SCIENTIFIC REPLIRTS

and magnetization dynamics in
oxidized CoFeAl films

Accepted: 26 June 2015 . Di WU?, Zhe Zhang?, Le Li?, Zongzhi Zhang*, H. B. Zhao*, J. Wang? B. Ma* & Q.. Jin*

Published: 20 July 2015
. Half-metallic Co-based full-Heusler alloys with perpendicular magnetic anisotropy (PMA), such

. as Co,FeAl in contact with MgO, are receiving increased attention recently due to its full spin

. polarization for high density memory applications. However, the PMA induced by MgO interface

. can only be realized for very thin magnetic layers (usually below 1.3nm), which would have strong

. adverse effects on the material properties of spin polarization, Gilbert damping parameter, and
magnetic stability. In order to solve this issue, we fabricated oxidized Co,,Fe, Al,, (CFAO) films with

. proper thicknesses without employing the MgO layer. The samples show controllable PMA by tuning

" the oxygen pressure (Po,) and CFAO thickness (tc:a0), large perpendicular anisotropy field of ~8.0kOe

© can be achieved at Py, =12% for the sample of t..po=2.2nm or at Py, =7% for tcppao=2.8nm. The loss

. of PMA at thick tcrao OF high Pg, results mainly from the formation of large amount of CoFe oxides,

© which are superparamagnetic at room temperature but become hard magnetic at low temperatures.

© The magnetic CFAO films, with strong PMA in a relatively wide thickness range and small intrinsic

. damping parameter below 0.028, would find great applications in developing advanced spintronic

. devices.

. The ferromagnetic (FM) thin films with perpendicular magnetic anisotropy (PMA) have been widely
© investigated for practical applications in nanoscale spintronic devices such as spin-transfer-torque mag-
* netic random access memories (STT-MRAMs). The PMA devices were demonstrated to have great
. advantages over the in-plane ones, including strong thermal stability and low critical switching current
- density"2. Although magnetization switching driven by spin-polarized current has been realized in vari-
. ous PMA systems, e.g. L1j-ordered FePt thin films**, Co(Fe)/Pt (or Ni) multilayers®>*~, amorphous rare
. earth-transition metal alloys®, and CoFeB/MgO systems®'4, the advances in high density MRAMs are
* not so great as expected. Continuing efforts should be made to seek advanced perpendicular thin films
. showing good performances of high spin polarization P, low Gilbert damping parameter v, small satu-
© ration magnetization Mg, and proper effective perpendicular magnetic anisotropic field H;'.

Recently, as an alternative potential candidate, half-metallic ferromagnetic Co-based full-Heusler
. alloy film is receiving increased attention due to the full spin polarization. Interfacial PMA has been
. achieved in Co,FeAl (CFA) and Co,FeSi Heusler alloy films when they are placed adjacent to the MgO
. layer, which is believed to be the result of the hybridization between Co- or Fe-3d and O-2p electron
© orbitals at the interface of FM/MgO'¢-%. In addition, the Gilbert damping parameter for the perpendic-
. ularly magnetized CFA sample was reported to be 0.012'%, much lower than the « value in most PMA
© structures. However, in spite of the advantages of high spin polarization and low damping parameter in
. such perpendicular FM/MgO systems, the PMA strength drops dramatically with increasing thickness of
: the magnetic layer. Usually the magnetization would rotate from out-of-plane to in-plane direction as the
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Figure 1. Magnetic hysteresis loops of different oxygen pressure ratios. The in-plane (solid squares) and
out-of-plane (open circles) magnetic hysteresis loops for the samples with a structure of Ta(3) /Pd(10) /
CFAO(2.1) /Ta(7) fabricated at various oxygen pressure ratios of (a) Po,= 0%, (b) 7%, (c) 12%, (d) 17%, and
(e) 20%.

magnetic thickness is over ~1.3nm. Such ultra-thin thickness will not only affect the magnetic stability
and spin polarization, but increases the damping constant as well'®2!. As a result, it is of vital impor-
tance to seek Co-based heusler alloy films with strong PMA and proper thickness. In this work, without
employing the interfacial MgO layer, we have realized PMA in the oxidized CFA (CFAO) thin films with
a thickness in the range of 1.0-3.0 nm. The influences of oxidation condition and CFAO thickness (tcpa0)
on magnetic anisotropy will be presented. Moreover, considering that rare work has been performed on
the magnetic dynamics for the perpendicular CFA system, we have performed a time-resolved optical
pump-probe study. Laser-induced magnetization precession and damping behaviors have been charac-
terized and a damping parameter lower than 0.028 is deduced.

Results

Fig. 1 shows the representative in-plane and out-of-plane magnetic hysteresis loops for Ta/Pd/CFAO/
Ta films deposited at various oxygen partial pressure ratios (Py,). Although the Pd/CoFe interface has
been known to favor a perpendicular anisotropy, it is not strong enough to overcome the large demag-
netization energy of a thick CFA film. As shown in Fig. 1(a), the CFA layer in a thickness of 2.1 nm has
an obvious in-plane easy axis. However, by reactive magnetron sputtering in proper Ar/O, mixtures,
the easy axis of CFAO film with the same thickness of 2.1 nm transforms from in-plane to out-of-plane
direction, accompanied by a small perpendicular magnetic coercivity (H,,) less than 20 Oe. Considering
that the oxygen atom plays an important role on the observed PMA, we suspect the PMA in our CFAO
films may also originate from the interfacial hybridization effect between Co- or Fe-3d and the adjacent
O-2p orbitals?>. However, note that the electronic hybridization of our samples is different from the
aligned state in normal FM/oxide structures®***, the mechanism for PMA could be different and further
study will be performed to deeply understand it. The PMA strength of CFAO is very sensitive to the Pp,.
With increasing P, the effective perpendicular anisotropy field Hy increases firstly, showing a maximum
value of ~7.8kOe at Py,=12% and then decreases. Interestingly, further increasing Py, up to 20%, no
magnetic anisotropy is found. The in-plane and perpendicular hysteresis loops nearly overlap with each
other, both with very small remanence and low saturation field, as shown in Fig. 1(e). From the greatly
reduced saturation magnetization as the P, increases, we can speculate the observed variation in loop
shape is probably related to the reduced ferromagnetism with the formation of oxidized Co and Fe.
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Figure 2. Component analyses. The XPS spectra of (a) Al-2p, (b) Fe-2p, and (c) Co-2p for 2.1 nm thick
CFAO samples prepared at Py,=7% (black thin lines) and 15% (red thick lines). Note that the satellite peaks
are indicated by arrows.

In order to clarify the oxidation effect on the crystalline structure and chemical states of the elements
in the CFAO layer, x-ray diffraction and photoelectron spectroscopy (XPS) measurements were per-
formed. We found no diffraction peaks related to Co, Fe, or CoFe alloy, implying that the CFAO layer
is in amorphous or very fine nanocrystalline state. Figure 2 shows the XPS spectra for two typical sam-
ples of Py,=7% and 15%. The single peak observed in Fig. 2(a) at 74.4eV corresponds to the binding
energy of AI’*-2p, indicating that the Al was full oxidized for both samples due to the strong affinity of
aluminum for oxygen. Figure 2(b) displays two sharp peaks of Co 2p;, and Co 2p,,, located at 777.7 eV
and 792.7 eV, respectively. However, as compared to the spectrum of Py,=7%, two additional satellite
peaks (shown by arrows) appear for the case of Po,= 15%, which suggests the Co was partially oxidized.
In Fig. 2(c), although there exists a broad Co auger peak, the presence of a satellite peak for Py,=15%
can also be identified from the main Fe 2ps;, and 2p,,, peaks. These results verify that at low Py, the
CFAO films are mainly composed of metallic CoFe particles separated by amorphous Al,O; matrix. As
the oxygen pressure increases, partial Fe and Co get oxidized. The formation of CoFe oxides should be
responsible for the observed serious reduction of saturation magnetization and magnetic anisotropy at
high Py,.

The influence of CFAO thickness on magnetic anisotropy was also examined. Samples with different
tepao Were prepared at a fixed P, of 7%. The effective perpendicular anisotropy field H, the saturation
magnetization M, and the uniaxial magnetic anisotropy energy K, were extracted from the magnetic
hysteresis loops and plotted in Fig. 3 as a function of fy,,. Similar to its dependence on P,, the H; also
exhibits a non-monotonic variation behavior, reaching a maximum value about 8.0kOe at fcpo=2.8 nm.
In comparison, the M slightly decreases at t-g,,< 2.1 nm, above which it begins to drop dramatically.
Similar to Fig. 1(e), the sample of fcgyo> 3.6 nm also has no magnetic anisotropy, i.e. the magnetic loops
measured at any field direction are the same and show zero remanence. The K, value, calculated accord-
ing to the relation of K, = H, M /2 + 2rM?, remains almost unchanged for fcso< 2.1nm and then
decreases monotonically, following a similar trend to that of Mg. We should point out that the K, value
at tepup<2.1nm approaches the magnitude of perpendicular [Co/Ni]y multilayers®, which is strong
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Figure 3. Static magnetic properties. The CFAO thickness dependence of (a) effective perpendicular
anisotropy field H;, (b) saturation magnetization M;, and (c) intrinsic anisotropy energy K, measured at
room temperature, here the oxygen partial pressure is 7%.

enough to maintain thermal stability of the spintronic elements. According to the XPS results, we know
that the CFAO layer is composed of metallic CoFe nanoparticles dispersed in the amorphous Al,O;
matrix as the oxygen pressure is low. The sample presents a definite square magnetic hysteresis loop with
out-of-plane easy axis. However, with increasing Py, or t¢p the CoFe grains become partially oxidized,
both PMA and M decrease simultaneously. In particular at Py, > 20% or tcp0>3.6 nm, no matter which
direction the external magnetic field is applied, the magnetic loops always show superparamagnetic
characteristics of no hysteresis and moderate saturation field. From the similar variation trend of PMA
and M, we infer that the serious reduction of PMA occurred at thicker fp,, (also at higher P,) should
have the same origin as Mj, being the result of the increased amount of CoFe oxides which has smaller
magnetization and shows superparamagnetic behavior at RT.

In order to further clarify this, we measured the perpendicular magnetic hysteresis loops by PPMS at
reduced temperatures for the samples of P, = 7% with various CFAO thicknesses of 2.1, 2.8 and 3.6 nm.
As shown in Fig. 4(a), these magnetic hysteresis loops vary in a distinctly different way with decreasing
temperature. For the sample with a relatively thin ¢, of 2.1 nm, the perpendicular magnetic hysteresis
loops exhibit a rectangle shape with a remanence ratio of 1. The H,, value increases moderately from
180e at RT to 4000e at 30K due to the decreased thermal effect of the ferromagnetic CoFe alloy.
However, for the thick CFAO sample of 3.6 nm, the RT magnetic loop is very slanted with no hysteresis.
The slanted loop gradually transforms to a two-step switching shape at a temperature below 150 K. Note
that with the decrease of measurement temperature, the first step switching is still very gradual and
almost no change occurs in the switching field. In contrast, the second step switching field increases
surprisingly, even reaching a value as high as 9.2kOe at T =30K. We consider that the first step loop
arises from the contribution of small CoFe grains while the second step from the hard magnetic phase
of CoFe oxides. The CoFe oxides were reported to own larger magnetic anisotropy, but much weaker Mg
and lower Curie temperature by comparison with the CoFe granules®>?. In our samples they are super-
paramagnetic at RT but become hard magnetic at low temperatures. Meanwhile, because of the existence
of large amount of adjacent CoFe oxides in the 3.6nm thick CFAO samples, the metallic CoFe also
exhibits superparamagnetic behavior even at T=30K. Such two-step switching loop is just the superpo-
sition of magnetic responses from the hard magnetic CoFe oxides and the superparamagnetic metallic
CoFe grains. As for the sample with an intermediate CFAO thickness of 2.8 nm, no two-step switching
phenomenon takes place. The RT magnetic loop is also in a rectangle shape with a very small coercivity
of 10-20 Oe, implying that the metallic CoFe grains are magnetically coupled. Therefore, at low temper-
atures the soft magnetic CoFe and hard magnetic CoFe oxides are rigidly exchange-coupled, behaving
like a single magnet. The perpendicular coercivity H,, increases considerably as temperature decreases,
showing 4.6kOe at T=30K. However, this value is much smaller than the corresponding second step
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Figure 4. Magnetic measurements at low temperatures. (a) The perpendicular magnetic hysteresis loops
measured by PPMS at various temperatures for samples with various CAFO thicknesses of 2.1, 2.8, and
3.6nm. (b) Temperature dependence of the measured saturation magnetization M; (solid squares) and the
corresponding fitted lines (dash dot) by Bloch’s T%2 law.

switching field of the 3.6 nm thick sample. It is understandable according to the two-phase theory, since
the coercivity of the exchange-coupled hard-soft composite system usually depends on the degree of the
exchange coupling, and is surely lower than that of the corresponding single hard magnet?%.
Accompanied with the changes of H., and loop shape, the saturation magnetization Mg also varies
with temperature. The proportion of the hard or soft magnetic phase can be identified by fitting the tem-
perature dependence of Mg shown in Fig. 4b. Clearly, for all the three samples, the M; increases mono-
tonically with the decrease of temperature. For a ferromagnetic system the saturation magnetization is
known to follow the Bloch’s T*? law. Considering that there are two kinds of magnetic phases in our sam-
ples, we propose a function which contains two terms of Bloch’s law to simulate the curves in Fig. 4(b),

T 3/2}
o) - [_] ,
’ [ T, W)

where Mg, (0) and Mg,(0) are the effective saturation magnetization of the soft and hard magnetic
phases at T=0 K, respectively. T, denotes the Curie temperature of the soft magnetic phase while T,
refers to the blocking temperature of the hard magnetic phase. Obviously, except for the points at very
low temperatures of T < 50K, all the other data can be well fitted by equation (1). The detailed fitting
parameters are listed in Table 1. The calculated T, is about 1100K, nearly equal to the Curie temperature
of CoFe alloy. The T is as low as 310K, being in agreement with the superparamagnetic behavior of CoFe
oxides at RT. As expected, with the increase of CFAO thickness, the effective Mg and Mg, vary in an
opposite way, i.e. the proportion of the soft magnetic part decreases while that of the hard magnetic part
increases. For the 2.1 nm CFAO sample, almost no hard magnetic phase exists, thus the Mg, of 600.6 emu/
cc corresponds to the actual saturation magnetization of the soft phase. So, we can roughly estimate the

c

3/2
My (1) = M31<o>[1 - [Ti]
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2.1 600.6 2.8 1151£10 319£8 | 1.0

2.8 359.2 41.6 1100+ 12 320£3 | 0.60
3.6 237.5 96.3 11454+0.5 | 315+£5 | 0.40
4.8 94.1 129.9 1101£36 314+1 | 0.16

Table 1. The fitting parameters for the temperature dependence of M; by a function including two
terms of Bloch’s T% law.
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Figure 5. Magnetization precession and Gilbert damping. (a) Experimental magnetization precession and
damping signals (open circles) and fitting curves (solid lines) for 2.1nm CFAO sample at Py, = 7%. The solid
curves represent fittings with the damped sinusoidal functions. (b) Dependence of the effective damping
parameter o on external magnetic field.

ratio & of the soft phase to the whole CFAO layer by & = M;,(0)/600.6, which is calculated to be 1.0, 0.60,
0.40, and 0.16 for tcpyp=2.1, 2.8, 3.6, and 4.8 nm, respectively, verifying the increased amount of hard
magnetic phase with f¢p,. Note that for 2.8 and 3.6nm CFAO samples, the saturation magnetization
deviates away from Bloch’s law at very low temperatures, which can be attributed to the effect of some
paramagnetic impurities®?!. The deviation is more seriously for 3.6 nm sample, being indicative of the
presence of more impurities in the thicker CFAO layer. So in order to obtain CFAO films with strong
PMA, excessive oxidation should be avoided.

In addition, laser-induced magnetization precession and damping dynamics are studied by optical
pump-probe technique based on the time-resolved magneto-optical Kerr effect (TR-MOKE)*>%,
Figure 5(a) shows the typical TR-MOKE curves for the CFAO sample of tcpyo=2.1nm and Py,=7%
under various external fields. The precession signals 6 can be well fitted by an exponentially damped
sinusoidal function of 6, = a + b exp(—t/t,) + A sin(2wft + ¢)exp(—t/z)**. Here a is the back-
ground signal. The second term is an exponential decaying signal representing the slow recovery process,
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where b is the amplitude and ¢, is the characteristic relaxation time. The third term describes the mag-
netization precession dynamics, the A4, f, o, and T represent the oscillation amplitude, frequency, phase,
and decay time, respectively. For the case of small damping, the effective damping parameter o can be
calculated approximately according to the relation of a,; = (2mfr)~'3>%. The a,4 contains intrinsic and
extrinsic contributions. In the thinner magnetic films with PMA, the extrinsic damping mainly results
from the inhomogeneous distribution of magnetization or magnetic anisotropy, which may arise from
the interface roughness, thin layer thickness, and other film defects’~*°. By applying a large enough
magnetic field, the extrinsic damping can be well suppressed. As shown in Fig. 5(b) the obtained a,g
gradually decreases with increasing field, and reaches nearly a stable value of 0.028 at H > 10kOe, indi-
cating the magnetic field over 10kOe is strong enough to eliminate the effect of local magnetic inhomo-
geneities®. Furthermore, if the spin pumping effect of the Pd underlayer is also taken into consideration**!,
the intrinsic Gilbert damping o should be smaller than 0.028. Compared with the damping of CFA film
reported by Cui et al.'®, our « value is relatively higher, this is because the CFAO sample has much
stronger PMA strength*2. According to these experiments, we consider that the perpendicular CFAO film
has the advantage of achieving low damping for STT switching.

In summary, we have achieved strong perpendicular magnetic anisotropy in oxidized CosoFeysAlys
films with a layer thickness of 1.0-3.0 nm by reactive magnetron sputtering. With increasing oxygen par-
tial pressure or CFAO thickness, the effective perpendicular anisotropy field H, shows a non-monotonic
variation behavior, which initially increases and then decreases after reaching a maximum of ~8.0kOe.
Excessive oxidation will give rise to significant reduction of PMA and Mg due to the presence of large
proportions of superparamagnetic phase and paramagnetic impurities. Such CFAO magnetic films with
the advantages of small coercivity, strong PMA, proper thickness, and low damping parameter, could
be used in spin valves or magnetic tunnel junctions as high performance magnetic memory elements.

Methods

Samples. All the samples, in a structure of Ta (3)/Pd (10)/CFAO (tcpao= 1.2-4.8)/Ta(7) (thickness
in unit of nm), were grown on Corning glass substrates by magnetron sputtering under a base pressure
better than 8x 1078 Torr in a KJLC CMS-18 system. The bottom Ta(3)/Pd(10) layers were used as buffer
layer while the top Ta (7) as capping layer. The deposition rates of Ta and Pd were 0.43 A/s and 1.20 A/s,
respectively. The CFAO layer was formed by reactive sputtering the CosyFe,;Al,; target in a mixture of
Ar and O, gases at various oxygen partial pressures (Py,) ranging from 0 to 30%. The growth rate of
metallic CFA film was 0.31 A/s, it decreased with increasing Py, about 0.22 A/s at Po,=7% and 0.13 A/s
at POZZ 15%.

Static magnetic properties measurement. X-ray photoelectron spectroscopy (XPS) was used to
analyze the composition and chemical state of CFAO layer. Vibrating sample magnetometer (VSM) and
Physical Property Measurement System (PPMS) were used to measure the magnetic hysteresis loops at
room temperature (RT) and low temperatures, respectively.

Magnetization dynamics measurement. The time-resolved magneto-optical Kerr effect
(TR-MOKE) measurements were performed at room temperature using a Ti:sapphire amplifier laser,
with central wavelength of 800 nm, pulse duration of 100fs, and repetition rate of 1kHz. We used line-
arly polarized intense pump laser pulses with energy density of 0.5m]J/cm? to excite the magnetization
dynamics, while much weak probe pulses of 0.06 mJ/cm? to detect the pump-induced changes. The tran-
sient MOKE signal was obtained in a polar geometry, with both pump and probe pulses at almost normal
incidence so that the Kerr rotation is proportional to the out-of-plane component of the magnetization.
The external magnetic field was applied at an angle of ~10° with respect to film plane in order to set the
magnetization orientation away from the perpendicular easy axis.
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