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We studied the magnetodynamics of ferromagnetic films coupling across a topological insulator
(TI) BizSes layer using ferromagnetic resonance (FMR). TIs have attracted much attention across
the physics community as they hold the potential for dissipationless carrier transport, extremely
high spin-orbit torques, and are host to novel quantum effects. To investigate the coupling between
the ferromagnetic (FM) layers, vector network analyzer (VNA)-FMR measurements of the resonance
linewidth were performed as a function of bias field angle. By bringing the resonances of the two FM
layers into close proximity, it was possible to observe antidamping torques that lead to a narrowing
of linewidth, a characteristic of spin pumping. The element- and hence layer-specific technique of
x-ray detected ferromagnetic resonance (XFMR) was used to circumvent the difficulty of obtaining
accurate fits to the two overlapping resonances in close proximity. Our results confirm that the
interaction across the TI is a dynamic exchange mediated by spin pumping, as opposed to a self-
coupling of the surface state or similar, more unconventional mechanisms.

I. INTRODUCTION

Spin transfer in magnetic multilayers offers the possi-
bility of a new generation of ultrafast, low-power spin-
tronic devices. New ways to control the resonance
frequency and damping in ultrathin films are actively
sought, fueling the study of the precessional dynamics
and interaction mechanisms in such samples. One ef-
fect that has come under particular scrutiny in recent
years is the spin-transfer torque (STT), wherein a flow of
spins entering a ferromagnet exerts a torque on the mag-
netization, inducing precession'. A flow of spin angular
momentum is usually generated through a spin-polarized
electrical current, but a promising alternative is the pure
spin current emitted by a ferromagnet undergoing fer-
romagnetic resonance (FMR). This allows spins to be
transferred without a net charge flow. The physics of
the generation, transmission and absorption of pure spin
currents is a developing field, and holds great promise
for both industrial applications and as a means to study
fundamental physical phenomena in exotic materials.

The exciting physics of topological insulators (TIs)
has been under intense study since their theoretical
prediction? and experimental verification®®. Recently,
they were shown to display the quantum anomalous Hall
effect after doping with magnetic impurities®, and are
proposed to host image magnetic monopoles and the gi-
ant magneto-optical effect” 1. In the prototypical 3D
TT BisSes a large spin-orbit interaction leads to a band
inversion in the bulk and the formation of topologically
protected surface states (T'SS), with fully spin-polarized
counter-propagating conduction channels that are robust
against scattering from non-magnetic impurities'!. Spin-
momentum locking suggests the possibility of very long
spin-flip scattering lifetimes and the ability to generate
ultra-high spin-orbit torques’>'*. It has been predicted

that the TSS can exert a torque on spins in a neigh-
boring ferromagnet (FM) through exchange coupling!®.
However, in order to realize these prospects the magne-
todynamics of the TSS must be studied and such TI-FM
heterostructures fabricated. While angle-resolved photo-
emission spectroscopy (ARPES) has been extremely suc-
cessful at identifying TIs*®, transport measurements are
limited due to large bulk conductivities that make un-
ambiguously identifying the surface state contributions
challenging'®:17. Tt is therefore beneficial to apply a wider
range of techniques to the study of TIs, aiming to focus
more closely on the spin degrees of freedom present in
the TSS.

FMR offers an attractive means to investigate the cou-
pling of ferromagnets to TIs, using the pure spin current
emitted at the resonance condition to probe the bulk and
surface state. Recently, studies of such effects have be-
gun to emerge through electrical transport and inverse
spin-Hall effect measurements'®'819 demonstrating the
great potential of TIs for incorporation into spintronic
devices such as spin valves.

This paper describes FMR experiments designed
to assess the spintronic potential of TIs, using
CO50F€50 (30 nm)/BiQSeg (tTI)/Nileelg (30 nm) hetero-
structures with TT interlayer thickness t1 = 4, 6, 8.

Using vector network analyzer (VNA)-FMR measure-
ments we found in a previous study?® on these hetero-
structures a linear increase of the damping parameter,
«, for both the NiFe and CoFe layers as a function of tpr:
In the t7 range from 0 to 20 nm, « for NiFe gradually in-
creases from 7.2x 1073 to 9.8x10~3 and « for CoFe grad-
ually increases from 7.4x1073 to 12x1073. While these
measurements showed that the TT layer can absorb a spin
current, the nature of the coupling between the two ferro-
magnetic layers remained unclear. Phase-resolved mea-
surements using x-ray detected ferromagnetic resonance
(XFMR), which are able to distinguish between static



and dynamic exchange coupling?!, did provide in this
case no conclusive answer?’. While a dynamic interac-
tion through spin pumping is a likely candidate, another
interaction mediated by the topological surface state is
also a possibility. Therefore, another experimental ap-
proach is required to provide more information as to the
origin of the interaction. In heterostructures with strong
magnetocrystalline anisotropy it is possible to use the an-
gular dependence of the resonance condition to tune the
separation of the two resonances, and identify the spin
pumping??.

To study the coupling between the FM layers in more
detail, measurements of resonance linewidth were per-
formed as a function of bias field angle. By bringing the
resonances of the two layers into close proximity, it was
possible to observe antidamping torques that lead to a
narrowing of linewidth. However, this is complicated by
the difficulty of obtaining accurate fits to the overlapping
two resonances in close proximity. To overcome this dif-
ficulty we performed element- and hence layer- specific
measurements using XFMR.

II. DAMPING AND SPIN PUMPING

The study of magnetic relaxation processes in thin
films and nanoscale devices has become increasingly im-
portant in recent years, spurred by the interest in phe-
nomena such as spin-transfer torques and vortex core
dynamics?®24. Relaxation of the excited magnetic state
can proceed by a number of different mechanisms, includ-
ing coupling to the crystal lattice?>, dissipation into the
magnetic subsystem through two-magnon scattering?6:27,
and spin pumping'?®. The resonance linewidth functions
as a sensitive probe of damping, and many studies have
examined the interplay of layer structure, crystal quality
and magnetization alignment in determining the preces-
sional damping?®32.

A. Gilbert damping

The resonance linewidth, AH, contains both intrinsic
(Gilbert) and extrinsic (non-Gilbert) contributions, and
is given by?33

4
AH:Lfa+AH0, (1)
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with « the (dimensionless) Gilbert damping parameter
and AHy the extrinsic broadening. Gilbert damping in
pure metals is primarily caused by spin-orbit interaction,
scattering the excitations from phonons or magnons‘.
Ultimately, this mechanism allows transfer of energy
from the spin subsystem of the sample to the lattice.
There are several mechanisms by which it may be en-
hanced, for example, through the introduction of rare-
earth impurities® 37, the presence of an adjacent rare-
earth layer38, or through spin pumping, wherein angular

momentum is pumped out of an on-resonance ferromag-

netic layer®?.

B. Spin currents

The generation and detection of spin currents is at the
foundation of spintronics, being integral to many pro-
posals for new memory and logic devices?43540-42 " The
pure spin current emitted by a ferromagnet undergoing
FMR*3 is one candidate for generating such currents, and
offers the opportunity to study these effects in the ab-
sence of a charge current. A spin current can persist
across a normal metal (NM), and in a trilayer structure
either return to the first FM/NM interface, or else flow
through to a second NM/FM interface. If it is not re-
flected here, it crosses the interface and is absorbed by
the FM, inducing precession through STT#%. Such spin
pumping can be observed by measuring increased damp-
ing (through increased FMR linewidth) due to outflow of
angular momentum from the source FM?%:39 by inverse
spin Hall effect in the sink layer®, or layer-specific mea-
surements of precession or spin accumulation using x-ray
magnetic circular dichroism (XMCD)?20:21:46-48

In the case of a FM1/NM/FM2 structure, the second
FM layer acts as a spin sink for the spin current driven
out of the first FM layer. The absorbed spin current ex-
erts a torque on the static magnetization in FM2, which
can lead to precession of magnetization even when the
resonance condition is not met. The addition of a second
scattering interface and a high-efficiency spin sink modi-
fies the spin pumping equations significantly. In this case
the Landau-Lifshitz-Gilbert (LLG) equation becomes*®
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where the superscript denotes the magnetic layer num-
ber, af the intrinsic Gilbert damping parameter, o,
damping due to angular momentum pumped out of layer
i, and «f; (anti)damping due to angular momentum
driven into layer i from layer j. The antidamping torque
is only significant when both layers are simultaneously
on-resonance, otherwise M/ /0t ~ 0 and its effects are
negligible. Damping is highest when the spin current can
cross the spacer layer and be efficiently absorbed by the
second FM layer. As the thickness of the spacer layer
increases the spin pumping decreases due to increasing
backflow. The increase in damping reaches its minimum
value when the spacer layer is thicker than the spin co-
herence length, and no current reaches FM2 (Ref. 49).



III. EXPERIMENTAL
A. Sample fabrication

Samples were prepared using molecular-beam epitaxy
(MBE). The evaporation sources were calibrated using
a quartz crystal microbalance and beam-flux monitor.
First, the MgO substrate was annealed at 700°C to clean
the surface and reduce the surface roughness. Next,
30 nm of CosgFesq was co-evaporated from Fe and Co
electron-beam evaporators. The substrate temperature
was held at 300°C during this stage. Strong streaks
and Kikuchi lines were observed by reflection high-energy
electron diffraction (RHEED), indicative of high crys-
talline quality. Samples were then transferred into a
chalcogenide MBE chamber for growth of the BisSes lay-
ers. Growth of the TIT layers was performed according to
growth protocols previously developed for thin film topo-
logical insulators, see, e.g., Refs. 50 and 51. Bi and Se
were then evaporated from Knudsen cells for stoichio-
metric growth of BizSezat a substrate temperature of
200°C. RHEED patterns reveal the formation of a crys-
talline mosaic domain pattern. The BisSes thickness was
varied between 4-8 nm. The samples were then trans-
ferred back to the metal MBE chamber, and a top FM
layer of NigiFejg (30 nm) deposited at room tempera-
ture (~300 K), to avoid damaging the BisSes layer. This
leads to the formation of polycrystalline Nigi;Feig, which
is desirable as it ensures fully isotropic magnetic behav-
ior. Samples were grown with an interlayer thickness of
tTr =4, 6, 8. Finally, the samples were capped with 5 nm
Cu, to prevent oxidation.

B. VNA-FMR

FMR measurements were done using a Rhode &
Schwartz ZVB20 vector network analyzer (VNA) in the
frequency range 0.5-20 GHz. Samples were mounted
face-down on a coplanar waveguide (CPW) of charac-
teristic impedance 50 €2 and placed in a vector electro-
magnet, capable of applying a static field of up to 0.5T
in any direction. Real and imaginary components of the
microwave transmission parameter, Sis, were measured
as a function of field vector (strength and angle) and fre-
quency. The resulting resonances were fitted using asym-
metric Lorentzians to extract the resonance frequency
and line width. All measurements were performed at
room temperature.

Example field-frequency transmission maps along the
easy and hard axes are shown in Fig. 1 for a sample
with tr1 = 8 nm. Strong resonances are observed from
both layers, with the CoFe displaying a strong four-fold
cubic anisotropy (K¢ = 41.1 £ 0.2 kJ m™3), and the
NiFe having a much weaker two-fold uniaxial anisotropy.
The magnetocrystalline anisotropy parameters and g-
factors for the CosgFeso and Nigy Ferg modes of the het-
erostructures, determined by fitting the angle- and field-
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FIG. 1. Field vs frequency transmission maps for bias field
applied along the easy (a) and hard (b) axes of the CoFe
layer of a sample with ¢T1 = 8 nm. Two strong resonance
modes are observed, which can be attributed to the CoFe and
NiFe layers. The anisotropic mode comes from the crystalline
CO50F€50.

dependent FMR, can be found in Ref. 52.

C. XFMR

XFMR offers element- and thus layer-specific measure-
ment of the precessional dynamics of each FM layer on a
picosecond timescale?!527%% In this technique, the mag-
netization of the sample in a magnetic field is pumped
by a radio-frequency (RF) field to generate a precessing
moment (i.e., FMR), which is probed using the XMCD
effect®®>7. The XMCD signal is proportional to the pro-



jection of the x-ray beam direction onto the magnetiza-
tion.

The sample is mounted on a CPW and driven by the
applied RF field while under a DC bias field. A schemat-
ics of our XFMR setup can be found in Ref. 52. The
incident x-rays impinge the sample through a hole in the
signal line of the CPW. The x-ray beam has an incidence
angle of 35° with respect to the plane of the sample, to
ensure that the XMCD is sensitive to the larger in-plane
component of the magnetization precession. The x-ray
absorption was measured in transmission geometry by
detecting the x-ray excited optical luminescence emerg-
ing from the MgO substrate, using a photodiode mounted
behind the sample®?.

The XFMR experiments were performed on beam-
line 110 at the Diamond Light Source, UK, using the
portable octupole magnet system (POMS) from the Mag-
netic Spectroscopy Group. The setup allows to measure
excitation frequencies up to 12 GHz. The XMCD signals
were detected at the Co Lz (~778 ¢V) and Ni L3 (~853
eV) absorption edges.

IV. ANTIDAMPING TORQUES FROM
SIMULTANEOUS RESONANCE

The additional damping caused by spin pumping arises
due to the energy loss when spins are pumped out of
the on-resonance layer. In the same way, this out-
flow of energy can induce precession in the off-resonance
layer, through the spin transfer torque, when it is ab-
sorbed. These effects enter the LLG equation [Eq. (2)]
as the damping and antidamping constants, «;5 and
a?? respectively. If both layers are simultaneously on-
resonance, then the antidamping from the incoming spin
current can partially compensate the additional damping
from the outgoing spin current. Experimentally, this is
observed as a decrease in resonance linewidth as the sep-
aration of the resonances of the two layers approach one
another. Heterostructures with a strong magnetocrys-
talline anisotropy allow us to use the angular depen-
dence of the resonance condition to change the separa-
tion between the two resonances, and identify signs of
spin pumping??. In practice this method is somewhat
more complicated due to the difficulty of obtaining accu-
rate fits to the two overlapping Lorentzian resonances in
close proximity. This is illustrated in Fig. 2, showing the
change in resonance field of the two modes as a function
of excitation frequency. Note that spin pumping is not
the only source of angular variation of resonant linewidth;
mosaic broadening and two-magnon scattering can also
play a role.

A. VNA-FMR results

The steps to evaluate the presence of antidamping
torques are shown in Fig. 3 for a sample with ¢y

= 8 nm, demonstrating the difficulty of obtaining un-
ambiguous data. In particular, significant additional
linewidth broadening occurs when the magnetization is
canted away from the static bias field, as happens at low
fields in the vicinity of a magnetocrystalline hard axis.
An example of this can be seen in Fig. 3(e) below 8 GHz.
This effect can cause the apparent resonant linewidth to
increase by a factor of ten or more, but it does not have
a physical relation to the spin pumping process. For this
reason, such data regions must be excluded.

The correlation between mode separation and
linewidth at 10 GHz is shown in Fig. 3(f). The linewidth
of the CoFe resonance decreases with decreasing sepa-
ration, which suggests the presence of a spin-pumping
mediated dynamic interaction. The linewidth decreases
when the spin torques exerted by the pure spin current
partially cancel. However, a slight increase in damping is
observed in the Nig; Feqg, which in theory should show the
same trend as in the CosgFesg. The discrepancy could be
related to an intrinsic damping anisotropy, exacerbated
by dissimilar spin pumping efficiencies from the two lay-
ers, as evidenced by a lower spin mixing conductance
observed for the CosgFesq/TI interface, indicating that
spins are less readily pumped from the CosgFesq.

The effects of mode proximity on the linewidth at
8.9 GHz is shown in Fig. 4 for tt1 = 4, 6, and 8 nm.
In all cases the linewidth of the CoFe decreases as the
modes move towards one another, dropping to a min-
imum ~3.5 mT, suggesting that this is the intrinsic
linewidth for the bare film when the spin pumping damp-
ing cancels. However, the linewidth of the NiFe is largely
unchanged across the same range, and even shows a slight
increase as the modes approach crossover, which contra-
dicts the previous interpretation of antidamping torques.
The change in linewidth of the CoFe could then instead
come from misfitting caused by overlap, or else artifi-
cial broadening due to the canting of magnetization away
from the bias field. The data indicates the presence of
antidamping torques, in turn suggesting that the inter-
action across the TI is mediated by spin pumping, but
cannot be conclusive due to the aforementioned difficulty
interpreting the data.

B. Layer-resolved measurements

XFMR offers a solution to some of the problems inher-
ent in measuring overlapping resonances, as its element-
selectivity ensures that only one layer is measured at a
time. Further, it is less sensitive to magnetization canted
away from the bias field, due to reduced projection along
the x-ray beam in turn reducing the dynamic XMCD sig-
nal. Results of separation-dependent linewidth at 8 GHz
for samples with ¢t = 8 nm are plotted in Fig. 5. The
data show a narrowing of resonant linewidth with de-
creasing mode separation for ¢t11 = 8 nm, though as with
the VNA-FMR measurements, only in the CoFe layer.
This suggests that the linewidth narrowing previously
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FIG. 2. VNA-FMR data for a sample with ¢r1 = 8 nm near the hard axes, showing a change in resonance field as a function of
excitation frequency. The modes completely overlap at 9 GHz (a), making it hard to separate individual contributions to the
linewidth. The modes move apart as frequency increases (b,c), and are fully resolved at 11 GHz (d). Black squares are data
points, solid lines are fits to the data using two asymmetric Lorentzian curves.

observed is a genuine effect, likely stemming from simul-
taneous spin pumping.

However, it remains unclear why little to no variation
is observed in the NiFe layer. It is possible that the
problem relates to dissimilar efficiencies of spin pumping
across the FM/TI interfaces. This discrepancy is also
present in measurements of phase and amplitude of pre-
cession across resonance, where variations in phase take
place in only one layer?°. These results highlight the crit-
ical importance of high quality interfaces for spin pump-
ing experiments, and show that there is room for further
study of spin transfer in FM-TI heterostructures.

V. CONCLUSIONS

Measurements of resonance linewidths were carried out
as a function of bias field angle to study the coupling in
FM1/TI(t11)/FM2 pseudo-spin valves. By bringing the
resonances of the two FM layers into close proximity, it
was possible to observe antidamping torques that lead to
a narrowing of linewidth, a characteristic of spin pump-
ing. This confirms that the interaction across the TT is a
dynamic exchange coupling mediated by spin pumping,
as opposed to a self-coupling of the surface state or an-
other more unusual mechanism. Temperature dependent

measurements of Gilbert damping showed no significant
variation down to 10 K (Ref. 58), demonstrating that a
suppression of the bulk conduction channels of the TI
does not fundamentally alter its spin-transfer properties.

These results show the great potential of TIs for de-
vice applications, as these effects can be observed at room
temperature and low magnetic fields, as well as being a
fertile ground for investigation of fundamental physical
phenomena. Further work is required to improve under-
standing of the FM/TT interface and separate bulk and
surface conduction, but these initial results show that
FMR, and in particular the element-specific technique of
XFMR, is a valuable tool to develop greater understand-
ing of this new materials class.
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