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The recent advances of high spin-orbit torque efficiency in ferromagnetic/topological insulator (TI) structures
hold great promise for the development of high-performance spintronic devices. However, the roles of spin-
momentum-locked Dirac surface states (SSs) and the interfacial magnetic proximity effect (MPE) on dynamic
magnetic properties are still under debate. Here, we quantitatively distinguish the manipulation effects of SSs
and MPE on magnetic damping and surface anisotropy in TI/nonmagnet/CoFe heterostructures. We found that,
in addition to the common spin pumping contribution stemming from SSs, damping enhancement also consists
of an obvious MPE contribution to the TI/CoFe material system. Moreover, the increased surface magnetic
anisotropy for the CoFe films grown on top of a TI layer is believed to arise mainly from the interfacial atomic
intermixing. Our paper sheds light on the effects of SSs and MPE on magnetization dynamics, which offer
exciting opportunities for developing TI-based spintronics.
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I. INTRODUCTION

Since the theoretical prediction in 2009 by Zhang et al.,
three-dimensional topological insulators (TIs) with insulating
bulk and conducting surface states (SSs), such as Bi,Ses,
BiyTe;, and Sb,Tes, have attracted much attention for po-
tential applications in ultralow power and ultrafast spintronic
devices [1-8]. Due to the unique spin-momentum-locked
Dirac SSs, high-efficiency charge-to-spin current conversion
has been theoretically predicted and experimental demon-
strated [1,9-11]. Therefore, as a promising high-efficiency
spin current source, TIs were proposed to replace the tradi-
tional heavy metals (HMs) to exert strong spin-orbit torques
(SOTs) acting on the adjacent ferromagnetic (FM) layer
[12,13]. The SOT-driven magnetization switching has been
demonstrated at room temperature (RT) in various TI/FM
heterostructures [14,15], showing a critical switching current
density as low as ~103 A/cm? [16-19]. It is believed that the
ultrahigh SOT efficiency observed in the TI/FM bilayers is
generally resulted from the helical Dirac SSs [20]. Neverthe-
less, it has been pointed out that the spin Hall effect in the
TI bulk and Rashba effect at the TI/FM interface may also
generate spin current and hence affect the SOT strength [21].
For instance, the SOT ratio was greatly improved at RT by
inserting an interlayer of Ag at the interface between Bi,Ses
and CoFeB, which is primarily the result of the interfacial
Rashba effect [22]. In addition, by tuning x in (Bi;_,Sby ), Tes,
it was found that the bulk charge current can also contribute
to spin current via the ordinary spin Hall effect [23].

The TIs in contact with a FM layer can not only serve as
a spin current source for SOT-driven magnetization switching
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or persistent oscillation, but they are also a good spin sink
layer [24]. Due to the interfacial inverse Edelstein effect as-
sociated with the strong spin-momentum-locking SSs, a large
magnetic damping enhancement was reported in TI/FM struc-
tures via the spin pumping effect [25,26]. As a key parameter
for realizing fast manipulation of magnetization states and
low energy consumption in spintronic devices, the magnetic
damping factor « of a FM is demonstrated to rely not only
on the topological SSs but the bulk state of the adjacent
TI layer as well, where the spin current pumped from the
precessing FM layer dissipates. Nomura et al. found that,
in TI/NiFe heterostructures, the absorption of spin current
is dominated by the SSs of TI at low temperature, whereas
it becomes comparable with that in the bulk state near RT
[27]. Large interfacial in-plane (IP) magnetic anisotropy and
enhanced magnetic damping were reported in Bi,Ses/yttrium
iron garnet (YIG) structures, which reached a maximum when
Bi,Se; approached its two-dimensional limit, indicating that
topological SSs play an important role [28]. It should be noted
that magnetic order could be induced at the TI surface via
the strong interfacial band hybridization between the metal-
lic SSs of TI and the adjacent 3d transition metal (Co, Fe,
and Ni), i.e., the magnetic proximity effect (MPE) [29]. Like
the HM/FM system [30-32], magnetic exchange coupling
between the FM layer and the induced magnetism at the TI
surface could result in an additional magnetic damping as well
[33]. However, in previously published papers, the damping
contribution related to MPE was considered negligible at RT,
which is probably due to the much lower Curie temperature of
the induced magnetic order at the TI surface [34-36].

Since the magnetic surface anisotropy and additional
damping contributions are all closely associated with the
topological Dirac SSs and interfacial coupling interaction,
understanding the role of the TI/FM interface is crucial
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for achieving ultrafast control of magnetization orientation
at reduced power consumption. However, the MPE effect
has not been clarified yet. Moreover, the magnetic preces-
sion and damping behaviors in TI/FM heterostructures were
largely investigated by the FM resonance method so far.
From the practical application point of view, it is essen-
tial to detect the transient response of spin dynamics in the
time domain by using the time-resolved magneto-optical Kerr
effect (TR-MOKE) approach [37-42]. As a result, in this
paper, we perform a systematic study on the laser-induced
magnetization dynamics in TI/nonmagnetic (NM)/CoFe het-
erostructures by using the TR-MOKE technique, where
different TI layers including Bi,Tes;, Sb,Tes, and Cr-doped
(Cro2Big24Sbys6),Tes are employed. By varying the NM
(Ta or Al) interlayer material, thickness, and measurement
temperature, the TI/FM exchange coupling strength and spin
pumping effect are well adjusted, from which the manipula-
tion effects of SSs and MPE on magnetic damping and surface
anisotropy are clearly distinguished.

II. EXPERIMENTAL METHOD

The TI films were grown by using a chemical vapor deposi-
tion method. After the deposition of the TI, samples were then
immediately transferred into the sputtering system for mag-
netic layer deposition. Three series of samples in a structure
of sapphire/TI (6)/Ta(tt, = 0-2.0)/CogoFeo (8)/Al (5) (layer
thickness in nanometers) were firstly prepared, where the TI
material was Bi,Tes, SbyTes, or (Crg,Big24Sbg s6)2Tes. To
improve the dynamic magnetic signal-to-noise ratio, we also
prepared two other series of samples of SiO,/Bi,Tes (20)/Ta
or Al (0-2.0)/CogoFey (20)/Al (5) with a thicker CoFe
layer. The NM Al or Ta interlayer was employed to mod-
ulate the interfacial TI/FM coupling strength. In addition,
for the convenience of comparison, some reference samples
of SiO,/Ta or Al(tnm = 0-2.0)/CogoFeyg (20)/Al (5) without
any TI underlayer were also fabricated. The static magnetic
properties were measured by a vibrating sample magnetome-
ter (VSM), whereas the dynamic TR-MOKE measurements
were achieved by using a pulsed Ti:sapphire laser with a
central wavelength of 800 nm, a pulse duration of 150 fs,
and a repetition rate of 1000 Hz. An intense pump pulse
beam with a fluence of approximately 1.0 mJ/cm? was used
to excite the dynamic magnetization behaviors, and the tran-
sient MOKE signal was detected by a weak probe pulse of
approximately 0.05 mJ/cm?, which was time delayed with
respect to the pump beam. The pump and probe laser beams
were at almost perpendicular incidence, with spot diameters
of about 1.0 and 0.2 mm, respectively. During the TR-MOKE
measurement, a variable magnetic field H was applied at a
tilted angle of 19° with respect to the film plane to drive
the magnetization away from its easy plane [43,44]. In this
paper, the TR-MOKE measurement temperature varied in the
range of 80-300 K.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the layer structure of the composite
films. The pump and probe beams are spatially overlapped
on the sample surface to locally excite and probe the
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FIG. 1. (a) Illustration of the sample layer structure and pump-
probe laser beams. (b) The typical time-resolved magneto-optical
Kerr effect (TR-MOKE) curves for the samples of Bi,Te;, Sb,Tes,
and (CrBiSb),Te; (6)/CoFe (8) under H = 15 kOe. The inset dis-
plays a complete transient TR-MOKE curve for the sample of
Bi,Tes/CoFe. The field dependences of the fitted (c) precession fre-
quency f, (d) decay time 7, and (e) the calculated effective magnetic
damping factor o.

magnetization dynamics. Figure 1(b) presents the typi-
cal dynamic TR-MOKE curves of Bi,Te;, Sb,Tes, and
(CrBiSb),Te; (6)/CoFe (8) samples measured at H =
15 kOe. The inset of Fig. 1(b) displays a complete tran-
sient TR-MOKE curve for the sample of Bi,Te;/CoFe upon
laser excitation, which includes an ultrafast demagnetization
process occurring within 1 ps and a subsequent damped
magnetization precession process lasting for several hundred
picoseconds. To avoid the influence of a demagentization
signal on the analyses of precession behavior, in Fig. 1(b),
we only show the recovery process for the delay time ranging
from 2 to 380 ps. By fitting these dynamic Kerr signals with
an exponentially damped sine function of [45]

t t
O =a+ bexp <I_> + csin(2w ft + @) exp (—;), (1)
0

the precession frequency f and decay time t in the third
term can be derived, which are shown in Figs. 1(c) and
1(d) as a function of H, respectively. Based on the fitted
f and 7, the effective damping factor «.y are calculated
according to the approximate equation of aer = 1/(27 f1)
[46], which includes both the intrinsic and extrinsic damping
contributions. As shown in Fig. 1(e), aes decreases signifi-
cantly with the increase in H and becomes nearly saturated at
H > 12 kOe, implying that the extrinsic damping that stems
from inhomogeneous magnetic distributions plays a major
role at low fields. To clearly illustrate the role of TI un-
derlayers on «, the influence of magnetic inhomogeneities
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FIG. 2. (a) The time-resolved magneto-optical Kerr effect (TR-
MOKE) curves for the samples of Bi,Te; (6)/Ta (t1,)/CoFe (8)
measured under H = 15 kOe. (b) The saturated damping factor o
as a function of tr, for the samples of TI (6)/Ta (¢, )/CoFe (8).

should be suppressed. For this, the obtained field-dependent
aefr curves are fitted using a decaying exponential function
of aefr = a5 + aexo €Xp(—H/Hy) [42], where oy corresponds
to the saturated damping at an infinite H. The fitted oy are
0.023, 0.025, and 0.015 for the CoFe (8) films in contact with
Bi,Tes, Sb,Tes, and (CrBiSb),Tes, respectively. Considering
that all the CoFe samples have the same thickness and the
same capping layer, the observed «y difference should be
mainly related to the spin current absorption in the TI under-
layer. As compared with the heterostructures of Bi,Te; and
Sb,Te;/CoFe with spin-momentum-locked gapless helical
SSs, the (CrBiSb),Tes/CoFe sample exhibits a significantly
smaller «, which can be attributed to the weakened nontrivial
metallic SSs due to the energy gap opening by magnetic
doping [47,48]. Moreover, due to the relatively stronger topo-
logical SSs of SbyTe; [25], the s value is slightly higher
than that of the Bi,Tes case. It should be mentioned that the
MPE contribution to damping cannot be simply ruled out in
our TI/FM structure, since the Curie temperature of CoFe
magnetic layer is as high as 1200 K [49]. That means, it is
highly likely that the observed damping enhancement consists
of both the MPE contribution caused by magnetic coupling at
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the TI/FM interface and the spin pumping contribution that
mainly stems from the SSs of TL

We further examined the effect of the NM Ta in-
terlayer on the spin pumping damping. Figure 2(a)
shows the typical TR-MOKE curves for the samples of
Bi,Tes (6)/Ta(tt, = 0-2.0)/CoFe (8) with various Ta inter-
layer thicknesses, suggesting an obvious modulation of tp,
on the precession lifetime. The saturated damping factor o
is derived and shown in Fig. 2(b) as a function of ¢, for the
samples with different TI materials. Apparently, the variation
trends of BiyTe; and Sb,Tes; samples are quite similar; both
decrease monotonically with the increase in tr,, which can be
interpreted as the result of reduced spin-mixing conductance
as the TI/FM interface is replaced by Ta/FM. Nevertheless,
the strong damping reduction may include the decreased MPE
contribution since it is known that the induced magnetization
at the TI surface and its magnetic coupling with CoFe will be
suppressed by the insertion of Ta layer.

Interestingly, different from the monotonic decreas-
ing trend of Bi,Te; and Sb,Te;, the «g value of
(CrBiSb), Tes/CoFe firstly decreases and then increases with
the increase in fr,. We consider that the initial significant
reduction down to 0.008 at t1, = 0.3 nm comes from the
reduced interfacial spin-mixing conductance, while the subse-
quent enhancement corresponds to the spin pumping damping
induced by the Ta layer [50,51]. This variation behavior
confirms the weakened spin-momentum-locking SSs in the
(CrBiSb),Te; layer, which can be easily destroyed by a Ta
neighbor layer as thin as 0.3 nm. Note that the difference of o
between the three kinds of samples gradually decreases with
the increase in fr,. It is expected that, when 1, exceeds its
spin diffusion length of A, ~ 3.0 nm [52,53], o5 will even-
tually become equal since the pumped spin current dissipates
entirely within the Ta interlayer, and the SSs of TI would not
play any role.

To recognize the MPE influences on magnetic damp-
ing and other magnetic properties in the TI/FM system, we
then prepared some heterostructures of SiO,/Bi,Tes (20)/Ta
or Al (0-2)/CoFe (20), where two different interlayers of
Ta and Al were employed. As compared with Ta, the spin
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FIG. 3. (a) The typical in-plane magnetic hysteresis loops for SiO,/Ta or Al (zny )/CoFe (20) samples. (b) Magnetic coercivity H, versus
the Ta (tr,) or Al (za;) interlayer thicknesses for the samples of SiO,/Ta or Al/CoFe (20) and SiO,/Bi,Tes (20)/Ta or Al/CoFe (20).
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FIG. 4. (a) The typical time-resolved magneto-optical Kerr effect (TR-MOKE) curves under H = 15 kOe for the samples of
Si0,/Bi, Te; (20)/Ta or Al/CoFe (20) with different interlayer thicknesses and (b) the corresponding field-dependent precession frequencies.
The effective saturation magnetization 4w M. and o as a function of f, or #5; for the samples of (c) SiO,/Ta or Al/CoFe (20) and (d)
Si0,/Bi, Te; (20)/Ta or Al/CoFe (20). Note that the 4w M. values were derived by fitting the field-dependent frequency curves shown in

Fig. 4(b).

diffusion length of Al is rather long due to the weak spin-
orbit coupling strength [52], which means the 0-2 nm Al
interlayer is nearly transparent for spin current transmission.
It should be mentioned that, considering the laser penetration
depth for transition metal films is approximately 10-20 nm
[37,54], here, the CoFe layer thickness is increased up to
20 nm to improve the magnetic signal response. As seen in
Figs. 1(b) and 2(a), the TR-MOKE curves of 8-nm-thick CoFe
thin films grown on top of a TI layer have a rather poor
magnetic signal-to-noise ratio due to the severe influence of
laser-induced carrier dynamics of the TI layer [55,56]. Figure
3(a) shows the typical IP magnetic hysteresis loops for the
reference samples of SiO,/Ta or Al (0, 0.5, and 2)/CoFe (20)
without the TT underlayer; they all exhibit definite IP magnetic
anisotropy but with quite different magnetic coercivity H,.
Figure 3(b) displays the varying trend of H. as a function
of 1, or ta; thickness. Apparently, no matter whether the TI
underlayer exists or not, the insertion of a thin Ta layer could
significantly enhance the H, value, which can be ascribed to
the enhancement of IP anisotropy [57,58]. The slight decline
of H. with further increase in tr, is probably due to the

weakening of the domain wall pinning effect, considering the
amorphous nature of Ta. In contrast, for the samples with an
Al interlayer, H. changes rather slightly, suggesting that the
magnetic properties of CoFe is almost undisturbed by the Al
interlayer.

Figure 4(a) displays the TR-MOKE curves measured at
H = 15 kOe for the samples of Bi,Tes (20)/Ta or Al/CoFe
(20) with various interlayer thicknesses. As compared with the
8-nm-thick CoFe films, the MOKE signal is greatly improved,
exhibiting a good exponentially damped oscillation behavior.
The corresponding f-H curves are shown in Fig. 4(b), which
were fitted with the following formula according to the uni-
form Kittel precession model [45]:

2nf = y~/H H, 2

where y = y,g/2 is the gyromagnetic ratio with y, = 1.76 x
10’Hz/Oe, g is the Lande’s splitting factor and is taken to
be 2.16 for CoFe [59]. Here, H, and H, are defined as H, =
H cos(0 — 6y) —4n Mg cos20 and H, = H cos(6 — Oy) —
47 M grcos’@, respectively. The magnetization equilibrium
angle 6 can be determined according to the relation of
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2H sin(0 — 0y ) = 4w Mg sin 26, and the effective magnetiza-
tion 47t Mg is defined by the following expression:

2K,
MStCOFE '

A Mgy = 4 M — 3)
where K, denotes the surface anisotropy energy con-
stant and M is the saturation magnetization. The fitted
4 Mg values for the four series of samples, Ta/CoFe,
Al/CoFe, Bi,Tes/Ta/CoFe, and Bi,Te;/Al/CoFe are displayed
in Fig. 4(c). Apparently, the 47 M.; value of CoFe varies
significantly with the underlayer material and thickness. It is
around 18.6 kOe for the single CoFe film, which decreases
dramatically down to 14.5 kOe when growing on top of
BiyTe;. Considering that M changes little, the decreased
4 Mg of ~4.9 kOe suggests an enhanced perpendicular
magnetic anisotropy (PMA) according to Eq. (3), which has
been verified by the IP and out-of-plane (OP) magnetic hys-
teresis loops (see Fig. 6 in Appendix for details). Nevertheless,
it is difficult to tell whether the observed strong enhance-
ment in PMA arises from MPE (orbital hybridization between
the SSs of Bi,Te; and FeCo 3d electrons) [24,27,34,35] or
from atomic intermixing at the Bi,Te;/CoFe interface [60]
since both mechanisms can result in the change of magnetic
anisotropy. To elucidate this, we should analyze the results
of 4w Mg versus tr, or ta;. The increase in 47w Mg for the
Ta/CoFe series suggests a decreased K (or an increased IP
magnetic anisotropy), which should be caused by interfacial
intermixing of Ta with CoFe atoms. In sharp contrast, like
the varying tendency of H., the 4w M.y value of Al/CoFe
again keeps unchanged with the increase in 7). Therefore,
since the Al interlayer would not affect magnetic anisotropy
but can isolate the interfacial coupling, we can attribute the
small 4w M. increase in ~0.36 kOe between Bi,Tes/CoFe
and Bi,Tes/Al (2)/CoFe to the MPE contribution, while the
observed strong reduction of ~4.2 kOe for the CoFe film in
contact with Bi, Te; arises mainly from the atomic intermixing
between Bi,Te; and CoFe. For clarity, these different contri-
butions to 4w Mg are indicated in Fig. 4(c).

From the Al interlayer thickness independence of H. and
47 Mg, we know that Al/CoFe serves as a good control sam-
ple structure, which can be utilized to clarify the physical
origin of the magnetic damping factor in the TI/FM system.
Figure 4(d) shows the obtained saturated damping values of
o versus 5 for both Al/CoFe and Bi,Te;/Al/CoFe series.
For the single CoFe film deposited directly on top of the SiO,
substrate, the spin pumping contribution is negligible since
the pumped spin current is completely reflected, leading to the
smallest g of 0.006, which can be taken as the intrinsic damp-
ing of CoFe films. Moreover, we notice that oy of Al/CoFe
stays unchanged as f5; increases from O to 2 nm, which is
indicative of the weak SOC interaction and hence much longer
spin diffusion length of the Al layer [60]. By contrast, the o
value of Bi,Tes/CoFe is almost three times larger than the
single CoFe film, indicating that the spin pumping damping
induced by the SSs of TI is significant. Although the Al in-
terlayer in Bi, Te3/Al/CoFe would not affect the spin pumping
damping, it can suppress the coupling between TI and FM,
being responsible for the gradual weak drop induced by MPE.
Apparently, the reduction of «y for Bi,Tes/Ta/CoFe with the
increase in tp, is larger than the case of Bi,Tes;/Al/CoFe,
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FIG. 5. The temperature dependences of 4w M. and oy for the
samples of (a) SiO,/CoFe (20), Si0,/Bi,Te; (20)/CoFe (20) and (b)
Si0,/Bi, Tes (20)/Al(2)/CoFe (20). The inset in (a) shows the corre-
sponding M, measured at different temperatures.

which has been ascribed to the spin current absorption in the
Ta layer. It should be noted that the result of o versus ft, for
both the Ta/CoFe and Bi, Tes;/Ta/CoFe series are also given in
Fig. 4(d) for comparison. The nonmonotonic variation trend
of « versus tr, for Ta/CoFe samples is like the relevant recent
results reported experimentally and theoretically [61,62]. The
initial increase is due to the intrinsic damping contributions
from spin pumping effect and d-d hybridization, as well as
the extrinsic contribution from two-magnon scattering, while
the subsequent reduction mainly results from the reduction of
extrinsic contribution that largely vanishes for higher #r,.

We further performed the TR-MOKE measurements at
various temperatures for the samples of single CoFe (20)
film, Bi,Te; (20)/CoFe (20) and Bi,Tes (20)/Al (2)/CoFe
(20). As shown in Fig. 5(a), the 4w M.y values show a
similar monotonic increasing trend with decreasing temper-
ature for all the three samples. The amount of Mg increase
is very close to the increased M, as shown in the inset.
It suggests that the M variation of CoFe dominates the
temperature-dependent M. values, while the MPE contribu-
tion to the surface anisotropy K for the Bi, Tes (20)/CoFe (20)
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sample is very stable at low temperatures according to Eq. (3).
Figure 5(b) shows the «; values for these samples as a function
of temperature. Just like the single CoFe (20) sample, the
oy value of BiTe; (20)/Al(2)/CoFe (20) also stays almost
constant with the decrease in temperature, indicating the spin
pumping damping of the SSs is not sensitive to temperature
[63]. In contrast, for the Bi,Tes (20)/CoFe (20) sample, oy
increases gradually, which can be attributed to the enhanced
MPE at low temperatures since the induced magnetic mo-
ments at the TI surface become more ordered.

IV. SUMMARY

In summary, magnetization dynamics in TI/Ta or Al/CoFe
heterostructures have been systematically investigated by the
TR-MOKE technique. As compared with Ta, the spin diffu-
sion length of the Al interlayer is rather long. By comparing
the different interlayer thickness dependences, we get a com-
prehensive understanding of the TI underlayer influence on
both the magnetic damping factor and magnetic anisotropy.
It is found that the large RT damping enhancement in the
TI/CoFe structure consists of both the spin pumping con-
tribution stemming from the TI SSs and the MPE caused
by magnetic coupling at the TI/FM interface. Moreover, we
observe that the 4w M.s value of Bi,Tes/CoFe is 4.1 kOe
lower than that of the single CoFe film grown directly on
the SiO, substrate, suggesting an enhanced surface magnetic
anisotropy induced by the Bi,Te; underlayer. Further ex-
periments verify that the observed strong 47 Mg reduction
mainly arises from the interfacial atomic intermixing, and
the MPE contribution related to the TI SSs is rather weak.
The temperature-dependent TR-MOKE study reveals that the
damping arising from MPE increases with the decrease in
temperature, whereas the surface magnetic anisotropy and
additional damping induced by the topological SSs stay nearly
unchanged. Our findings suggest an effective approach for
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FIG. 6. The in-plane (IP) and out-of-plane (OP) hystere-
sis loops for samples of (a) SiO,/Al (t4;)/CoFe (20) and (b)
Si0,/Bi; Te; (20)/Al (t41)/CoFe (20).

the control of ultrafast magnetization dynamics in TYNM/FM
heterostructures with the unique properties of the SSs,
which offers exciting opportunities for developing TI-based
spintronics.

ACKNOWLEDGMENTS

This paper was supported by the National Natural Science
Foundation of China (Grants No. 51671057, No. 11874120
and No. 12074072).

APPENDIX

We show here the IP and OP magnetic hysteresis loops
measured by VSM.
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