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A spin chemical potential bias can induce a spin-polarized current by the exchange interaction of a ferromagnet
with the spin-momentum locking surface states of the topological insulators. We carried out our ferromagnetic
resonance experiment in a NiFe/Bi, Te; heterostructure. Apart from the enhanced Gilbert damping constant, we
observed strong enhancement of the effective magnetic field at low temperatures. The enhanced field decreased
exponentially with increasing temperature at an energy scale of 2.5 meV, representing the strength of the exchange
coupling. We attribute the enhanced field to the induced spin-polarized current in the surface states of Bi, Tes.
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Spin-polarized current played a major role in the debut
of spintronics, including giant magnetoresistance, tunneling
magnetoresistance, and spin transfer torque effects, etc. [1].
In recent works, pure spin current in which the flow of spin
angular momentum is accompanied by balanced charge flow
is promising due to its potential in the applications of energy
efficient electronic technologies, such as magnetic memories
and computing devices [1-5]. In this regard, generation,
manipulation, and detection of a spin current are essential
techniques for active control and manipulation of the spin
degree of freedom in solid-state systems [6].

Among currently available methods that generate pure spin
currents [7—12], the spin-pumping effect is widely adopted due
to the high spin current intensity it can produce [7-9]. Spin
pumping is achieved by generating pure spin current from
a ferromagnetic (FM) layer into paramagnetic metals (PMs)
[13-17], semiconductors [18-20], graphene [21], organic
materials [22], and oxides, such as ZnO [23]. When the FM
layer is under the ferromagnetic resonance (FMR) condition,
it generates strong spin chemical potential bias, and the spin
angular momentum can be transferred from the precessing
magnetization to the adjacent PM, which is a pure spin current.
It is further transduced into a charge current by the inverse
spin Hall effect (ISHE) resulting from the spin-orbit coupling
in the PM layer, which gives rise to a voltage difference. The
spin-pumping process was predicted to involve a backdiffusion
of the injected spins, which can modify the magnetization
dynamics of the FM in three aspects: modifying the damping
constant, the gyromagnetic ratio, and the effective magnetic
field [24]. Although the modification of the damping constant
has been found in several FM/PM spin pumping experiments
[7,25-27], the other effects were estimated to be too small to
have significant effects on the magnetization dynamics [24].

A topological insulator (TI), a class of the quantum
state of matter, is characterized by the peculiar boundary
[surface of three-dimensional (3D)/edge of two-dimensional]
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states that show up due to a topological character of the
bulk wave function [28-30]. The time-reversal symmetry
protected boundary states exhibit a massless linear dispersion
relation, a lack of electron backscattering, and spin-momentum
locking, i.e., spins in these states are locked perpendicularly
to the momentum vector. These materials with helical spin
polarization are ideal for spin current flow and may enable
possible applications in spintronics.

Spin pumping from a ferromagnet into TI materials has
attracted efforts to examine the TIs for an expected enhance-
ment of the resultant spin current. Shiomi et al. showed that
the ferromagnetic resonance linewidth AH of permalloy was
enhanced due to the spin pumping into a Bi; 5Sbg sTe; 7S¢ 3
topological insulator [31]. This result clearly demonstrates
the modification of the damping constant o according to
the relation AH = AHy + 4n f,a/y [8,32]. For FM/TI/FM
trilayers, it has been recently demonstrated that the TI can be
a high capacity spin sink, and the dynamic coupling of the FM
magnetizations can be observed through thin TI layers [33].

Garate and Franz [34] showed theoretically that an extra
contribution to the effective magnetic field may exist in
the TI/FM heterostructure. The origin of this additional
contribution is the topological counterpart of the inverse
spin-galvanic effect (ISGE) [35]. When a FM thin film with
perpendicular anisotropy is placed on top of a TI, a quantum
Hall current arising from an external electric field may, due to
the ISGE, modify the effective anisotropy field.

In this Rapid Communication, we present the study of spin
pumping from NiggFey( into BiTe; and show experimental
evidence of the modification of the effective magnetic field.
We propose that the spin-pumping-induced surface current in
TI has a similar effect as the quantum Hall current mentioned
above and gives rise to effective magnetic fields due to
the exchange coupling. The effective field shows a strong
dependence on temperature and on the TI layer thickness.

Our FM/TI samples consist of a NiFe layer with a
fixed thickness of 40 nm and a Bi,Te; layer with different
thicknesses. The Bi,Te; layer was grown on a sapphire
substrate (8 x 4 mm?) by molecular-beam epitaxy with two-
steps growth and postannealing. The NiFe layer was sputtered
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FIG. 1. (Color online) Experimental setup and sample configu-
ration. The external magnetic field Hy. is pointing along the +y
direction.

onto the Bi,Te; using a shadow mask that allows the NiFe
to be grown on the center part of the Bi,Te; layer, leaving
2 x 4mm? on each side for preparing electrodes as shown in
Fig. 1. The TI-layer thickness is zero for the reference sample
and 10, 15, 20, and 30 nm for the BT10, BT15, BT20, and
BT30 samples, respectively.

Temperature-dependent resistivity measured by Quantum
Design’s physical property measurement system under a zero
magnetic field shows a metallic behavior for all samples.
The resistivities are about 4.3 x 107* and 2.3 x 107* Qcm
at room temperature and at T = 5K, respectively, which are
comparable to doped semiconducting materials. From Hall
voltage measurements at 7 = 5K, the carrier concentration
was determined to be on the order of 7 x 10'* cm™ for our
samples. This implies that the Fermi level Eg lies in the
conduction band.

The experimental setup for FMR measurements consists
of a coplanar waveguide circuit and a magnet. The coplanar
waveguide was connected to an rf-signal generator (Rohde
& Schwarz) that generates rf signals in the frequency range
of 100 kHz-20 GHz. The output signal from the coplanar
waveguide was connected to a power meter (Agilent E4419B-
EPM series). The external dc magnetic field was produced by
either an electromagnet for room-temperature measurements
or by a superconducting magnet in the cryogenic probe station
chamber (LakeShore, CPX-HF) for the temperature range of
4.2-300 K. The sample was mounted upside down onto the
coplanar waveguide circuit using the flip-chip technique, and
electrical contacts were made on the two ends of the Bi,Te;
layer as shown in Fig. 1. During the measurement, an external
dc magnetic field was applied on the sample plane along
the waveguide, and the signal generator produced microwave
signals at a given frequency with a fixed power. FMR spectra
were measured by connecting the coplanar waveguide to a
vector network analyzer (Agilent, E§364C-PNA Microwave
Network Analyzer) in order to determine the resonance
frequency ( fis) at selective dc fields. By varying the applied
dc magnetic fields, FMR spectra were measured in sequence
and the magnetic-field-dependent resonance frequencies were
established. Meanwhile, the dc voltage perpendicular to the
magnetic field was measured on Bi, Tes using a nanovoltmeter
(Keithley 2182A).
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FIG. 2. (Color online) (a) FMR spectra of BT10 at 7 =5K.
(b) Resonance frequency as a function of external magnetic field
at T = 5 K. The inset shows the data fitted by the Kittel equation for
the reference sample.

Figure 2(a) presents the FMR spectra of BT10 in the
frequency domain measured at 7 = 5K. The resonance
frequency increases with the external magnetic field. Clear
linewidth broadening of TI/FM samples with respect to the
NiFe (40-nm) reference sample (not shown) was observed
due to the spin-pumping effect [36]. Figure 2(b) shows the
resonance frequencies of the FMR spectra at T =5K as a
function of the external magnetic field for all TI/FM samples
along with the reference sample. The resonance frequency at
a given dc magnetic field increases with TI thickness from
drr = 0 to 15 nm, then it decreases upon further increasing of
dry. Fitting these data by the Kittel equation [37],

Jres = %\/HFMR(HFMR + 47 Ms), (D

where y is the gyromagnetic ratio, My is the saturation mag-
netization, the resonance field is Hpyr = Ho + Hesr, Hy is the
external magnetic field, and the effective magnetic field Heg
can be extracted (see the Supplemental Material for fitting de-
tails [38]). The shift of the resonance frequency can also result
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FIG. 3. (Color online) Temperature dependence of the effective
magnetic fields for the reference samples BT15, BT20, and BT30.
The solid lines are exponential fits.
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from increasing y or My. In our fittings, the former does not
produce a good fit, and the latter gives unreasonably large M.

Temperature dependence of He for BT15, BT20, and
BT30 is displayed in Fig. 3. We note that H.; declines
exponentially with increasing temperature. The solid lines
in the figure are fits to the data to exp(—7/Ty) form. The
characteristic temperatures for 7y are 25 2,33 3,30 £ 7K,
which correspond to the energy scale kg7 of 2.2 £ 0.2,
2.8 £ 0.3, and 2.6 £ 0.6 meV, for the three samples, respec-
tively. The dashed line in Fig. 3 shows the results for the refer-
ence sample with only an 18-Oe increase at low temperatures.
In comparison, we also study the temperature dependence of
the NiFe/Pt (20-nm) (FM/PM) bilayers sputtered onto Al,O3
substrates. It showed merely a 12-Oe increase in Hes at 5 K.
The increments in the reference sample and the NiFe/Pt
bilayers can be attributed to the FM-layer anisotropy and
the spin backflow effect. Therefore, the H. enhancement
presented in FM/TI samples should arise from the employment
of the TI layer.

We attribute the origin of the H. enhancement and its
temperature dependence to the spin chemical potential bias
and the exchange coupling between the surface state of the
TI and the FM layers. Since it is difficult to fabricate high
quality TI films with only surface conduction states, the spin
chemical potential bias due to the spin-pumping effect can
generate two separate spin currents along the surface and into
the bulk of the TI. Jiao and Bauer [24] reported that when
the FM layer magnetization is precessing under the resonance
condition, it will generate pure dc and ac spin currents across
the interface into the adjacent PM. The dc component flows
along the transverse direction of the precession axis due to a
spin chemical potential bias at the interface. This spin bias will
decay in two opposite directions; forward into the PM layer
and backward into the FM layer itself. The latter is called
the spin backflow. The backflow spin current was predicted
to be able to modify the FM magnetization by changing the
damping constant, the gyromagnetic ratio, and the effective
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field. The enhancement of H.y due to spin backflow was
predicted to be very small. Our measurements on the NiFe/Pt
and the NiFe/Al, O3 samples support this prediction. Recently,
a well-developed quantum Hall effect arising from topological
surface states in an intrinsic 3D BiSbTeSe, has been observed
[39]. Transport studies of Bi,Te; and Bi,Se; have revealed
various quantum interference phenomena confirming the
existence of topological surface states in these TI materials
even after exposing the samples to air and subjecting them to
microelectronic treatment [40—44]. These surface states can
couple to the FM layer and enhance the effective field in our
experiments. We observed that this enhancement occurred
only at low temperatures where the surface states of the
topological insulator dominate. At high temperatures, the
effective field decreased to the level comparable to that of
the bare ferromagnetic sample within the experimental error.
Thus, we believe the Bi, Tes bulk contribution to Heg is small.

The spin chemical potential bias can induce a charge current
jc in the surface states of the TI due to spin-momentum
locking. The H.g resulting from the induced current and
the exchange coupling A between the surface states of the
TI and the local moments of the FM layer can be written
phenomenologically as

Herr o< AZ X jc,
where Z is the unit vector normal to the surface of the TI. The

Hamiltonian of the exchange coupling for the surface states
can be expressed as [34]

I:Iex = vFa(a X 2) -

Eex - o)
A -n(r), (2)

where vy is the surface electron Fermi velocity, o is the
electron spin density, and E,, is the exchange-coupling energy.
a = (E.S/evpM)Z x M is the effective vector potential
resulting from the exchange coupling. Garate and Franz [34]
pointed out theoretically that on the quantum Hall surface
states of the TI where M is perpendicular to the surface, in
the presence of a Hall current by jy = oyZ X E, with oy
as the Hall conductivity and E as the external electric field,
the additional contribution to the magnetic field is given by
H = (A/evpMp)Z X ju. Here, e is the elementary charge,
and M,p is the areal magnetization at the interface. In our
spin-pumping experiment, the external magnetic field defined
the spin-up direction, the spin-momentum locking is required,
and the induced charge current replaces the Hall current. The
resulting H has qualitatively the same form.

The dc voltage spectra we measured across the TI perpen-
dicular to the magnetic field can be separated into symmetric
and asymmetric parts. The symmetric part is of interest here
and has three contributions: the induced surface state current,
the ISHE current due to the spin-orbit coupling in the bulk TT,
and the magnonic charge pumping (MCP) effect in the FM
[45]. Tt is difficult to separate out these three contributions.
As the FM layer is driven into FMR, pure spin current I is
injected into the bulk TI layer where it is converted into a
charge current /., and thus an ISHE voltage can be measured
at the sample’s edges. Azevedo et al. [46] showed that NiFe
fulfills the requirement of Rashba spin-orbit coupling, and the
MCP effect can give rise to a voltage in a single NiFe layer
deposited onto a Si substrate.
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The amplitudes of the symmetry part of the voltages are
determined to be on the order of 2-5 uV. If we assume
that the voltages are simply due to the bulk ISHE of the
TI, the upper bound of the spin mixing conductance gj,
can be calculated to be 1—4 x 10'” m~2. The values of the
spin current density j, time (2¢/h) are about 1.5 x 10® Am~2
for all samples, which are comparable to those reported for
Bi,Se; [47]. Finally, the spin Hall angle 6sy can be determined
with A = 9.5 £ 0.35nm [48] to get Osy = 0.0062 £+ 0.001
and 0.003 = 0.0001 for samples with dy; = 15 and 30 nm,
respectively, which are close to those reported values [48,49].
However, all these quantities should be smaller due to the MCP
contribution, etc., to the voltage in our samples.
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To conclude, we have studied the FMR and spin-pumping
effect in the ferromagnet NiFe/topological insulator Bi,Tes
heterostructures at different temperatures. The effective mag-
netic field is enhanced and declines exponentially with
temperature. Our results show that this effect is mainly due
to the induced surface current resulting from the exchange
interaction of the ferromagnet with the topological insulator
surface states. The exchange energy is on the order of a few
meV in our samples.

This work was financially supported by the Ministry of
Science and Technology and the Academia Sinica of Taiwan,
Republic of China.
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