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Magnetization reversal assisted by the inverse piezoelectric effect
in Co-Fe-B /ferroelectric multilayers
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We investigate magnetization reversal assisted by electric fields in a CoyoFes9B,o/Co/Pd multilayer with
soft perpendicular anisotropy deposited onto an epitaxial piezoelectric layer. Both the nucleation and depinning
magnetic fields show a strong reduction of up to 30% under the application of an electric field. These results
show good prospects for assisting the switching processes in ultra-low-power spintronic devices.
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In recent years, spintronics has become increasingly im-
portant because of its potential applications for magnetic
random access memory (MRAM), logic devices, and mag-
netoelectric sensors.'™ In particular, the use of spin-transfer
torque in devices with perpendicular anisotropy is attracting
considerable interest because of their ability to reach ultrahigh
density.> This holds for current-driven domain-wall motion
in magnetic tracks that promises record density and high
speed.® However, the critical current density to move domain
walls is still too high for practical applications. Further
reduction in the power consumption in these devices, while
maintaining high thermal stability, remains a challenging
problem.

One promising route to reduce power consumption is
through the use of an electric field.* Among different ap-
proaches to develop voltage-driven devices, the voltage control
of magnetic anisotropy as a means to reduce the energy
barrier for magnetization switching has attracted particular
attention. That approach includes electrical field control of
carrier density in semiconductor systems,”® high k electrolyte
and insulator to change interfacial electronic states,”!! and
the magnetoelectric effect.'>”'* For magnetoelectric coupling
systems, ferroelectric materials are used to generate strain that
is transferred to the magnetic layer.'>'* While most studies
have focused on bulk actuators to manipulate the anisotropy,
the use of piezoelectric film is a promising alternative
as it can be integrated into hybrid magnetic-ferroelectric
spintronics devices. This concept has been demonstrated
in Pb(Zr,Ti;_,)O3/CoPd systems where the perpendicular
magnetic anisotropy can be manipulated using electric field.'”

Here, we show that the inverse piezoelectric effect can
be used to assist the nucleation and depinning process of
magnetic domain walls in high-quality CoFeB/Co/Pd films
with perpendicular anisotropy. These results were made
possible using an epitaxial 0.7(PbMg 3Nb;,303)-0.3(PbTiO3)
(PMN-PT) layer as the piezoelectric layer, due to its giant
piezoelectric response.

PMN-PT (120 and 300 nm) films were epitaxially grown at
600 °C on Lag 67519 33MnO3; (LSMO) (25 nm)/STO/Si(001)
(Ref. 16) substrate by pulsed laser deposition (PLD). A KrF
excimer laser of 248 nm wavelength was used with 2 Hz
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repetition and about 2.2 mJ/cm? energy density in an O,
ambient of 120 mTorr for LSMO deposition and in a N,O
ambient of 260 mTorr for PMN-PT deposition, followed by
a cooling-down procedure under 300 Torr of pure oxygen
atmosphere. Here a 25-nm-thick LSMO layer was used as a
high-quality bottom electrode, which can be epitaxially grown
on STO/Si(001) substrate.!” We have focused our study on soft
CoFeB films exchange coupled to strong Co/Pd multilayers
for the magnetic system. The main advantages of such hard
and soft magnetic systems are that domain-wall (DW) motion
occurs at very low propagation fields due to the amorphous
character of CoFeB,'® and that this material is compatible
with MgO-based tunnel junctions for further integration into
spintronics devices.’ Finally, the magnetic multilayers, 3 (nm)
Pd/0.2 Co/0.6 Pd/0.2 Co/1.7 Pd/0.54 CoFeB/3 Pd," were
grown on top of the PMN-PT layer by magnetron sputtering
with low Ar ambient of 5.8 x 10~* mbar at room temperature.
In these structures, Kerr microscopy measurements indicate
that magnetization reversal is dominated by a high density of
nucleation sites at Hy followed by DW propagation at Hp >
Hy > This makes these films a model system to study the
influence of piezoelectric response on the mechanism of
magnetization reversal. All the measurements described in the
following were carried out at room temperature.

A typical 6-26 spectrum of a 120-nm-thick PMN-PT grown
on LSMO/STO/Si(001) is shown in Fig. 1(a), indicating a
purely (001) orientated perovskite structure. The morphology
of the PMN-PT films was characterized by atomic force
microscopy (AFM) measurements as shown in Fig. 1(b). The
root-mean-square roughness is less than 2 nm, which promotes
a sufficiently flat surface for the subsequent growth of the
magnetic films. To characterize the ferroelectric properties of
PMN-PT films, we have performed C-V measurements, for
which a 25 nm LSMO and a 200-nm-thick Pt layer were used
as the bottom and top electrodes, respectively. As shown in
Fig. 1(c), the typical butterfly shape can be clearly seen with
a very small coercivity. Note that the presence of a slight
asymmetry may arise from the use of asymmetric electrodes.
Figure 1(d) shows a measurement of the leakage current that
is as low as 107* A/cm? at 0.1 kV/mm, indicating a high
structural quality of the ferroelectric layer.
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FIG. 1. (Color online) (a) 6-26 scan of
120 nm PMN-PT on LSMO/STO/Si(001)
substrate. (b) AFM image with 5 x 5 um?
shows 2 nm root-mean-square roughness.?!
(c) C-V measurement at 0.1 MHz: scanning
up (from —5 to 5 V) is shown by squares,

and scanning down is shown by circle dots.
(d) 1-V measurement shows leakage current
density vs electric field.
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The surface morphology after the magnetic layer growth on
top of a PMN-PT (300 nm)/LSMO (25 nm)/STO (20 nm)/
Si(001) structure is found to be highly improved. This feature
is attributed to the smoothing of the surface when a 3-nm-thick
Pd layer is deposited onto the piezoelectric layer. As a result,
the hysteresis loop at zero applied voltage seen in Fig. 2(a) in-
dicates the presence of perpendicular anisotropy with a typical
low coercivity field of 32 Oe. All the MOKE measurements
were performed at the same sweeping rate d H /dt. Based on
a Kerr microscopy study,'® the magnetization reversal in these
films is found to be dominated by a high density of nucleation
sites at Hy = 15 Oe followed by a distribution of propagation
fields AHp = Hy — Hg, where Hj is the saturation field. The
coercivity field here corresponds then to the mean propagation
field.

In the following, we describe the effect of an electric field
applied onto the piezoelectric layer. Voltages up to 17 V were
applied with the magnetic layer and LSMO layer serving as
the top and bottom electrodes, respectively. Positive (negative)
voltage is defined such that the electric field is pointing from
bottom (top) to top (bottom) electrodes. Polar Kerr hysteresis
loops measured as a function of the applied voltages are shown
in Fig. 2(a). It is clear that the coercivity field Hc decreases
with increasing the amplitude of the applied voltage, regardless
of whether it is positive (solid dots) or negative (open dots). At
an applied voltage of 17 V, the magnetization reversal process
is much less abrupt, which indicates that the perpendicular
anisotropy has been reduced. Figures 2(b), 2(c), and 2(d) show
the variation of the nucleation field Hy, the mean propagation
field Hp, and the distribution A Hp as a function of the applied
voltage. The large reduction in Hp and Hy under the applied
voltage is compatible with a reduction of the perpendicular
anisotropy.”’ The abrupt variation of AHp at U > 10 V
corresponds to the onset of the transition from out-of-plane
to in-plane magnetization as consistent with a recent study on
irradiation-induced modification of perpendicular anisotropy

E (kV/mm)

in similar films.22 At this transition, the magnetic films are
highly inhomogeneous with a large distribution of in-plane and
out-of-plane anisotropy, consistent with an increase of A Hp.
In the following, we discuss the origin of the modification
of the magnetization reversal mechanism seen in Fig. 2. First,
thermal effects may play an important role at high applied
voltages. However, the value of the Kerr rotation at saturation
is not modified under voltage, indicating that Mg remains con-
stant. Furthermore, the magnitude of the current flowing into
the structure under electric field was also verified to ascertain
contribution of the Joule effect. Since the Schottky barrier be-
tween magnetic layer and PMN-PT induces a diode behavior,
the current is expected to be much higher for negative voltage
than positive voltage. As shown in Fig. 2(a), there is almost
no difference in coercivity fields between +4.7 V (red solid
diamonds) and —4.7 V (blue open circles) applied voltage,
even though the current is three times larger for the latter case
(+4 mA and —12.2 mA, respectively). However, the difference
in coercivity field can be clearly seen between —4.7 V (blue
open circles) and +13 V (pink solid diamonds) in applied
voltage, although the amplitude of current is the same. This
clearly shows that the coercivity change depends mainly on the
amplitude of the electric field rather than the applied current.
Finally, electric-field-induced charge transfer'! can also be
excluded since a 3-nm-thick Pd layer is used at the interface
between the magnetic layer and the PMN-PT layer. We
therefore believe that our results are consistent with the inverse
piezoelectric effect that generates strain into the magnetic
layer. The large density of nucleation sites in our films is
consistent with the presence of intrinsic defects where the value
of the perpendicular magnetic anisotropy Ky is reduced. The
nucleation field Hy that corresponds to the reversal of small
magnetic volumes can be written as Hy = K,,;,,/2Ms, where
K,m corresponds to the minimum values of perpendicular
anisotropy in the films.2* Results of Fig. 2(b) indicate that
K, is reduced by about 30% under voltage of 10 V. From
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10 to 17 V it is not relevant to evaluate the variation of K,
through Hy since strong magnetic fluctuations are involved in
the magnetization reversal process.

To go further in our analysis, the magnetic anisotropy
field under electric field was measured using angle-dependent
polar MOKE measurements.>* An angle of 15° between
magnetic field and sample surface was chosen and the
corresponding hysteresis loops are shown in the inset of
Fig. 3(a) for 0 and 17 V applied voltages, respectively. A
slight reduction in the saturation field at an applied voltage of
17 V can be observed in Fig. 3(a). To extract the anisotropy
field, we used a fitting procedure based on an anisotropy
energy density model: E = —2mM3cos?0 + K cos®6 +
Kycos*@® — H - Mgcos(f — ¢), where @ is the angle
between M and the surface plane and ¢ is the angle
between H and the surface plane. By energy minimization,
dE/df® = 0, the field dependence can be deduced as
H = (H,sinf cos¢ + H, sin> 0 cos ¢)/ sin(@ — ¢), in which
H, = 2(K, — 27 M} + 2K,)/Ms and H, = —4K,/Mj. The
fitting results are shown by the solid curves, which give
H, = 3450 Oe and H;, = —1500 Oe at zero applied voltage.
Since the strain effect is expected to mainly change the
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uniaxial term, we have kept the high-order coefficient H,
as constant for the fitting procedure at 17 V. As a result, we
obtained H, = 3100 Oe at 17 V. Compared with zero applied
voltage, the anisotropy field is found to decrease by about 10%.

Here, such a MOKE measurement gives the anisotropy
change of the full film at saturation, which corresponds to the
highest value of the anisotropy in the films. On the contrary, as
seen above, the anisotropy deduced from the nucleation fields
is related to the lowest values of the anisotropy distribution.
This could explain the difference in the reduction of anisotropy
obtained from the two methods (30% versus 10%).

Finally, to characterize the strain amplitude, XRD mea-
surements were performed with 0 and 17 V applied voltages,
respectively. For PMN-PT, the strain along the ¢ axis is
expected to be positive when the applied electrical field is
higher than the electric switching field. This explains why
the electric-field-induced anisotropy change is symmetric:
either the voltage is positive or negative. Based on the shift
of the PMN-PT (002) peak seen in Fig. 3(b), a strain of
0.025% can be extracted at 17 V, which is a reasonable
value for thin films compared with the strain measurement
in PMN-PT single-crystal substrate.? It is worth noting that

FIG. 3. (Color online) (a) Zoom of the
square area of the inset figure. Inset: Normal-
ized out-of-plane magnetization vs magnetic
field at 0 V (open square), +17 V (open cir-
cle) applied, and fitting results (solid curves).
(b) XRD spectra of PMN-PT 002 peak at 0 V
(black) and 17 V (red), respectively.
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the XRD measurement gives an average strain within the
whole film, whereas the real strain transferred to the magnetic
layer depends on the top part of the PMN-PT layer, which
is presumably larger than 0.025% due to the strain relaxation
in the piezoelectric films. Our results are consistent with a
negative magnetostriction coefficient of the magnetic layer,
i.e., the perpendicular anisotropy decreases when a positive
strain is applied along the c axis.

In the following, we made the simple hypothesis that the
strain induced in the PMIN-PT layer generates a homogeneous
strain in the whole Pd/(Co/Pd)/CoFeB/Pd stack. In addition,
we have considered independently the magnetostriction of
the Co/Pd multilayer and that of the single CoFeB layer to
calculate the average change in magnetic anisotropy. The
strain-induced anisotropy can be written as K, = — %AJ, o=
eEfs/(1 — v?), where X is the magnetostriction coefficient, &
is the strain, Ey is Young’s modulus, and v is the Poisson
ratio. Based on previous study of the Co/Pd multilayer,
we took A =—1.5x10"* and E; = 1.5 x 10" dyn/cm?.
For CoFeB, we considered A =2 x 1075, E; =1.6 x
10" dyn/cm?,?® and the typical value of v for metals is
around 0.3. The strain generated by the PMN-PT corre-
sponds to in-plane compression?® and it is transferred to
the magnetic layer as &, = —2vg| /(1 —v), where v = 0.5
for PMN-PT.*® We found &) = —0.0125% based on XRD
measurements. Finally, the strain-induced anisotropy changes
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in Co/Pd and CFB are K& = —4.6 x 10* erg/cm® and
KE™ = 0.66 x 10* erg/cm?, respectively. Taking into ac-
count the relative thicknesses of the CoPd multilayer and of
CFB, we found a strain-induced anisotropy change of K, =
—3.72 x 10* erg/cm?. Taking the measured value of K =
8 x 10° erg/cm? for CoFeB/Co/Pd,'8 the change of anisotropy
is found to be about 5%. This estimated value is consistent
with the 10% variation given by the MOKE measurement,
taking into account that the measured value &; = 0.025%
underestimates the strain transferred to the magnetic layer and
the simplicity of the model used.

In summary, high-quality ferroelectric PMN-PT films have
been used to tune magnetic perpendicular magnetic anisotropy
using an electrical field. A substantial reduction in the propa-
gation and nucleation fields for domain walls has been found
under applied voltages of Co-Fe-B/PMN-PT multilayers.
These results are promising for a magnetic switching assisted
with an electric field in low-power nanodevices.
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