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Abstract

We report the absorption of a diffusive spin current in a bulk-carrier compensated topological
insulator: Sng 2-Bij gsSbp.gTeaS (Sn-BSTS). By injecting spins into a Sn-BSTS crystal from a
ferromagnetic metal using spin pumping, we found that the magnetic damping of the ferromagnetic
layer is enhanced due to the absorption of the spin current in the surface and bulk states of the
topological insulator. We found that the damping enhancement depends critically on temperature,
which allows us to disentangle the spin absorption in the surface and bulk states, owing to the
nearly perfect carrier compensation in the bulk part at low temperature. Our results show that
the absorption of the spin current is dominated by the surface state of the Sn-BSTS crystal at
low temperature, whereas the spin absorption in the surface state is comparable to that in the
bulk state near room temperature. The coexistence of the spin absorption in the surface and bulk
states has been demonstrated in two different systems, where the surface state is coupled with the
dynamical magnetization through the diffusive spin current or exchange coupling. These results
will be essential for quantitative understanding of the spin absorption and spin-charge conversion

due to the spin-momentum locked surface state of topological insulators.

PACS numbers: 72.25.Pn,72.25.Mk,75.76.4+]



A topological insulator (TT) is a bulk electrical insulator with a two-dimensional metallic
surface where the spin and momentum channels are locked to each other.! In a prototypical
three-dimensional TI, BisSes, a large spin-orbit interaction leads to a band inversion in the
bulk and the formation of the topologically protected surface state. The spin-momentum
locked surface state has been studied by transport measurements, as well as the angle-
resolved photo-emission spectroscopy.*” A recent transport experiment has shown that a
charge current flowing in a BiySes film can exert a strong spin-orbit torque on an adjacent
ferromagnetic metal, with a direction consistent with that expected from the topological
surface state.® The spin-orbit torque originating from the TI is characterized by the charge-
to-spin conversion efficiency, which is an order of magnitude larger than that of heavy metals
at room temperature. The efficient generation of the spin-orbit torque makes this class of

materials appealing for spintronic applications.® 2

The spin-momentum locked surface state of the prototypical TI has also been used for
spin-to-charge conversion, the inverse process of the spin-torque generation. The spin-to-
charge conversion has been quantified using spin pumping in ferromagnetic-metal/TT het-
erostructures.’® 7 In the heterostructures, injection of spins into the TI by the spin pumping
leads to the generation of an electric voltage in the plane of the film. The spin transport
measurements, including the spin-torque generation and spin pumping, however, have met
with limited success due to the fact that the experiments have typically been conducted in
the prototypical, but non-ideal, TT in which the surface states coexist with the bulk conduc-
tion. Because of the large bulk conductivity, the spin transport in the bulk part cannot be
neglected in the TI, which makes it difficult to discuss the spin-transport properties in the

surface and bulk states in TIs, separately.

For understanding the spin transport in TIs, quantifying the absorption of spins in the
spin-momentum locked surface state is of particular importance. In the spin pumping, be-
cause of the short spin lifetime in the surface state due to the locking between the spin
and momentum, sizable spins injected into a TI are absorbed in the surface state before
diffusing into the bulk. In this paper, we report the absorption of a diffusive spin cur-
rent in the surface and bulk states of a bulk-carrier compensated T1, Sng g2-Bij 0sShg.oTesS
(Sn-BSTS). Sn-BSTS displays a surface state Dirac point energy fully isolated from the
bulk conduction, which results in very-low bulk carrier concentrations and strong domina-

tion of the conductance by surface currents below 7' < 100 K.'® This property allows us



to quantify the absorption of a spin current in the surface states of the bulk crystal TI.
To quantify the spin absorption in the surface state, we measured the spin pumping in a
ferromagnetic-metal /paramagnetic-metal /Sn-BSTS heterostructure, where a diffusive spin
current generated by the spin pumping is injected into the Sn-BSTS crystal through the
paramagnetic metal with weak spin-orbit coupling.'®?? By measuring ferromagnetic reso-
nance (FMR) for the heterostructure, we found enhancement of the magnetic damping in
the ferromagnetic film due to the absorption of the diffusive spin current in the surface and
bulk states of the Sn-BSTS crystal. The enhanced magnetic damping of the ferromagnetic
layer changes drastically by decreasing temperature, which is attributed to the suppression
of the spin absorption in the bulk state. The strong suppression of the bulk contribution al-
lows us to quantify the spin absorption purely in the surface state of the TI. A qualitatively
similar trend in the temperature dependence of the damping enhancement has also been
found in a system where a ferromagnetic layer is in direct contact with a Sn-BSTS crystal.
These results illustrate an important role of the spin-momentum locked surface state of the
TT crystal in the spin absorption, where the surface state is coupled with the dynamical

magnetization through the diffusive spin current or exchange coupling.

Single crystals of the highly bulk insulating TI, Sn-BSTS, were grown by the vertical
Bridgman technique as described in Ref 23. Figure 1(a) shows temperature 7' dependence
of the in-plane electric resistivity p;, measured for the Sn-BSTS crystals with different thick-
nesses t. Here, pi, = (tw/l) R, where w is the width of the crystals, [ is distance between the
voltage contacts, and R is the measured resistance. Figure 1(a) shows that for all the sam-
ples, pin increases exponentially with decreasing 7', attains maximum values around 150 K,
and starts decreasing with decreasing 7. This decrease shows the resistivity of the insulating
bulk material has been short-circuited at low temperatures by the metallic surface state.'®
While the curves almost overlap at high temperatures, the p-value at low temperatures de-
creases significantly when reducing the thickness of the Sn-BSTS. This result demonstrates
that the ratio between the surface and bulk contribution changes with thickness; the metallic
surface states dominate the charge transport at low temperatures in the TI crystals.

The sample used for the spin pumping is a Nig;Feio(Py) (20 nm)/Cu(10 nm)/Sn-BSTS
heterostructure, capped with a 7-nm-thick SiO, film, where the numbers in parentheses
represent the thickness (see Fig. 1(b)). The Py, Cu, and SiO, films were deposited on the

Sn-BSTS crystal by rf magnetron sputtering at room temperature. Before the deposition,



the base pressure in the chamber was better than 3 x 10~% Pa and the deposition pressure
was 0.2 Pa. The thickness of the Sn-BSTS layers is around 300 pm, which is much thicker
than the spin diffusion length of the bulk state of TIs. The thickness of the Cu layer, inserted
between the Py and Sn-BSTS layers, is much thinner than the spin diffusion length of Cu,
~ 500 nm,?* allowing us to neglect the relaxation of the diffusive spin current generated by
the spin pumping in the Cu layer. For the measurements, the heterostructure was placed at
the center of a coplanar waveguide as shown in Fig. 1(c). The signal line of the waveguide is
500 pm wide and the gaps between the signal line and the ground lines are designed to match
to the characteristic impedance of 50 €2. An in-plane external magnetic field H was applied
along the signal line of the waveguide. Using a network analyzer and a microwave amplifier,
we measured ferromagnetic resonance (FMR) for the Py/Cu/Sn-BSTS heterostructure at

various temperatures T

Figure 2 (a) shows magnetic field H dependence of microwave transmittance |Sy|* for
the Py/Cu/Sn-BSTS heterostructure at the microwave frequency of f = 6.0 GHz and power
of 1 W. As shown in Fig. 2(a), the microwave absorption due to the FMR appears around
+65 mT. The FMR was measured at various microwave excitation frequencies f for the
Py/Cu/Sn-BSTS heterostructure to determine the magnetic damping constant « from the
FMR spectral width. Figure 2(b) shows the f dependence of the half-width half maximum
AH of the FMR spectra at T' = 60 K. Figure 2(b) shows that AH is well reproduced
by the sum of the linewidth due to the magnetic damping « and the linewidth AH
due to inhomogeneity: poAH = (2ma/v)f + poAHext, where 7y is the gyromagnetic ratio.
The linear relationship between AH and f indicates that the linewidth broadening due to
inhomogeneity of the microwave field can be neglected because this contribution depends on
the excitation frequency; the additional linewidth due to the inhomogeneity of the microwave
increases nonlinearly with decreasing the excitation frequency.?>26 Therefore, the damping
constant « of the Py/Cu/Sn-BSTS heterostructure can be determined from the slope of
the linear fit to the experimental data shown in Fig. 2(b). The obtained values of the
damping constant « for the Py/Cu/Sn-BSTS heterostructure are plotted as a function of
temperature 7" in Fig. 3(a). For comparison, the temperature dependence of the damping
constant o measured for a 20-nm-thick Py film, capped with 7-nm-thick SiO, film, is also
shown in Fig. 3(a).

Figure 3(a) demonstrates that the magnetic damping « of the Py layer is enhanced by
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attaching the Cu/Sn-BSTS film at all the temperatures studied. The enhancement of «
can be attributed to the absorption of the diffusive spin current generated by the spin
pumping in the surface and bulk states of the Sn-BSTS layer. In the Py/Cu/Sn-BSTS
heterostructure, the spin pumping emits a spin-current from the Py layer into the Cu/Sn-
BSTS layer. Since the thickness of the Cu layer is much thinner than the spin diffusion length
of Cu, the relaxation of the generated spin current traveling in the Cu layer is negligible in
the heterostructure. Thus, most of the spin current generated by the spin pumping diffuses
into the Sn-BSTS layer, and the spin current is absorbed in the surface and bulk states
of the Sn-BSTS layer. The spin absorption results in the enhanced angular momentum
dissipation, or enhanced magnetic damping «, since the spin-current emission from the
Py layer deprives the magnetization of the angular momentum.?” This mechanism of the
damping enhancement induced by the spin pumping indicates that the additional damping
Aa = ap/n/r1—arp shown in Fig. 3(b) characterizes to the amount of spin angular momentum
absorbed in the Sn-BSTS layer, where ap/n 11 and ap are the magnetic damping constant

for the Py/Cu/Sn-BSTS and Py films, respectively.

As shown in Figs. 1(a) and 3(b), both additional damping A« and the resistivity py, of
the Sn-BSTS crystal change drastically around 7" = 200 K. This result allows us to quantify
the spin absorption in the bulk and surface states. The temperature dependence of the
additional magnetic damping A« for the Py/Cu/Sn-BSTS in Fig. 3(b) allows to extract the
absorption of the diffusive spin current in the surface state of the Sn-BSTS film, free from
the ferromagnetic proximity effect. The spin absorption in the surface state of the Sn-BSTS
film can be quantified from the damping enhancement at low temperature. At 7' < 100 K,
thanks to the nearly perfect carrier compensation in the bulk part, the diffusive spin current
generated by the spin pumping cannot diffuses into the bulk of the Sn-BSTS layer. This
indicates that only the surface state of the Sn-BSTS film can be the absorber of the diffusive
spin current generated by the spin pumping below 100 K. Figure 3(b) shows that at 7" < 100
K, the additional damping is Aa ~ 0.02, which characterizes the absorption of the diffusive
spin current in the surface state of the Sn-BSTS film.

The spin diffusion and absorption in the bulk of the Sn-BSTS film cannot be neglected at
T > 100 K, since a sizable amount of bulk carriers are induced by increasing the temperature.
The appearance of the bulk spin absorption leads to the increase of the additional damping

with 7" as shown in Fig. 3(b); at 7" > 100 K, both the surface and bulk states contribute
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to the damping enhancement, or the absorption of the diffusive spin current. Figure 3(b)
demonstrates that the damping enhancement in the bulk state increases with 7', and the
spin absorption in the bulk part becomes comparable to that in the surface part at 7>
200 K. This is consistent with the carrier conduction of the surface and bulk states; the
conduction is dominated by the bulk part at 7> 200 K [see Fig. 1(a)]. A qualitatively
similar result was observed for a Py (20 nm)/Sn-BSTS film, capped with a SiOs (7 nm)
film, as shown in Figs. 3(b) and 3(c). In the Py (20 nm)/Sn-BSTS heterostructure, the
damping enhancement due to the spin pumping A« changes drastically around 7" = 150 K.
This result shows that the absorption of the spin current in the bulk part cannot be neglected
near room temperature regardless of the mechanism of the coupling between the dynamical
magnetization in the ferromagnetic layer and the surface state in the TI layer; because of
the direct contact between the Py and Sn-BSTS layers in the Py (20 nm)/Sn-BSTS film,
the surface states of the Sn-BSTS layer exchange-couples to the dynamical magnetization
in the Py layer, which is different from the indirect coupling between the surface states
and the dynamical magnetization through the diffusive spin current in the Py/Cu/Sn-BSTS
film. Here, the direct deposition of a ferromagnet on a topological insulator can affect the
topological surface state, potentially leading to a gap opening by the onset of an out-of-plane
ferromagnetic order. The gap opening will affect the spin pumping especially when the Fermi
level is within the band gap. However, previous studies show that the topologically protected
surface states maintain their linear dispersion with a formation of a ferromagnet with in-
plane magnetization.?®*? Qur observation of the efficient spin absorption in the surface state
in the Py/Sn-BSTS heterostructure indicates that the possible change of the surface state
due to the direct Py deposition plays a minor role in the present study due to the fact that

the Py layer is in-plane magnetized and the Fermi level is far from the Dirac point.

Figure 3(b) shows that the additional damping at low temperature is comparable in the
Py/Cu/Sn-BSTS and Py/Sn-BSTS heterostructures. This result indicates that the damping
enhancement due to the surface state is comparable in magnitude despite the different spin-
injection mechanisms; the surface state is coupled with the dynamical magnetization through
the diffusive spin current or exchange coupling. In contrast to the surface spin absorption,
the additional damping of the Py/Sn-BSTS heterostructure is clearly smaller than that of
the Py/Cu/Sn-BSTS heterostructure above 200 K, where the bulk contribution appears,

showing that the bulk spin absorption strongly depends on the device structure. This result
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indicates ineffective spin pumping into the bulk of the Sn-BSTS crystal when the TT is in
direct contact with the ferromagnetic metal, where the surface states exchange-couples to
the dynamical magnetization.

To quantitatively discuss the spin absorption in the surface state of the Sn-BSTS film,
we use the spin pumping model in the presence of the spin-orbit coupling, which takes into
account the spin memory loss and spin accumulation at the interface.? In this model, when
H is applied the in plane of a ferromagnetic/paramagnetic heterostructure, the additional
magnetic damping A« is expressed as

Aa:guBFo(1+6n£+ U )
poMyd \ 1+¢ 2(2+ &)%)’

(1)

where ¢ is the backflow factor, which ranges between zero and infinity; & = 0 refers to the
case where there is no backflow; £ = oo indicates that the entire spin current pumped into
the bulk flows back across the interface. Here, d is the thickness of the ferromagnetic layer,
g is the g factor, up is the Bohr magneton, Mj is the saturation magnetization, and I'y is the
mixing conductance across the interface. 7 is the parameter that characterizes the interface
spin-orbit coupling effect. At T' < 100 K, £ is taken to be oo because of the absence of the
bulk spin absorption. Thus, at low temperatures, Eq. (1) can be simplified as

6gusl’on
Aq = “ZEB2 00 2
T T M.d )

In contrast to the absence of the bulk spin absorption at low temperatures, the bulk of the
Sn-BSTS crystal is a spin sink around room temperature because the thickness of the TI
layer, ~ 300 pm, is much larger than the spin diffusion length. This shows that, around
room temperature, Eq. (1) can be simplified using £ = 0. Using Aa ~ 0.02 at 7" < 100 K
and Aa ~ 0.04 around room temperature with the above approximation and neglecting the
temperature dependence of 'y, we obtain 1 ~ 0.09 for the Py/Cu/Sn-BSTS heterostruc-
ture. This is a reasonable value given that the Fermi vector is of the order of an inverse

30 suggesting that further quantification of 1 in different systems will provide a

angstrom,
way to characterize the interface spin-orbit coupling effect in a wide range of materials.

In summary, we have studied the absorption of a diffusive spin current in a bulk-carrier
compensated TI: Sn-BSTS. We measured temperature dependence of the spin pumping for
two different systems, Py/Cu/Sn-BSTS and Py/Sn-BSTS films, where the surface state is

coupled with the dynamical magnetization through the diffusive spin current or exchange

7



coupling. We found that the damping enhancement due to the spin absorption depends
critically on the temperature in both systems. This result allows to disentangle the spin
absorption in the surface and bulk states of the Sn-BSTS crystal, thanks to the nearly
perfect carrier compensation in the bulk part at low temperature. Our results show that the
absorption of the spin current is dominated by the surface state of the TT at low temperature,
whereas the spin absorption in the surface state is comparable to that in the bulk state near
room temperature. These results will be essential for quantitative understanding of the spin
absorption and spin-charge conversion due to the spin-momentum locked surface state of

TTs.
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FIG. 1. (a) Temperature (T') dependence of the in-plane resistivity (pi,) for the Snggo-
Bij 03Sbg.gTeaS (Sn-BSTS) samples with different thicknesses t. The thickness ¢t of the samples
are 62 um (red), 21 pm (blue), 8 um (black). (b) A schematic illustration of the Py/Cu/Sn-BSTS
heterostructure. The size of the Sn-BSTS crystal is 2 mm x 4 mm and that of the Py/Cu layer is
1 mm x 3mm. (c¢) A schematic illustration of the experimental setup. The sample was placed on
the coplanar waveguide for the microwave absorption measurement. The sample and waveguide

are electrically disconnected by the insulating sheet.
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FIG. 2. (a) Magnetic field H dependence of microwave transmittance |S;|? for the Py/Cu/Sn-
BSTS layer at the microwave frequency of f = 6.0 GHz at various temperatures. The red colored
areas represent FMR. (b) Microwave excitation frequency f dependence of the half-maximum half-
width field AH at T'= 60 K. The red solid circles are the experimental data for the Py/Cu/Sn-
BSTS layer and the blue solid circles are the experimental data for the Py layer. The red and blue

solid lines are the linear fit to the experimental data.
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(a) T dependence of the magnetic damping constant « for the Py/Cu/Sn-BSTS het-

erostructure (red solid circles) and the Py layer (blue solid circles).

additional damping constant A« for the Py/Cu/Sn-BSTS and Py/Sn-BSTS heterostructures. The
solid circles are the experimental data of the additional damping constant Aa = ap/n/71 — OF,
where ap/n 71 and ap are the magnetic damping constant for the Py/Cu/Sn-BSTS heterostruc-
ture and the Py film, respectively. The open circles are the experimental data of the additional
damping constant Aa = ap 1 — ar, where ap /7y is the magnetic damping constant for the Py/Sn-

BSTS heterostructure. (c¢) 7' dependence of the magnetic damping constant « for the Py/Sn-BSTS

heterostructure (red solid circles) and the Py layer (blue solid circles).
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