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Abstract—Gilbert damping constant a and effective perpendicular magnetic anisotropies Kefr of amorphous GdFeCo
(10 — x nm) / TbFe (x nm) exchange-coupled bilayer with various TbFe layer thicknesses x were measured, and the
product a x Keg of the bilayer was compared with a critical current density J; of the current-induced magnetization
switching (CIMS) observed for the giant magneto-resistance (GMR) nano-pillars with the GdFeCo / TbFe memory
layer. The damping constant a of the bilayer, estimated by time-resolved magneto-optical Kerr effect measurements,
was 0.051 for x = 0, and was significantly enhanced to 0.23 for x = 1. The anisotropy constant Ke and the product
M;sHy were also confirmed to increase with increasing the TbFe thickness x. The CIMS of the GdFeCo (9 nm) / TbFe (1
nm) bilayer exhibited 1.6 times larger J. than that of GdFeCo (10 nm), while the product a x K¢ was confirmed to

increase by a factor of 10.

Index Terms—Amorphous magnetic materials, Gilbert damping, Magnetic anisotropy, Magnetization reversal

.  INTRODUCTION

MAGNETIC random access memory (MRAM) has many
advantages, such as nonvolatility, good scalability, high
endurance, and high operating speed, which make the MRAM
a promising candidate for the next-generation universal
memory. However, high-density MRAMs with Gbit-class
capacity are required to replace the conventional memories,
such as SRAM, DRAM, and Flash. Current-induced
magnetization switching (CIMS) is considered to be a
promising technology for realization of Gbit-class MRAM, and
CIMS has been demonstrated in magnetic tunneling junctions
(MTJs) with a perpendicular magnetic anisotropy (PMA)
[Ilkeda 2010, Nakayama 2009, Diao 2007, Hayakawa 2005,
Kubota 2005]. PMA materials are quite -effective for
maintaining the thermal stability of the information
(magnetization direction), even when cell size is small, as well
as for achieving low switching current density J.. However,
challenges remain to developing high-density MRAMs with
densities of several Gbit and beyond, since it will be
necessary to further reduce J. while keeping sufficient thermal
stability of the memory cell.

One possible solution for this challenge is a so-called
thermally assisted MRAM in which the memory layer is heated
during the writing [Prejbeanu 2007, Prejbeanu 2013]. We have
studied amorphous TbFe [You 2008, You 2009] and GdFeCo
[Dai 2012, Dai 2013] as memory layers in thermally assisted
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MRAM cells, since the GdFeCo and TbFe are known to
exhibit large PMA, and their magnetic properties, such as
magnetization, coercivity, and Curie temperature can be easily
tuned by changing their composition [Gambino 1999,
Tsunashima 1982, Tsunashima 2001]. We previously
demonstrated the CIMS of giant magneto-resistance (GMR)
nano-pillars with a GdFeCo memory layer, and studied the
compositional and temperature dependences of the critical
current density J; [Dai 2012, Dai 2013].

In this paper, we report the CIMS of GMR nano-pillars with
a GdFeCo / TbFe exchange-coupled bilayer, and the variation
in Jc by the insertion of TbFe with high PMA and low Curie
temperature. We then report the Gilbert damping constant a
and perpendicular anisotropy Kei of the GdFeCo / TbFe
exchange coupled bilayer. Although the J:; is known to be
proportional to the product a x Kef, in a single memory layer
[Hayakawa 2005], the results of this paper suggest that the
simple relation, J; « a x Ker does not hold in the exchange-
coupled bilayer.

II. EXPERIMENTAL METHOD

For estimations of the damping constant and PMA of the
GdFeCo / TbFe exchange-coupled bilayers, samples with a
stack of substrate / Ta (56 nm) / CuAl (30 nm) / Ta (3 nm) /
TbhisFess (x nm) / Gd21(FegoCo10)79 (10 — x nm) / Ta (2 nm) /
SiN (40 nm) were deposited on thermally oxidized Si
substrates by RF magnetron sputtering, where the TbFe
thickness x was varied from 0 to 5 nm. A surface SiN layer
was deposited to improve the signal-to-noise ratio on the time-
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resolved magneto-optical Kerr effect (TRMOKE)
measurements. Hysteresis loops of the bilayer were Figure 2 shows the R—/ loops of the GMR nano-pillars with

measured by an alternating gradient field magnetometer
(AGM), and the effective perpendicular anisotropy constant
Keff was measured using a torque magnetometer. For the
CIMS experiments, GMR films with Gd21(FegoCo10)79 (10 — x
nm) / TbisFess (x Nnm) memory layers were sputtered. The
GMR films were microfabricated to a 120 x 180 nm? size by
electron beam (EB) lithography, and subsequent Ar’ ion
etching. Details of the film stack and fabrication process are
described in our previous papers [Dai 2012, Dai 2013]. All the
measurements, including the TRMOKE described below, were
conducted at room temperature.

The Gilbert damping of the bilayer was evaluated from the
magnetization precession monitored by the TRMOKE using a
high-power fiber laser with a wavelength of 1050 nm, a pulse
width of 500 fsec, and a repetition frequency of 100 kHz. The
frequency-doubled probe beam was incident normal to the film
surface, and the polarization of the reflected probe beam was
analyzed to monitor the perpendicular component of the
magnetization after the illumination of the pump beam. The
fluences of the pump and probe beams were 0.6 and 0.08
mJ/cm?, respectively. During the measurement, a magnetic
field with a maximum value of 14 kOe was applied at an angle
of 40 deg from the film normal direction. The TRMOKE
spectra were analyzed by a damped oscillation function,
Ae " sinwt , where t is the delay time of the probe beam with
respect to the pump illumination, 7 is the relaxation time, and
w is the angular frequency of the oscillation. To estimate the
damping constant a and anisotropy field Hx of the bilayer, the
external field dependences of the w and 1 were fitted with
expressions in [Suhl 1955, Beaujour 2009].

[ll. RESULTS AND DISCUSSIONS

Figure 1 shows hysteresis loops taken for (a) GdFeCo (10
nm) single layer and (b) GdFeCo (9 nm)/ TbFe (1 nm) bilayer.
Both films exhibited perpendicular magnetic anisotropy and
the easy axis of the magnetization was along the film normal
direction. The saturation magnetization Ms of the bilayer was
around 200 emu/cc, and did not depend significantly on the
TbFe thickness, since the Tbi7Fess (10 nm) single layer also
exhibited magnetization of around 200 emu/cc (data not
shown). On the other hand, the anisotropy field Hx of the
bilayer significantly increased by exchange coupled to a thin
TbFe layer. The Hix was estimated to be 2.9 kOe for GdFeCo
(10 nm) and 7.5 kOe for GdFeCo (9 nm) / TbFe (1 nm) from
Figs 1 (a) and (b), respectively. This was due to the large
perpendicular anisotropy of TbFe. The TbFe single layer is
known to exhibit a perpendicular anisotropy around 5 x 10°
erg/cc, and the anisotropy field of TbFe having Ms = 200
emu/cc is estimated to be 50 kOe which is much higher than
the maximum applied field of our apparatuses: the AGM and
torque magnetometer.

FIG. 1 HERE

an (a) GdFeCo (10 nm) layer and (b) GdFeCo (9 nm) / TbFe
(1 nm) bilayer as memory layers. The loops were obtained by
measuring the resistance after applying the current pulse with
a pulse width of 100 msec. External fields Hex of (a) —830 Oe
and (b) =740 Oe were applied along the film normal direction
to cancel the coupling between reference and memory layers.
Distinct resistance changes in Fig. 2 correspond to the full
reversal of the (a) GdFeCo and (b) GdFeCo / TbFe by the
CIMS. A positive current means that electrons flow from the
reference layer to the memory layer, which tends to align the
magnetizations of the two layers parallel (P): a low-resistance
state, like that in Fig. 2, and a negative current tends to be
antiparallel (AP): a high resistance state. The critical current
density J; was estimated by averaging the current densities to
switch from P to AP and from AP to P, since the average
value is independent of the external field Hex [Dai 2012], and
the J, was 1.4 x 10" Alcm? for the (a) GdFeCo single layer
and 2.2 x 10" A/cm? for the (b) GdFeCo / TbFe bilayer.

FIG. 2 HERE

Figure 3 shows the dependence of J. on the thickness of
TbFe in the GdFeCo / TbFe bilayer. The value of the effective
anisotropy Kesr, which is the sum of the PMA constant K, and
demagnetizing energy —2Ms?, measured for as-deposited
GdFeCo / TbFe bilayers is also shown in the figure. The J;of
the GdFeCo (9 nm) / TbFe (1 nm) was confirmed to increase
by 1.6 times compared to that of the GdFeCo (10 nm), while
the Kesr Of the bilayer was nearly doubled. The unequal gains
of J. and Kef in the exchange-coupled bilayer may be an
intriguing feature in terms of the effective increase of thermal
stability of the memory layer, while keeping J; low, which is
crucial to achieve high-density MRAMs.

FIG. 3 HERE

In order to discuss the unequal gains of J. and Kef in the
bilayer, the Gilbert damping constant of the GdFeCo / ThFe
bilayers, which is known as a parameter to determine the J,
was estimated by TRMOKE measurements. Figure 4 shows
the decaying magnetization precessions of the GdFeCo (10 —
x nm) / TbFe (x nm) bilayer (x = 0, 1) under various external
fields Hex. The raw data, measured by the TRMOKE, contain
the signals of laser-induced demagnetization at t = 0, and
exponential decay due to the recovery of magnetization as
described in [Kato 2008]. These unnecessary signals were
subtracted to extract the decaying precession triggered by the
pump illumination, as shown in Fig. 4. We kept the pump
fluence as low as possible to avoid the influence of the
thermal effect on the estimated results. The typical laser-
induced demagnetization at t = 0 was several percentage
points of the total magnetization. Open circles and solid lines
show measured data and fitted curves with the damped

oscillation function, Ae /" sinwt |, respectively. A clear
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oscillation due to the magnetization precession of the GdFeCo
can be seen in Fig. 4 (a), and the oscillation frequency
increased with increasing Hext. On the other hand, the
precession of GdFeCo (9 nm) / TbFe (1 nm) was confirmed to
relax much faster than that of GdFeCo. The g-factor and
anisotropy field Hx were estimated by fitting the Hex
dependence of w shown in Fig. 5 (a) with the expression in
[Suhl 1955], and the damping constant a was estimated using
the slope of the w dependence of 1/ 1 shown in Fig. 5 (b) with
the expression 1/ 7= a w + Aw. For the GdFeCo (10 nm),
these values were g = 2.2, a = 0.051, and Hx = 2 kOe. All
these parameters are known to be sensitive to the
composition of rare earth elements, and their values were
roughly consistent with the previous reports [Kato 2008,
Komiya 2010]].

FIG. 4 HERE
FIG. 5 HERE

The relaxation time 7 estimated from TRMOKE is known to
be enhanced by inhomogeneity of the anisotropy [Rossing
1963], spin pumping [Tserkovnyak 2002], and two-magnon
scattering [Sparks 1961]. The contribution from the
inhomogeneity of the anisotropy AHi of the bilayers, which is
proportional to fo in the above expression [Rossing 1963], was
excluded by the linear fit of the data shown in Fig. 5 (b).

The effect of spin pumping in capping and buffer Ta layers
is considered to be negligibly small [Mizukami 2001, Kato
2011], and light elements Cu and Al also do not contribute
spin pumping due to their small spin orbit coupling
[Tserkovnyak 2005]. In addition, the contribution of the two-
magnon scattering is considered to be negligible. The
inhomogeneity AHg of the bilayer is quite small compared to
the anisotropy field Hk, which can be seen from the small Aw
in Fig. 5 (b), and AHk would be at most 100 Oe, resulting in a
negligibly small contribution to the estimation of a [McMichael
2004]. The small AHi reflects good homogeneity of the
sample since the amorphous GdFeCo and TbFe have uniform
magnetic properties applicable to magneto-optical recording
media [Tsunashima 2001]. In this experiment, we applied an
external field along 40 deg from the film normal during
TRMOKE measurements, and the perpendicular anisotropy of
the bilayer tended to shift its magnetization slightly to the film
normal direction. For the magnetization angle from the film
normal, ¢ < 45 deg, the two-magnon contribution will be
further reduced from that in the case of ¢ = 90 deg
[McMichael 2004]. The exclusion of the two-magnon
scattering was also supported by the difference of the TbhFe
thickness dependences on a (or 1) and Hk, which we discuss
later. The two-magnon contribution to 71 is expected to be
proportional to Hi2 [McMichael 2004], since the inhomogeneity
AHj, is considered to be proportional to Hk.

Figure 6 (a) shows the TbFe thickness dependence of the
damping constant a of the GdFeCo(10 — x nm) / TbFe (x nm)
bilayer. The damping constant a of the GdFeCo / TbFe was
relatively low 0.051 for x = 0, and increased significantly to

0.23 for x = 1. TbFe thickness dependence of the anisotropy
field Hy estimated from the TRMOKE measurements is shown
in Fig. 6 (b). The Hk gradually increased with increasing TbFe
thickness up to 0.5 nm, then rapidly increased above a TbFe
thickness of 0.5 nm. The Hi estimated from TRMOKE agreed
well with the Hi estimated from the hysteresis loops measured
by AGM (see Fig. 1). The estimated g-factor of all the bilayers
was around 2.2 (not shown).

The a (or 1) gradually increased at TbFe thickness x from 0
to 0.5 nm, while H¢x was not significantly increased in this
thickness region, as shown in Figs. 6 (a) and (b). The
significant increase of a in the GdFeCo / TbFe bilayer shown
in Fig. 6 (a) may be related to the large orbital moment of the
4f electrons in Tb. The large orbital moment of Tb is
considered to be a source of the large PMA in the TbFe since
the large orbital moment corresponds to non-spherical
electron clouds of Tb, which couples strongly to neighboring
atoms. However, the large electrostatic coupling to
neighboring atoms results in a large a due to the energy
dissipation from spin to lattice during the magnetization
precession. Besides the fast relaxation process mentioned
above, a slow relaxation process which is a consequence of
the anisotropy of the exchange interaction between
conduction electrons and 4f magnetic moments may be
important [Woltersdorf 2009], since our bilayers are metals not
oxides. Both these processes could explain the significant
enhancement of the damping of a by impurities of rare earth
with large orbital moments. For a TbFe single layer, no
magnetization precession was observed (not shown), which
indicates that the TbFe single layer has a quite large a.
Similarly, increases of a were reported in (GdRE)FeCo alloy
films, in which Gd was partly replaced by other rare earth
elements, RE = Tm or Er [Komiya 2010]. In the (GdRE)FeCo,
a mere 3—10 % substitution of Tm or Er for Gd was reported to
result in a roughly 3—6-fold increase of a.

FIG. 6 HERE

We compared the product a x MsHk (a x Ke) of the as-
deposited GdFeCo / TbFe bilayers with the J. of CIMS as
shown in Fig. 6 (c), since the J; is known to be proportional to
the product, a x Kef, in a single memory layer. The Ms and Hx
were estimated from hysteresis loops of the bilayers as shown
in Fig. 1. The Kef was measured by a torque magnetometer,
and the product MsHi agreed well with 2 Kerr. Figure 6 (c) plots
both a x MsHi (open circles) and a x K (closed circles) were
plotted, which was normalized so that the value for GdFeCo
(10 nm) was unity.

As discussed in Fig. 3, the J. of the GdFeCo (9 nm) / TbFe
(1 nm) was confirmed to increase 1.6 times compared to that
of the GdFeCo (10 nm), while the product a x K was
confirmed to increase by a factor of 10. This suggests that an
empirical relation, J; « a x Kefr, does not hold in the exchange-
coupled bilayer system. We compared the Ker and J; of a
Gdx(FeCo)100—x single layer in our previous studies [Dai 2012,
Dai 2013], and reported a roughly proportional relationship
between Ker and J. of GdFeCo with various Gd contents.
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There would be an additional contribution from the change in
damping constant with the Gd content, but we expected the
difference of the damping constant to be less than double
from our previous studies [Kato 2008, Komiya 2010], which
means the relation J. « a x K holds in the single memory
layer. Further studies on the dynamical response of the
exchange-coupled bilayer are needed to elucidate the
phenomena observed in this paper. For example, at this stage,
we did not consider the thermal effects due to the large
switching current density J; in CIMS, the effect of dipole /
exchange coupling between memory and reference layers to
the damping constant of the memory layer, etc. However, from
the observed quite large difference in gains between J; and a
x Keff by exchange coupling to TbFe, we consider the
exchange-coupled bilayer to be an attractive option for
realizing high-density MRAM with both low J; and high thermal
stability.

IV. CONCLUSIONS

Gilbert damping constants a and effective PMA Keir of the
GdFeCo (10 — x nm) / TbFe (x nm) exchange-coupled bilayers
with various TbFe layer thicknesses x were measured, and
the product a x Kes of the bilayer was compared with J. of the
CIMS observed for the GMR nano-pillars with the GdFeCo /
TbFe memory layer. The a of the GdFeCo single layer
estimated by TRMOKE was 0.051, and increase of the TbFe
layer thickness resulted in an increase of a to 0.23 for x = 1.
By CIMS experiments, the J; of the GdFeCo (9 nm) / TbFe (1
nm) was confirmed to increase 1.6 times compared to that of
the GdFeCo (10 nm). On the other hand, the a x K was
confirmed to increase by a factor of 10, which was much
larger than the increase of J., indicating the quite large
difference in gains between J; and a x K using the GdFeCo /
TbFe exchange-coupled bilayer. Thus we consider the
exchange coupled bilayer to be an attractive to option for
realizing high density MRAM with both low J; and high thermal
stability.
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Fig. 1. Hysteresis loops taken for (a) GdFeCo (10 nm) single layer,
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Fig. 2. R-/loops of GMR nano-pillars with (a) GdFeCo (10 nm), and
(b) GdFeCo (9nm) / TbFe (1nm) memory layers. The loops were
obtained by measuring the resistance after applying the current pulse
with a pulse width of 100 msec, and external fields Hex of (a) -830 Oe,
and (b) -740 Oe were applied to cancel the coupling between
memory and reference layers.
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Fig. 4. Decaying magnetization precessions of the GdFeCo (10 — x
nm) / TbFe (x nm) bilayer (x = (a) 0, (b) 1) under various external
fields Hex probed by TRMOKE. The unnecessary signals, laser-
induced demagnetization at t = 0, and exponential decay due to the
recovery of magnetization were subtracted to extract the decaying
precession.
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Fig. 6. (a) TbFe thickness dependence of the damping constant a of
the GdFeCo / TbFe bilayer; (b) TbFe layer thickness dependence of
the anisotropy field Hy estimated from TRMOKE and AGM; (c) TbFe
thickness dependence of the critical current density J, of the GMR
nanopillars with GdFeCo / TbFe bilayers and the product a x K of
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(@) Hex dependence of angular frequency w and (b) w
dependence of 1/ 1 of GdFeCo (10 — x nm) / TbFe (x nm) bilayers. w
and 7 were estimated from the TRMOKE signals shown in Fig. 4. The
solid lines in Fig. (a) are fitted curves using the expression described
in [Suhl 1955] to estimate g-factor and Hx. The dashed lines in Fig. (b)
represent linear fits of the data to estimate damping constant a.
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