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Abstract

Co films were grown on top of topological insulator Bi,Se;(111) substrate and
studied using Magneto-Optic Kerr Effect (MOKE) and X-ray Magnetic Circular Dichroism
(XMCD). Both MOKE and XMCD results show that there exists a ~1.2nm thick magnetic
dead layer of the Co film, i.e., ~1.2nm Co film at the Co/Bi,Se;(111) interface losses its
ferromagnetic order. The Co ferromagnetic order can be completely resumed by inserting
a 3 nm Ag layer between the Co and Bi,Ses, indicating that the magnetic dead layer is due
to the Co/Bi,Se; interfacial mixing which is supported by the Co L edge spectroscopy

result.

PACS numbers: 75.70.Ak, 68.43.Bc, 68.37.Ef, 68.43.Jk



1. Introduction

Topological insulators (TIs) merge as a new class of insulators on which there exists
a topologically protected state at the boundary of the insulator [1,2,3,4,5]. Both
two-dimensional and three-dimensional TIs were soon discovered after the theoretical
predictions [6,7], and have generated a great research activity in condensed matter physics
[8,9]. One unique property of the topological surface state is that the massless Dirac state
has the electron spin direction locked perpendicular to its momentum so that electrons with
opposite momenta have opposite spin directions, leading to a diminishment of the electron
backscattering [10,11]. In contrast, time-reversal symmetry breaking (e.g., by magnetic field
or magnetic impurities) is expected to open an energy gap and suppresses the local density
of states [12]. This makes TIs an important candidate for spintronics applications. For
example, large Magneto-Optic Effect is predicted in TIs [13] and was indeed confirmed by
Terahertz Magneto-Optic Kerr Effect (MOKE) measurement [14]. Crossover between weak
antilocalization and localization is also observed in magnetically doped TIs [15,16].
While applying a magnetic field to break the time-reversal symmetry yields a clean result
[14,16], adding magnetic elements to a TI yields somewhat ambiguous results. For
magnetically doped TIs, both angle resolved photoemission spectroscopy (ARPES) [17]
and scanning tunneling microscopy (STM) [18] clearly reveal time-reversal symmetry
breaking features such as the gap opening at the Dirac point. Direct magnetic measurement
on magnetically doped TIs also shows a Curie-like behavior although the derived magnetic
ordering temperature is only ~10K [19]. The low ordering temperature can be enhanced to
near room temperature by the deposition of a ferromagnetic (FM) layer on top of the
magnetically doped TI, indicating that the surface state in magnetically doped TIs already
acquired magnetic characters so that it can be polarized by the proximity effect from the
FM overlayer [20]. For direct deposition of magnetic element on top of TIs, however, the
experiments show controversial result. An ARPES work by AndrewWray et. al shows an
energy gap opening at the Dirac point upon deposition of Fe on Bi,Ses; [21]. However,
another ARPES work shows that there is no any difference around the Dirac point between
magnetic and nonmagnetic adsorbates, questioning previous claim of the magnetic induced
gap [22]. A STM study for Fe deposited on TIs showed different spectroscopy characters at
different temperatures above the Fe atoms, suggesting possible different occupation sites of
the Fe atoms on top of the TI [23]. Another experiment on the other hand shows that

although the deposited Fe atoms could develop magnetic moments, the Fe absorbates won’t



open an energy gap at the Dirac point [24]. A recent STM/ARPES combined experiment
further shows the absence of both the FM order and the energy gap opening for
submonolayer Co absorbates on BiySes although it is unclear if a Co film thicker than
0.45ML would yield the FM order at the interface [25]. Recent theoretical calculation also
suggests that the surface state of a TI could survive upon magnetic Mn doping [26]. The
above controversial results raise a critical issue that if a deposited FM layer on top of a TI is
FM ordered at the FM/TI interface? Since many theoretical proposals related to
spintronics in FM/TI system crucially depend on the FM interfacial state such as the spin
dynamics of the FM overlayer [27,28], ordered-to-spinglass magnetic phase transition [29],
and the spin current injection [30,31], etc, it is very important to clarify in experiment if the
FM layer in a FM/TI system is FM ordered at the interface? In this paper, we report a
detailed thickness-dependent study of Co film grown on Bi,Ses. Using both Magneto-Optic
Kerr Effect (MOKE) and element-specific X-ray Magnetic Circular Dichroism (XMCD)
measurements, we show that the Co layer on top of Bi,Se; is not FM ordered at the
interface. By inserting a Ag spacer layer between Co and Bi,Ses, the Co at the Co/Ag

interface resumes the FM order.

2. Experiment

A multi-step heating procedure was employed for Bi,Ses single crystal growth.
Small pieces of high-purity (99.999%) Bi,Se; compound were put in a quartz tube which
was evacuated and sealed. The tube was heated up to and kept at 400°C for 16 hours in a
programmable furnace. The temperature was then ramped to 800°C and kept for 24 hours.
After that it was slowly cooled down to 550°C in one day and kept at this temperature for
three more days before cooling down to room temperature. The Bi,Ses(111) crystal was
cleaved in an ultrahigh vacuum (UHV) system of a base pressure of 2x10™'° Torr.  The size
of the cleaved Bi,Se; substrate is ~5Smm in diameter. Low Energy Electron Diffraction
(LEED) confirms the Bi,Ses;(111) single crystalline surface after the cleavage [Fig. 1(a)].
Co film is grown on top of the Bi,Ses; substrate by evaporating Co from an e-beam
evaporator. The evaporation rate was monitored by a quartz thickness monitor which was
calibrated by Reflection High Energy Electron Diffraction (RHEED) oscillations [32].
LEED result shows that the Co forms polycrystalline film on top of the Bi,Ses(111)
substrate [Fig. 1(b)]. For thickness-dependent study, Co wedges were grown by moving



the substrate behind a knife-edge shutter. The wedge has a thickness range of 0-2.5nm

over 2mm distance.

3. Result and Discussion
To have a systematic thickness-dependent study, the sample was measured in situ
using Magneto-Optic Kerr Effect (MOKE) during the sample growth. For MOKE
measurement, a linearly p-polarized HeNe laser serves as the light source.  After reflection
from the sample surface, the light intensity is detected by a photodiode with a linear
(analyzing) polarizer in front of it. The analyzing polarizer is set at a small angle (6~2°)
from the extinction condition to provide a d.c. bias. Then the reflected intensity (/) as a

function of the external magnetic field (B) measures the magnetic hysteresis loop of the Co

film with the reflection intensity (/) related to the Kerr rotation (¢x) by I =1, 0(1 + 2?( ] or
1=l
4 1,

I, are the reflection intensity for +B and -B, respectively [33]. Because of the

+

,where [, =(I,+1)/2 isthe d.c. biased reflection intensity and /, and

P =

birefringence of the UHV viewport, a quarter waveplate was actually used in front of the
analyzing polarizer so that the measured quantity is Kerr ellipticity (imaginary part of the
Kerr complex rotation) [33]. Throughout the Co thickness range, we only observed
longitudinal Kerr signal (magnetic field in the plane of the film) so that the easy
magnetization axis of the Co/BiySe; is in the film plane, the same as Fe/TI [24].
Representative hysteresis loops of the Co/Bi,Se; are shown in Fig. 2(a). FM hysteresis
loop is observed only above ~1.2nm Co thickness (dco~1.2nm), showing that the Co film
thinner than 1.2nm is not FM ordered at room temperature. Since bulk Co is always FM
no matter it is in hcp, fce, or bec structural phase, the absence of the FM order for
dco<1.2nm has to be due to either a lower Curie temperature (T¢) than the measurement
temperature or a non-FM nature of the material. It is well known that the T¢ value of a
FM thin film increases with film thickness to approach its bulk value [34], thus it is
possible that a FM film could loss its FM order at a given temperature below a critical
thickness. Then the interesting question is if the absence of the hysteresis loop of Co/Bi,Ses
at dco<1.2nm is due to a reduced T or the non-FM nature of the material? To distinguish
these two cases, we performed thickness-dependent study of the MOKE signal [Fig. 2(b)].
Since the MOKE signal is proportional to the FM thickness within the light penetration



depth [33], the MOKE signal of the Co film should increases linearly with film thickness at
least up to ~10nm [35]. If the entire Co film is in FM state at thicker thickness, the linear
extrapolation at zero MOKE signal should correspond to zero Co thickness. This
procedure has been practiced routinely in magnetic ultrathin films such as Co/Cu [35] and
Fe/Ag [36]. Then the interesting observation of Fig. 2(b) is that the linear extrapolation at
zero Kerr signal gives dc,~1.2nm for Co/Bi,Ses, showing that ~1.2nm Co is magnetically
dead at the Co/Bi,Ses interface rather than having a lower Tc.

We further performed thickness-dependent measurement of the Co/Bi,Se; using
element-specific X-ray Magnetic Circular Dichroism (XMCD) at the beamline 6.3.1 of the
Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory. Wedge
shaped Co film was grown by moving the substrate behind a knife-edge shutter during the
Co film growth [32] so that the XMCD measurement at different positions of the sample
provides a systematic thickness-dependent study. The film was covered by 2nm Ag to
protect from contamination before taking it to the ALS. Circular polarized x-ray is
delivered to the sample at 60° incident angle, and X-ray Absorption Spectrum (XAS) at the
Co 2p core level (L, and L; edges) is taken at T=80K within an external magnetic field.
1(+B)—I1(—B)
I(+B)+I(-B)’

magnetization of the sample [37]. Because of the element specificity of the core level

Then the XAS asymmetry at B=+5000 Oe, XMCD = is proportional to the

absorption, the XMCD measures only the Co magnetization rather than of the whole
sample as in the MOKE measurement. Fig. 3(a) shows the XAS and XMCD at three
different Co thicknesses. While XMCD is definitely present at dc,=2.0 nm, we obtain no
XMCD at dc,=0.6 and 0.3 nm, showing the absence of FM order at dc,=0.6 nm and 0.3 nm
at T=80K. The XMCD signal increases linearly with the Co thickness but the linear
extrapolation at zero XMCD signal gives dc,=1.2 nm [Fig. 3(c)], in agreement with the
MOKE measurement.

The MOKE and XMCD results show that ~1.2nm Co at the Co/Bi,Ses interface is
not FM ordered, suggesting an intermixing between Co and Bi,Se; at the interface. It is
well known that Co and Se form many different CoSe phases [38]. We find that the Co 2p
peak itself below 1.2nm in Co/Bi,Se; shows little difference from that of metallic Co,
making it impossible to identify the CoSe phase simply from the Co 2p XAS [39].
Obviously other techniques are required to identify the Co/Bi,Se; interfacial intermixing

phase. Alternatively, we addressed this issue by growing a sample of Co/Ag(3nm)/Bi,Se;



with the 3nm Ag to isolate the intermixing between Co and Bi,Ses. It is well known that Co
and Ag are immiscible and their equilibrium phase diagram shows no intermetallic
compounds. The absence of the LEED pattern [Fig. 1(d)] from Ag(3nm)/Bi,Ses; shows
that the 3nm Ag overlayer forms polycrystalline film and covers completely the Bi,Ses
substrate. XMCD measurement on Co/Ag(3nm)/Bi,Se; was performed at T=80K. The
result shows non-zero XMCD signal of Co film as thin as 0.3nm [Fig. 3(b)]. Moreover, a
linear dependence of the XMCD signal on Co film thickness was observed with a linear
extrapolation of dc,=0 at zero XMCD signal, showing that the entire Co film in the
Co/Ag(3nm)/BiySes is FM ordered [Fig. 3(c)]. To further prove that the loss of the FM
order of the Co film at the Co/Bi,Ses interface is due to the interfacial mixing, we grow
another sample of Co/Ag(1nm)/Bi,Ses;. Unlike the LEED result of 3nm Ag which shows
a complete disappearance of the Bi,Ses;(111) LEED diffraction spots, the weak LEED spots
from the Inm Ag on top of Bi,Ses;(111) indicate that the 1 nm Ag layer does not fully cover
the Bi,Se; substrate [Fig. 1(c)]. Then the Co/Ag(1nm)/Bi,Se; sample should allow certain
degree of Co/Bi,Se; intermixing. Indeed the XMCD result shows that the linear
extrapolation at zero XMCD signal yields dc,=0.8 nm, i.e., an equivalent of 0.8 nm Co is
magnetically dead in Co/Ag(Inm)/Bi,Se; [Fig 3(c)]. To further identify the existence of
CoSe phase at the Co/BiSes interface, we notice that CoSe exhibits a very small shoulder
just 3-5 eV above the Co L; edge although it is difficult to retrieve a quantitative intensity
of this shoulder [40]. By comparing the XAS at different Co thicknesses and XAS of
Co/Ag(3nm)/Bi,Ses, this shoulder is clearly present in the Co/Bi,Se; sample at dc,=0.2nm
and 0.4nm (Fig. 4), supporting that CoSe phase is formed at the Co/Bi»Ses interface.
Since the should is quite weak and that XAS is a surface sensitive technique, it is very
difficult to perform a quantitative analysis on the CoSe compounds. We leave it as an open
question for future experiments to find a better way to characterize the CoSe intermixing

phase at the Co/Bi,Se; interface.

4. Summary
In summary, Co films grown on Bi,Ses; were studied using MOKE and XMCD.
The result shows that ~1.2nm Co at the Co/Bi,Se; interface is not FM ordered. By
inserting 3nm Ag at the Co/Bi,Se; interface, the Co film becomes completely FM ordered
including the Co/Ag interface, showing that the loss of the FM order of the Co film at the

Co/Bi,Ses interface is due to the intermixing between Co and BiSe;. Since many



theoretical models assumed a magnetically ordered interface in FM/TI system, our result
demands an examination of these models to take into account of the magnetic dead layer at

the interface.
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Fig. 1:

Fig. 2:

(color online) LEED patterns of (a) BiSes;(111) substrate, (b) Co(2nm)/
BiySes(111) , (c) Ag(Inm)/ BiySes(111) , and (d) Ag(3nm)/ Bi,Ses(111) . The
absence of LEED spots in (b) and (d) shows polycrystalline formation of 2nm Co
and 3nm Ag films and a complete coverage of the films on Bi>Se3(111) substrate.

The weak LEED spots in (c) show a partial coverage of the Inm Ag on Bi,Ses.
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(color online) (a) Hysteresis loops and (b) Kerr ellipticity of Co films on Bi,Ses
substrate from MOKE measurement. The 1.2nm Co intersection thickness at

zero Kerr signal shows that there exists 1.2nm ferromagnetically dead layer in
the Co film.



Fig. 3:
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(color online) Co XAS (black and red lines) and XMCD (blue lines) of (a)
Co/BizSe; and (b) Co/Ag(3nm)/Bi,Se;. Red and black lines are XAS at
B=+5000 Oe and B=-5000 Oe, respectively. (c) XMCD signal vs Co thickness.
The zero Co intersection thickness for Co/Ag(3nm)/Bi,Ses; shows a ferromagnetic
ordering of the entire Co film, in contrast to the 0.8nm and 1.2nm magnetic dead

layers in Co/Ag(1nm)/Bi,Se; and Co/Bi,Ses, respectively.
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Fig. 4: (color online) XAS of the films as indicated in the figure. The small shoulder
(shown by the arrow) is the evidence of CoSe formation at the Co/Bi,Se;

interface.
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