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We study the voltage control of perpendicular magnetic anisotropy in an ultrathin Fe layer sandwiched
between the Cr buffer and MgO tunneling barrier layers. A high-interface magnetic anisotropy energy of
2.1 mJ/m? is achieved in the Cr/ultrathin Fe/MgO structure. A large voltage-induced perpendicular magnetic
anisotropy change is observed under the negative-bias voltage applications for the case of the Fe layer thinner
than 0.6 nm. The amplitude of the voltage-induced anisotropy energy change exhibits a strong Fe-thickness
dependence and it reaches as high as 290 fJ/Vm. The observed high values of the surface anisotropy and
voltage-induced anisotropy energy change demonstrate the feasibility of voltage-driven spintronic devices.
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I. INTRODUCTION

Voltage control of magnetic anisotropy (VCMA) in
ferromagnetic metal films is a promising technology for
the low-power manipulation of spin [1-22]. Because of
screening by free electrons, the penetration of the electric
field into a metal is limited to the surface, unlike in the case
of a semiconductor [23]; therefore, the realization of the
VCMA effect has long been considered to be impractical.
However, very recently, the VCMA effect has been
demonstrated in an all-solid-state device using an ultrathin
3d transition ferromagnetic metal with a thickness of
the order of a few atomic layers [2]. The demonstration
of a substantial voltage-induced anisotropy change in an
MgO-based magnetic tunnel junction (MTJ) [10,11] pro-
duced a great impact. It has led to the demonstration of
voltage-induced ferromagnetic resonance excitation
[24,25] and dynamic magnetization switching driven solely
by the application of a voltage [26,27] or with the addi-
tional assistance of the spin-transfer torque [28,29]. This
progress shows the feasibility of voltage-based spintronic
devices, such as voltage-torque magnetic random access
memory (MRAM).

Several possible physical origins of the VCMA effect
have been discussed. A charge accumulation at a metal-
barrier interface is the most probable reason of the VCMA
effect. The charge accumulation or depletion may affect the
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spin-dependent screening at the interface [30], resulting in
the change in band structure [31] and the electronic
occupancy of 3d orbitals [32]. The charge accumulation
or depletion can induce the perpendicular magnetic
anisotropy (PMA), because of the modification of the
spin-orbit interaction at an interface. Recently, other
possible origins, such as the voltage-induced redox reaction
[33,34], the electromigration [14], the piezoelectric effect
[19], and the Rashba effect [35,36] are also being dis-
cussed. Actually, simultaneous contributions to the VCMA
effect should be considered. For memory applications, the
VCMA effect should be fast with high writing endurance.
The redox reaction, the electromigration, or the charge-
trapping effects in dielectric materials can cause a sub-
stantial VCMA effect of a few thousands of fJ/Vm
[14,33,37]. However, even if improvements are possible,
the limit of operating speed and the writing endurance in
these cases are still under discussion. In contrast, the
VCMA due to the modulation of the charge accumulation
without charge trapping can be fast. The subnanosecond
modulation of the VCMA effect was already demonstrated
[24-27]. Unfortunately, the presently achieved magnitude
of this type of the VCMA effectis only 100 fJ/Vm [17,21].
Therefore, for practical applications, it is important to
develop materials with a higher magnitude of the
charge-accumulation-based VCMA effect.

The scalability of the VCMA effect is another
critical issue for practical applications. A larger VCMA
effect is required for smaller-size magnetic elements. This
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requirement can be understood as follows. In order to
maintain sufficient thermal stability, a larger PMA is
required for a smaller-size magnetic element. In order to
store data in a magnetic element, its PMA energy should
substantially exceed the energy of the thermal fluctuations.
For example, for a gigabit-class MRAM with the cell size
smaller than 30 nm @, the E,fg.. Value should be in the

range of 0.4-0.6 mJ/m?, where E,, is the PMA energy
and f4 1S the free-layer thickness [38]. Since a substantial
VCMA effect may occur only in an ultrathin film, the film
should have a sufficiently large energy of the PMA. In
order to reverse the magnetization by a voltage in a film
with a larger PMA, the VCMA should be larger as well. In
the case of the dynamic switching, the accurate magneti-
zation switching can occur when the direction of the total
magnetic anisotropy changes from the perpendicular-to-
plane direction to the in-plane direction, or vice versa
[26,27]. It literally means that the VCMA effect needs to
exceed the intrinsic PMA during the switching with an
additional external bias magnetic field, which is required to
exert the voltage-induced torque on magnetization effec-
tively, and also determine the switching speed. For exam-
ple, in order to reverse the magnetization of a film having a
PMA of 0.4-0.6 mJ/m? and 1-1.4 mJ/m?, which corre-
spond to the technology node of 30 nm® and 20 nm® for
MRAM [38], the VCMA should exceed 400-600 fJ/Vm
and 1000 — 1400 fJ/Vm under the assumption of an
applicable electric field of 1 V/nm. The large VCMA
effect is also very important to achieving a low writing-
error rate of the dynamic magnetization switching [39]. It
can be effective not only for the dynamic switching, but
also even when we use it to assist the external magnetic-
field-induced [3,17] or spin-transfer torque-induced switch-
ing [28], although the PMA is not required to be fully
nulled out in these cases. However, as was mentioned
above, the charge-accumulation-based VCMA effect is
limited to be 100 fJ/Vm at present, therefore, it is not
sufficient for these targets.

One of the promising structures, which might have the
required large PMA and VCMA effect, is a Cr/ultrathin
Fe/MgO structure. The large interface anisotropy [40,41]
and the suppression of the surface segregation [42] are the
reasons why the large PMA and VCMA effect might be
expected for this structure.

In this work, we investigate the PMA and the VCMA
effect in an ultrathin Fe layer sandwiched between a Cr
buffer and an MgO barrier layer. We observe the VCMA
effect as high as 290 fJ/Vm and the high-interface
anisotropy energy K;, of 2.1 mJ /m?. In the case of the
Fe layer thinner than 0.6 nm, a linear increase in the PMA
is observed when a negative bias voltage is applied. In
contrast, PMA change deviates from the linear relation
under a positive bias voltage. In addition, the amplitude of
the VCMA effect depends strongly on the Fe thickness,
which cannot be expected from the simple model of a

carrier-mediated effect on the surface anisotropy. The
demonstration of the large VCMA effect in the Fe/MgO
junction offers a path to developing future voltage-driven
spintronic devices.

II. EXPERIMENT

Figure 1 shows a schematic diagram of the MTJ used
in this study. A fully epitaxial multilayer comprising an
MgO seed (3 nm)/Cr buffer (30 nm)/ultrathin Fe (g, =
0.3 —1.0 nm)/MgO (2.3 nm)/Fe (10 nm)/Ta/Ru is
deposited on a MgO(001) single-crystal substrate by
molecular beam epitaxy. Here, the bottom ultrathin Fe
film is the voltage-driven free layer with perpendicular
magnetization and the top 10-nm-thick Fe layer is the
reference layer with in-plane magnetization. The
MgO (001) seed and Cr (001) buffer layers are deposited
at 200 °C followed by annealing at 800 °C. This postanneal-
ing process under the high temperature is crucial to
obtaining the flat Cr buffer and even the high PMA in
the ultrathin Fe layer [41]. The ultrathin Fe-free layer is
grown at a substrate temperature of 200 °C and annealed at
260°C. Then, after cooling the substrate temperature to
70°C, a 2.3-nm-thick MgO(001) barrier layer is deposited
and annealed at 350 °C for the high PMA at the Fe/MgO
interface. The perpendicularly magnetized Fe layer is
obtained even annealed under higher temperatures, how-
ever, the Fe-thickness dependence of PMA became scatter-
ing as observed in the previous study [41], probably
because of the heavy intermixing at the Cr/Fe interface.
Finally, the 10-nm-thick Fe reference layer is deposited at
260 °C and the multilayer is covered by a sputter-deposited
Ta/Ru capping layer. The film is patterned into squares

Ta/Ru cap layers

Fe (10 nm)

MgO (2.3 nm)

Ultrathin Fe (#:.)

Cr (30 nm)

MgO (3 nm)

MgO (001) substrate

FIG. 1. Schematic illustration of epitaxial magnetic tunnel
junctions with an ultrathin Fe layer sandwiched between the
Cr buffer and MgO barrier layers, and RHEED patterns for the
surface of (a) an ultrathin Fe (0.8 nm) layer and (b) a Cr buffer
layer. The incident electron beam is along the Fe[110] and
Cr[110] azimuths. Weak half-order streaks are observed only for
the Cr surface (red arrows).
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with areas of 2 x 6 um? using the optical lithography, ion-
beam milling, and lift-off processes. The tunneling mag-
netoresistance (TMR) is measured using a conventional
direct current two-probe method under in-plane external
magnetic fields (H,,) at room temperature. The polarity of
the bias voltage is defined with respect to the top Fe
electrode. The resistance-area (RA) product of the MTJs is
about 60 kQum?. Because of the high RA value, the
highest used current density is below 2 x 103 A/cm?.

III. STRUCTURAL ANALYSIS AND
MAGNETIC PROPERTIES

The reflection high-energy electron diffraction (RHEED)
patterns for the ultrathin Fe (0.8 nm) and Cr buffer layers
are shown in Figs. 1(a) and 1(b), respectively. The incident
electron beam is parallel to the [110] azimuths of the Cr
and Fe layers. As is observed in the previous work [41],
the half-order streaks, which indicate the formation of a
(2 x 2) reconstructed surface, are observed in the Cr buffer
layer [red arrows in Fig. 1(b)]. However, there is no
reconstruction on the surface of the ultrathin Fe layer.
The (2 x 2) surface reconstruction can be related either
to the presence of carbon [43] or oxygen [41] impurities on
the Cr(001) surface. To clarify the origin of the observed
surface reconstructions, we performed in situ Auger elec-
tron spectroscopy under a primary voltage of 5 kV for the
surfaces of the Cr and ultrathin Fe (0.6 nm) as shown in
Fig. 2. A clear signal from carbon (C) is seen at a kinetic
energy of 275 eV. However, the signal from the oxygen,
which should be at 510 eV, is not observed. It indicates that
the surface reconstruction of the Cr buffer layer is attributed
to the carbon, which can be segregated during the high-
temperature annealing of the buffer layer. We observe a
small signal from carbon even at the surface of the ultrathin
Fe layer, although its intensity is strongly attenuated. It is
difficult to distinguish whether the signal comes from the
surface of the Fe layer or from the Cr buffer layer. Because
the escape depth of the Auger electrons can be a few
nanometers in our measurements, therefore, we might
detect signals from both the ultrathin Fe and Cr buffer
layers. However, it should be emphasized that the ratio of
the C/Cr signal intensities is almost the same in both cases,
about 0.16 for the Cr surface and 0.14 for the Fe surface. If
most of the carbon atoms segregate on the Fe surface, the
C/Cr ratio should increase. Therefore, these results imply
that the carbon contamination mainly exists in the Cr buffer
layer, as expected from the RHEED observation.

Next, we discuss the property of perpendicular magnetic
anisotropy from TMR curves. In this discussion, we take
into account the existence of a magnetic dead layer with
thickness 7; of 0.1 nm, and use the actual thickness,
tre = tre — 4. The t; value is evaluated from the Fe-
thickness dependence of the magnetic moment per area
[see the inset in Fig. 3(c)]. The magnetic moment is
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FIG. 2. Auger spectra obtained at the surface of (a) the Cr buffer
and (b) 0.6-nm-thick Fe layers.

measured by the superconducting quantum interference
device (SQUID).

Figure 3(a) shows an example of the full MR loop
measured under the in-plane magnetic field application for
the sample with 7, = 0.47 nm. Because of a high-interface
anisotropy and a thin thickness, the magnetic easy axis of
the ultrathin Fe layer is perpendicular to the film plane. In
contrast, the magnetization of the top reference Fe layer is
in plane, because of the demagnetization field. Therefore,
two magnetizations are orthogonal under zero magnetic
field. Application of an in-plane magnetic field tilts the
magnetization of the ultrathin Fe layer into the direction of
its magnetic hard axis. As a result of the rotation of the free
layer’s magnetization towards the sample plane, we observe
a gradual reduction in the tunneling resistance with a peak
at zero magnetic field [see the drawings in Fig. 3(a)]. Since
the coercivity of the in-plane magnetized reference layer is
small enough (<100 QOe), it has almost no influence on the
TMR curve. In the case of an out-of-plane applied magnetic
field, the magnetization of only the Fe reference layer
gradually tilts toward the perpendicular direction, so that
the tunneling resistance varies linearly with the magnetic
field. In addition, the existence of the PMA is confirmed by
observing a sharp switching of the ultrathin Fe layer in the
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FIG.3 (a) Full TMR curve for the MTJ with 7, = 0.47 nm measured under in-plane magnetic fields, (b) The normalized TMR curves
as a function of applied in-plane magnetic field measured for different Fe thicknesses. The inset shows the in-plane component of the
magnetization of the ultrathin Fe layer (¢, = 0.57 nm) versus the applied in-plane magnetic fields. The PMA energy is estimated by
calculating the area of the blue-colored part (see text). (c) Fe-thickness dependence of saturation magnetization value M ¢ obtained from
SQUID measurement. The inset shows the Fe-thickness dependence of the magnetic moment per area for the evaluation of magnetic
dead layer thickness #,. (d) The product of the energy of the perpendicular magnetic anisotropy E,., and the Fe thickness tg, as the

o /
function of ..

out-of-plane direction in the case of the perpendicularly
magnetized MTJs (not shown here).

Figure 3(b) shows the 71, dependence of the normalized
TMR curves. Here, we focus only on the negative magnetic
field ranges in order to show the differences clearly. Clear
shifts in the saturation field are observed due to the change
in the interface-induced PMA.

The PMA of the ultrathin Fe layer are evaluated from the
measured TMR curves as follows. The tunneling conduct-
ance G depends on the relative angle (0) between the
magnetizations of the ultrathin and reference Fe layers, i.e.,
G(0) = Goy + (Gp — Gygg) cos 0. Here, Goy and Gp is the
conductance under the orthogonal and parallel magnetiza-
tion configurations. In the case of an in-plane magnetic
field, it could be assumed that the magnetization of the Fe
reference layer always lies in the film plane. Therefore, for
the ultrathin Fe layer, the ratio of its in-plane component of
the magnetization Mj, pine 1O its saturation magnetization
M can be calculated as

_ Rop —R(0)

RP
9 =
COS ( )

Ry —Rp’

(1)

where Rp is the MTJ resistance in the case of parallel
magnetizations measured under the H., = 20 kOe, Ry is
the MTJ resistance in the case of the orthogonal measured
under the zero magnetic field, and R(6) is the MTJ
resistance in the case when the magnetization of the Fe
ultrathin layer is tilted towards the in-plane direction at
angle 6 under an applied in-plane magnetic field. From
Eq. (1), it is possible to evaluate the normalized in-plane
magnetization versus an applied magnetic field (normalized
M-H curve). The inset graph in Fig. 3(b) shows an example
of the normalized M-H curve obtained from the TMR
curve for the MTJ with r, = 0.57 nm under the bias
voltage of 10 mV. Finally, the PMA energy density Epr,
can be evaluated by calculating the M, piae (H) area [see
the blue area in the inset of Fig. 3(b)] with the saturation
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magnetization value evaluated from the SQUID
measurements.

E,rp can be expressed by the phenomenological expres-
sion [44] Eper, = K o/ tr. + Ky, where K is an interface
anisotropy energy and Ky is the volume anisotropy. This
equation means that the anisotropy energy induced by the
interface effect can be evaluated from the plot of E ., 1, as
a function of 7, as an intercept at 7, = 0. Figure 3(d)
shows the dependence of E, ;. on the Fe thickness .
The expected linear relationship between E e, g, and fg, is
observed for ;. > 0.55 nm and the K is estimated to be
(2.1 £0.1) mJ/m?. This value is comparable to the pre-
viously reported one [41]. In the case of Ref. [41], the K o
is evaluated from the E,..,, under the fixed Fe thickness
with the Ky value expected from the saturation magneti-
zation. On the other hand, we could confirm a systematic
Fe-thickness dependence in the thicker Fe-thickness
ranges. It should be noted that the large PMA is not
observed in a Cr/Fe/Cr sandwich structure. For example,
in the case of a Cr/Fe (f;, = 0.5 nm)/Cr structure, a high
perpendicular field of about 15 kOe is required to saturate
the magnetization in the out-of-plane direction (not shown
here). Therefore, the high positive interface anisotropy
observed in our studies is related to the Fe/MgO interface.
The first-principle calculations support these results and
predict that a large interface anisotropy is attributed to the
hybridization of Fe-d., and O-p, orbitals at the Fe/MgO
interface [45-47].

Eperpti, Versus fp, deviates from the linear behavior for
fre < 0.55 nm. There exist several possible origins relating
to this behavior. For example, a reduction in the Curie
temperature due to the limited range of spin-spin interactions
[48] is often discussed, however, we confirm that the
saturation magnetization value took almost a constant value
between 100 and 350 K, even at t{:e < 0.5 nm (not shown
here). Therefore, the observed deviation probably originates
from other influences, such as the magnetoelastic effect [49],
and an intermixing at the Cr/Fe interface, which is evidenced
by the finite magnetic dead layer and lowered Mg value
compared with that of bulk (2.2 T) as shown in Fig. 3(c).
These effects can be influential, especially in the ultrathin Fe-
thickness region. Additionally, carbon contamination at the
Fe/MgO interface can also be responsible. According to the
AES and RHEED studies, we conclude that segregated
carbon exists mainly at the Cr/Fe interface. However, we
cannot yet deny the possibility of a small amount of
contamination even at the Fe/MgO interface, especially in
the ultrathin Fe-thickness region. For example, we observe a
monotonic increase in the coercivity of the perpendicularly
magnetized Fe layer (f,, = 0.4 nm) when the thickness of
the MgO seed layer is increased from 0 to 3 nm (not shown
here). These studies show evidence that finite carbon
contamination can exist at the Fe/MgO interface and its
presence might be crucial for magnetic anisotropy.

IV. VOLTAGE CONTROL OF
MAGNETIC ANISOTROPY

To examine the VCMA effect in the ultrathin Fe layer,
the bias voltage dependence of the TMR curves is studied.
Since both the tunneling resistance and the TMR ratio
strongly depend on the bias voltage, the TMR curves are
normalized using the maximum (H. = 0 Oe) and mini-
mum (H., = 20 kOe) resistances. After the normalizing
process, influences from the bias voltage dependence of
tunneling resistance and MR ratio can be excluded; there-
fore, we can focus only on the VCMA effect. Figure 4
shows the normalized TMR curves [(a)—(c)] and normal-
ized M-H curves [(d)—(f)] measured at different bias
voltages for the case of (a),(d) f, = 0.44 nm; (b),(e)
0.57 nm; and (c),(f) 0.69 nm, respectively. The applied
bias voltage range of V, = 800 mV corresponds to the
electric-field range of £ =V, /ty;,0 = 350 mV/nm. We
observe a clear dependence of the normalized TMR curves
on the applied voltage, indicating a substantial VCMA
effect in the ultrathin Fe layer. The dependence is more
pronounced for the case of a thinner Fe layer. The PMA
energy under each bias voltage condition is evaluated by
the same method, which is described above. The bias
voltage dependence of E,, 1y, as a function of the applied
electric field is summarized in Fig. 4 for (g) #;;, = 0.44 nm,
(h) 0.57 nm, and (i) 0.69 nm, respectively. For the case of
tg. = 0.69 nm, the E,,f.. depends on the applied electric
field almost linearly with the small additional quadratic
term. The slope of the linear term is evaluated to be about
80 fJ/Vm. The linear dependence is also observed for an
Fe alloy/MgO junction in previous works [10,11,17]. A
possible reason for the dependence of the VCMA effect on
the voltage polarity is that the VCMA effect might depend
on whether the electrons are accumulated or depleted at
the Fe/MgO interface, and the electron depletion generally
causes the PMA enhancement. Here, it should be empha-
sized that the observed effect cannot be explained by an
influence of spin-transfer torque (STT). The STT effect can
be more effective with the assistance of the VCMA effect,
even though the flowing current density is much smaller
than the critical current density for STT switching [28].
However, in our experimental configuration, for example,
STT under the negative bias voltage prefers the parallel
magnetization configuration, which should cause the
reduction in the saturation field. This trend is the opposite
of that observed in this study.

Interestingly, for the thinner ranges, we observe a
characteristic behavior in the anisotropy plot. Epenfr,
exhibits a linear increase in the negative bias direction.
On the other hand, unexpectedly, the PMA change deviates
from the linear relation under £ > +90 mV/nm and takes
an almost constant value [see Figs. 4(g) and 4(h)].

Since the VCMA effect is linearly proportional to the
applied voltage in the wide range, the slope of this
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FIG. 4. The normalized TMR curves [(a)—(c)], normalized M-H curves [(d)—(f)] obtained under different bias voltage conditions, and
the summary of estimated Epepfp, as the function of applied electric fields [(g)-(i)] with different Fe thicknesses of (a),(d),(g)
1 = 0.44 nm; (b),(e),(h) 15, = 0.57 nm; (¢),(),(1) 75, = 0.69 nm, respectively.

proportionality can be used to characterize the magnitude
of the VCMA effect. We define this slope as the VCMA
coefficient. Figure 5 shows the VCMA coefficient as a
function of Fe thickness 7. For the samples with
tr. < 0.6 nm, the VCMA coefficient is evaluated in the
electric-field range between —350 and 90 mV/nm.
Unexpectedly, there is a significant dependence of the
VCMA coefficient on the thickness of the Fe layer. It could
be assumed that the magnitude of the VCMA effect is
linearly proportional to the charge accumulation at the
Fe/MgO interface. The classical model of conductivity in
metal limits the size of a charge accumulation to an
infinitely thin region at a metal-dielectric interface. It
means that at any thickness of the Fe, the charge accumu-
lation should be limited only at the interface and the

magnitude of the VCMA effect should not depend on
the Fe thickness. Contrary to the above expectation, the
VCMA coefficient shows a clear increase for 7;;, < 0.6 nm
and it reaches as high as 290 fJ/Vm with the PMA of about
Eperptpe > 0.5 mJ/ m?. For the application purpose of
voltage-induced dynamic switching or voltage-assisted
STT switching, controllability of reduction in the PMA
is desired, while we observe only the enhancement of the
PMA in this study. However, such properties can be useful
for other purposes, such as domain-wall devices [50,51] or
spin-orbit-torque devices [52].

In the following, we discuss the possible origin of the
large VCMA effect observed only under the negative
bias direction and the unexpected Fe-thickness depend-
ence. For example, the voltage-driven redox effect, e.g.,
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FIG. 5. The VCMA coefficient as a function of the Fe thick-
ness. The nonlinear bias voltage dependence is observed for the
Fe layers thinner than 0.6 nm (blue dots) and the linear
dependence is observed for the thicker Fe layers (red dots).

voltage-driven oxygen ion migration into an ultrathin
ferromagnetic metal layer [33], can cause a nonlinear
reduction in the PMA through the oxidation process. A
negatively charged ion of oxygen may diffuse from the
MgO towards the Fe layer under a negative bias (as for
the polarity of the bias defined in our experiment). The
diffusion of the oxygen ion into the Fe layer should assist
the formation of a Fe oxide. As a consequence, in the case
of a negative bias the PMA should be reduced. In our
experiment, we observe a clear enhancement in the PMA
for a negative bias. It indicates that the contribution of the
redox effect can be excluded.

Other possibilities we have to consider are influences of
electromigration and/or charge-trapping effects in the MgO
barrier. For example, misfit dislocations in the MgO thin
film can act as charge-trapping sites [53]. One characteristic
feature of these effects is the delay and/or the hysteretic
behavior of the VCMA effect under the voltage-
sweep measurement. A similar large VCMA effect with
nonlinear voltage dependence is observed in a V /ultrathin
Fe/MgO/Fe junction [14], although the sign of the
VCMA effect is opposite to our results, i.e., the electric
field, which causes the electron depletion, resulted in
the decrease of the PMA in the case of Ref. [14]. The
electromigration or the charge-trapping effect in the MgO
barrier are suggested as the origin, because a very long
transient time is required to saturate the PMA change. To
confirm this property in our samples, we perform
cyclic measurements of the VCMA effect for the MTJ
with 7, = 0.45 nm as summarized in Fig. 6. TMR curves
are measured under each bias condition taking 2 min per
loop. The yellow area shows the initial sweep, which is the
first of the TMR measurements after the sample fabrication.

First Voltage sweep
|
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Py 1300
400f @ 7300
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°

1100
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-200
—1-300
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Bias voltage (mV)

Elect
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FIG. 6. Cyclic measurements of the VCMA effect for the MTJ
with #,, = 0.45 nm. The yellow area shows the result of the
measurement when the voltage is applied to the MTJ for the first
time after the MTJ fabrication. The applied bias voltages are
swept back and forth between V;, = —800 mV and 800 mV 10

times and the value of E 15, is evaluated at each bias condition.

Then, the bias voltage is swept back and forth between
V, = —800 mV and 800 mV ten times and the Epepiy,
value is evaluated under each bias condition. The nonlinear
change in the PMA is well reproduced and neither delay
nor hysteretic behavior are observed, at least in the time
scale of a few minutes. These results imply that the
observed effect does not relate to the high density of
defects in the dielectric material as observed in previous
works [14,37]. On the other hand, a very fast charge-
trapping and detrapping process has been observed even
in the thin MgO barrier in the time scale of the order of
100 ns [54], through much lower density of charge-trapping
sites. Therefore, our demonstrations are not yet enough
to completely rule out the possibility of charge trapping or
small atomic displacement effects in the MgO barrier. We
need to make clear how large those effects can occur in the
single-crystal MgO barrier and if they can interpret the
observed large VCMA effect or not. Further high-speed
experimentation, for example, using the electric-field-
induced ferromagnetic resonance [24,25] is also required.
In addition, it is important to confirm that we have no
chemical reaction at the Fe/MgO interface, for example, by
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using the XMCD measurement under the electric-field
application [55].

The existence of the piezoelectric effect in the MgO
barrier has been confirmed recently by the piezoresponse
force microscopy [19]. The piezoelectric effect can be a
possible reason for the unexpected Fe-thickness depend-
ence of the VCMA effect. However, the reported piezo-
electric effect is symmetrical with respect to the voltage
polarity. On the other hand, the large VCMA effect is
observed only in the negative bias direction in our experi-
ment, therefore, the piezoelectric contribution looks
unlikely as the origin of the observed VCMA effect at
present.

Another intriguing possible origin of the deviation from
the linearity is an influence of interface resonance states in
the Fe layer. It is well known that localized surface states
are formed at the Fe/MgO interface [56]. The first principle
calculations predict that the localized surface states may act
as intrinsic charge-trapping sites and make the reverse point
of the VCMA effect [57]. The VCMA contribution due
to the localized surface states may change its polarity
depending on the energy of the localized states. It should be
noted that the probability of the scattering of an electron
from a localized surface state into a delocalized state of
the conduction electrons is high. Therefore, any delay
of the VCMA response or a hysteretic behavior should not
be expected due to the charge capture on the localized
surface states.

In addition, an influence of Fe and Cr intermixing on the
VCMA effect should be considered [58,59]. The inter-
mixing at the Cr/Fe interface may occur during the
deposition and postannealing process at high temperature.
In our experiment, a notable nonlinear behavior is observed
for . < 0.6 nm. Interestingly, the deviation from the
linear relation in the Epey . also occurred at around the
same thickness. In the case of such a thin layer, partial
alloying or even the existence of a Cr layer, which can
couple with Fe atoms antiferromagnetically, close to the
Fe/MgO interface should affect the electronic structure
chemically and/or elastically [60]. Consequently, it may
result in an unexpected Fe-thickness dependence of the
PMA and the VCMA effects. Systematic investigation by
first-principles calculations would be helpful to make the
origin of the observed behavior clear.

V. CONCLUSION

In summary, we investigate the voltage-induced mag-
netic anisotropy change in an ultrathin Fe layer sandwiched
between the Cr buffer and MgO barrier layers. A high-
interface anisotropy energy of 2.1 mJ/m? is demonstrated
at the Fe/MgO interface. We observe the large VCMA
effect under the negative bias voltage applications for the
case of the Fe layer thinner than 0.6 nm. The VCMA
coefficient increases with decreasing the Fe thickness and it
reaches as high as 290 fJ/Vm. This large voltage effect in

an Fe/MgO junction demonstrates the feasibility of a class
of voltage-controlled spintronic devices, which could be
competitive with the present spin-transfer-torque devices.
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