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The relationship between Gilbert damping and magneto-crystalline anisotropy is studied here using an

all-optical method in a perpendicular Co/Ni multilayer system by varying the Ti-buffer thickness. As

the Ti-buffer thickness increases, the magneto-crystalline anisotropy is enhanced. The time-resolved

Kerr signal of each sample is well described by its own intrinsic Gilbert damping constant in a wide

range of the external magnetic field. Interestingly, we find that Gilbert damping constants increase

linearly from 0.021 to 0.036 when the magneto-crystalline anisotropy of the samples varies from 2.4

to 3.4 Merg/cm3. Such a linear relationship implies that the spin-orbit interaction is the main source of

the damping process through spin-lattice relaxation in our system. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4813542]

In recent years, there has been growing interest in spin-

transfer torque magnetic random access memory (STT-MRAM).

To enable dense memory architectures, lowering the critical

switching current density Jc is essential. In addition, to create

thermally stable memory architectures, increasing the magnetic

anisotropy is important. It is well known that Jc varies in propor-

tion to the Gilbert damping constant a.1 Therefore, it is crucial to

understand and control both a and the magnetic anisotropy to re-

alize STT-MRAM.

Many theoretical studies have been carried out in an

effort to understand the origin of Gilbert damping. The

Gilbert damping can be classified into local and non-local

damping according to the dissipation location.2 With local

damping, the spin energy is transferred to the lattice via spin-

orbit coupling and magnon scattering within the ferromagnetic

layer.3 In contrast, at the interface between the ferromagnetic

layer and the nonmagnetic layer, non-local damping, particu-

larly spin-pumping, occurs when the spin energy of the ferro-

magnetic layer dissipates through the interface into normal

metals via spin current or spin waves.

Among these origins of damping, spin-orbit coupling is

closely related to perpendicular magnetic anisotropy (PMA)

from magneto-crystalline anisotropy.4 Because PMA and a
are very important for the realization of STT-MRAM, the

relationship between two is now an emerging issue.5–11 Silva

et al.9 showed that the spin density, rather than PMA, crit-

ically affects a in Co90Fe10/Ni multilayers and alloys. On the

other hand, some reports have shown that PMA is related to a
when spin pumping exists in Pt/Co/Pt, Co/Pd multilayer and

FePdPt films.5,6,12 In another respect, in iron-rich Fe1�xSix
without spin pumping,13 magneto-crystalline anisotropy

showed a nonlinear relationship to a. In this case, the Si con-

centration affects not only the electronic structure but also the

total magnetic moment. Therefore, the relationship among a,

the spin density, spin pumping, and magneto-crystalline ani-

sotropy remains unclear.

To clarify this, we explore a more direct relationship

between a and the magneto-crystalline anisotropy in a

Ti-buffered Co/Ni multilayer system, in which spin pumping

is negligible and where the total magnetic moment is almost

same. For this purpose, we change the magneto-crystalline an-

isotropy of the Co/Ni multilayer system by varying only the

Ti-buffer layer thickness dTi from 1.5 to 9 nm. The Ti-buffer

layer is also crucial when intending to exclude the spin-

pumping effect. In addition, we used multilayer with stack

number N¼ 6, facilitating nearly homogeneous perpendicular

magnetic anisotropy and thereby minimizing the inhomogene-

ity effect. Multilayer films of Ti(dTi nm)/Co(0.3 nm)/

[Ni(0.7 nm)/Co(0.15 nm)]6/TaN(5 nm) were grown by DC

magnetron sputtering on Si/SiO2 (001) substrates. With the

polar magneto-optical Kerr effect (p-MOKE) and an in-plane

vibrating sample magnetometer (VSM), we measured the

static magnetic properties. The improvement of the crystallin-

ity was checked by X-ray measurements. Figure 1(a) shows

the polar magneto-hysteresis loops of the samples by using

p-MOKE. All samples show very square loops, indicating

PMA of the sample. As shown in Fig. 1(b), the measured

magnetic coercivity Hc increases as the Ti-buffer layer thick-

ness increases. From the in-plane magneto-hysteresis loop, we

measured the saturation magnetic field Hs and estimated the

uniaxial magnetic anisotropy Ku using the simple equation

Ku¼MsHs/2 þ 2pMs
2, where Ms is the saturation magnetiza-

tion. Figure 1(c) shows Ku as a function of dTi. The increase

of Ku (DKu) indicates that the crystallinity enhancement due

to the better buffer layer morphology increases the magneto-

crystalline anisotropy.14,15

The Gilbert damping constant is characterized by means

of time-resolved magneto-optical Kerr effect (TR-MOKE)a)Electronic addresses: shin@kaist.ac.kr and scshin@dgist.ac.kr
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measurement. A schematic of the TR-MOKE setup is shown

in Fig. 2(a). The sample is excited by a 800-nm pump

beam, and its fluence is approximately 8.15 mJ/cm2. The

probe beam fluence is much weaker than the pump beam flu-

ence F. We checked out that the transient heating and cool-

ing by the pump beam is negligible in precessional time

regime (>50 ps).11 The heated-up temperature and its dy-

namics of our ferromagnetic layer are in good agreement

with previous reports.16,17 Pump and probe laser pulses are

fed into a 50� (0.5 numerical aperture) polarization-

conserving objective lens. The probe beam reflects onto the

normal axis of a sample. The polar Kerr signal is measured

using a balanced detection technique. The applied external

magnetic field H ranges from 3.5 to 5.3 kOe with an angle

hH of 60� from the normal direction of the sample.11,18

The time-dependent Kerr signals, which are measured at

a high magnetic field of H¼ 5.3 kOe, are shown in Fig. 2(b)

for the [Co/Ni]6 multilayer with dTi of 1.5, 3, 4, 5, 6, 7, and

9 nm. The signals are subtracted by the background signal

with an exponential decay function, and the remaining

precessional components hK are fitted with the damped har-

monic function, hK ¼ Asinð2pftþ uÞexpð�t=sÞ, with tuning

factors of u and A, as shown by the solid curves in Fig. 2(b).

Here, we can obtain the resonance frequency f and the relax-

ation time s.

The representative data of f and s�1 are shown in Figs. 3(a)

and 3(b) in a wide range of H with the samples of dTi¼ 1.5 and

9 nm, which have the lowest and the highest magneto-

crystalline anisotropy in our sample series, respectively. The

value of f increases with H, which is explained well by the

Kittel formula, f ¼ ðc=2pÞ
ffiffiffiffiffiffiffiffiffiffiffi

H1H2

p
with H1 ¼ H cosðhH � hÞ

þHeff
k cos2h and H2 ¼ H cosðhH � hÞ þ Heff

k cos 2h. Here, c is

the gyromagnetic ratio, which is defined as c ¼ glB=�h. The fit-

ting parameter Heff
k is the effective anisotropy field.7 The equi-

librium angle h is determined from the energy-minimized

relationship, sin 2h ¼ 2H=Heff
k sinðhH � hÞ. With the c value of

bulk Co, 19.4 Mrad/s�Oe (g¼ 2.2),19 the best fitted values of

Heff
k are 1600 6 300 and 4100 6 100 Oe for multilayers with

dTi¼ 1.5 and 9 nm, respectively. These Heff
k values are slightly

smaller compared to those from the VSM measurement.

Figure 3(b) clearly shows that s�1 is well fitted with the

equation s�1 ¼ cafitðH1 þ H2Þ=2. Because this relationship

only holds for the intrinsic damping constant, it must be

emphasized that the extrinsic damping process due to the

inhomogeneity is negligible in our measurement. Therefore,

we can say that afit obtained from the linear fit of s�1 is essen-

tially the intrinsic a of the given sample. The experimental

s�1 data are well fitted with the single damping parameter,

afit, with values of 0.021 6 0.001 and 0.036 6 0.001 for

dTi¼ 1.5 and 9 nm, respectively.

The Gilbert damping constant a is investigated as a func-

tion of the Ti-buffer layer thickness dTi in Fig. 4(a). If the

applied external magnetic field is strong enough, we can obtain

a using the simple relationship of a ¼ ð2pf sÞ�1
,20 which show

the same values as afit when dTi¼ 1.5 and 9 nm. Here, f and s
are measured at 5.3 kOe, which is near or above the saturation

magnetic field of the samples. We found that a increases with

an increase in the Ti-buffer layer thickness. Similarly, we plot-

ted a as a function of Ku in Fig. 4(b). Interestingly, we noted a

linear correlation between Ku and a. The slope of 1.43� 10�8

cm3/erg in the Co/Ni multilayer system is about three times

lower than that of 4.33� 10�8 cm3/erg in the Co/Pd multilayer

system.6 We assumed that this difference comes from negligi-

ble spin pumping effect in our Co/Ni multilayer system com-

pared to the effect in the Co/Pd system.

Several possible causes of the increase of a with Ku

can be imagined. One is non-local spin-current damping,

which is caused by the precessing moment in an adjacent

non-magnetic layer.3 However, the spin-orbit coupling

constant of Ti is more than 10 times weaker than that of

Pd or Pt. Additionally, we checked out that spin pumping

effect is negligible with dTi¼ 5 nm in our Co/Ni multi-

layers.11 Therefore, we believe that the non-local spin-

current damping can be ignored. The second possibility is

the multi-domain or inhomogeneity effect, which induces

additional spin wave damping, as usually observed in the

case of a large anisotropy distribution. However, in our

FIG. 2. (a) Schematic of experimental setup. (b) Time-resolved Kerr signals

are measured with [Co/Ni]6 multilayer films of dTi¼ 1.5 � 9 nm at H¼ 5.3

kOe. The signals are shown in open symbols, and their fitted curves are

shown in solid curves.

FIG. 1. (a) Magnetic hysteresis loop

measured by p-MOKE with Ti-buffer

layer thickness, dTi¼ 1.5 � 9 nm. (b)

Coercivity field Hc as a function of dTi,

which is measured by p-MOKE. (c)

Uniaxial magnetic anisotropy Ku as a

function of dTi.
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experimental condition involving an external magnetic

field strong enough to saturate a sample, this effect can be

excluded.3 Furthermore, as shown in Fig. 3(b), s�1 is well

fitted by a single damping parameter of each sample, guar-

anteeing that the extrinsic damping from the multi-domain

or inhomogeneity effect is negligible. The third possibility

is a thermal effect caused by the different Ti-buffer layer

thickness. The thick Ti-buffer layer acts as a larger heat

sink, resulting in a slightly lower equilibrium temperature

of the ferromagnetic Co/Ni layers. However, above room

temperature, a of Co and Ni is expected to increase slightly

due to the phonon-assisted spin-orbit effect.21 This indi-

cates that the thermal effect of the Ti-buffer layer can

reduce a in a thicker sample. The variation of a of our data

is large, and the slope with respect to the Ti-buffer layer

thickness is opposite to that of the thermal effect. Hence,

we rule out this possibility. The fourth possibility is the

interface roughness effect. The thickness of the buffer layer

might affect the interface roughness. The dependence of

the degree of damping on the roughness can be understood

by considering the effects of the roughness-coupled eddy

current.22 Nevertheless, a recent study of a Co/Ni multi-

layer with a Cu buffer layer showed that a is less affected

by the roughness.23 The last possibility is that a becomes

large in materials with high magneto-crystalline anisotropy

because both a and the magneto-crystalline anisotropy are

related somewhat by the spin-orbit coupling strength n. It

has been long thought that one source of a may stem from

the spin-orbit coupling.24 Kambersk�y showed that a is also

proportional to n2.25 On the other hand, Bruno showed

that Ku arising from the magneto-crystalline anisotropy

is roughly proportional to n2 by estimation.4 Therefore,

our linear relationship between the magneto-crystalline

anisotropy and a is clear evidence of their proportionality

to n2.

In conclusion, we investigate the relationship between

Gilbert damping and magneto-crystalline anisotropy using

TR-MOKE in the Co/Ni multilayer system by varying the

Ti-buffer layer thickness. The Ti-buffer layer thickness

changes the magneto-crystalline anisotropy by crystallinity

enhancement and affects the Gilbert damping constant. We

find that the magneto-crystalline anisotropy and the Gilbert

damping constant show a linear relationship. This can be

interpreted by the spin-orbit coupling, which is related to

both the magneto-crystalline anisotropy and the Gilbert

damping constant with the proportionality of n2. This inter-

relationship emphasizes that magneto-crystalline anisotropy

is one of main keys to control critical switching current

density in realization of STT-MRAM.
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