichiometric NigFeqg
(NiFe), Bi,Te;, and CoygFes 9B, (CoFeB) targets (2 inch
diameter, 99.9% purity). The CoFeB layer was grown at a
substrate temperature of 200 °C (20 W, Ar pressure: 3 mTorr),
followed by a 30 min anneal at 400 °C. Next, the Bi,Te; layer
was grown at 215 °C, (40 W), and finally the Nig,Feq at
room temperature. The thicknesses of the ferromagnetic
CoFeB and NiFe layers were optimized such that a sizeable
ferromagnetic resonance could be detected, yet allowing for
both the sufficient transmission of x-rays and the observation
of spin pump via an increase in the damping constant. The TI
growth parameters were optimized to yield small, stoichio-
metric Bi,Tes grains of reduced dimensions, i.e. aiming at
minimizing the volume and maximizing the surface of the TIL.
The TI thicknesses dr; ranged from 6 to 14nm. The syn-
chrotron-based measurements were carried out on a sample
with a TI thickness of 14 nm, sandwiched between a 15 nm
thick CoFeB and a 21 nm thick NiFe layer (schematic shown
in figure 1(c)). Transmission electron microscopy (TEM) was
carried out on the sample subsequent to the XFMR mea-
surements, showing abrupt interfaces and chemically homo-
geneous films (low- and higher-magnification images shown
in figures 1(d) and (e)).

The structural properties of the samples were analyzed
using x-ray reflectivity (XRR) to confirm that layer thick-
nesses and x-ray diffraction (XRD) to characterize the phase
and orientation of the BiyTe; grains on a Bruker D8 dif-
fractometer using Cu Ko radiation. In order to investigate the
correlation between Bi,Tes film morphology and XRD pat-
tern, a Bi,Te;/CoFeB bilayer was grown with nominally
identical growth parameters (figure 1(f)). The XRD spectrum
in figure 1(g) shows that the grains are to some degree c-axis
oriented. Atomic force microscopy (figure 1(h)) was used to
determine the size of the TI nanograins for the 14 nm TI layer.
From the analysis of the AFM image (grain size distribution
shown in figure 1(i), we estimate the average in-plane radius
of the grains to be (14.3 £ 3.5) nm. Energy-dispersive x-ray
spectroscopy indicates a Bi:Te stoichiometry of 40:60. Cross-
sectional TEM samples were prepared by focused ion beam
(FIB) milling (JEOL dual beam 4700F), after depositing
protective C and Pt layers. The TEM images were collected
using a JEOL JEM-2100 microscope operating at 200 kV.

2.2. X-ray absorption and magnetic circular dichroism

Element-specific analysis of both the magnetization as a
function of field, and the dynamic magnetization precession
as a function of time delay (see section 2.4), was carried out.
These synchrotron measurements were performed in the
portable octupole magnet system (POMS) end station on
beamline 110 at the Diamond Light Source (Oxfordshire,
UK). The experiments were performed at room temperature in
ultrahigh vacuum in the soft x-ray regime using circularly
polarized x-rays tuned to the Fe, Ni, and Co L3 edges at
photon energies of 707, 778, and 852 eV, respectively. The
x-ray absorption (XAS) in the magnetic layers was deter-
mined from measurements of the substrate luminescence in
the visible wavelength range (using x-ray excited optical

"(b) Fe

Normalized magnetization
o

3 2 -1 0 1 2 3
Magnetic field (mT)

Figure 2. Static element-specific hysteresis loops measured by
XMCD at the respective L; edges showing the magnetization as a
function of applied magnetic field for (a) Co, (b) Fe, and (c) Ni. The
single transitions at the Co and Ni edges represent the magnetization
switching of the CoFeB and NiFe layers, respectively. The Fe loop,
on the other hand, shows the combined behavior of both layers, akin
to the magnetic response measured by volume-averaging
magnetometry.

luminescence, XEOL) [33], using a photodiode placed
directly behind the sample, which is proportional to the
transmission through the sample [34]. The beam passes
through a 100 pm diameter hole in the waveguide which
determines the measured area of the sample. The beam is
incident at an angle of 35° with respect to the surface normal
direction [35]. This choice of incident angle provides sensi-
tivity to both the in-plane and out-of-plane magnetization
components. By carrying out XAS measurements with both
right- and left-handed circularly polarized x-rays (RCP and
LCP), the x-ray magnetic circular dichroism (XMCD) signal
is obtained which probes the magnetization component par-
allel to the beam propagation direction [36, 37]. XAS mea-
surements were performed with both circular light
polarizations and magnetic fields H applied parallel and
antiparallel to the beam direction. While the XAS sum signal,
T, is defined as I + 1" with I~ = Z[lcp(H) + Ircp(—H)]

and [+ = %[IRCP(H) + Icp(—H)], the XMCD signal is
Lnca=1 —T" [36]. Element-specific hysteresis loops were
measured as a function of magnetic field. Hysteresis loops,
obtained at the Co, Fe, and Ni L; edges, are shown in figure 2.

2.3. Ferromagnetic resonance (FMR)

Vector network analyzer ferromagnetic resonance (VNA-
FMR) measurements [38, 39] were also performed in situ to
characterize the dynamic magnetization behavior of the entire
sample stack, and to identify the resonance modes suitable for
XFMR analysis. Here, the radio freqency (RF) power
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Figure 3. Magnetic resonance modes revealed by VNA-FMR
measurements as a function of RF frequency and magnetic bias field.
Both the RF and bias field are applied in-plane and perpendicular to
each other. The colors indicate the derivative of the RF power
transmission, S,;, with respect to the magnetic field, which
represents the changes in RF power absorbed by the sample. The
horizontal line at 4 GHz indicates the mode crossings probed by
XFMR measurements.

transmission, S,;, through the coplanar waveguide (CPW) is
measured, indicating changes in the power absorption by the
magnetic sample. This absorption is measured as a function of
both RF frequency and bias magnetic field, thereby mapping
out the behavior of the magnetic resonance modes. The result
for the 14 nm thick Bi,Te; sample is shown in figure 3.

2.4. XFMR

Capable of applying magnetic fields of up to 0.6 T in any
direction, POMS is a preferred and versatile end station well-
suited not only for VNA-FMR measurements, but also for
synchrotron radiation based studies [36]. To achieve layer-
resolved FMR of chemically distinct layers, x-ray detected
FMR (XFMR) is the method of choice [28, 34, 40-60] In
XFMR, XMCD [37] (and more rarely x-ray magnetic linear
dichroism [61]) is employed to measure the element-specific
dynamic signal while exciting precessional dynamics in the
magnetic layers. An RF magnetic field generated from a CPW
is coupled to the sample, which is mounted in a flip-chip
configuration, i.e. with the top layer of the heterostructure
facing the CPW (see figure 5(a)). In this transmission geo-
metry, the XEOL signal from the transparent substrate is
detected by a photodiode placed directly behind the sample.
Recently, the XFMR family of techniques was considerably
extended by selectively probing specific dynamic modes in
diffractive FMR [62, 63] and reflectometry FMR [64, 65],
which make use of an x-ray reflection geometry. The RF field
is applied in the plane of the sample along the x-ray beam
direction. An additional bias magnetic field is also applied in-
plane and perpendicular to both the RF field and x-ray beam
direction, as illustrated in figure 5(a). The RF signal is phase

locked to integer multiples of the synchrotron master clock,
~500 MHz, which provides the frequency of the pulsed x-ray
source. This synchronization allows us to perform strobo-
scopic measurements of the magnetization dynamics. The
dynamic signal was measured as a function of a variable time
delay between the RF excitation and pulsed x-ray probe. This
allows for the time-dependent dynamic evolution of the
magnetization precession to be mapped out. A lock-in
detection approach was employed to enhance the dynamic
signal where the phase of the RF excitation was modulated by
180° at 3kHz. For recent reviews and further details on
XFMR as well as the experimental setup used in our
experiment, we refer to [55, 66]. XFMR delay scans at the Co
and Ni L; edges are shown in figures 4(b) and (c).

3. Results and discussion

First, the static layer-resolved magnetization behavior of the
14 nm Bi,Te; trilayer sample was investigated using XMCD.
Figure 2 shows the element-specific magnetization for Co, Fe,
and Ni as a function of magnetic field applied along the beam
direction. For each element, a hysteresis loop is observed with
relatively sharp transitions between discrete magnetization
states. The magnetization is easily saturated in these films
within a few mT.

The hysteresis loops measured at the Ni and Co edges
independently probe the magnetization in the NiFe and
CoFeB layers, respectively. These loops are dominated by a
single transition in the magnetic field, representing the field
required to reverse the magnetization in that layer.

Since measurement at the Fe edge probes both the NiFe
and CoFe layers, the hysteresis loop reveals a combined
magnetic response of both layers, exhibiting both character-
istic steps. The two unique switching fields demonstrate that
the magnetization in the two layers is not directly coupled
through the exchange interaction. The TI layer forms a con-
tinuous layer separating the two ferromagnetic layers.

The NiFe layer reverses at the higher field of 1.2 mT,
whilst the magnetization in the CoFeB reverses at a lower
field. Furthermore, there is a large asymmetry in the CoFeB
reversal fields. In this context, the Fe XMCD hysteresis loop
serves an important role, namely that in the Fe hysteresis the
NiFe loop is symmetric while the FeCoB loop is not. This
convincingly excludes that the asymmetry of the CoFeB
loops would be due to remanence of the electromagnet, but
rather due to exchange bias. A discussion of possible reasons
for this observation will be given in the context of the FMR
experiment.

VNA-FMR measurements were used to provide an initial
characterization of the magnetization dynamics within the
sample. Figure 3 shows the changes in the RF absorption with
respect to the applied field, mapped as a function of both
frequency and applied field. Here, two lines with sharp
changes in the absorption indicate ferromagnetic resonance
modes which follow a Kittel curve-like behavior. The two
modes can be attributed to the dynamic ferromagnetic reso-
nance modes in the two ferromagnetic layers. The higher
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Figure 4. XFMR sample setup and delay scans. (a) Schematic of the sample mounted face-down onto the CPW. (b), (c) XFMR signals as a
function of time delay for both the (a) Co and (b) Ni L; edges for various applied magnetic fields. The plots have been offset for clarity.

Sinusoidal functions (red lines) have been fitted to the data.

frequency mode is that of the CoFeB layer, while the weaker
mode at lower frequencies originates from the NiFe layer. The
identification of the modes has been achieved by the XFMR
measurements, as will be discussed below. Note that for
weakly coupled ferromagnetic layers, i.e. in systems with
well-separated resonance modes, spin pumping from one
layer to the other is not detectable in VNA-FMR.

Returning to the possible origins of exchange bias of the
CoFeB layer, we note that the Kittel curve for CoFeB does
not go through the origin, i.e. that there is a finite frequency
value at zero field. By performing density functional theory
calculations, Kim et al found that the large spin—orbit cou-
pling of Bi (in the Bi,Te; TI layer) enhances the exchange
coupling to the ferromagnetic layer [67]. Further, in experi-
ments on Bi,Ses layers on yttrium iron garnet (YIG), a large
interfacial in-plane magnetic anisotropy and an increasing
exchange effective field were found, evidenced by an offset in
the Kittel curve akin to the one observed in our case as well
[68]. By carrying out a thickness-dependent study of the
interfacial anisotropy, the maximum effect was found in the
case when the TI film approaches its 2D limit, i.e. 7 nm for
Bi,Te; on YIG [68]. Given that the nanocrystalline Bi,Te;
film investigated here was 14 nm, i.e. twice as thick, it is not
clear whether the exchange bias effect is due to a lateral or
vertical confinement effect, and further studies are planned.

XFMR probes the element-, and thus layer-specific
magnetization dynamics in the magnetic heterostructure. A
frequency of 4 GHz was chosen (a multiple of the synchro-
tron’s master clock frequency of 500 MHz), as relatively low

frequencies normally yield stronger XFMR signals and as the
CoFeB and NiFe resonances are clearly separated in field at
this frequency (see figure 3). Figure 4 shows the dynamic
XFMR signal as a function of time delay between the RF
excitation and x-ray probe. This is shown for a variety of
different magnetic bias fields across the resonances, where the
bias is applied perpendicular to both the RF field and beam
propagation direction.

Figure 4 shows XFMR delay scans for the photon energy
tuned to the Co and Ni edges, which vary sinusoidally with
time, matching the RF excitation frequency of 4 GHz. The
amplitude of this signal depends on the bias field, peaking
when the resonance conditions for the respective layer are
met. At the Co edge, probing the CoFeB layer, the resonance
occurs at 18 mT while at the Ni edge (probing the NiFe layer)
the resonance is at 30 mT. Both resonance fields are con-
sistent with the VNA-FMR results shown in figure 3. Fol-
lowing the maxima across the resonance, it is also clear that
the signals show a phase change (figure 4).

Sinusoidal fits to the XFMR data as a function of delay
time, indicated by the solid red lines in figure 4, yield the
amplitude and phase of the dynamic signal for each applied
field. These extracted parameters are collected in figure 5 as a
function of applied bias field for both Co and Ni. The two
resonances at 18 mT for Co and 30 mT for Ni are clearly
visible as peaks in the amplitude plots, accompanied by a
180° phase shift. The lines in figure 5(a) show a Lorentzian fit
to the amplitude data and in (b) show an arctan function
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Figure 5. XFMR (a) amplitude and (b) phase of the dynamic signal
as a function of magnetic bias field. Measurements at the Co and Ni
edges show peaks in amplitude with a corresponding 180° phase
shift at the resonances at 18 and 30 mT, respectively. The lines show
Lorentzian fits to the amplitude data and an arctan overlaid as guide
to the eye for the phase data. The inset to panel (a) shows a
magnified section of the Ni amplitude data around 18 mT.

which provides a guide-to-the-eye of the 180° phase shift
with the same center field as for the Lorentzians.

In addition to the NiFe resonance at 30 mT, the Ni
amplitude data in figure 5(a) also shows a small deviation
from the Lorentzian lineshape at 18 mT, i.e. at the CoFeB
resonance field, which is more clearly visible in the inset to
panel (a). Note that for the measurement at the Ni edge,
XFMR is not sensitive to the CoFeB layer dynamics. This
additional dynamic contribution has been further analyzed.
The black line in figure 5(a) (and in the inset) shows the best
fit of a model containing the sum of two Lorentzians, one
describing the NiFe resonance at 30 mT and an additional
weaker component at 18 mT. This extended model provides a
better fit to the data in this low field region. The CoFeB
resonance is at (18.08 - 0.02) mT. The additional peak in the
Ni data is at (18.3 0.3) mT, i.e. both are occurring at the
same field within the errors.

The additional peak in the Ni dynamic signal that occurs
at the same field and frequency as the resonance in the CoFeB
layer indicates dynamic coupling between the two layers.
Note that the two ferromagnetic layers are not directly
exchange-coupled, as can be seen from figure 2. This suggests
that a dynamic spin current from the CoFeB layer is being
pumped through the TI and absorbed by the NiFe layer,
which is now precessing at the same frequency as the CoFeB
layer. The observed XFMR response of the NiFe layer at the
resonance condition of the CoFeB layer confirms the dynamic
character of the coupling between both layers [55, 69]. For

dynamic exchange coupling, i.e. spin pumping, the magnetic
field is imaginary, resulting in a 90° phase change. In this
case, the field-dependent precession of NiFe layer shows a
symmetric (unipolar) peak in the amplitude and a dispersive
(bipolar) peak in the phase. In contrast, for static exchange
coupling, the effective field in the NiFe layer is aligned along
the magnetization of the CoFeB layer. In this case, the field-
dependent precession of the NiFe would show a bipolar peak
in the amplitude and a symmetric unipolar peak in the phase.
While the phase curve at 18 mT does not allow an unam-
biguous interpretation due to the statistics, the amplitude
curve convincingly shows a unipolar peak, which is char-
acteristic for spin pumping.

Note that the data presented here are the first observation
of spin pumping through a TI layer in the XFMR amplitude.
In our earlier work on epitaxial TI layers, we were only able
to observe very weak spin pumping via the more sensitive
phase signal [28]. While a decay length of 8 nm was observed
for an epitaxial Bi,Se; layer (in a CosoFeso/TI/NiFe het-
erostructure, i.e. a vanishing spin pumping effect between the
ferromagnetic layers [28], the use of a nanocrystalline TI
interlayer clearly supports spin pumping through a 14 nm
thick TI film. Owing to the strongly damped spin transfer in
the epitaxial system, a quantitative estimation of the
improvement using nanocrystalline films is not possible. In
the future, we intend to carry out more systematic measure-
ments of the influence of TI film thickness, grain size and
distribution, and temperature on the spin transfer phenomena
in these promising materials systems. In particular, we hope
to be able to resolve the anticipated crossover from 3D to 2D
TI behavior, and the oscillatory switching from topologically
trivial to non-trivial behavior in the 2D regime, as a function
of TI layer thickness [70].

4. Conclusion

In summary, trilayer structures of CoFeB /TI/NiFe have been
grown where the growth of the TI layer has been optimized to
be in a granular texture. Soft x-ray measurements were used
to provide element-specific measurements on the two magn-
etic layers which are shown to act independently without any
static exchange coupling between the two layers. The XFMR
element-specific probe of the magnetization dynamics was
used to probe independent magnetic resonances from both of
the ferromagnetic layers. Additional dynamic precessional
behavior was measured in the NiFe layer which occurred at
the field and frequency for the resonance in the CoFeB layer.
In the absence of exchange coupling between the layers, this
was attributed to AC spin pumping from the CoFeB into the
NiFe which is used to drive the precession. Since a consistent
layer of TI exists between the ferromagnetic layers this
indicates the spin pumping occurs over the surface states of
the grains within the TI layer. Engineering of the TI layer to
have a greater proportion of surface states is a useful tech-
nique to control the level of spin pumping in future devices.
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