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Abstract

We investigated

interface perpendicular magnetic anisotropy (PMA)

in magnetic

heterostructures consisting of ferromagnetic metal CoFeB and conductive rock-salt Li-Ti-O
(LTO) layers, which can be classified into an unconventional group different from metallic
multilayers and tunnel junctions. The rock-salt structure was confirmed by reflection high-
energy electron diffraction for the 5 nm thick LTO layers epitaxially grown on a MgO(001)
buffer layer. Interface PMA was clearly observed for the LTO/CoFeB heterostructures with
post-annealing above 250°C, and the effective PMA energy density reached 1.18 Merg/cm®
with post-annealing at 300°C. The LTO layer thickness dependence of the resistance area
product and tunnel magnetoresistance showed a clear difference in transport properties between
the present LTO/CoFeB and the conventional MgO/CoFeB heterostructures, as evidence for
the electrical conductivity of LTO in the LTO/CoFeB heterostructure. The conductive LTO can
be used as a new building block for a PMA heterostructure for spintronic devices.
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1. Introduction

Perpendicular magnetic anisotropy (PMA), which has
been found for various materials and is currently used for
several applications, is one of the most important properties of
ferromagnetic thin films[1-4]. While the mechanism of PMA
for most of cases is simply attributable to a spin-orbit coupling,
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electric quadrupole may also play a crucial role for PMA [5-
9]. Nowadays, magneto-resistive random-access memory
(MRAM) devices with a high density and a low switching
current have been developed using interface PMA [10-12],
which has been found for heterostructures consisting of a
ferromagnetic metal and an insulating oxide such as
W/CoFeB/MgO [13-15], CoFeAl/MgO [16], Fe/MgO [17]
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and Fe/MgAl1,O4 [18]. Such PMA induced at oxide interfaces
is different in the mechanism from the PMA observed in
metallic multilayers such as Co/Pt [19]. Interestingly, interface
PMA has been demonstrated even at transition metal oxide
interfaces such as TiO,/CoFeB [20], NiO/Fe[21], and CrO,/Fe
[22].

There are some important related issues in ferromagnetic
metal/oxide heterostructures, particularly for spintronic
application. Heterostructures consisting of CoFe(B) and MgO
have long attracted much interest for the high tunnel
magnetoresistance (TMR) ratio [23,24], as well as the spin
transfer torque and the voltage-controlled magnetic anisotropy
effect (VCMA) [11,25]. For practical applications of MRAMs,
one of the major challenges is to enhance interface PMA, so
that multiple MgO interfaces are considered [26-28].
Although the use of multiple oxide layer interfaces is a
promising way, there exists a risk of substantial increase in
device resistance and therefore one may wonder whether the
insulating oxide in the interface PMA heterostructures can be
replaced with a conductive oxide that is free from the problem.

Lithium titanate LiTi,O4 is known as a conductive oxide
with a normal spinel structure with a space group of Fd3m
[29]. Lithium titanate can vary the Li composition over a wide
range while maintaining cubic crystals, e.g., spinel LiTi,04 (a
= 0.841 nm), spinel LisTisO;2 (a = 0.836 nm), and a rock-salt
Li7Ti5012 (2a = 0.835 nm) [29-31]. This means that the lattice
constant can be tuned by changing the chemical composition,
similar to spinel MgAl,O4[32]. Moreover, the resistivity can
also be tuned by the composition. Since electrical resistivity
of the Li-Ti-O (LTO) system can be low compared with
conventional MgO, LTO will be suitable for an oxide layer to
introduce interface PMA without increasing the device
resistance. Note that low resistance is a common demand for
spintronic devices. In addition, if interface PMA is obtained in
the LTO system, the tunability of lattice constant and
resistivity is possibly beneficial for a variety of device
applications. In this study, we investigated interface PMA in
heterostructures consisting of a CoFeB and rock-salt LiTiO.
Substantial interface PMA with effective PMA energy
densities up to 1.18 Merg/cm® was demonstrated, independent
of the electrically conductive properties of the LTO layer. The
PMA heterostructures with a conductive oxide LTO layer can
be regarded as a new PMA system for spintronic devices.

2. Experiment

Figure 1 shows schematic multilayer structures consisting
of CoFeB and LTO to investigate PMA and TMR properties.
All layers were grown on MgO(001) substrates using a radio-
frequency (RF) magnetron sputtering system with a base
pressure less than 1x1076 Pa.

We have fabricated two series of multilayers, as shown in
Fig. 1. The first multilayer is prepared for evaluating interface
PMA as schematically shown in the left side of Fig. 1. A stack
structure of MgO substrate/Cr buffer (50 nm)/MgO (1
nm)/LTO (5 nm)/CozoFesB2o (CoFeB) (tcrs=0.8,1.1,1.4,1.7,
2.2, 2.7 nm)/W (0.3 nm)/Ta (1.0 nm)/Ru cap (15 nm) was
deposited at room temperature (RT). Prior to the deposition,

the substrate was annealed at 800°C to clean its surface. The
Cr buffer layer was deposited with a substrate temperature of
150°C, and the layer was post-annealed at 800°C to improve
the Cr flatness and crystallinity. The MgO and LTO layers
were deposited with an Ar gas pressure of 10 mTorr (1.33 Pa)
from a MgO and a LisTisO, stoichiometric sintered target,
respectively. Epitaxial growth with (001) orientation was
achieved from the Cr buffer to the LTO layer due to their good
lattice matching. After deposition, ex-sifu post-annealing (PA)
was performed at various temperatures.

The second stack is an orthogonal magnetization type
magnetic  tunnel  junction (MTJ) to  evaluate
magonetotransport properties through the MgO/LTO barrier,
as shown in the right side of Fig. 1. A MT]J stack of MgO(001)
substrate/Cr buffer (50 nm)/Fe (5 nm)/MgO (1 nm)/wedge-
shaped LTO (tcro = 0-2.5 nm)/CoFeB (1 nm)/W (0.3 nm)/Ta
(1.0 nm)/Ru cap (15 nm) was deposited at RT. The MTJ stack
was post-anneaed at 300°C; then the stack was patterned into
micrometer-scale ellipsoidal MTJs (area: 39 pum?) using
photolithography, Ar ion milling, and lift-off processes.

The epitaxial growth and the resulting surface structures
were confirmed by using reflection high-energy electron
diffraction (RHEED). The magnetic hysteresis loops were
measured by using a superconducting quantum interference
device (SQUID) magnetometer (MPMS, Quantum Design
Co.). The film composition was determined by the inductively
coupled plasma mass-spectroscopy (ICP-MS) technique.
Four-probe resistance with a bias voltage of 10 mV was
characterized at RT under an in-plane magnetic field of up to
+2.5 kOe parallel to MgO[110] (along an easy axis of Fe). A
TMR ratio (%) is defined as 100x(Ry — Ri)/Ri, where Ry (RL)
indicates the highest resistance (lowest resistance) in the
resistance-magnetic field curve. The electron flow direction
from the top to bottom electrode is defined as the positive bias.

3. Results and discussion

3.1 Magnetic properties including interface PMA

The middle panels of Fig. 1 show the RHEED patterns of
the Cr, MgO, and LTO surfaces (incident electron beam:
parallel to the MgO[100] azimuth). The clear streaks indicate
the epitaxial growth of Cr(001), MgO(001), and LTO(001)
layers. Moreover, the RHEED patterns reveal that the LTO
layer possesses a rock-salt-like structure due to the absence of
the spinel superlattices.

The atomic ratio of the LTO was determined to be Li:Ti ~
4:5 by ICP-MS, almost identical to the target compostion.
Note that, when a 30 nm thick LTO film with a spinel structure
was epitaxially grown on a MgO(001) substrate using a
substrate temperature of 800°C, the LTO resistivity was
approximately 1 Q-cm.

Figure 2 shows the magnetic hysteresis loops with fcps =
1.1 nm at different PA temperatures. The red and blue curves
correspond to out-of-plane (OP) and in-plane (IP)
magnetization processes, respectively. While the LTO/CoFeB
heterostructure did not show perpendicular magnetization in
the as-grown state, perpendicular magnetization was clearly
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observed after PA above 250°C. Assuming that the remanence
magnetization for the perpendicular direction is equal to
saturation, the PMA energy (K,) can be estimated by K, =
Ha/2Ms, where Ha and M are the saturation filed for in-plane
direction and the saturation magnetization, respectively. The
saturation filed for in-plane direction became maximum after
PA of 300°C; the effective PMA energy density KT was
estimated to be 1.18 Merg/cm? by the area enclosed by the OP
and IP curves.

The areal saturation magnetization (Mstcrg) and the areal
magnetic anisotropy energy density (K%t crg) as a function of
tcrs are plotted in Figs. 2(b) and 2(c), respectively. Ideally,
K&t pg for interface PMA can be written as K tcpg = K; +
Ktcpg, where K and K, are the interface and volume
magnetic anisotropy constants, respectively. The K, contains
strain induced magnetocrystalline anisotropy and shape
anisotropy. The KE&ftcpg vs. tcrs plots show a linear
relationship with positive K; values above #crg ~ 1.1 nm for all
the PA conditions. Such a linear relationship is typically
observed for various interface PMA systems [10,16,21,33,34].
Thus, the observed finite positive intercept denotes the
interface PMA at the LTO(001)/CoFeB interfaces. However,
due to the presence of a magnetic dead-layer at the interfaces
of the CoFeB layer, the magnetically alive CoFeB thickness to
determine K; should be defined by subtracting the dead-layer
thickness from the nominal CoFeB thicknesses (fcrs). The
intersection of the Mtcrs vs fcrs plots with the x-axis of Fig.
2(b) corresponds to the dead-layer thickness, fpead. The as-
grown sample and the samples after PA at 250 and 300°C have
a dead-layer thickness about 0.3 nm. After PA of 350°C, the
dead-layer thickness increases to 0.45 nm, which can be
attributed to interdiffusion between the CoFeB layer and the
W layer. The slope of Mtcrs vs. tcpp indicates the saturation
magnetization after subtraction of the effect of the dead-layer
(intrinsic M). The intrinsic M; increases significantly from
~1200 emu/cm® of PA of 300°C or less to 1500 emu/cm® of PA
of 350°C. This indicates that the significant B diffusion from
the CoFeB to the W side occurs, forming CoFe alloys at the
LTO interface [35,36]. The increase in the intrinsic M of
CoFeB can reasonably rule out the possibility of significant Li
diffusion from LTO to CoFeB by PA because such Li diffusion
can lead to significant reduction in the intrinsic M. After
subtracting fpea, K; is obtained as the value of K&t pp at (fors
— tpead) = 0 nm. K, is calculated from the slope of the linear fit.
We observed that K; increases with increasing the PA
temperature. However, after PA of 350°C, the K&%tcpp plot
for tcrpg < 1.1 nm in Fig. 2(c) deviates from the linear
relationship due to the large negative K,. Therefore, the
maximum KT was observed after PA of 300°C (1.18
Merg/cm? at tcpp = 1.1 nm). The fpeaq, intrinsic M, Ki, and K,
using the fitting for zcrpg > 1.1 nm are summarized in Table 1.
Note here that the magnitude of the interface PMA is nearly
half of those of CoFeB/MgO [13,14] and Fe/MgAl,O4
interfaces [18].

The microscopic mechanism for the interface PMA for
LTO/CoFeB is presumably understood in the same manner as
conventional MgO/Fe, in which the interface PMA is

attributed to the hybridization of Fe 3d,2 and O 2p. states [37].
The electronic structure variation at the O site of LTO by
introducing a small number of charge carriers is likely to be
negligible.

3.2 TMR and related properties for MgO/LTO barriers

We performed transport measurement in the current-
perpendicular-to-plane direction for an orthogonal-type MTJ
with an Fe/MgO/LTO/CoFeB structure. The bottom Fe layer
has in-plane easy magnetization axis and the top CoFeB layer
has perpendicular magnetization due to the strong PMA of the
LTO/CoFeB interface. Therefore, the bottom Fe and top
CoFeB layers have an orthogonal magnetization configuration
at a sufficiently small external magnetic field. The schematics
of the magnetization configuration are shown in the inset of
Fig. 3(b). The observed TMR ratio is half of the full TMR ratio
obtained between perfect parallel and antiparallel
configurations [38]. Figure 3(a) shows the 110 dependence of
the resistance area (RA4) products and salf~TMR ratios for the
MTJs. The half-TMR ratio in this study was defined as

follows:
Half TMR(%) = 100 x 1 = 0) = RUH = 2.5k0e)
0= R(H = 2.5 kOe) '

where R(H) is the resistance of the MTJ. The R4 increases
gradually with increasing #ito of up to 1.0 nm, obeying the
tunneling conduction behavior. However, further increase of
furo leads to a saturation behavior, in which R4 is almost
independent of #.ro0. We confirmed a clear correlation between
RA and TMR ratios as shown in Figs. 3(a) and 3(b); the TMR
ratio decreases with increasing #.ro and reaches almost zero at
trro ~ 1.0 nm, indicating that the transport mechanism through
MgO/thick LTO is different from a single MgO or MgO/thin
LTO barrier. Note that the saturation filed for in-plane
direction detected from the TMR curve shape, is almost
independent of f11o, as shown in Fig. 3(b). Therefore, the PMA
energy at the LTO/CoFeB interface is not affected by #ro.
These features indicate that the top region of the LTO layer is
electrically conductive for #to > 1.0 nm, as the exponential
increase in RA disappears. The vanishing of TMR may be
attributed to the formation of the conductive LTO, in which
the tunneling mechanism can be much affected by the nature
of carrier-mediated transport in the thick LTO region. Another
possible reason for the vanishing of TMR is suppression of the
A coherent tunneling mechanism due to the change in the
electronic structure near the band gap. In order to elucidate the
dominant transport mechanism through LTO barrier based
MT]Js, theoretical studies are required.

In the thin LTO region (f.ro < 1 nm), there could be the
significant effect of interdiffusion of Mg from MgO. Ikhtiar et
al. reported that a nanometer-thick rock-salt Mg, Ti,O layer
is structurally stable and can function as a low RA tunnel
barrier of MTJs [39]. In addition, rock-salt Li,MgTiOj4 is
known to be insulator or a low conductivity material [40]. We
found that polycrystalline heterostructures with LTO/CoFeB
show significant Mg diffusion into LTO (see Supplementary
Fig. S1). Therefore, it is suggested that at the initial stage of
the LTO growth (fito < 1 nm), diffusion of Mg into LTO
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occurs, resulting in insulating properties at the MgO side of
the LTO layer. Note that the field dependence of TMR curve
does not change clearly. The Mg diffusion, i.e., the formation
of insulating Mg-doped LTO, has no significant influence on
the PMA. This result supports the understanding that
regardless of the conductivity of oxide layer, the interface
PMA emerges based on the interface hybridization between Fe
3d,2 and O 2p. orbitals [37].

4. Summary

By fabricating conductive LTO films epitaxially grown on
MgO, the interface PMA was investigated for heterostructures
consisting of ferromagnetic CoFeB and conductive rock-salt
LTO layers, which can be classified as a new group distinct
from metallic multilayers and tunnel junctions. The rock-salt
structure was confirmed by RHEED for the 5 nm thick LTO
layers. A relatively large interface PMA energy of 1.18
Merg/cm® was observed after post-annealing above 250°C.
The #1710 dependences of the R4 and TMR ratio revealed the
formation of an electrically conductive LTO in the
LTO/CoFeB heterostructures. In actual devices, the LTO will
be utilized as a stack of pinned-CoFeB/MgO-barrier/free-
CoFeB/PMA-reinforcement-LTO. Replacing the MgO cap
layer with LTO in double-MgO MT]Js is advantegeous for
reducing the device resistance while maintaining a large PMA,
which will be suitable for future MRAM applications.
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Figure 2. (a) Out-of-plane (OP, red) and in-plane (IP, blue)
magnetic hysteresis loops for LTO/CoFeB (tcpg = 1.1 nm)
heterostructures as-grown and PA at 250, 300 and 350°C. (b)
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Figure 3. (a) fLto dependences of RA (top) and half TMR
ratio (bottom) for Fe/MgO/LTO/CoFeB orthogonal-MTJs.
(b) TMR-field curves measured under an in-plane magnetic
field.

Table 1. fped , intrinsicMs, K; and K evaluated from the plots for the LTO/CoFeB heterostructures in Fig. 2.

Dead (NM) Intrinsic My Ki K,
(emu/cm?) (erg/cm?) (Merg/cm?)
As grown 0.27 1180 0.68 —8.63
250°C 0.24 1210 0.91 -9.19
300°C 0.28 1270 0.93 —9.54
350°C 0.46 1500 1.01 —14.48
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