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We experimentally investigated current-driven oscillation in fully epitaxial Fe(001)/MgO(001)/Fe(001) mag-
netic tunnel junctions (MTJs) to pave the way for a better understanding of why the linewidth (a few hundred
MHz) of microwave oscillation in spin-torque nano-oscillators (STNOs) based on textured MTJs is much
larger than that (smaller than 10 MHz) in STNOs based on current-perpendicular-to-plane giant-
magnetoresistance junctions. The epitaxial Fe/MgO/Fe STNO is a model system for studying the physics of
spin-transfer torque because it has a well-defined single-crystal barrier and electrode layers with atomically flat
interfaces. In the Fe/MgO/Fe STNOs, clear spin-torque-induced switching and spin-torque-induced precession
were observed in epitaxial MTJs. When the initial magnetic alignment was antiparallel and the bias current
exceeded the threshold current, a state in which the spin-torque compensates for the damping, the STNOs
showed a rapid increase in the peak intensity, a redshift of the peak frequency, and a minimum linewidth, all
clear evidence of spin-torque-induced precession above the threshold current. The minimum linewidth of the
STNOs was 200 MHz, which is comparable to that of textured CoFeB/MgO/CoFeB MTJs. This indicates that
the origin of the large linewidth cannot be attributed to structural inhomogeneity in textured MTJs. When the
initial magnetic alignment was parallel, the microwave spectrum showed a single peak, which has rarely been
observed in textured MTJs without application of a perpendicular magnetic field. The mechanism of the
single-peak oscillation can be explained by taking account of the induced perpendicular magnetic anisotropy in

the 3-nm-thick Fe(001) free layer grown on the MgO(001) barrier layer.
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I. INTRODUCTION

A magnetic tunnel junction (MTJ) exhibits the tunneling
magnetoresistance (TMR) effect.' The magnitude of the
TMR is evaluated from the magnetoresistance (MR) ratio,
which is defined as (R p—Rp)/Rp X 100(%), where R,p and
Rp are the tunneling resistances when the magnetizations of
the two electrodes are aligned antiparallel (AP) and parallel
(P). First-principles theory predicted the giant TMR effect in
fully epitaxial Fe/MgO/Fe MTJs with a crystalline
MgO(001) barrier due to coherent spin-dependent tunneling
of the fully spin-polarized A, states.*> In accordance with
this theory, giant MR ratios of up to 410% at room tempera-
ture (RT) have been experimentally achieved in fully epitax-
ial MTJs with a single-crystal MgO(001) barrier®® and in
polycrystalline MTJs with a textured MgO(001) barrier.'
Moreover, a giant TMR effect of up to 600% at RT has been
obtained in CoFeB/textured MgO(001)/CoFeB MTJs!-1? in
which the CoFeB electrode layers are amorphous in the as-
grown state but crystallize in bcc(001) texture by post
annealing.'?

Because CoFeB/MgO/CoFeB MTlJs are highly compat-
ible with processes for manufacturing the read heads of hard
disk drives and magnetic random memories,'? this MTJ
structure is the mainstream technology for device applica-
tion. Spin-transfer torque'4~!'7 has also been experimentally
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investigated using CoFeB/MgO/CoFeB MTJs.!82* On the
other hand, fully epitaxial MTJs with a single-crystal
MgO(001) barrier are a model system for investigating the
physics of spin-dependent tunneling transport because of
their well-defined crystal structure and magnetic properties.
In addition to the giant TMR effect, epitaxial MTJs exhibit
various novel phenomena such as oscillation of the TMR
with respect to the tunneling barrier thickness (fyg0), an in-
trinsic interlayer exchange coupling mediated by spin-
polarized tunneling electrons, and complex spin-dependent
tunneling spectra.”'32-30 However, there are no reports of
epitaxial MTJs being used in experimental studies of spin-
torque-induced phenomena.

The spin-transfer torque in MTJs can induce various
phenomena such as magnetization switching,'8-?° the spin-
torque diode effect (spin-torque-induced ferromagnetic
resonance),” "> and spin-torque-induced oscillation.?* The
nanosized MTJs for the oscillation experiments are called
“spin-transfer nano-oscillators (STNOs).”!73! These experi-
mental studies have been performed by using 100-nm-sized
CoFeB/MgO/CoFeB MTlJs. Although such MTJs are well
suited for demonstrating the spin-torque-induced phenom-
ena, the inhomogeneous crystalline structure of the textured
MTJs makes it difficult to understand the detailed mecha-
nism of the phenomena. One of the most fundamental ques-
tions is why the linewidth (a few hundred MHz) of spin-
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torque-induced oscillation observed in CoFeB/MgO/CoFeB
MTIJs (Refs. 24, 32, and 33) and Al-O-based MTJs (Ref. 34)
is much larger than that (smaller than 10 MHz) in current-
perpendicular-to-plane giant-magnetoresistance (CPP-GMR)
junctions.!”3! This large linewidth is a serious problem for
practical application of STNOs although the microwave
power of MgO-based MTJs is more than 1000 times that of
the CPP-GMR junctions.

Before this problem can be overcome, the origin of the
large linewidth needs to be clarified. One possible origin is
the spatial distribution of the bias dc current (/) in the junc-
tion. In the case of the CPP-GMR junction whose spacer
layer is metal, the current density (J) is almost homogeneous
at any point in the junction even if the spacer layer is inho-
mogeneous. In an MTJ, on the other hand, the spacer layer is
insulating. If the insulating tunnel barrier layer has an inho-
mogeneous thickness or crystal condition, the current density
may be inhomogeneous, which can cause enhancement of
the linewidth.

Fully epitaxial MTJs are suitable for clarifying whether
the large linewidth originates from structural inhomogeneity
in MTJs or from more intrinsic mechanisms, for the follow-
ing reasons. In textured CoFeB/MgO/CoFeB MTIs, the
MgO tunnel barrier layer has grain boundaries.'>* In fully
epitaxial Fe/MgO/Fe(001) MTIJs, on the other hand, the
MgO(001) layer has a uniform single crystalline structure
without grain boundaries, and the Fe(001)/MgO(001) inter-
faces are atomically flat.”3¢ Furthermore, textured CoFeB
electrodes have spatial distribution of magnetocrystalline an-
isotropy while single-crystal Fe(001) electrodes have well-
defined four-fold magnetocrystalline anisotropy. By exploit-
ing the interplay between the magnetocrystalline anisotropy
of Fe and the spin-transfer torque, Lehndorff et al.’” investi-
gated the angular dependences of CPP-GMR and spin-
transfer torque.

For MgO-based MTJs to exhibit spin-torque-induced
switching (ST switching) and precession (ST precession),
they must have a high MR ratio and an ultralow resistance-
area (RA) product. Such ultralow RA MTJs were originally
developed for the read heads of hard disk drives. For tex-
tured CoFeB/MgO/CoFeB MTIJs with an MgO thickness
(tmgo) of 1.02 nm (1.05 nm), Nagamine et al.3® reported an
ultralow RA of 0.4 Q um?, (1.1 Q um?), and a high MR
ratio of 57% (119%) at RT. It should be noted here that the
MTJ with a tye0 of 1.02 nm exhibited mixed tunneling and
metallic transport while the MTJ with a fy,o of 1.05 nm
exhibited clear tunneling transport.>® Clarifying the basic
transport properties before carrying out experiments on ST
precession is therefore important.

In this paper, we report the first successful demonstrations
of ST switching and ST precession in fully epitaxial Fe/
MgO/Fe(001) STNOs having an ultralow RA product and
discuss their detailed mechanisms. We first describe the basic
transport properties of the MTJs in Sec. III A and discuss the
hvgo dependence of the transport mechanism. Then we de-
scribe and discuss the spin-torque-induced phenomena
through funneling transport in fully epitaxial Fe/MgO/
Fe(001) STNOs in Sec. III B.
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FIG. 1. Cross section of fully epitaxial magnetic tunnel junction
(MTYJ) films: (a) Fe/MgO/Fe MTJ for magnetotransport experiment
and (b) Fe/MgO/Fe MT]J for spin-torque experiment.

II. EXPERIMENTAL

High-quality fully epitaxial Fe/MgO/Fe(001) MTJ films
with an ultrathin MgO layer, grown using molecular beam
epitaxy (MBE) growth, were fabricated into nanopillars us-
ing microfabrication techniques (electron-beam lithography
and Ar-ion milling). In this section, we describe the fabrica-
tion of the epitaxial MTJs used for the (A) transport experi-
ment and (B) spin-torque experiments.

A. Fully epitaxial MTJs with wedge-shaped ultrathin
MgO(001) layer for transport experiment

Cross section of the MTJ films used for the transport ex-
periment is shown schematically in Fig. 1(a). It had a wedge-
shaped MgO layer and the layers up to the top bce Fe(001)
electrode were grown epitaxially on a MgO(001) single-
crystal substrate. The high-quality ultrathin MgO(001) tunnel
barrier was prepared on bec Fe(001) using layer-by-layer ep-
itaxial growth. The fy,o was varied from 0.3 to 1.8 nm.
Because the wedge-shaped MgO layer was grown on the
same substrate, the relative experimental error in fy,o be-
tween MTJs on the same substrate was negligibly small.'3
The growth conditions for the epitaxial bcc Fe/MgO/Fe
MTJs were the same as previously reported.”->> In each MT]J,
the Fe(001) top electrode was exchange biased by an antifer-
romagnetic Ir-Mn layer, which was deposited by rf sputtering
at RT.

In the microfabrication process, the films were etched
down to the bottom Fe(001) layer to form nanosized MTJs.
The etching method used resulted in the junctions being
slightly larger than designed owing to tapering of the side
wall [see Fig. 4(a)]. The designed junction sizes was
200 nm X400 nm, while the actual junction size after etch-
ing were 220 nm X420 nm, as estimated from scanning
electron microscopy images.

The MR ratio and RA product were measured using an ac
four-probe method. The typical applied ac excitation was
around 1 mV,, at 97 kHz. The measured resistance of the
MT]Js included the parasitic resistance of the Au cap layer
and Ir-Mn layer, which was serially connected to the net
resistance of the MTJ. The estimated parasitic resistance was
about 0.08 Q) um?.

B. Fully epitaxial Fe/MgO/Fe MTJs for spin-torque
experiment

A cross section of the MTJ film used in the spin-torque
experiment is shown schematically in Fig. 1(b). The growth
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conditions for the bottom Fe layer and MgO barrier layer
were the same as described above. The top Fe layer (3.0 nm),
which acts as a free layer of a pseudospin-valve MTJ, was
grown at RT to prevent island growth on the MgO layer as
much as possible. The 3-nm-thick Fe layer showed a square
magnetic hysteresis loop, indicating the formation of a con-
tinuous Fe layer on the MgO [see Fig. 4(c)]. The MTJ film
was microfabricated into STNOs with a nominal junction
area of 50 nmX 150 nm (actual junction area of 70 nm
X 170 nm) with the long sides along the Fe(100) easy axis.
An external magnetic field (H,,,) was applied to the long side
of the junction for the measurements described in Sec. III B.
The temperature dependences of Rp and R,p were measured
using the dc two-probe method. The ST switching and pre-
cession properties were investigated at RT. In this paper, a
positive bias means that electrons flow from the bottom elec-
trode to the top electrode.

To evaluate the saturation magnetization (M) of the
3-nm-thick Fe grown on the MgO precisely, we also depos-
ited fully epitaxial Cr(50 nm)/MgO(1.06 nm)/Fe(001) (3
nm)/Ru film on a MgO(001) substrate. We measured the
magnetization curves of the film at RT by applying H,,, par-
allel and perpendicular to the film plane using a supercon-
ducting quantum interference device (SQUID) magnetometer
and observed that its M, was 1430 emu/cm?®. We also found
that Fe(001) (3 nm) on MgO(001) has a perpendicular aniso-
tropy (K,) of 3.6 X 10° erg/cm? in addition to the shape an-
isotropy of the plain film (i.e., the effect of demagnetization
energy). Note that the Fe layer is in-plane magnetized in a
zero magnetic field because the shape anisotropy is larger
than the induced K,. The effect of the perpendicular aniso-
tropy on spin-torque-induced oscillation is discussed in Sec.
1B 2.

III. RESULTS AND DISCUSSION

A. Transport properties of fully epitaxial MTJs with ultrathin
MgO(001) tunnel barrier

The #\iy0 dependence of the RA product for the epitaxial
Fe/MgO/Fe MTJs is plotted in Fig. 2(a). For fy;,0>1.0 nm,
the RA product increased exponentially as a function of fy;e0,
which is a characteristic of ideal tunnel junctions. The fitting
to the exponential increment is represented by the dotted
line. For 0.7 nm<fy,0<1.0 nm, the RA product decreased
more rapidly than the exponential decrease. For fy,0
<0.5 nm, the RA approached a constant value correspond-
ing to the parasitic resistance noted above.

The f\,0 dependence of the MR ratio for the Fe/MgO/
Fe(001) MTJs is plotted in Fig. 2(b). For 0.8 nm<tygq
<1.0 nm, the MR ratio rapidly decreased. This corresponds
to the rapid decrease in RA for fy;,0<<1.0 nm. It should be
noted, however, that the MR ratio took a local maximum at
tmg0=0.6 nm [indicated by the arrow in Fig. 2(b)], at which
point a high MR ratio of up to 16% at RT and an ultralow RA
of 0.19 Q um? were obtained at the same time. The origin
of the MR enhancement at fyj,0~ 0.6 nm is discussed in the
next paragraph.

To investigate the transport mechanism at various fy,0,
we measured the temperature dependence of the RA product
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FIG. 2. (a) Dependence of resistance-area (RA) product and (b)
MR ratio on thickness of MgO(001) barrier layer (fyip0) for Fe/
MgO/Fe MTJs at room temperature (RT). (a) Open and solid circles
represent P and AP states, respectively. Dotted line represents linear
relationship between #y;,0 and log(RA) for P state. (b) Arrow indi-
cates Fe/MgO/Fe MTJ with RA product of 0.19 Q um? and MR
ratio of 16%.

and MR ratio. The temperature dependence of the RA prod-
uct for the P state is a good criterion for determining the
transport mechanism. If the transport mechanism is tunnel-
ing, the RA product should be nearly independent of tem-
perature or should decrease with increasing temperature. If
metallic transport is dominant, the RA product should in-
crease with temperature. For fy;,0>1.0 nm, the RA product
for the P state was nearly independent of temperature, as
shown in Fig. 4(b), clearly indicating that the transport
mechanism was tunneling. For #;,0<<1.0 nm, on the other
hand, the RA product increased with temperature while the
MR ratio decreased with increasing temperature, as shown in
Fig. 3. This indicates that metallic transport was dominant in
these junctions. In the junctions with fy;,0<<1.0 nm, the me-
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FIG. 3. Temperature dependence of (a) junction resistance and
(b) MR ratio for Fe/MgO/Fe MTJ exhibiting RA product of
0.19 Q um? and MR ratio of 16% at RT. Open and solid circles in
(a) represent P and AP states, respectively.

174405-3



MATSUMOTO et al.

tallic transport is considered to take place through locally
conductive paths in the MgO layer. A previous
investigation®® of the local transport property of ultrathin
MgO(001) layers by in sifu scanning tunneling microscopy
revealed that the MgO layer thinner than 4 monolayers (ML)
shows a metallic transport property while that 4 or more ML
thick acts as a tunnel barrier. A thickness of 1.0 nm corre-
sponds to 4.7 ML, which is a mixture of 4- and 5-ML-thick
MgO if the layer-by-layer growth of the MgO was perfect.
Imperfect layer-by-layer growth results in spatial thickness
variation, so there are points at which the MgO layer is thin-
ner than 4 ML. Such points are considered to be the origin of
the observed metallic transport for fy;,0<<1.0 nm. A junction
with such a layer has locally conductive paths in the insulat-
ing layer and is called a “current-confined-path (CCP)
current-perpendicular-to-plane (CPP) giant-magneto-
resistance (GMR) junction.”*® The enhancement of MR at
Imeo~ 0.6 nm is considered to be a similar effect as mea-
sured in CPP-GMR films with a CCP nano-oxide layer
(NOL). It should be noted that, however, the observed MR
ratio of 16% at the ultralow RA of 0.19 Q um? is much
higher than the MR ratios of conventional CCP-CPP-GMR
junctions.*! In this study, the MTJs with a fyj, of 1.06 nm,
which clearly exhibited tunneling transport, were used for
the ST switching and precession experiments.

B. Spin-torque-induced phenomena in fully epitaxial
MgO-based MTJs

1. Basic magnetotransport properties of STNOs

Typical values of the MR ratio and Rp of the fully epitax-
ial Fe/MgO/Fe STNOs fabricated on one substrate were re-
spectively 90%-100% and 300—350 () at RT and a low bias
voltage of +5 mV. The temperature dependence of the RA
product shown in Fig. 4(b) clearly indicates that the transport
mechanism was tunneling. A cross section of a STNO is
shown schematically in Fig. 4(a). The bottom Fe electrode
layer was intentionally overetched by about 1 to 2 nm. This
resulted in a stray magnetic field around the bottom Fe elec-
trode, which acted on the top Fe electrode; the effect of this
field is explained later. Because the over etching was mini-
mal, the bottom Fe layer remained a continuous film with a
volume of 2 cm X2 cm X 98-99 nm. This volume was sig-
nificantly larger than that of the top Fe electrode (70 nm
X 170 nm X 3 nm), so the magnetization of the bottom elec-
trode was not affected by the stray field from the top Fe
electrode or by the spin-transfer torque. The magnetization
of the bottom electrode depended solely on the external mag-
netic field, H.,.. When an H, higher than the coercive field
of the bottom electrode (~20 Oe) was applied along the
in-plane easy axis of the electrode, its magnetization was
aligned parallel to H,,,.. The magnetization of the top elec-
trode, on the other hand, was affected by other factors such
as the stray field from the bottom electrode, the spin-transfer
torque, and the in-plane demagnetization field due to the el-
liptical shape. Thus, the top electrode acted as a free layer in
the ST switching and precession experiments.

The stray magnetic field from the bottom electrode acting
on the top one was used to create the AP state at a low H.y,.
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FIG. 4. (Color online) (a) Schematic illustration representing
cross section of Fe/MgO/Fe STNO. Thick white arrows edged with
blue represent magnetizations of top and bottom Fe layers. Thin
purple arrow represents external magnetic field (H.,,). (b) Tempera-
ture dependence of junction resistance for Fe/MgO/Fe STNO for P
state (open circles) and AP state (solid circles). (¢) Minor hysteresis
loop of Fe/MgO/Fe STNO measured at constant bias current (I;.) of
+100 A at RT. Thick black arrows represent H,,, of +167 Oe and
+301 Oe at which points ST precession experiment was conducted.
Thick white arrows represent magnetic alignment of MTJ under
application of H.,, the direction of which is represented by thin
purple arrow.

The minor hysteresis loop of a STNO measured at a constant
bias current of +100 wA and at RT is shown in Fig. 4(c).
Under H,,, larger than 20 Oe as well as all over the range of
H., shown in Fig. 4(c), the magnetization of the bottom
electrode was always aligned parallel to H,,,. The minor loop
of the top electrode showed a shift due to antiferromagnetic
dipolar coupling between the top and bottom electrodes in-
duced by the stray field. It should be noted that the top elec-
trode showed the other minor hysteresis loop at around
—200 Oe because the STNO was a pseudospin valve one
without an exchange-bias layer. The magnetization loop was
symmetric with respect to H,,,. In the spin-torque experi-
ments, we used the minor loop in the positive range of H,,;.

2. ST precession

To determine whether the magnetization of the top elec-
trode of the STNO was affected by the spin-transfer torque,
we performed an ST switching experiment in which we mea-
sured the resistance (R)—pulse current (I) characteristics. To
facilitate switching from the P to the AP state, we applied
H_,, which shifted from the center of the loop toward the
switching field from the P state to AP state. The STNOs
exhibited clear ST switching at pulse currents of —0.8 mA
(Ipoap) and +0.8 mA (Ixp,ep) and a pulse width (z,) of 10
ms. We estimated the intrinsic switching current density (J,)
and thermal stability factor (A=E/kzT; where E represents
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the energy barrier that the magnetization of the free layer
must overcome during magnetization reversal) by measuring
the #, dependence of the switching current density (/) and
fitting the plots to the thermally activated model.*>~** Typical
values of the J,, and A of the fully epitaxial Fe/MgO/Fe
STNOs fabricated on the same substrate were 2
X 107 A/cm? and 30, respectively. The J, of the Fe/MgO/
Fe(001) MTIJs is larger than that of CoFeB/MgO/CoFeB
MT]Is having the same free layer thickness because the M of
3-nm-thick Fe (1430 emu/cm?®) is larger than that of 3-nm-
thick CoFeB (~1100 emu/cm?).!8 After measuring these
switching properties in each MTJ fabricated on the same
substrate, we conducted an ST precession experiment.

For an H,,, of +167 Oe [indicated by thick black arrow in
Fig. 4(c)], where the initial MTJ state is AP, the STNO ex-
hibited ST precession. A typical microwave spectrum is
shown in the inset of Fig. 5(a). When the initial state was AP,
the spectrum showed a main peak and small satellite peaks.
The main peak is considered to be a center mode, which
corresponds to the precession at the center of an elliptical
junction.?*3? The small satellite peaks are considered to be
edge modes, which have been observed in textured CoFeB/
MgO/CoFeB MTJs.?*32

Figure 5 shows the bias current dependence of (a) the
peak intensity, (b) frequency, and (c) linewidth of the center
mode. In the AP state, application of a positive I, resulted in
(a) a significant increase in the peak intensity, (b) a signifi-
cant redshift of the peak frequency, and (c) a local minimum
of the linewidth, all clear evidence of ST precession above
the threshold current (I;,).*> The I,;, above which ST preces-
sion takes place can be estimated from the current at which
the linewidth extrapolates to zero because the spin-torque
compensates for the damping.?**> In this STNO exhibiting
the properties shown in Fig. 5, I; was estimated to be
+0.88*+0.32 mA. The regime below [I;;, where the linewidth
decreases linearly is associated with thermally excited ferro-
magnetic resonance (TE-FMR) noise.*> The minimum line-
width of the fully epitaxial STNOs was 200 MHz, which is
comparable to that of textured CoFeB/MgO/CoFeB
MTJs. 2432

For an H_,, of +301 Oe [indicated by thick black arrow in
Fig. 4(c)], where the initial MTJ state is P, the STNO exhib-
ited a slightly different behavior. A typical microwave spec-
trum is shown in the inset of Fig. 6(a). The single peak is
attributed to homogeneous oscillation inside the Fe(001) free
layer. The single-peak oscillation for the initial P state was
very reproducible. It was observed for all H, and all bias
currents at which oscillation took place. It should be noted
here that such a single-peak spectrum has rarely been ob-
served in textured CoFeB/MgO/CoFeB MTlJs unless a per-
pendicular magnetic field was applied.>*3?

Figure 6 shows the bias current dependence of (a) the
peak intensity, (b) frequency, and (c) linewidth of the single
peak. In the P state, application of a negative /4 resulted in
(a) an increase in the peak intensity, (b) a redshift of the peak
frequency, and (c) a decrease in the linewidth. In the initial P
state, however, we did not observe a clear threshold for ST
precession because the applied current was smaller than Iy,.
The measured spectra are related to TE-FMR enhanced by
spin-torque.>* Extrapolation of the linewidth—I,, relation-
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FIG. 5. (Color online) Current-driven oscillation and spin-
torque-induced precession in Fe/MgO/Fe STNO at in-plane H, =
+167 Oe where initial state of MTJ is AP. I;. dependence of (a)
peak intensity, (b) frequency, and (c) linewidth. Inset in (a) is mi-
crowave spectrum at I4.=+0.80 mA. Gray line in (c) is linear ex-
trapolation of linewidth used to evaluate threshold current (1y,). Col-
ored area above Iy, represents spin-torque-induced precession (ST
precession) regime and unpigmented area below Iy, represents TE-
FMR regime.

ship resulted in an estimated [, of —4.3 £0.7 mA. This large
threshold current /;, observed in the P state mainly originates
from the fact that in this case the applied H,,, of +301 Oe
inhibits the magnetization motion (while in the case of the
AP state H.,=+167 Oe favors magnetization dynamics) as
can be seen in Fig. 4(c). The linewidth for the initial P state
was also comparable to that of textured CoFeB/MgO/CoFeB
MTJs. 2432

These results clearly indicate that the origin of the large
linewidth cannot be attributed to structural inhomogeneity in
textured MTJs. In all-metallic devices, smaller linewidths
have been measured (<10 MHz). It is therefore a key point
to understand the difference between the MTJs and metallic
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FIG. 6. Current-driven oscillation in Fe/MgO/Fe MTJ at in-
plane H,,=+301 Oe where initial state of MTJ is P. Bias current
dependence of (a) peak intensity, (b) frequency, and (c) linewidth.
Inset in (a) is the microwave spectrum at 73.=—0.80 mA. Gray line
in (c) is a linear extrapolation of linewidth used to evaluate /. The
data shown in Fig. 6 are in TE-FMR regime.

systems that gives rise to these very distinct coherence times.
The possible origins of the large linewidth are discussed be-
low. First, MR ratio in MTJs is much larger than in metallic
systems. Therefore, significant spatial fluctuations of the cur-
rent and/or its spin polarization can generate an additional
magnetic noise through the spin-transfer torque. This deco-
herence mechanism is expected to be larger at low tempera-
ture where the TMR ratio is also larger. It has been recently
demonstrated by studying the temperature dependence of the
linewidth in CoFeB/MgO/CoFeB that this effect is not
predominant.>? This latest study has also shown that a spin-
torque-induced white noise generates magnetization chaoti-
zation. Second, the large linewidths observed in epitaxial
MgO MTlIs definitely rule out the effect of the spatial inho-
mogeneities of the current paths as the major source of
chaos. The last main difference between spin-transfer oscil-
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lators based on MTJs and metallic systems is the amplitude
of the injected /;.. In metallic devices, a large /. is injected,
creating a strong Oersted field, which plays a key role in the
selection of the excited mode.** The low Oersted field in
MT]Js is unable to pin the magnetization at the edges of the
junction, possibly inducing complex dynamics of the mag-
netic system and incoherent magnetic modes. Recently, spin-
transfer-induced vortex oscillations in MTJs showing low
linewidths (~1 MHz) have been reported.*” In this case, the
vortex mode is stabilized by the circular shape of the free
layer and by the Oersted field. This latest result, proving that
the linewidth is particularly mode dependent, supports the
conclusion that the large linewidths related to uniform mag-
netization precessions in MTJs find their origin in the chao-
tization of this mode.

The origin of the observed single-peak oscillation is dis-
cussed below. A similar single-peak oscillation has been ob-
served when a perpendicular magnetic field was applied to
textured CoFeB/MgO/CoFeB MTJs.*® A perpendicular mag-
netic field is considered to reduce the effect of the distribu-
tion of the demagnetization field (Hy) in the free layer, so
the free layer is considered to generate the single-mode os-
cillation. As mentioned in Sec. II B, a 3-nm-thick Fe free
layer grown on a MgO(001) barrier layer has a relatively
large perpendicular magnetic anisotropy (K,) of 3.6
X 10 erg/cm’. Because this K, is still smaller than the
shape anisotropy of the free layer, which is —277M§=—1.2
X 107 erg/cm?, the free layer exhibits in-plane magnetiza-
tion. If the effect of this perpendicular anisotropy on ST
precession was equivalent to that of a perpendicular field, the
observed single-peak oscillation would be explained by the
same mechanism. To clarify the effect of perpendicular an-
isotropy, we investigated the H,,, dependence of the TE-
FMR peak frequency (f). The H,, dependence of f is
shown in Fig. 7. The plot points were fitted to the Kittel
formula [Eq. (1)].%°

f2 = 4;62 (Hext +H, _Hperp)(Hext + Hshift)
-~ ﬁ(Hd_Hperp)(Hext+Hshifl)' (1)

174405-6



SPIN-TORQUE-INDUCED SWITCHING AND PRECESSION...

The Vre, Hexs Hperp, and Hyie denote respectively the gyro-
magnetic ratio of Fe at RT (yp./27m=2.926 GHz/kOe),*>
the in-plane external field, the perpendicular anisotropy field
induced by K, and the in-plane stray magnetic field from the
bottom Fe layer. For H.,=0, which corresponds to zero
perpendicular anisotropy, the fitting yields unreasonably
small Hy and M, (Hy=4mM,) of 3.2 kOe and 250 emu/cm?,
respectively. Fitting the plot points to the Kittel formula by
taking account of the perpendicular magnetic anisotropy
gives reasonable H; and M, of 11 kOe and 900 emu/cm?,
respectively. Although this M| is still smaller than the M,
obtained by SQUID measurement (1430 emu/cm?), the dif-
ference is considered to be mainly due to the reduced demag-
netizing factor because of the microstructuring®' and the ex-
perimental error in K. Thus, the perpendicular anisotropy is
considered to have the same effect as a perpendicular mag-
netic field and thus produce single-mode oscillation. As an
origin of perpendicular anisotropy, the uniaxial strain associ-
ated with the epitaxial growth of Fe(001) on MgO(001) can
be considered because the lattice mismatch of 3.6% is not
negligibly small. Another possible origin of perpendicular
anisotropy is the interfacial coupling between O and Fe
orbitals.”> However, the detailed mechanism of the induced
perpendicular anisotropy is not clear at present.

IV. SUMMARY

We investigated spin-torque-induced oscillation in fully
epitaxial Fe(001)/MgO(001)/Fe(001) MTJs to identify the
origin of the large linewidth of microwave oscillation in
STNOs based on MTJs. We fabricated fully epitaxial
Fe/MgO/Fe MTJ film with fyj,0 of 1.06 nm into STNOs with

PHYSICAL REVIEW B 80, 174405 (2009)

a lateral size of 70 nmX 170 nm. The STNOs exhibited
clear tunneling transport with a MR ratio of 90%—-100% and
a junction resistance of 300-350 () for P state at RT. The
3-nm-thick top Fe electrode of the STNO acted as a free
layer while the 100-nm-thick bottom Fe electrode acted
as a reference layer. Clear ST switching in epitaxial MTJs
was observed. The J,, and A were estimated to be
2X 107 A/cm? and 30, respectively. The epitaxial STNOs
also exhibited ST precession. When the bias current ex-
ceeded the I, the STNOs showed a rapid increase in the
peak intensity, a redshift of the peak frequency and a mini-
mum of the linewidth, all clear evidence of ST precession
above the I;. The minimum linewidth of fully epitaxial
STNOs was 200 MHz, which is comparable to that of tex-
tured CoFeB/MgO/CoFeB MTIJs. This indicates that the ori-
gin of the large linewidth cannot be attributed to structural
inhomogeneity in textured MTJs. When the initial magnetic
alignment was P state, the spectrum showed a single peak,
which has rarely been observed in textured MTJs unless a
perpendicular magnetic field was applied. The mechanism of
the single-peak oscillation can be explained by taking ac-
count of the induced perpendicular magnetic anisotropy in
the 3-nm-thick Fe(001) free layer grown on the MgO(001)
barrier layer.
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