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Determination of Out-of-Plane Spin Polarization of
Topological Surface States by Spin Hall Effect Tunneling

Spectroscopy

Matthias Gotte and Thomas Dahm>

Determining the detailed spin texture of topological surface states is important
when one wants to apply topological insulators in spintronic devices. In principle,
the in-plane spin component of the surface states can be measured by a method
analogous to the so-called Meservey-Tedrow technique. Herein, it is suggested
that the out-of-plane spin component can be determined by spin Hall effect
tunneling spectroscopy. An analytical formula that allows to extract the
out-of-plane spin component from spin Hall effect tunneling spectra is derived.
The formula is tested using realistic tight-binding models of Bi,Se; and Sb,Te;. It
is demonstrated that the extracted out-of-plane spin polarization is in very good

agreement with the actual out-of-plane spin polarization.

1. Introduction

Topological insulators (TIs) possess surface states that are pro-
tected by the momentum space topology of the material.' ! An
interesting feature of these surface states is spin-momentum
locking, which means that momentum and spin of an electronic
surface state are strictly related to each other, i.e., electrons
with opposite spin propagate into opposite directions.!*™
This feature makes TIs interesting materials for spintronic
devices.[""”) In particular, the combination of TIs with ferro-
magnets promises interesting device applications such as mag-
netoresistance devices!'*'#2% or spin—orbit torque.>1¢-2122]
It has been demonstrated that TIs can be made ferromagnetic
by magnetic proximity effect!’**! or doping with magnetic
impurities.?*%! Recently, the first intrinsic magnetic TI has
been realized experimentally.?%

In previous work, we have shown that the combination of fer-
romagnets with TIs provides several interesting opportunities:
it is possible to construct spin current generators, detectors,

Dr. M. Gétte, Prof. T. Dahm

Fakultat fur Physik

Universitit Bielefeld

P. O. Box 100131, D-33501 Bielefeld, Germany
E-mail: thomas.dahm@uni-bielefeld.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssb.202000032.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/pssb.202000032

Phys. Status Solidi B 2021, 258, 2000032 2000032 (1 of 6)

and spin transistors." One can create
flat surface bands®'*? and a magnetically
induced Weyl semimetal state can be
reached.*”

For spintronic devices made from TIs,
it is important to determine spin texture
and degree of spin polarization of the
surface states. Experimentally, spin and
angle resolved photoemission spectroscopy
(SARPES) has been used to measure the
spin texture.****% However, the values
reported for the degree of spin polarization
varied strongly.!***7”] Tt was pointed out
that the spin of the photoelectrons can be
different from the electrons in the topo-
logical surface states depending on photon
energy and photon polarization.’®*®! Therefore, alternative
techniques to determine the spin texture and degree of spin
polarization would be valuable.

For ferromagnetic materials, there exists the so-called
Meservey-Tedrow techniquel®>*” to measure the spin polariza-
tion. In this technique, one uses tunneling spectroscopy from a
superconducting thin film in a strong external magnetic field.
We have recently demonstrated that the Meservey—Tedrow tech-
nique can be adapted to TT surface states and allows to measure
the in-plane component of the surface state spin polarization.[*!]
However, the method is insensitive to the out-of-plane compo-
nent of the spin texture.

In this work, we will show that spin Hall effect tunneling
spectroscopy can be used to measure the out-of-plane spin polari-
zation of the topological surface states and thus can complement
the Meservey—Tedrow technique to give a complete measurement
of the surface state spin texture by tunneling spectroscopy.
Spin Hall effect tunneling spectroscopy was introduced by
Liu et al.*? as a means to measure the Spin Hall effect under finite
bias voltages. This technique allows to measure the energy depen-
dence of the Spin Hall effect near the Fermi energy of a given
metal. It was shown that the charge—spin conversion efficiency
of TT surface states can be determined experimentally using this
technique.[*’!

A schematic of a spin Hall effect tunneling spectroscopy
device is shown in Figure 1. The main idea is to create a spin
polarized current by a ferromagnet and feed it through leads
1 and 3. The spin texture of the surface states then creates a trans-
verse voltage between leads 2 and 4 which depends on the voltage
applied between leads 1 and 3. We will show in this work that the
out-of-plane component of the spin in the topological surface
states can be obtained from a ratio of differential conductances
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