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The temperature-dependent Gilbert damping in Co,FeAl thin film grown on a Pb(Mg; ;3Nb;3)03-30%PbTiO3 sub-
strate is investigated by the systematic measurement of physical property measurement system (PPMS) on a series of
samples with different substrate temperatures. Varying the substrate temperatures from 350 °C to 500 °C, the B2 order-
ing degrees of CopFeAl thin films increase, which can lead the Gilbert damping to decrease, indicated by the field-sweep
in-plane PPMS measurements. In addition, the measurement result of PPMS demonstrates that the Gilbert damping de-
creases first with measurement temperature decreasing down to about 150 K, then increases at a measurement temperature
of ~ 50 K, and decreases again with the measurement temperature decreasing. There are two independent damping man-
ners, namely bulk damping and surface damping, which contribute to the Gilbert damping. Moreover, the observed peak
of Gilbert damping at ~ 50 K can be attributed to the spin re-orientation transition at the CopFeAl surface, which is similar
to the result of the effective magnetization as a function of measurement temperature. The result presents the evidence for

further studying the Gilbert damping in CopFeAl thin film.

Keywords: Gilbert damping, CoyFeAl thin film, B2 ordering degree

PACS: 67.30.er, 67.80.dk, 75.50.—y, 62.25.Fg

1. Introduction

The magnetic material for applications in magnetic stor-
age devices with high-speed and low-power consumption
is usually based on the analysis of magnetization dynam-
ics subjected to a phenomenological parameter called Gilbert
damping o as given by the Landau—Lifshitz—Gilbert (LLG)

equation!! =8
d o d
— M =—yM x Hygp+—M x — M 1
T YM x eff+Ms M, (1)

where ¥ is the gyromagnetic ratio, M is the magnetization
vector, and M is the saturation magnetization. According to
the LLG equation, the Gilbert damping « is particularly im-
portant for controlling how the magnetization rapidly reaches
the equilibrium position without the external stimulus, and for
describing the magnetic dynamic property in the magnetic thin
film. Generally, the magnetization dynamics can be governed
by intrinsic and extrinsic contributions. The former is deter-
mined by the fundamental material parameter, « for a ferro-
magnet describing the rate of magnetization relaxation, which
can be obtained to perform the measurements under differ-
ent values of frequency f due to o proportional to f. The
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latter counterpart is characterized by the magnon excitations
and magnetic film inhomogeneity. A low ¢ in ferromang-
netic material can lead to a low critical current density, which
can be implemented in spin-transfer-torque magnetic random
access memories. The CoyFeAl (CFA) material due to high
Currie temperature, high spin polarization, especially a low
a, is chosen, which has been a hot research spot in this field.
The theoretical and experimental approaches have been em-
ployed to study Gilbert damping & in CFA material. For in-
stance, Belmeguenai et al. have reported the experimentally
derived o, obtained by linearly fitting the curve of frequency-
dependent ferromagnetic resonance linewidth, which varies
from 0.0068 to 0.00154 with CFA thickness changing from
10 nm from 70 nm in CFA/MgO structure.°! In addition, the
chemical order varies from A2 phase to B2 phase with thick-
ness increasing. Therein, A2 phase has a completely random
occupation for any Co, Fe, or Al atom, and B2 phase has Co
atoms occupying their assigned sites, while Fe and Al atoms
randomly share the other ones. Husain et al. have investi-
gated that the static and dynamic magnetization properties in
the B2 phase CFA thin film grown at different values of Si
substrate temperature 75.1'°! A low o of 0.00154-0.0001 is ob-
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tained corresponding to T of ~ 573 K. To realize the potential
applications of CFA thin film, the ordering degree and low-o
CFA prepared by controlling the growth conditions and choos-
ing the substrate is essential. Recently, with the continuous
development of many existing and emerging devices such as
magnetic random access memories, a particular ferroelectric
crystal material Pb(Mg; ;3Nb, /3)03-30%PbTiO3(PMN-PT) is
often used in the multiferroelectric heterostructures. In pre-

'LI2] the magnetic dynamic and ferromagnetic

vious reports,|
resonance linewidth in a fixed microwave frequency can be
obtained in CFA/PMN-PT structure. Nevertheless, the orderi-
omng degree of CFA grown on PMN-PT substrate is ignored,
and « is unsolved. Therefore, in this work, the temperature-
dependent Gilbert damping in CFA thin film grown on ferro-
electric crystal material PMN-PT is analyzed in detail. With
the substrate temperature varying from 350 °C to 500 °C, the
B2 ordering degree of CFA thin film increases, which can lead
the Gilbert damping to decrease, indicated by the field-sweep
in-plane physical property measurement system (PPMS) mea-
surements. Therein, the resonance spectra are obtained by the
PPMS measurements at temperatures in a range of 5 K-300 K
and frequencies in a range of 8§ GHz-17 GHz. The Gilbert
damping is also found to decrease with measurement temper-
ature decreasing, and then to increase with measurement tem-
perature decreasing down to about 50 K followed by decreas-
ing again, which can be attributed to the two independent con-
tributions, namely bulk damping and surface damping. More-
over, an abnormal point of the effective magnetization around
~ 50 K is obtained, which is consistent with the results of
Gilbert damping at different measurement temperatures. This
can result from the spin reorientation transition at the CFA sur-
face.

2. Experiment

The CFA thin film was deposited on the (001)-oriented
PMN-PT (Pb(Mg;/3Nb;/3)03-PbTiO3) substrate by direct
current (DC) magnetron sputtering under different values of
substrate temperature T3: 350 °C, 400 °C, 450 °C, and 500 °C,
respectively. The sputtering condition included an Ar pressure
of 0.1 Pa, a flow rate at 10 SCCM (SCCM denotes cubic cen-
timeter per minute at STP), and a base pressure of 2x 10~ Pa.
The sputtering power was 180 W, and the thickness values of
CFA thin films are all 150 nm. The x-ray diffraction (XRD)
measurement was performed on X’Pert x-ray powder diffrac-
tometer with Cu-K o radiation (1.54056 A). After the XRD
measurement, Pt layers were sputtered on the top side and bot-
tom side, respectively, with thickness being 10 nm and 50 nm.
The Pt layer was used as an electrode when the sample was
measured by PPMS. The Keithley 2400 source measurement
unit was used to test the resistance of the sample through using
the four-probe technique. The temperature dependence of the

ferromagnetic resonance absorption spectrum was measured
with a physical property measurement system (PPMS) pos-
sessing a broadband ferromagnetic resonance setup, by using
a coplanar waveguide for microwave excitation and operating
in a frequency range of 2 GHz-18 GHz. The setup is also
used with a temperature control system operating from 1.9 K
to 400 K.

3. Results and discussion

The XRD patterns of CFA thin films with different val-
ues of Ty during deposition are shown in Fig. 1(a). The CFA
thin films are deposited at Ty = 350 °C, 400 °C, 450 °C, and
500 °C and the corresponding samples are named S350, S400,
S450, and S500, respectively. For the S400, the (400) fun-
damental peak is observed obviously at ~65.09° in this film,
which originates from the basic cubic crystal structure, cor-
responding to the A2 phase of CFA. The A2 phase is totally
disordered with respect to Co, Fe, and Al. The presence of
(200) peak at ~ 31.19° indicates that the sample contains B2
phase. The B2 phase is characterized by total disorder between
Fe and Al atoms while Co atoms occupy regular sites. A sim-
ilar behavior can be obtained for samples S450 and S500, re-
spectively, which suggests the appearance of B2 phase. For
the S350, there is no (200) peak corresponding to the CFA
phase detected in XRD scans, which only can be defined as
A2 phase. However, with the accuracy of the measurements,
the L2-type peak at approximate 27° cannot be observed. The
ratio of integrated intensity of (002) peak to that of (004) peak
((002)/1(004)) as shown in the blue curve of Fig. 1(b) increases
with T increasing from 350 °C to 500 °C, which demonstrates
the improvement of the B2 phase ordering degree. Moreover,
to quantify the chemical ordering of B2 phase, the parameter
(Sg2) is given as follows:!!3!

I Ifullforder
(200) _ 51232 (200) @
{(a00) I(f:go’)order ’

where I(f;go’)order /I{}“go’)order is the ideal ratio between the two

peaks. The Sp, parameter for S350, S450, and S500 can be
obtained from Eq. (2), which is shown by the red curve in
Fig. 2(b). The Sp, parameter increases from 0.34% to 0.53%
with T increasing from 400 °C to 500 °C. These results indi-
cate that the highest-ordered CFA thin films in this work can be
achieved for the S500, which may be explained qualitatively
in the following. As the substrate temperature increases, the
increase of the atom ordering degree leads the ordering phase

to increase.

126701-2



Chin. Phys. B Vol. 29, No. 12 (2020) 126701

(@) FA (200) >3 cFA (400)
N LA

L7
A
JAAJ

Intensity/arb. units

32 62 64 66
20/(°)
S 0.105} (b) 1048
= 0.070f 10.32
2 0.035F H10.16 A
g 9
S] 0 C 1 1 1 3 0
350 400 450 500
Ti/°C

Fig. 1. (a) XRD patterns of CFA/PMN-PT heterostructure at different
substrate temperatures Ty and (b) Ts-dependent /(500) /1(400) and Sg».

Besides the result measured by XRD, the anisotropy
magnetoresistance (AMR) can also be a fingerprint for half-
metallic/non-half-metallic material.['*!>] The AMR is mea-
sured by using a homemade measurement system. The current

0.8 mA and magnetic field 1000 Oe (1 Oe=79.5775 A-m™ )

ou)p1)/pi] x 100%
of the CFA thin film as a function of ¢y (the direction

are applied to these samples. The [(p(

of in-plane applied magnetic field H with respect to the
[100] direction of PMN-PT) can be obtained. The curve of
[(p(ou)pL)/pL]*x100% versus @y for S350, S450, and S500
are shown in Fig. 2, which show the clear twofold symmetry.
For the S350, the sign of the [(p(@u)pL)/p1]*x100% tends
to be positive, which can be attributed to the dominant s—d
scattering process from up-spin s-state to down-spin d-states
(s t—dJ) ors|— d 1. However, for the S450 and S500, the
[(p(@a)pL)/pL] x 100% is negative due to the dominant scat-
tering process s T— d 1 or s |— d |, which is in agreement with
that in Fe4N and Co,Fe,Mn;_,Si thin film. Therefore, the re-
sult proves the half-metallic character of CFA thin film for the
S450 and S500. Moreover, with T increasing from 350 °C to
500 °C, the AMR ratio (defined as [(p| — p.)/p1] < 100%) de-
creases from 0.0914% to —0.1023%, indicating the increase of
B2 phase ordering degree, which is consistent with the result
measured by XRD.

(b) c
(a()JOl X 0.10 8350 _0_50 l.'... (O) 0.101 @=—0.0914%
] < : o p x
100] | . | 3 0.05 o 0.05
= g
3 <
v [010] H Pt 10 nm ' ‘Qj 0 ; 0
& —0.05 S _0.05 —0.1023%
PMN-PT 0.4 mm (100) S s % —0.0791% 1
Pt 50 nm S —0.10p —0.10
350 400 450 500
T,/°C

Fig. 2. (a) Schematic diagram of AMR measurement. (b) [(p(¢u) —
S350, S450, and S500. (c) AMR ratio (defined as [(pH

p1)/p.] x 100% versus angle between magnetic field and applied current direction for
—p1)/pL] % 100%) versus Ty for S350, S450, and S500.
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Fig. 3. Curves of AH versus f for samples S350, S450, and S500 at measurement temperature: (a) 300 K, (b) 150 K, and (c) 50 K, respectively.

To investigate the temperature-dependent Gilbert damp-
ing and the effective magnetization, these samples are mea-
sured by PPMS at measurement temperature Tp,, ranging
from 1.4 K to 300 K and frequency f in a range from 8
GHz to 17 GHz.

network analyzer using a coplanar waveguide, and a conven-

The PPMS mainly consists of a vector-

tional method using phase-ferromagneti-resonance.!!%-18! The

radio-frequency microwave magnetic field is transmitted along

the coplanar waveguide, which can be regarded as pertur-
bation to induce the magnetiztaion precession of the sample
placed on the coplanar waveguide. The phase-ferromagneti-
resonance is characterized by the measurement of sweeping-
field ferromagnetic-resonance at any fixed microwave fre-
quency, and the lock-in and Helmholtz coils are added to im-
prove the accuracy of signal. As shown in Fig. 4(a), these in-

tegral curves at T, = 300 K and the frequency f = 11 GHz for
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samples S350, S450, and S500 can be obtained. The applied
magnetic field is along the direction [110]/[-1-10] of PMN-
PT. The actual function of the absorption curve is given by an

asymmetric Lorentzian function!!"!

_AAHcos5+(H—Hr)sin5

SH) = A= o 3)

where H is the external magnetic field, H; is the magnetic res-
onance field, AH is the half-width at half-maximum of the
linewidth, O is the phase that mixes the real part and imagi-
nary part of the dynamic susceptibility, and A is the integral
coefficient. The value of AH can be obtained by fitting these
integral curves according to Eq. (3).

The curves of the extracted AH versus f for the corre-
sponding samples are shown in Fig. 3. For brevity, only data
at T, =50 K, 150 K, and 300 K are plotted. AH has the linear
change with f from 8 GHz to 17 GHz, for which these curves

can be fitted by the following equation ("]

AH:AHO—}—%TOCJ‘7 “)

where AH) is the frequency-independent contribution from the
sample inhomogeneity, which can result from the dispersion
distribution of magnetization and magnetic inhomogeneity in
single-layered ferromagnetic thin film; and the second term
on the right-hand side corresponds to the frequency-dependent
contribution associated with the intrinsic Gilbert damping o.
As shown in Fig. 3(a), at T, = 300 K, AH for the S500 is
larger than that for the S450. However, at T, = 150 K and
50 K, AH values for the S450 are larger than those for the

0.05
300 K 11 GHz
a
E 0 L
=]
4
5 —0.05}
~
>
bt
§ —0.10} 0 S450
= 28500
= (a)
—0.15 s s s s
0.06 0.10 0.14 0.18
H./T
1 L
8 150K
16}
o 14f
o
o 12}
= o $350
10r 0 5450
I 2 8500
(c)
60.05 010 015 020 0.25
H,/T

0.30

S500, which can be attributed to the substrate temperature 7
of 450 °C close to the phase temperature between A2 phase
and B2 phase of CFA material, leading the defects induced by
impurities, interface and electron holes to increase and also
the inhomogeneity of magnetization to augment. The curves
of AH versus f can be fitted by Eq. (4). Meanwhile, the intrin-
sic Gilbert damping « under different values of Tp, can be ob-
tained for S350, S450, and S500, which is shown in Fig. 5(b).
At each value of Tp,, the lowest Gilbert damping appears in
the S500 thin film with a highest B2 ordering degree. With the
gradual decrease of the B2 ordering degree in samples S450
and S350 obtained by the result of XRD as shown in Fig. 1(a),
the Gilbert damping increases, which can be attributed to the
density of states at Fermi level. Interestingly, for the three
samples S500, S450, and S350, the Gilbert damping decreases
monotonically as the i, decreases from 300 K to 150 K, which
is expected in bulk materials due to suppressing the scatter-
ing. As the Tj, continues to decrease, an enhanced peak of
the damping is observed at Ty, ~ 50 K. With T;, decreasing
further, the Gilbert damping decreases again. For the S350,
the Gilbert damping shows a slight decrease first from 0.0189
at 300 K to 0.0158 at 150 K, and a giant enhancement up to
0.0245 at 50 K, and then a sharp decrease down to 0.0155
at 5 K. A similar behavior can be observed for samples S450
and S500. From the temperature dependence, two independent
contributions to the Gilbert damping are pointed out, namely
bulk damping and surface damping.?! The bulk damping de-
creases monotonically as the temperature decreases, while the

surface damping shows an enhancement peak at 7, ~ 50 K.

181 500 K
16}
o l4f
st
U 12}
~
(i
10} 350
0 S450
gl ot 2 8500
(b)
6 1 1 1 1 1
0.05 0.10 0.15 0.20 0.25 0.30
H,)T
18}
50 K 5
16}
N 147F
5
O 12}
(g
10} a S350
o S450
8t ° a 500
. (d)
0.05 0.10 0.15 0.20 025 0.30
H,/T

Fig. 4. (a) Ferromagnetic resonance absorption spectra for samples S350, S450, and S500 at measurement temperature 300 K and frequency
11 GHz. Curves of f versus H; for samples S350, S450, and S500 at measurement temperature (b) 300 K, (c) 150 K, and (d) 50 K, respectively.
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Fig. 5. (a) Curves of effective magnetization versus measurement tem-
perature for samples S350, S450, and S500, respectively. (b) Curves
of Gilbert damping versus measurement temperature for samples S350,
S450, and S500, respectively.

The possible mechanism for the observed peak of the
Gilbert damping at Ty, ~ 50 K could be related to a thermally
induced spin re-orientation transition on the Co,FeAl surface
at that temperature. The curves of f versus H; at T, = 300 K
respectively for S350, S450, and S500 are shown in Fig. 4(b).
The similar results at 7, = 150 K and 50 K are shown in
Figs. 4(c) and 4(d), respectively. For brevity, only data at
Tm = 50 K, 150 K, and 300 K are plotted. At the fixed Tr,
and f, H; decreases with the increase of substrate temperature
T;, which can be attributed to the saturation magnetization and
magnetic anisotropy varying with 7;. The effective magnetiza-
tion M. is estimated from the curves of f versus H; at various

values of T, by using the in-plane Kittel’s equation?"!

f = % V Hr(Hr +Meff)~ &)

The M. contains the saturation magnetization and the other
anisotropy contributions. The plots of 7}, dependence of Mg
for S350, S450, and S500 in Co,FeAl films are shown in
Fig. 5(a). At each value of Ty,, Mg increases with T increas-
ing. For example, at T,, = 300 K, M. increases from 1.25 T to
4.00 T with 7 increasing from 350 °C to 500 °C. The effective
magnetization for S500 seems to have an almost linear change
of the effective magnetization with measurement temperature.
In fact, the anomaly of effective magnetization at ~ 50 K is
not excepted. However, an obvious anomaly in the effective
magnetization for the thin film (S350 and S450) is obtained,
which can be attributed to the thermally-induced SRT in CFA
thin film.[?>?3! Nevertheless, the underlying mechanisms of
the enhancement peak of surface damping and the effective
magnetization at the measuremnt temperature of 50 K should
be further investigated in future.

4. Conclusions

In this work, the temperature dependence of Gilbert
damping in CoFeAl thin film grown on a PMN-PT substrate
is investigated. The B2 ordering degree of Co,FeAl thin film
grown on a PMN-PT substrate can be obtained. The B2 or-
dering degree increases with substrate temperature increasing,
which can lead the Gilbert damping to decrease. Moreover, a
relatively low Gilbert damping 0.006 can be found at 150 K.
With the measurement temperature varying from 5 K to 400 K,
an enhancement peak of Gilbert damping appears at ~ 50 K,
which can be attributed to the spin re-orientation for the sur-
face magnetization of CopFAl thin film. This can be proved
by an enhancement of the effective magnetization at ~ 50 K.
The result adds the evidence for further studying the Gilbert
damping in CoyFeAl thin film.
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