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Magnetic tunnel junction (MTJ), which is formed of a honmagnetic barrier layer sandwiched between
two ferromagnetic (FM) layers, is a core structure in spintronic devices. Tunneling resistance through an
MTJ changes depending on magnetic configuration of the FM layers and can be controlled by applied
magnetic field, current, and electric field, which can be used in various applications such as memory
devices. As the structure consists of a few-nm-thick layers, well controlled growth of the stacks and
following structural characterization is pivotal. While TEM has been successfully employed for the
structural analysis of fabricated MTJ devices revealing the importance of the atomic and chemical
configurations of each layer and the interfaces [1,2], in-situ observation of MTJ devices at the atomic-
scale has not been reported yet to our best knowledge. Here, we employ in-situ electrical biasing TEM
to investigate the atomic, chemical, and electronic structures of nanoscale MTJ stacks under working
conditions. Perpendicular MTJ (pMTJ) [3] with magnetic easy axis in the direction normal to the film
surface is studied using a Mo-buffered/capped CoFeB|MgO|CoFeB materials system, which has proven
its promising properties including excellent perpendicular magnetic anisotropy, large tunnel
magnetoresistance ratio, and thermal tolerance [4]. Nanopillar structured pMTJ devices with a controlled
lateral dimension are fabricated, and magnetic switching is achieved by applying the electric current via
spin-transfer torque [5,6]. Finally, crystalline, and chemical structural response of the device is
examined via operando TEM.

PMTJ devices with a structure of Si/SiO, substrate\Ta(2)\Ru(6)\Ta(3)\Mo(1.2)\CozoFesoB2o(1)
\MgO(0.9)\CozoFesoB2o(1.2-1.7)\Mo(1.9)\Ta(5)\Ru(7)\Ti/Au electrode  were grown by magneton
sputtering [2]. Number in the parentheses are the layer thicknesses in nm. In-situ electrical biasing TEM
samples were prepared using focused ion-beam (FIB) method and mounted onto FIB-optimized E-chips
(Protochips). In-situ TEM holder from Fusion Select system (Protochips) was utilized for biasing the
TEM samples. STEM experiments were carried out using aberration-corrected FEI Titan G2 60-300
(S)TEM equipped with Super-X energy dispersive X-ray spectrometer for EDX and a Gatan Enfinium
ER EELS.

First, structural integrity of an as-prepared pMTJ device is examined. In Fig. 1(a), a schematic of pMTJ
devices used in this work is presented on the left, and a HAADF-STEM image of a nanopillar pMT]J
device with a target diameter of 100 nm is displayed on the right. It was shown that a lateral dimension
of the nanopillar is reduced from 100 nm at the interface with a bottom Ta electrode to ~50 nm at the top
Ta/Ru electrode as marked on the HAADF-STEM image. EDX elemental maps in Fig. 1(b) clearly
confirm the composition of each layer including the Mo buffer/capping layers and the
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CoFeB|MgO|CoFeB core unit, and the lattice contrast in the ABF-STEM image (Fig. 1(c)) demonstrates
epitaxial growth of the crystalline layers with slightly rough interfaces. Next, I(current)-V(voltage)
measurements were conducted from fabricated devices before TEM experiments. One of the devices is
exemplified in Fig. 2(a) with top-down view SEM images, where a configuration of the bottom and top
electrodes as well as a contrast from a nanopillar device are seen. The obtained R(Resistance)-I plot in
Fig. 2(b) exhibits spin current-driven switching on/off of a pMTJ device, which is attributed to
parallel/antiparallel spin directions in the two FM layers, affirming performance of the studied device.
Operando TEM samples were prepared via FIB-cut of pMTJ devices such that the current flows through
the pMT]J stack identical to the bulk 1-VV measurement. Detailed structural, compositional, and electronic
configurations of the layers upon applied current are monitored via STEM imaging and EDX and EELS
spectroscopies. In particular, the atomic structures, strain, and chemical diffusion at the interface and the
nanopillar edge region are carefully inspected during the magnetic switching. The behavior of
nanopillars with different lateral sizes range from 100 nm to 1 pum is also compared providing insight on
scalability of the material system and the structure. The real time atomic-level TEM observation of
nanoscale pMTJ devices will enhance our understanding of the switching behavior as well as device
failure, which ultimately can be used to improve the device performance [7].

Figure 1. (a) Cross-sectional schematic (left) and a HAADF-STEM image (right) of a nanopillar
structured pMTJ device. (b) EDX elemental maps showing Ta/Ru electrode layers and the core
Mo|CoFeB|MgO|CoFeB|Mo stack in a nanopillar structure. (c) Atomic-resolution ABF-STEM image of
the core layers.
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Figure 2. (a) Top-down view SEM images of a nanopillar pMTJ device with a diameter of 100 nm. The
top and bottom electrode configuration is highlighted with colored outlines, and the location of
nanopillar is marked. Scale bar in the top image is 50 um. (b) Exemplary R-1 curve of a 100-nm-
diameter nanopillar pMTJ device.
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