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ABSTRACT

We demonstrate tunnel magnetoresistance (TMR) ratios of up to 631% at room temperature (RT) using CoFe/MgO/CoFe(001) epitaxial
magnetic tunnel junctions (MTJs). The TMR ratio increased up to 1143% at 10 K. The large TMR ratios resulted from fine-tuning of atomic-
scale structures of the MTTJs, such as crystallographic orientations and MgO interface oxidation by interface insertion of ultrathin CoFe and
Mg layers, which are expected to enhance the well-known A; coherent tunneling transport. Interestingly, the TMR oscillation effect, which is
not covered by the standard coherent tunneling theory, also became significant. A 0.32-nm period TMR oscillation with increasing MgO
thickness dominates the transport in a wide range of MgO thicknesses; the peak-to-valley difference of the TMR oscillation exceeds 140% at
RT, which is attributed to the appearance of large oscillatory components in the resistance area product.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0145873

Tunnel magnetoresistance (TMR) effect, which is based on spin-
dependent tunneling between ferromagnets (FMs), has been studied
in applied physics for over 40 years.' It has been extensively investi-
gated from both theoretical and experimental perspectives and has
been implemented in practical device applications such as hard disk
drives (HDDs) and nonvolatile magnetoresistive random access
memories (MRAMs).” At present, almost all applications use MgO
barrier-based magnetic tunnel junctions (MTJs) due to the large
obtainable TMR.” The largest experimental TMR ratio at room tem-
perature (RT) is 604%, which was reported in 2008 by Tkeda et al.’
using a pseudo-spin-valve CoFeB/MgO/CoFeB MT]. However, the
progress in the RT-TMR ratio has stagnated over the recent decade.
Notably, practical MTJ-based devices can achieve only 100%-200%
TMR ratios at best to simultaneously satisfy several requirements for
their operation such as circuit impedance matching, high-speed opera-
tion, good thermal stability, low power consumption for operation,
and low 1/f noise at a low frequency range.” '

A major drawback of MTJs as an integrated circuit element is
their small current on/off ratio (i.e., small TMR ratio). If much larger
RT-TMR ratios can be achieved, the application ranges of TMR-based
devices will significantly expand to very high-density MRAMs based
on a three-dimensional architecture, nonvolatile magnetic logics,"”

brain-morphic devices, * etc. Some of the authors recently investigated
simple Fe/MgO/Fe(001) MT]Js with a significantly improved TMR ratio
up to 417% and 914% at RT and 3 K, respectively, by fine-tuning the
crystallinity near the MgO barrier interfaces.” A ~80% peak-to-valley
(PV) difference in the RT-TMR ratio oscillation was shown,"” indicating
the dominance of the transport properties by the oscillation effect.
Furthermore, a MTJ with a spinel-based Mg,Al-O, barrier, ie., Fe/
Mg,Al-O,/Fe(001), showed a similar ~0.3 nm period oscillation with
an enhanced PV difference of ~125% and a TMR ratio of 429%
at RT.'

In this Letter, we report on giant TMR effect using CoFe/MgO/
CoFe(001) epitaxial MTJs by improving the nanostructures of a MT]J
stack. The RT-TMR ratio reached a maximum of 631%, which is the
largest RT value reported in MTJs. The significant TMR enhancement
was due to the introduction of sub-nm to a few nm CoFe layers at
both the top- and bottom-sides of the barrier interface, together with
thickness optimization of the Mg insertion at the bottom Fe/MgO
interface of the Fe/MgO/Fe(001) framework structure. In addition, we
demonstrated a significantly large TMR oscillation with a maximum
PV difference of 141% in the CoFe/MgO/CoFe(001) MTJs at RT. Our
demonstrations of the large RT-TMR ratio and its oscillatory behavior
are crucial steps for developing spintronic applications in the future.
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The MTJ stacks were deposited using an ultrahigh-vacuum
multichamber deposition apparatus (ULVAC, Inc., base pressure:
4 x 107 Pa). Typical stack structures were MgO(001) single crystal
substrate//Cr (60)/Fe (50)/CosoFesy (CoFe) (dpor-core)/Mg (dumg)/
wedge-shaped MgO  (dyg0 = 1.0 — 3.0)/natural ~ oxidation/CoFe
(dtop-core)/Fe (5)/Tr,oMng, (10)/Ru (20) [values in parentheses in nm,
see Fig. 1(a)]. All metallic layers were deposited by DC sputtering. The
MgO barrier was deposited using electron-beam (EB) evaporation of a
sintered MgO pellet and a linear shutter to create the wedge shape for
the x-direction of a 20 x 10 mm? substrate [see Fig. 1(b)]. After depos-
iting each layer, in situ postannealing was performed. More details on
the film preparation are described in Ref. 15. The single crystal cubic
structures of bottom- and top-Fe electrodes and the MgO barrier were
confirmed using reflection high energy electron diffraction (RHEED)
observation [Fig. 1(c)]. The multilayer wafers were ex situ annealed at
200°C in a 0.2-T magnetic field along the MgO[110] || Fe[100] ||
CoFe[100] direction. TMR ratios and resistance area products (RAs)
of the wafers were evaluated using the current in-plane tunneling
(CIPT) method (Capres A/S, CIPTech-SPM200 prober)."” From Fig.
1(d), the multilayer was patterned into MTJs with a 10 x 5 um? ellip-
soidal pillar using photolithography, Ar ion etching, and magnetron
sputtering for the SiO, insulator and Au electrodes. The magnetotran-
sport properties were characterized by a DC 4-probe method using a
sourcemeter (Keithley, 2400) and nanovoltmeter (Keithley, 2182A) at
RT and physical property measurement system (Quantum Design,
Dynacool) for low temperature (LT) measurements. The TMR ratio is
defined as (Ryp — Rp)/Rp X 100%, where Rp [Rap] is the resistance in
the parallel (P) [antiparallel (AP)] magnetization state. At positive bias
voltage, electrons tunnel from the top to the bottom electrode.

First, we investigated the bottom-CoFe insertion effect using the
stack structure shown in the inset of Fig. 2(a), i.e., Fe/CoFe (dpotcore)/
Mg/MgO/Fe. In Fig. 2(a), the TMR ratio measured at RT with a bias
voltage less than 10 mV as a function of dyor.core in ML (bottom axis)
and nm (top axis) of patterned MTTJ pillars is shown. Each TMR ratio
is the maximum value for the corresponding wafer. The TMR ratio
increases with dyorcore> and it saturates at around 16 ML. The maxi-
mum TMR ratio was 504% at dy,ocore = 24 ML.
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The MgO interfaces were further tuned by controlling the CoFe
layer thickness at the top-side (diop-core) and the Mg layer thickness at
the bottom-side (dyg), as shown in the inset of Fig. 2(b), i.e., CoFe (16
ML)/Mg (dr1g)/MgO/CoFe (dyop-core)- Figure 2(b) shows the maximum
RT-TMR ratio measured as a function of diop.core- When dyop.core Was
increased with maintaining dy;; = 0.5nm (green line), the maximum
TMR ratio of 551% was observed at dyop-core =4 ML. MT]s with larger
diop-core showed smaller values, indicating that the CoFe insertion effect
on the TMR for the top interface differs from that for the bottom one.
This behavior is attributable to the difference in their growth mode,
which is sensitive to the state of the interfaces, e.g., interfacial roughness,
degree of (001)-orientation, and interfacial strain. Figure 2(b) also
shows the relationship between the maximum TMR ratio and dy,. The
TMR ratio further increased by optimizing dyg; the maximum value of
631% at RT was observed at diqp, core =4 ML and dy;; = 0.6 nm [black
open squares in Fig. 2(b)]. This TMR ratio is larger than the RT-TMR
ratio of 604% reported by ITkeda et al” using a CoFeB/MgO/CoFeB
pseudo-spin-valve MT]. Therefore, better MgO crystallinity than that of
the CoFeB/MgO/CoFeB structure, which requires a high post-
annealing temperature (525 °C), could be realized at a lower tempera-
ture (up to 400 °C) in the epitaxial MT] in this study. Because the Mg
insertion mainly works as protection for the bottom electrode interface
from oxidation during the deposition of the MgO barrier and postan-
nealing process in our MTJs, dyjg=0.6nm is probably the optimum
thickness that realizes favorable interface bonding states between CoFe
and oxygen atoms at the MgO surface. A lower and higher dy, reduces
the TMR ratio due to slight over- and under-oxidation at the bottom
MgO interface, respectively, showing the sensitivity of the bottom inter-
face to the oxidation condition. Notably, for different electrode materi-
als, the optimum Mg insertion thickness may change, eg,
dyig=0.5nm for the Fe electrode.'” Note that the RA decreased slightly
when the Mg thickness was increased from 0.5 to 0.6 nm and remained
unchanged when further increased to 0.7 nm.

The resistance (left axis) and TMR ratio (right axis) as a function
of the magnetic field (H) at RT for the MT]J showing the maximum
TMR ratio of 631% (dbor.core = 16 ML, diop-core = 4 ML, dygg = 0.6 nm,
and dyigo = 1.86 nm) are shown in Fig. 2(c). The curve shows a typical
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FIG. 1. (a) Schematic MTJ stacking structure and processes. (b) Images of a MTJ wafer. (c) RHEED patterns along the MgO[100] azimuth of top-Fe (upper), the MgO barrier
(middle), and bottom-Fe (lower). (d) Schematic structure of a patterned MTJ pillar after microfabrication.
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FIG. 2. (a) Maximum RT-TMR ratio vs bottom-CoFe insertion thickness dyo.core. (b) Maximum TMR ratio vs top-CoFe insertion thickness diop-core and Mg insertion thickness
dyyg- Insets of (a) and (b) show schematic stacking structures. (c) Resistance (left axis) and TMR ratio (right axis) vs magnetic field 1oH of a MTJ with maximum RT-TMR ratio
(dbot-core = 16 ML, tiop-core =4 ML, dyig = 0.6 nm, and dygo = 1.86 nm). (d) and (e) CIPT results of the unpatterned wafer of (c); (d) R"’DW and (e) MRjp. Ry (Ry) indicates the

sheet resistance of the top (bottom) electrode.

exchange-biased hysteresis loop with stable P and AP states at RT. The
MTTJ has a junction resistance of 70 Q (RA =2.74kQ- um?) for the P
state, which increases to 7.31 times (=514 Q) when switched to the AP
state. To exclude measurement or microfabrication errors, we also eval-
uated zero-bias TMR ratios and RA values by CIPT measurements of
the unpatterned wafer with dyor.core = 16 ML, diop.core =4 ML, and
dng = 0.6 nm. Figures 2(d) and 2(e) show the CIPT results near the
wafer position of dy;z0= 1.9 nm: (d) the sheet resistance in the P state
(RIE\W) and (e) the current-in-plane TMR ratio (MR,) vs the mean
probe pitch.'” The fits (circles) by the theoretical equations match well
with the measured data (cross marks). We obtained reasonable values
of 617% (RA =3.4kQ-um?) by the fit. Therefore, the RT-TMR ratio
exceeding 600% was confirmed by both an unpatterned wafer (CIPT)
and patterned MT] pillars (DC 4-probe).

Figure 3 shows the temperature dependences of the (a) TMR
ratio and (b) Rp and R,p (bias voltage < 10 mV). The corresponding
conductance ratio [= (gp — gap)/gp = (Rap — Rp)/Rap, Where gp(ap)
= 1/Rp(ap) is the DC conductance in the P (AP) state] is also plotted
on the right axis. The TMR ratio and conductance ratio monotonically
increase with decreasing temperature. The TMR ratio reaches a maxi-
mum of 1143% at 10 K, which is much larger than the value of the pre-
vious Fe/MgO/Fe (914%)"” and almost the same as the value of the
CoFeB/MgO/CoFeB at LT (1144%) by Ikeda et al.*

The inset of Figs. 3(a) and 3(b) shows the corresponding TMR-H
loop at 10 K. Below 10K, the TMR ratio reduces slightly because of an
imperfect AP state, suggesting that the observed value is underesti-
mated at the LT limit. Using the Julliere model' and TMR ratio
(%) =100 x2 P% /(1 —P%), where P, is the effective spin
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FIG. 3. Temperature dependences of TMR properties of the MTJ with dyot.core = 16 ML, dip-core =4 ML, dyg = 0.6 nm, and dyqo = 1.86 nm. (a) TMR ratio (left axis) and
conductance ratio (right axis). (b) Re (right axis) and Rap (left axis). Inset: TMR ratio vs magnetic field 1oH at 10K. (c)(f) Bias voltage dependence measured at 300K (RT)
and 5K. (c) and (d) Differential conductances Gap and Gp, respectively. (€) TMR normalized by zero-bias value. (f) Output voltage Vout = |V| X (Rap — Rp)/Rap

polarization, P.g at RT (LT) was calculated to be 0.871 (0.923) by
assuming both interfaces had the same P.. The ratio of P at RT to
LT [Pe(RT)/Pg(LT)] was 0.94, which was higher than 0.91 of previ-
ous Fe/MgO/Fe."” The weaker temperature dependence is attributable
to the increased interface Curie temperature by Co doping into Fe,'*"”
which may effectively improve the interlayer exchange stiffness con-
stant.”” A recent theoretical work considering an intra-atomic s-d
exchange interaction also predicted this improvement in CoFe/MgO/
CoFe(001) with an increase in the Co composition.”’ It was also
reported for a  bcc-Co/MgO/bec-Co(001)  MT] [P RT)/
PeLT) = 0.97].” Therefore, introducing CoFe at both MgO interfa-
ces effectively suppressed the temperature dependence of P in addi-
tion to the high Py at LT, yielding a giant RT-TMR ratio in the
present MT].

The temperature dependence of the TMR ratio follows that of
Rsp rather than Rp, which is commonly observed in various
MTJs.”” > Interestingly, the temperature dependence of Rp shows a
complicated behavior with two slope changes, which is different from
the dependence of R, p that shows a monotonic change. Similar behav-
ior in Rp has been reported in Co-based electrode MTJs with large
TMR ratios such as Co,(Mn,Fe)Si and Co,FeAl,”*** which contradicts
pure Fe electrode MT]Js that show a slight monotonic decrease in Rp
with decreasing temperature,'”'** " suggesting a difference in elec-
tronic structures between Fe and Co at MgO interfaces.

The bias voltage dependences of the differential conductance for
AP (Gap) and P (Gp) at 300 and 5K are shown in Figs. 3(c) and 3(d),
respectively. Figures 3(e) and 3(f) show the bias voltage dependences
of the TMR normalized by its zero-bias value and the output voltage

Vour [= |V| X (Rap — Rp)/Ryp, where V is the bias voltage], respec-
tively. The differential conductance G was obtained by the numerical
differentiation of current-voltage curves. Gp spectra are asymmetric
and have clear minimum structures at —0.3, —0.7, and +0.4 V, which
are pronounced at 5K. The minimum structures in the Gp spectra are
larger than those in typical CoFe-based MTJs.”” ' The minimum
structure of the positive bias is much deeper than that of the negative
bias; the relative change from the zero-bias value reaches —34%
(—29%) at 5K (300 K). The minimum structures at negative bias are
shallower than that at positive bias. However, the appearance of the
two minima is similar to the case of the Fe/MgO/Fe(001) MTJs with a
large RT-TMR ratio."” Tunneling electrons primarily sense the final
state, i.e., the top- (bottom-) interface electronic structures at the nega-
tive (positive) bias voltage. Thus, the Gp spectra at the negative bias
may represent the electronic structure of the top-MgO/CoFe(001)
interface, which resembles that of a pure Fe/MgO(001) interface."” In
contrast, the deep minimum at the positive bias may be associated
with specific electronic structures of the bottom-CoFe/MgO(001)
interface. These asymmetric features are attributable to the thickness
difference of the bottom- and top-CoFe insertion layers (ie.,
Avot-core =16 ML > digp.core=4 ML), implying that further
improvement in the RT-TMR ratio can be expected if symmetric spec-
tra are obtained by creating defect-free and well-balanced electronic
states between the top- and bottom-side interfaces.

Vhaie values, the bias voltage where the TMR ratio reduces to half
of the zero-bias value, at 300 and 5K for the positive (negative) bias
are 0.51V (—0.49V) and 0.28V (—0.30V), respectively. The curves
appear nearly symmetric because of the symmetric Gap feature. The
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lower Vi, compared with Fe/MgO/Fe™ is mainly due to the CoFe
band structure, i.e., the effect of the lowered minority A; band edge by
Co doping into Fe, as seen in bcc—Co/MgO/bcc—Co.22 Vout VS bias volt-
age shown in Fig. 3(f) is slightly asymmetric with respect to the bias
polarity reaching 0.68 V at 300K (0.77V at 5K) at the positive bias
region. The value at 300 K is larger than the values reported in CoFeB/
MgO/CoFeB MTJs: 0.38™ and 0.56 V.”* For our definition, V,, at low
bias regions nearly follows the line that assumes an infinite TMR
(dashed—-dotted line) due to the observed large TMR ratio.

Figures 4(a) and 4(b), respectively, show the TMR ratio and RA
in the P and AP states at RT for the MTJs with dpor.core =16 ML,
diop-core=4 ML, and dyg=0.6nm as a function of dygo (|V]
< 10mV). To obtain consistent plots, we measured the MTJ series
along the x-direction of the wafer (MgO wedge direction) at the same
y position [Fig. 1(b)]. From Fig. 4(a), the TMR ratio increased rapidly
for dyigo > 1.2nm and showed significant oscillation with dye0. The
oscillation period was approximately 0.32 nm, which was almost iden-
tical to the values in Fe/MgO/Fe.'”” The maximum PV difference of
141% is larger than previous reports.””"”*° Suppression of the oscilla-
tion toward a thicker barrier is attributed to the deviation from the
optimum interface condition due to the use of the constant
dpig= 0.6 nm for the entire wafer. A 0.9-nm period oscillation, which
was reported by Matsumoto et al,” was not observed in our MTJs.

D
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N
o
o

N
o
o
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RA (Q-um?)

RA/exp(atBy dygo)

dMgO (nm)

FIG. 4. dy4o dependences of (a) TMR ratio and (b) RA for P and AP states at RT.
(c) and (d) Background corrected RA plots for P and AP states, respectively, with
= (P, AP).
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Notably, the significant TMR and RA reduction for dy;;o < 1.3nm
in Fig. 4 is mainly because the MTJ resistances in the low dyg0 region
(less than a few Q) are too small to neglect the effect of the electrode
resistance (several Q). In fact, a CIPT result at dy,o ~ 1.25nm
(RA =69 Q-um?) showed a TMR ratio of 348%, which is larger than
the value of a microfabricated pillar (~270%).

From Fig. 4(b), the plots of In(RA) show a linear increase for
both P and AP states in a dyj,o range of 1.4-2.8 nm. The oscillatory
components of the RAs were extracted by the slope-correction of the
In(RA) plots.'>**"" Here, RA,, was fitted by exp(tedngo + Po), where
o, and f3, are the fit parameters and ¢ = AP or P. We obtain the
slopes op =6.159 and axp=6.145 nm ! by fits, indicating that the
slopes are nearly identical. Figures 4(c) and 4(d) show the extracted
oscillatory components, RAs/exp(dsdygo + Ps), for the AP and P
states, respectively. Note that scattering is likely caused by minor dam-
age to the respective MT] pillar during microfabrication. Both the
plots show significant oscillatory behavior with dy,0, which deter-
mines the TMR oscillations. Their periods are similar to the previous
experimental values for different MTJs with bec-structured electrodes
(0.30 = 0.02 nm).”>** Notably, the oscillations no longer follow a sim-
ple sine curve, as observed in the Fe/Mg,Al-O,/Fe MTJs.'

In summary, we observed a giant TMR ratio of up to 631%
(1143%) at RT (10K) in a CoFe/MgO/CoFe(001) MTJ. The giant
value is attributed to improved (001)-orientation and MgO barrier
interface crystallinity by introducing ultrathin Mg and CoFe insertion
layers and controlling the oxidation states. Furthermore, the observed
TMR ratio showed a significant oscillatory behavior as a function of
drigos the oscillation PV difference reached 141% at RT. The giant
TMR ratio and its significant oscillation could be correlated due to
common underlying physics. Although we observed a large TMR ratio
and its oscillation, asymmetric bias voltage dependences were still
observed, indicating that further improvement in the RT-TMR ratio is
expected if more symmetric characteristics are achieved by tuning bar-
rier interfaces such as improving the interface crystallinity by nanoin-
sertions and using the lattice-matched barrier, e.g., MgALO,.
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