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Abstract

Layer-selective manipulation of magnetization direction in a multilayer magnetic structure
offers a way to develop a large-capacity magnetic recording device with multiple recording
layers. Here, we use a double-layer perpendicular magnetic nanodot consisting of two layers
with low and high perpendicular magnetic anisotropy (PMA) and show that layer-selective
magnetization switching can be accomplished by utilizing a microwave-assisted magnetization
switching technique. Since the low- and high-PMA magnetic layers have different ferromagnetic
resonance (FMR) frequencies, their magnetization excitation that reduces the switching field can
be individually induced by adjusting the frequency of the applied microwave field (f.¢), and this
principle allows f,¢ to select the layer to be switched. In addition, by measuring thermally
excited FMR signals from the nanodot, we find that the magnetization dynamics of the two PMA
layers couple through interactions, and we identify the excitation modes responsible for the

layer-selective magnetization switching.
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l. Introduction

Magnetization switching has long been studied because it is a fundamental physical
phenomenon as well as a core technology for magnetic recording that plays a key role in
information storage technology. Conventionally, magnetization switching has been conducted by
applying a magnetic field, which hard disk drives (HDDs) employ for switching magnetic data
bits on media, i.e., for writing data. To keep up with the rapid increase in data volumes, there is a
strong demand to increase the recording density. Planar miniaturization of data bits, however,
will eventually meet the superparamagnetic limit where the thermal stability of data bits becomes

insufficient[1,2].

Given these circumstances, three-dimensional (3D) magnetic recording with multiple
recording layers has been proposed[3-13]. According to previous studies on field-induced
switching for 3D devices[3-6], when each of the multiple recording layers is provided with a
different coercive field (H.), magnetization manipulation is accomplished by switching the layers
sequentially in order from the one with the largest H. to the one with the lowest H.. Such

multi-step writing, however, significantly slows device operation.

To solve this problem, a writing method that can conduct single-step magnetization
switching selectively in a specific recording layer is required. To realize this, we focus on
microwave-assisted magnetization switching (MAS)[7-9,13-23]. Recent studies on MAS have
revealed that reduction in the switching field (H,,,) of a magnet depends on the frequency of the
applied microwave field (f.f), which is related to the ferromagnetic resonance (FMR) frequency
of the magnet[18-23]. Therefore, when each recording layer is provided with a different FMR

frequency, the magnetization of a specific layer is expected to reverse by adjusting f..
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It should also be mentioned that MAS is currently being explored as a writing method for
next-generation HDDs with a single recording layer because H, reduction realized by MAS is
beneficial for writing on high-coercivity media[2]. By using a spin-torque oscillator (STO) that
generates a microwave magnetic field, and by placing it inside a write head element, magnetic
recording based on MAS becomes compatible with the conventional HDD technology. In
addition, multi-layer magnetoresistive random-access memory that uses STOs for layer-selective

writing has also been proposed[24,25].

In this research, we used a double-layer perpendicular magnetic nanodot and demonstrated
that MAS can realize layer-selective magnetization switching. Furthermore, by measuring
thermally excited FMR spectra, we identified the magnetization dynamics responsible for the

layer-selective magnetization switching.

. EXPERIMENTAL DETAILS

A. Film preparation

We used a magnetron sputtering system to fabricate a tunnel magnetoresistive (TMR) film
shown in Fig. 1(a), which consists of two CoFe-based in-plane magnetic layers (IL; and IL;), a
MgO barrier layer, and two Co/Pt-multilayer-based perpendicular magnetic layers (LL and UL).
LL is designed to have higher perpendicular magnetic anisotropy (PMA) than UL by tuning the
thicknesses of the Co/Pt multilayer. In later experiments, we pattern this TMR film into a
nanodot and study the switching behavior of LL and UL, in which IL; and IL; serve as sensing
layers to detect the switching through the magnetoresistive (MR) effect. IL; and IL, are
antiferromagnetically coupled by an RKKY-like exchange interaction through a Ru layer, so that
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they have an antiferromagnetic configuration and cancel the stray fields that arise in the nanodot
sample. IL; is pinned by a PtMn layer. LL and UL are also antiferromagnetically coupled
through a Ru layer. This antiferromagnetic coupling is intended to compensate for the
perpendicular stray fields between LL and UL that arise in the nanodot sample and favor a
ferromagnetic configuration. After deposition, the film was annealed at 300°C for 1 h in an

in-plane magnetic field of 6400 Oe along the +x direction.

B. Film characterization

The magnetic configuration of the film was confirmed using a vibrating sample
magnetometer (VSM) [Fig. 1(b)]. Abrupt changes at a magnetic field along the z direction (H,)
of +£1700 Oe and +2200 Oe correspond to UL and LL switching, respectively. Because LL
and UL are antiferromagnetically coupled and have almost the same areal magnetic moment, the
net magnetization becomes zero at remanence. The slope over the measured H, range originates

from the gradual tilting of magnetization in IL; and IL,.

The magnetic characteristics of UL and LL are also evaluated by vector network analyzer
FMR (VNA-FMR) measurement [Fig. 1(c)]. Discontinuities of the spectra at H, = —1700 and
+2200 Oe reflect UL and LL switching, respectively, which agrees with the switching fields
obtained by the VSM measurement. The FMR frequencies of such a coupled system are
described by the equations shown below. When the two layers are in a ferromagnetic

configuration with both magnetization directions being the +z direction,

fFMR = (V/ZT’:) (errro + errro)/2 + \/(errro errro) /4' + HLLHE&‘ , (1)

where Hg,.., = H, + H; + HR, (n = LL, UL) is the perpendicular effective field acting on the
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layer n, Hy is the effective perpendicular magnetic anisotropy, and Hg, is the coupling field.
The symbol y is the gyromagnetic ratio. The lower of these two frequencies is an anti-phase
mode in which the two magnetizations precess in opposite directions, and the higher is an
in-phase mode in which the two magnetizations precess in alignment. For an asymmetric system,
such as our TMR film in which LL and UL have different H, and Hg,, the layer with a higher
intrinsic FMR frequency (LL in our sample) is expected to have a larger precession amplitude
for the in-phase mode, and the other layer with a lower intrinsic FMR frequency (UL) is
expected to have a larger precession amplitude for the anti-phase mode. When the two layers are
in an antiferromagnetic configuration with the LL and UL magnetization directions being in the

—z and +z directions, respectively,

2
fouin = Cr/2m) |l — HEH/2 (i + 13 /4 - i, @)

where Hik = —H, + H" — HYY and HJF = H, + HJ" — HJL . For an antiferromagnetic
configuration, the interaction has little influence on the magnetization dynamics because the two
magnetizations have the opposite precession direction. Dashed lines in Fig. 1(c) show the fitting
results using these two equations, which yield the parameters H)} and Hg, shown in Table I.
The value of HRL is almost consistent with the VSM measurement [Fig. 1(a), inset] in which
the center of the minor loop of UL switching is shifted to H, = +1800 Oe because of the

coupling.

TABLE I. Magnetic properties of a film sample evaluated by VNA-FMR measurement.

Layer Hy Hg, (Minus values mean antiferromagnetic coupling)
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UL 4800 Oe —1900 Oe

LL 5400 Oe —100 Oe

C. Nanodot sample fabrication and measurement setup

Figure 2(a) shows a sample structure and experimental setup used for the MAS experiment.
The TMR film was patterned into a magnetic tunnel junction (MTJ) nanodot with a diameter of
200 nm by electron-beam lithography and Ar ion milling. The milling process removes the film
to the middle of the PtMn layer outside the nanodot. The sample has two terminals. The first one
is used for applying a microwave magnetic field to the MTJ. It connects with a G-S;
(ground-signal) coplanar waveguide that consists of the bottom electrode and is shorted near the
MTJ. Applying an electric microwave signal to this waveguide generates a linearly polarized
microwave magnetic field along the x direction. A pulsed microwave signal with a pulse width
of 2 us and a repetition frequency of 100 Hz is used to avoid a temperature rise of the sample.
The amplitude of the microwave field is set to 253 Oe. The other terminal is used for detecting
magnetization switching. It connects to a G-S,-G coplanar waveguide that consists of the top and
bottom electrode and is terminated by the MTJ. By applying a direct current (I4.) to this terminal,
the sample resistance that represents the angle between LL and IL; magnetizations through the

magnetoresistive effect is measured.

Figure 2(b) shows the H, dependence of the sample resistance without a microwave field.
The H, is increased at intervals of 10 Oe per 0.2 s, and the sample resistance is measured after

each increase. For H, = —6000 to +2500 Oe, the resistance gradually increases because the
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H, tilts the IL; magnetization while LL and UL are in the —z direction. At H, = +2500 Oe,
the resistance increases abruptly because UL switching occurs and reverses its stray field acting
on IL;, which changes the IL; magnetization direction. At H, = +3500 Oe, the resistance
decreases abruptly because of the switching of LL, which is placed directly above the MgO
barrier. By changing the sweep direction and the initial state, we measure the resistance loops of
the four magnetization states: a combination of up and down states in LL and UL, as shown in
Fig. 2(c). This result shows that the magnetization configuration of LL and UL is distinguished
by measuring the resistance. When the in-plane layers (ILs) are tilted by H,, they generate
z-direction stray fields acting on LL and UL. By modelling the sample structure using 1 x 1 x 1
nm cells and assuming the saturation magnetization of CoFeB to be 1200 emu cm?, the
z-direction stray field from IL; to UL is estimated to be at most 180 Oe within the H, range of
this study (—6000 to 6000 Oe). Because IL, also generates the z-direction stray field, the

measured H, may deviate by few hundred Oe from the actual field acting on LL and UL.

Furthermore, this setup can measure a high-frequency component of the sample resistance
(referred to as an MTJ signal) using a spectrum analyzer. The MTJ signal reflects the thermally
excited magnetization dynamics of LL and IL;. When acquiring the MT]J signals, no microwave
field is applied. All measurements are carried out at room temperature. For convenience, we
introduce the symbol expression (u/d, u/d), in which “u” and “d” denote the up and down states

of LL and UL in that order.

1. EXPERIMENTAL RESULTS

Here, we studied MAS from two antiferromagnetic configurations, namely the transition
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from (d, u) and (u, d) to (u, u), in which a layer with a down state reverses. Then, we studied
MAS from a ferromagnetic configuration (d, d) in which a layer to be switched is selected by

adjusting fs.

A. Switching of LL from an antiferromagnetic configuration

Figure 3(a) shows the H, dependence of the sample resistance obtained by applying
microwave fields for several f.¢ values, together with one without a microwave field. The initial
state is (d, u). Switching of LL detected by the resistance drop occurs at different H, depending
on f.s. This result shows that the switching is influenced by microwave fields. Figure 3(b)
summarizes the Hg,, and its distribution with respect to f.r. The values without microwave
fields are plotted at f.r =0 GHz. The result is similar to the typical MAS behavior of a
perpendicular magnetic nanodot in which Hg, decreases as f,¢ increases and abruptly
increases at a critical frequency. The result shows two abrupt H, increases at 10.5 and 13
GHz. Such MAS behavior with multiple critical frequencies is observed when multiple
excitation modes contribute to Hg, reduction, and critical frequencies correspond to mode

transitions[21].

Figure 3(c) shows the corresponding H, dependence of the power spectrum density (PSD)
of the MTJ signals that reflect the thermally excited magnetization dynamics of LL and IL;. The
discontinuity of the PSD at H, = 3200 Oe reflects LL switching. This value is smaller than the
H,, obtained from the resistance measurement because the larger I4. raises the sample
temperature in the PSD measurement. Signals having a linearly decreasing frequency with
respect to H, are attributed to the magnetization dynamics of LL (LL-1, LL-2, and LL-3). If the

LL and UL magnetizations move cooperatively coupled by the exchange and dipolar interactions,
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signals characteristic to UL that are expected to have the opposite slope with respect to H,
should appear. Such signals, however, are not observed, indicating that the LL and UL
magnetizations move almost independently. The lowest LL mode (LL-1) is a uniform mode and
the others are higher-order spin-wave modes[20,26]. The LL-1 mode frequency of 16 GHz at
H, = 0 Oe is higher than the LL FMR frequency of 15 GHz for the film [Fig.1(c)]. This
discrepancy results from patterning owing to the following two factors. The perpendicular
demagnetizing fields decrease, which increases the FMR frequency, and the perpendicular stray
fields between arise UL and LL, which decreases the FMR frequency for the antiferromagnetic
configuration. Since the former has a larger influence, the FMR frequency of the nanodot sample
increases. A signal around 7.5 GHz (IL-1) that has an almost constant frequency with respect to
H, is attributed to the magnetization dynamics of IL;[21,26]. Strictly speaking, the IL;
magnetization moves cooperatively with 1L, as a result of the coupling because the
magnetization dynamics of in-plane magnetic layers couple even in an antiferromagnetic
configuration, owing to their elliptical precession trajectory[26,27]. The FMR frequency of the
coupled dynamics of the in-plane magnetic layers (ILs) is dominantly determined by the in-plane
effective field and thus is independent of H, as long as H, is so weak that the ILs
magnetizations are almost in the in-plane direction. Other signals appear that have an almost
constant frequency, such as IL-2. They may be spatially inhomogeneous modes such as an
edge-localized mode, which is expected to show a lower frequency than the main uniform
mode[28]. Here, we do not elucidate their details because it is beyond the scope of this paper.
Below 10 GHz, the H,, reduction cannot be assigned to a certain FMR mode. The FMR modes
of ILs may contribute to the LL switching through dipolar interaction because several ILs FMR

modes exist in this f.r range. Above 10 GHz up to the first critical frequency, the Hgy-frt
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curve coincides with the LL-1 mode, and above the first critical frequency up to the second
critical frequencyi, it coincides with the LL-2 mode, indicating that the Hg,, reduction originates
from the excitation of these modes. Theoretically, Hg,, under microwave assistance is expected
to differ from the condition of thermally excited FMR owing to the nonlinearity of magnetization
excitation. However, as seen in Fig. 3(c), these two almost coincide, and such coincidence was
also found in our previous experimental study on MAS of a single-layer perpendicular magnetic
nanodot[20,21]. We are presently investigating the reason for this discrepancy between the

theory and experiment.

B. Switching of UL from an antiferromagnetic configuration

We evaluate the MAS of UL from (u, d). Figure 4(a) compares typical H, dependences of
the sample resistance. The Hg, of UL detected by the resistance drop decreases as fr¢
increases. At f.r = 18 GHz, switching of part of UL occurs, which appears as an intermediate
resistance. Figure 4(b) shows the f.; dependence of the H,, and its distribution. For f= 16
to 19 GHz, two Hg,,-fs plots represent partial switching and subsequent complete switching.
Figure 4(c) shows the corresponding H, dependence of the PSD of the MTJ signals, which is a
mirror image of Fig. 3(c) with respectto H, = 0 Oe because the (d, u) and (u, d) configurations
are symmetric. The discontinuity of the PSD at H, = 4300 Oe reflects UL switching. Several
signals corresponding to the FMR modes of ILs and LL appear just as in Fig. 3(c). Since the UL
dynamics cannot be revealed through the MTJ signals, no signal coincides with the Hgy-f:¢

curve of UL.

C. Layer-selective switching of UL and LL from a ferromagnetic configuration

We evaluate MAS from the ferromagnetic configuration. The sample is initialized to (d, d)

10
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and transition to (u, d), (d, u), or (u, u) occurs depending on f¢. Figure 5(a) compares typical H,
dependences of the sample resistance. For f= 1, 5, and 10 GHz, UL reverses first, and for
fre = 15 GHz, LL and UL reverse simultaneously. For fs = 20 GHz, LL reverses first, which
shows that layer-selective switching can be accomplished by selecting f,¢. The resistance change
by the LL switching is small because it occurs around H, = 500 Oe where the resistance curves
of the (d, d) and (u, d) configurations are close [Fig. 2(c)]. For f,f = 25 GHz, f.¢ is so high
that the microwave field has no influence and UL reverses first. Figure 5(b) summarizes the kind
of switching, corresponding Hs,, and Hg,, distribution with respect to f.¢. The Hg, from the
antiferromagnetic configuration [Fig. 3(b) and Fig. 4(b)] is also plotted. For f,s =1 to 13 GHz
UL always reverses as in the case without microwave fields, and its Hg,, gradually decreases as
frf increases. At f.r = 14 GHz, Hy, increases abruptly and the switching of LL, UL, or both
occurs stochastically up to 20 GHz. In this frequency range, the kind of switching that occurs
most in 20 repeated measurements at a certain f,¢ is plotted for simplicity. Note that regardless
of the layer to be switched, Hy, is almost the same (data not shown). The inset shows the
number of occurrences of these three kinds of switching. At f.r=15 and 16 GHz,
simultaneous switching occasionally occurs. The experimental procedure, however, cannot
determine whether the two layers reverse at once or sequentially one by one in a short period of
time, and it is probable that LL reverses first followed by UL switching, because the switching of
UL from (u, d) occurs under a similar condition [black line in Fig. 5(b)]. Sequential switching in
the opposite order can be ruled out because the switching of LL from (d, u) requires much higher
H, [red line in Fig. 5(b)]. The inset shows an overall tendency that the occurrence of LL

switching increases as f,¢ increases, and at f. = 21 GHz, LL reverses without fail.

Figure 5(c) shows the corresponding H, dependence of the PSD of the MTJ signals. The
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discontinuity of the PSD at H, =2300 and 3200 Oe reflect UL and LL switching,
respectively. Different from the previous two antiferromagnetic cases, two major signals having
linearly decreasing frequency with respect to H, (AP-1 and IP-1) appear. This is explained by
the fact that LL and UL move cooperatively as a result of the interaction, and they are assigned
to uniform anti-phase (AP-1) and in-phase (IP-1) coupled FMR modes. Higher-order modes
(AP-2 and IP-2) also appear. The frequencies of the uniform modes are 12.5 and 20 GHz at
H, = 0 Oe. These values are higher than those for the film estimated at 7 and 15 GHz by
extrapolating the FMR frequencies in the ferromagnetic configuration [Fig. 1(c)]. These
discrepancies are larger than those for the antiferromagnetic cases because two
factors—demagnetizing field and perpendicular stray field—resulting from the patterning both
increase the FMR frequencies. For fs =4 to 13 GHz, the Hg,,-f.¢ curve coincides with the
AP-1 mode, indicating that excitation of this mode accounts for this UL switching. This
coincidence is reasonable because UL has a lower intrinsic FMR frequency and UL
magnetization is expected to be preferentially excited in the AP-1 mode, according to the
discussion in Section 11(B). Above f. =15 GHz, the Hy,-fs curve follows the IP-1 mode,
indicating that the MAS in this f,¢ range originates from excitation of the IP-1 mode. The
Hg.,-fs curve shifts to the higher frequency side where LL switching becomes dominant around
fre = 18 GHz. This suggests that a higher-order mode near the IP-1 mode is excited, although

the Hg,-fs curve does not coincide exactly with the MTJ signals.

Because of the stochastic switching, infallible layer-selective switching of LL occurs in a
narrow f.¢ range around 21 GHz. We believe that the interactions between UL and LL might be
responsible for this. Although the LL magnetization is expected to be preferentially excited in

the in-phase mode excitation for fs = 15 to 21 GHz, UL is excited simultaneously because of
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the interactions, which sometimes becomes sufficient for switching. This leads to the stochastic
switching of LL and UL. If the coupling is weak enough, magnetization excitation of LL is much
stronger than that of UL, which leads to infallible switching of LL. Thus, tailoring the
interactions by selecting the magnetic material, controlling the thickness of magnetic layers, and
adjusting the exchange interaction might make it simpler to perform layer-selective MAS—one
excitation mode corresponds to the switching of one magnetic layer—and realize robust

manipulation of the magnetization direction.

Figure 6 summarizes magnetization switching of the double-layer magnetic nanodot with
and without microwave assistance. The most significant advance reported in this paper is that the
transition from (d, d) to (u, d) is realized by MAS. Without a microwave field, this manipulation
requires (d, d) — (d, u) — (u, u) — (u, d) transitions. In addition, the Hg,, required for each
transition is reduced by MAS, and manipulating all four states requires H, of 1700 Oe at most,

whereas it requires H, of 4800 Oe without microwave assistance.

IV. SUMMARY

In summary, we demonstrated that MAS can realize single-step layer-selective
magnetization switching of a double-layer perpendicular magnetic nanodot consisting of a LL
with a higher PMA and an UL with a lower PMA. The MTJ signal measurements reveal that
magnetization dynamics of the two layers are coupled for when they have a ferromagnetic
configuration. Exciting the anti-phase coupled FMR mode by microwave fields reduces the Hg,,
of UL, while exciting the in-phase coupled mode reduces the Hg,, of LL, which allows f.¢ to

select the layer to be switched. MAS also reduces the Hg,, regarding the UL and LL switching

13



from the antiferromagnetic configuration, and the manipulation of all four magnetization states

can be conducted with a smaller H,.
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FIG. 1. (a) Stacking structure of the TMR film consisting of two perpendicular magnetic layers,
a MgO tunnel barrier, and two in-plane magnetic layers. The order of layers shown for the Pt/Co
multilayers is from bottom to top. All thicknesses are given in angstroms except for the MgO
layer where the area product value is given. (b) Perpendicular M-H loop for the film sample. In
the inset, the dashed line shows a minor loop of UL switching. (c) H, dependence of VNA

reflection spectra for the film sample. Dashed lines show the fitting results using Egs. (1) and

).
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FIG. 2. (a) Sample structure and experimental setup. (b) H, dependence of sample resistance
obtained by applying I3 = +5 pA. Schematics represent the magnetization configuration of

the sample. (c) Resistance loops for all four magnetization states (d, d), (u, d), (d, u), and (u, u).
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FIG. 3. (a) H, dependence of sample resistance with initial state being (d, u) for several values
of fe Current I4. is set to +5 pA. Each curve is offset for clarity. (b) f.+ dependence of
H,,,. Circles and error bars represent the average, maximum and minimum values among 20
repeated measurements. Hg, (c) MTJ signal spectra obtained by applying I, = +1.6 mA.
During spectra measurement, H, is swept in the upward direction. The discontinuity in spectra
at H, = +3200 Oe corresponds to LL switching. Open circles represent the average Hg,,

shown in (b).
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FIG. 4. (a) H, dependence of sample resistance with initial state being (u, d) for several values
of f.r Current I, issetto +5 pA. Each curve is offset for clarity. The dashed circle indicates
an intermediate resistance, which corresponds to partial switching of UL. (b) f.+ dependence of
H,,,. Circles and error bars represent the average, maximum and minimum values among 20
repeated measurements. For fr = 16 to 19 GHz, filled circles and open circles represent partial
switching and subsequent complete switching, respectively. (c) MTJ signal spectra obtained by
applying I3 = +1.6 mA. The discontinuity in spectra at H, = +4300 Oe corresponds to UL

switching. Open circles represent the average Hg,, shown in (b).
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FIG.5. (a) H, dependence of sample resistance with initial state being (d, d) obtained for
several values of f.r. Current Iy, is setto +5 pA. The curve for f.r = 20 GHz is multiplied
by 4 and each curve is offset for clarity. (b) f.r dependence of Hg,. Circles and error bars

represent the average, maximum and minimum values among 20 repeated measurements. Lines
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represent Hg,, of LL and UL from the (d, u) and (u, d) configurations [the same results shown in
Figs 3(b) and 4(b)]. Inset shows the number of occurrences of LL, UL, and simultaneous
switching. (c) MTJ signal spectra obtained by applying I3 = +1.6 mA. The discontinuity in
spectra at H, = +2300 and +3200 Oe corresponds to UL and LL switching. Open circles

represent the average Hg,, shown in (b).
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3 FIG.6 Manipulation of magnetization states with and without microwave assistance.
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