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(Received 21 August 2018; accepted 18 November 2018; published online 7 December 2018)

We have investigated the Gilbert damping, a, of a tetragonally distorted, perpendicular magnetic

anisotropic (PMA) ultrathin Fe0.5Co0.5 film grown on a Rh-buffered MgO(100) substrate fabricated

by magnetron sputtering at room temperature by means of the time-resolved magneto-optical Kerr

effect. We obtained the highest PMA value of 0.573 MJ/m3 ever reported for the Fe0.5Co0.5/Rh

film. The PMA strongly depends on the lattice distortion which originates from the epitaxial growth

in the large lattice misfit system of Fe0.5Co0.5 and Rh. We have estimated an unusually high value

of a¼ 0.041 6 0.002 for a 1 nm thick Fe0.5Co0.5 film. Based on the microstructural observation and

the first-principles calculation, we conclude that the large a in the ultrathin Fe0.5Co0.5 film comes

from the minority-spin electron transition around the Fermi level mediated by the spin-orbit inter-

action, which is caused by the large lattice distortion. Published by AIP Publishing.
https://doi.org/10.1063/1.5052721

Ferromagnetic materials with large perpendicular mag-

netic anisotropy (PMA) have immense practical importance

in the development of large capacity spin transfer torque

magnetic random access memory (STT-MRAM)1 that con-

sisted of magnetic tunnel junctions (MTJs). Due to the

demand to increase the capacity of STT-MRAM, the cell

size was reduced by several tens of nanometers. To maintain

the thermal stability and reduce the critical current density

for spin-transfer torque (STT) switching, large PMA materi-

als are strongly required2 in MTJs for nonvolatile nature and

high-speed operation. The origin of PMA is mainly based on

two different reasons, such as the interfacial effect3 and the

bulk-PMA originating from the strong spin-orbit coupling.4

Interfacially introduced PMA is reported in various material

combinations with MgO3,5–12 and is introduced by the

hybridization of orbitals between Fe in the ferromagnet and

O in MgO.13,14 Using this interfacial PMA, a perpendicular

MTJ was demonstrated.15 Bulk-PMA may also appear due to

one more reason, which is lattice distortion.

Tetragonally distorted FeCo alloys have recently gained

renewed attention as a promising PMA material due to their

high magnetic anisotropy energy (Ku).16–18 In 2004, Burkert

et al.16 first predicted that body-centered tetragonal (bct)

Fe1–xCox alloys could show a giant Ku of about 10 MJ/m3 at

the Co concentration of 0.5� x� 0.65 and the tetragonal dis-

tortion (c/a) of 1.20� c/a� 1.25 based on the first-principles

calculation. Afterwards, many experimental reports19–21 con-

firmed the large Ku in this particular alloy, but the values

were appreciably smaller than the calculated value. It is also

found that PMA is very sensitive to the induced tetragonal

distortion. Therefore, the bct-FeCo alloy film should be epi-

taxially grown on suitable non-magnetic face-centered cubic

(fcc) structures such as Pd (c/a¼ 1.13), Ir (c/a¼ 1.18) and

Rh (c/a¼ 1.24) substrates for achieving large Ku.17 Lao

et al.22 reported the largest effective anisotropy Keff
u (¼Ku

�Kd, where Kd is shape anisotropy) value of �0.4 MJ/m3

with c/a¼ 1.2 for the Rh(001)-buffered Fe0.5Co0.5 (1.5 nm)

epitaxial film. There is still enough room to enhance the

effective anisotropy by enhancing the c/a ratio. From the

spintronic application point of view for PMA materials, the

magnetic damping factor (a) is one of the important parame-

ters to control the magnetization switching. In MTJ, the

materials for a free layer should possess low a in order to

reduce the critical current density for STT switching. On the

other hand, high a is favorable for the reference layer mate-

rial in order to maintain the unidirectional magnetization. In

this study, we report the investigation of a in a tetragonally

distorted Fe0.5Co0.5 alloy thin film with high Keff
u using a

time-resolved magneto-optical Kerr effect (TR-MOKE)

microscope. We obtained the largest Keff
u value ever reported

for ultrathin Fe0.5Co0.5 films. In addition, a 1 nm thick

Fe0.5Co0.5 film shows unusually high a compared to a thicker

film having in-plane anisotropy. Based on the microstructure

observation and the first-principles calculation, we discuss

the possible origins of the unusually high value of damping

in ultrathin PMA films.

The thin films were deposited on a single crystalline

MgO(100) substrate by an ultra-high vacuum magnetron

sputtering system at a base pressure of 2� 10�7 Pa. A 50 nm

thick Rh underlayer was first deposited on top of the

MgO(100) substrate at room temperature followed by post-

annealing (Ta) at 573 K. Then, the Fe0.5Co0.5 (t) layer was

deposited at room temperature. The thickness tFeCo varied

from 1 to 10 nm. Finally, a 3 nm thick Rh protective layer

was deposited at room temperature (Td) on top of the

Fe0.5Co0.5 thin film (Fig. SI. 1) in order to avoid oxidation

and degradation of the film quality with time and during the

exposure of a high-power femtosecond laser beam at the

time of TRMOKE experiments. To confirm the epitaxial

a)Author to whom correspondence should be addressed: takahashi.yukiko@

nims.go.jp
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growth and the surface quality of the Rh underlayer and the

Fe0.5Co0.5 layer, in situ reflection high-energy electron dif-

fraction (RHEED) and atomic force microscopy (AFM) mea-

surements were carried out (Fig. SI. 2). The crystalline

structure was investigated using the conventional out-of-

plane X-ray diffraction (XRD) with Cu Ka radiation in the

h-2h geometry and using transmission electron microscopy

(TEM). Magnetic hysteresis curves were measured at room

temperature using a vibrating sample magnetometer (VSM)

with in-plane and out-of-plane geometries. The torque mag-

netometry measurements23 were carried out to calculate the

effective uniaxial anisotropy for ultrathin Fe0.5Co0.5 films.

The measurements were performed under the constant mag-

netic field by varying the direction of the magnetic field. The

direction of magnetization at each constant value of the mag-

netic field angle helps to obtain the torque data which consist

of the first- and second-orders of magnetic uniaxial anisot-

ropy constant. The detailed explanation for this measurement

with a schematic diagram of the experimental setup can be

found in the supplementary material (SI. 3). The ultrafast

magnetization dynamic measurements were carried out with

an all-optical TR-MOKE microscope.24 A high power mode-

locked Yb:KGW laser (PHAROS, Light Conversion) with a

wavelength of 1028 nm, a pulse width of 290 fs and a repe-

tition rate of 10 kHz was used as a pump beam to excite the

magnetization dynamics of the sample. The second har-

monics (k¼ 515 nm) of the fundamental laser beam was

used as a probe to measure the magneto-optical Kerr rota-

tion as a function of the time delay between the pump and

probe beams with the help of the optical bridge detector

and the lock-in-amplifier in a phase-sensitive manner. Both

the pump and probe beams were focused onto the sample

surface using a lens. The pump beam was modulated at

910 Hz using a mechanical chopper for the lock-in-detec-

tion. During the measurement, a variable external bias mag-

netic field (l0Hb) was applied at an angle of hTRMOKE
H ¼ 60�

with respect to the perpendicular direction of the sample

surface.

Figure 1 shows the change in the ratio of lattice parame-

ter, the c/a ratio as a function of the film thickness of

Fe0.5Co0.5, tFeCo. The lattice parameter was calculated using

Bragg’s formula considering the Fe0.5Co0.5(002) diffraction

peak (marked by the blue arrow) in the XRD pattern shown in

Fig. SI. 4. The c/a ratio was also calculated from the cross-

sectional TEM image as shown as a red dot in Fig. 1(a) for

the samples thinner than 2.5 nm. The c/a ratio is about 1.33

for tFeCo¼ 1 nm and then reduces to 1.1 for tFeCo¼ 3 nm. This

rapid reduction of the c/a ratio with increasing film thickness

follows the similar trend reported earlier.25 The saturation

magnetization as a function of film thickness is plotted in Fig.

1(c). Figures 1(d) and 1(e) compare the out-of-plane and in-

plane magnetization curves of the Fe0.5Co0.5 thin films with

tFeCo¼ 1 and 3 nm, respectively. We found that the 1-nm-

thick film shows PMA, whereas the films with tFeCo � 2.5 nm

show in-plane (IP) anisotropy. The effective magnetic anisot-

ropy, Keff
u calculated from the magnetization curves as well as

the measured torque data are plotted as a function of tFeCo, as

shown in Fig. 1(b). PMA is realized in films with tFeCo

� 2.0 nm and decreases with tFeCo. The tFeCo¼ 1.5 nm film

shows the highest Keff
u value of 0.573 MJ/m3 in the

tetragonally distorted Fe0.5Co0.5 thin film till date. For

tFeCo¼ 1 and 1.5 nm, both the torque data and magnetization

data matched well with each other.

Figure 2(a) shows the typical time-resolved Kerr rota-

tion spectra recorded with a TR-MOKE microscope for a

tFeCo¼ 1.5 nm thin film in the presence of l0Hb ranging from

0.58 T to 1.85 T. The details of this Kerr signal are explained

in SI. 5. The tFeCo¼ 1.5 nm thin film shows a single uniform

resonance frequency (fr) mode. In order to extract fr and the

relaxation time (s), the TR-MOKE signal is fitted with a

well-defined phenomenological fitting function

FIG. 1. (a) The lattice parameter, the c/a ratio, (b) the effective magnetic

anisotropy, Keff
u and (c) the saturation magnetization for Fe0.5Co0.5 film as a

function tFeCo and magnetization curves of the Fe0.5Co0.5 thin film of thick-

ness tFeCo¼ 1 nm (d) and 3 nm (e). Red and blue symbols correspond to the

out-of-plane and in-plane directions.

FIG. 2. (a) Typical time-resolved Kerr signal for tFeCo¼ 1.5 nm thick

Fe0.5Co0.5 film under an external magnetic bias field with different strengths.

The red dotted curves are the fitted curve of the experimental data to Eq. (1).

The inset in (b) shows the schematics of the experimental geometry. (b) The

resonance precession frequency fr and (c) the inverse relaxation time 1/s as a

function of external bias magnetic field strength. The broken curves are fits

using the linearized LLG equation.
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hk tð Þ ¼ Ae�t1t þ Bsin 2pfrtþ uð Þe �
t
sð Þ þ C; (1)

where A, B, and C are the demagnetization magnitude, the

oscillatory motion amplitude, and an offset, respectively. fr,
t1, s, and u are the resonance frequency, the recovery rate,

the relaxation time, and the initial phase, respectively.

Figures 2(b) and 2(c) show the l0Hb dependence of fr and 1/

s in the case of tFeCo¼ 1.5 nm film. Using the linearized

LLG equation, fr, 1/s and their field components HTRMOKE
1 ,

HTRMOKE
2 are derived26 such as: fr ¼ c

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HTRMOKE

1 HTRMOKE
2

q
;

1
s ¼ 1

2
ac HTRMOKE

1 þ HTRMOKE
2

� �
; HTRMOKE

1 ¼ Hbcos hTRMOKE
M

�

�hTRMOKE
H Þ þ Heff

k cos2hTRMOKE
M and HTRMOKE

2

¼ Hbcos hTRMOKE
M � hTRMOKE

H

� �
þ Heff

k cos2hTRMOKE
M . Here, c

(¼glB

�h ), a, Hk
eff, hTRMOKE

M , and hTRMOKE
H are the gyromagnetic

ratio, the Gilbert damping constant, the effective anisotropy

field and the equilibrium angles of magnetization and the

bias magnetic field with respect to the z direction, respec-

tively. hTRMOKE
M can be derived from the equation:

sin2hTRMOKE
M ¼ 2Hb

Heff
k

sin hTRMOKE
M � hTRMOKE

H

� �
: By considering

g¼ 2, we evaluated the value of Hk
eff¼ 0.4 T from the LLG

fitting. The evaluated Hk
eff is similar to the saturation field

that was obtained from the magnetization curve. We found

that both experimental fr and 1/s qualitatively match with the

data calculated using the LLG equation as shown in Figs.

2(b) and 2(c). Figure 3 shows the change in a as a function

of the inverse of the film thickness, 1/tFeCo. We found that

the values of a consistently increased with the increase in 1/

tFeCo, which corresponds to the decrease in the film thick-

ness. In particular, a linearly increases from 0.029 6 0.002

for tFeCo¼ 1.5 nm to 0.041 6 0.002 for tFeCo¼ 1 nm as a

function of the inverse of the film thickness. In order to

understand the possible origins of large a, we carried out

scanning transmission electron microscope (STEM) analyses

for tFeCo¼ 1 and 10 nm. Figure 4 shows the cross-sectional

high-angle annular dark field (HAADF)-STEM images for

the tFeCo¼ 1 and 10 nm films, respectively. We observe that

the lattice parameter along the c-axis is elongated (refer to

the enlarged image of the Fe0.5Co0.5 layer in the inset) com-

pared to the a-axis. But, for tFeCo¼ 10 nm, both lattice

parameters c and a are comparable to each other. The micro-

structural observation implies that the increase in the c/a
ratio, i.e., the tetragonal distortion may make an important

contribution to the enhancement of a. In search for the origin

of the large a value, we performed first-principles density-

functional calculations based on the microstructural

analyses.

Recent studies26–28 have analyzed damping constants a
of several ferromagnets on the basis of Kambersky’s torque-

correlation model29 by using the first-principles calculation.

In this work, we adopted the same method and directly cal-

culated the damping constants a of cubic (bcc) and tetrago-

nally distorted (bct) Fe0.5Co0.5. Details of the calculation are

given in Ref. 26. On the basis of STEM observations, we

fixed the lattice parameter to a¼ 2.842 Å and a¼ 2.726 Å (c/

a¼ 1.33) for bcc and bct Fe0.5Co0.5, respectively. In these

calculations, we assumed the B2-ordered structure in

Fe0.5Co0.5, because the electronic structure around the Fermi

level is similar between the B2-ordered and fully disordered

Fe0.5Co0.5 as shown in Fig. 5.

We obtained a¼ 0.0066 and 0.0178 for bcc and bct

Fe0.5Co0.5, respectively, which is qualitatively consistent

FIG. 3. The Gilbert damping constant a plotted as a function of the inverse

of the Fe0.5Co0.5 thickness, 1/tFeCo. The blue symbols correspond to the

damping constant and the blue dotted parabola defines the two different class

of magnetization i.e., PMA and IP.

FIG. 4. Cross-sectional HAADF-STEM images (magnified image of

Fe0.5Co0.5 layer is in the inset; the c-axis and a-axis of lattice is shown by

the line) for tFeCo¼ 1 and 10 nm Fe0.5Co0.5 thin film.
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with our experimental observations mentioned above. To

understand these theoretical results, we also analyzed the

density of states (DOS) of bcc and bct Fe0.5Co0.5 by using

the Akai-KKR code.30 Figures 5(a) and 5(c) [5(b) and 5(d)]

show the DOSs of the fully disordered (B2-ordered)

Fe0.5Co0.5 with bcc and bct structures, respectively. We see

that the DOSs around the Fermi level (EF) in the B2-ordered

Fe0.5Co0.5 are similar to those in the fully disordered

Fe0.5Co0.5, justifying our assumption in the calculation of a.

We also find that when the lattice is distorted from bcc to bct

structure, the pseudogap around EF in the minority-spin DOS

closes, leading to the increase in the occupied minority-spin

states just below EF [see Figs. 5(c) and 5(d)]. In

Kambersky’s torque-correlation model,29 the expression of

the damping constant a includes the transition matrix ele-

ment, which has contributions from spin-conserving and

spin-flip electron transitions around EF due to the spin-orbit

interaction.31 The increase in the occupied minority-spin

states just below EF [Figs. 5(c) and 5(d)] enhances the spin-

conserving electron transition between unoccupied and occu-

pied minority-spin states around EF, which would be the

main origin of enhancement of the damping constant in

Fe0.5Co0.5 due to the tetragonal distortion. The spin pumping

effect and the inhomogeneous anisotropy distribution could

be considered as other possible origins of the large a value.

The inhomogeneous anisotropy distribution causes a change

in the relaxation time; however, Fig. 2(c) shows that the

relaxation time increases monotonically with the external

bias field. So, we can rule out the possibility of the inhomo-

geneous anisotropy distribution. The possibility of the spin

pumping effect at the interface of Rh and the Fe0.5Co0.5 layer

depends on the spin-Hall angle of Rh. Rh is known to have a

low spin-Hall angle32,33 like Ru34 and Pd35 following the

similar trend of spin-Hall conductivity.36 Earlier work also

reported that the spin-pumping effect is relatively small due

to the small spin-Hall angle of Ru in the Ru/CoFeAl inter-

face. We also calculated the spin-mixing conductance of the

Fe0.5Co0.5 film as a function of film thickness (described in

supplementary material 6) and found that the value is almost

constant from ultrathin to thicker Fe0.5Co0.5 film. So, in the

case of Rh/Fe0.5Co0.5 interface, we can also expect relatively

small spin-pumping effect contribution. Therefore, we con-

clude that the lattice distortion plays one of the significant

roles in enhancing the Gilbert damping of Fe0.5Co0.5.

In conclusion, we investigated the Gilbert damping coef-

ficient, a, of a tetragonally distorted ultrathin epitaxial

Fe0.5Co0.5 film grown on the Rh underlayer using a TR-

MOKE microscope. The highest effective anisotropy, Keff
u ,

value of 0.573 MJ/m3 was observed for the 1.5 nm thick

Fe0.5Co0.5 film. We observed the increase in a for the ultra-

thin Fe0.5Co0.5 film, and it reaches 0.041 6 0.002 for the

1 nm thick film. The enhancement of a was explained quali-

tatively by the microstructural analyses and the first-

principle calculations. From TEM analyses, we found that

the lattice distortion increases from 1.02 to 1.33 with a

decrease in tFeCo. From the first-principles calculation, we

found that the minority-spin electron transition due to the

spin-orbit interaction enhances by introducing the tetragonal

distortion. Therefore, the tetragonal distortion plays a nota-

ble role in the origin of large a for the ultrathin Fe0.5Co0.5

film. In the application point of view, the tetragonally dis-

torted Fe0.5Co0.5 film with high PMA and a is suitable as a

reference layer for MTJ in STT-MRAM, but not for the free-

layer electrode as its damping is too high for low current

STT switching.

See supplementary material for the schematic view of

the film stack (supplementary material 1), RHEED and AFM

images of Fe0.5Co0.5 and Rh layer. (supplementary material

2), the experimental details of torque magnetometry (supple-

mentary material 3), the XRD patterns of various thicknesses

of Fe0.5Co0.5 thin films (supplementary material 4), the typi-

cal time-resolved Kerr signal of 1.5 nm thick Fe0.5Co0.5 thin

film (supplementary material 5) and the calculation of spin

mixing conductance of Fe0.5Co0.5 thin films (supplementary

material 6).
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