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Abstract

The half-metallic characteristic of Co,FeAl Huesler alloy films in

Co,FeAl/Pb(Mg; ;3Nb, 3)O3-PbTiO; heterostructure was controlled by different substrate tempera-
tures during deposition. The evolution of microstructure shows the B2 ordering degree of Co,FeAl
thin film increase with the substrate temperature decreasing from 550 °C to 480 °C during deposition,
which can be verified by anisotropy magnetoresistance measurement. Moreover, the result measured
by rotating-angle ferromagnetic resonance demonstrates B2 ordering degree of Co,FeAl thin film
controlled the change of symmetry of magnetic anisotropy. In addition, the loop-like curve of
magnetic resonance field/linewidth versus electric field exhibits the non-volatile behavior, which can
be attributed to the 109° ferroelectric domain switching of PMN-PT substrate. This result can provide
opportunities for magnetization control in multiferroic devices.

Introduction

Half-metallic materials, have triggered great attention because of the perfect spin polarization of conduction
electrons at the Fermi level, which is used to enhance the spin-dependent transport efficiency of high
performance spintronic device [1-6]. Among half-metallic materials, Co-based Heusler alloys, such as Co,FeAl,
generally with alow magnetic damping constant and a high Currie temperature became a hot spot in this field.
The material Co,FeAl (CFA) has the composition X,YZ (where X and Y are the different transition metal
elements, and Zis a group IIL, IV, or V element) [7-9]. According to the variety of derived structure types
originating from atomic order degree in the occupation of the available sites, three different phases of CFA thin
film obtained. L2, phase with totally order degree is difficult to achieve. B2 phase is with X atoms occupying their
assigned sites, while Y and Z atoms randomly sharing the other ones, and A2 phase with a completely random
occupation for any X, Y, or Z atom. On the other hand, a complete disorder among occupation for X, Y, or Z
atom leads to a further reduction of the crystal symmetry to the A2 phase [10—12]. For sample measurement,
except for the CFA’s fundamental peak measured by x-ray diffraction (XRD), the negative anisotropy
magnetoresistance (AMR) ratio can also be a fingerprint for half-metallic material [13—15]. For sample
preparation, these factors, which can influence atomic ordering degree, half-metallic and magnetic character
related to the d orbital electrons of CFA, include sample preparation methods, the annealing temperature after
deposition, different substrates, and especially different substrate temperatures during deposition. Considering
the continuing development of many existing and emerging devices such as magnetoresistive random access
memory, the manipulation of magnetization using electric fields in ferromagnetic/ferroelectric (FM/FE)
heterostructures has sparked intensive research because of the accuracy and accessibility of the method, which
represents a pathway towards lower dynamic energy dissipation [16—20]. One particular ferroelectric crystal
substarte Pb(Mg; ;3Nb, /3)O;3-PbTiO; (PMN-PT) is often used in FM/FE heterostructure to manipulate the
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magnetic anisotropy of the adjacent magnetic layer, which results in a magnetoelectric (ME) effect [21-24]. In
our previous reports, we have investigated piezostrain induced by electric field controlling magnetic anisotropy
and the non-volatile electric field-based control of magnetic anisotropy in CFA/PMN-PT heterostructures only
atroom temperature [25, 26]. Therefore, in this work, we investigate in details the characteristic of CFA Huesler
alloy films in CFA/PMN-PT heterostructure by changing substrate temperatures during deposition. The B2
ordering degree of CFA thin film change with the substrate temperature (T;) decreasing from 550 °C to 480 °C
during deposition, which can be verified by XRD and dynamic magnetic measurements. Moreover, the non-
volatile behavior of resonance-magnetic-field/linewidth versus electric field (E) can be obtained in CFA/
PMNPT heterostructure at 480 °C, which can be attributed to the 109° ferroelectric domain switching of PMN-
PT substrate [27-29].

Experimental procedure

The CFA thin film was deposited on the (001)-oriented PMN-PT substrate by direct current (DC) magnetron
sputtering at different T, 480 °C, 500 °C, 520 °C, and 550 °C, respectively. The sputtering condition includes Ar
pressure of 0.1 Paand flow rate at 10 SCCM (SCCM denotes cubic centimeter per minute at STP), with abase
pressure of 2 x 107 Pa. The thickness of CFA thin films was all 150 nm. The Pt layers were sputtered as
electrodes. The thickness of top and bottom Pt layer were 10 nm and 50 nm, respectively. Cu wires were
connected on the electrodes by the adhesive tape. Keithley 2400 source measurement unit was used to test the
resistance of the sample using the four-probe technique. XRD measurement was performed on X’Pert x-ray
powder diffractometer with Cu K, radiation (1.540 56 A). The DC power supply (Keithley 2410) was used to
provide biased voltage. Ferromagnetic resonance (FMR) measurements were performed on the JEOL, JES-FA
300 (X-band at 8.969 GHz) spectrometer. Moreover, considering the possible existence of ferroelastic domain
switching, the piezoresponse force microscopy (PFM) images of the PMN-PT substrate were measured to
understand the evolution of ferroelectric domain switching more clearly. All the results were measured at room
temperature.

Results and discussion

The XRD patterns of the CFA films at different T, during deposition were shown in figure 1(a). At room
temperature, there was no peak corresponding to CFA phase detected in XRD scans. When increasing
temperature to 480 °C, except for the peaks of PMN-PT substrate, (004) fundamental peak was observed at
~65.09° in this film, which is originated from the basic cubic crystal structure, corresponding to the A2 phase of
CFA. The A2 phase was totally disordered with respect to Fe, Al, and Co. The presence of (002) peak at ~31.19°
indicated 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 [30, 31]. The similar behavior can be obtained at 500 °C, 520 °C, and
550 °C, respectively, which suggest the appearance of B2 phase. However, with the accuracy of the
measurements, the L2;-type peak at approximate 27 degree cannot be observed. The presence of the (002) and
(004) peak for the CFA thin film grown on the (001)-oriented PMN-PT indicated that the thin films are textured.
The integrated intensity ratio of (002) to (004) peak (I(02)/I004)) as shown in the left of figure 1(b) increased with
decreasing T from 550 °C to 480 °C, which demonstrated the improvement of the B2 phase ordering degree.
Moreover, to quantify the chemical ordering of B2 phase, the parameter (Sg,) is given as following [32]:

11— ord;
1(200) _ 52 (I(QLBO) or er]

B2 Ifullforder
(400)

1
T 400

where I(002)/I(004) is the ratio of the integrated intensity of the (002) peak to that of the (004) peak as determined
by experiments, and I(qq) =074 /T 4, full-0rder g the ideal ratio of the two peaks. The dependence of the Sg,
parameter on T, was shown in the right of figure 2(b). The Sg, parameter increased from 32.6% to 43.3% with T
decreasing from 550 °C to 480 °C. These results indicated highest ordered CFA films in this work can be
achieved at 480 °C, which might be interpreted qualitatively as following: when the substrate temperature excess
critical point, the continuing increase of ordering phase lead to the higher atom energy, which can be resulted to
the increase of the atom disorder degree.

Except for the result measured by XRD, the anisotropy magnetoresistance (AMR) can also be a fingerprint
for half-metallic/non-half-metallic material [ 15, 33]. AMR at different T, were measured by electric transport
measurement system. The experiment setup was shown in figure 2(a). The current 0.8 mA and magnetic field
1000 Oe were applied in the measurement process. The [(p(8) — p1)/p.1] X 100% of the CFA thin film as a
function of 0 (the direction of in-plane applied magnetic field H with respect to the [100] direction) can be
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Figure 1. (a) XRD patterns of CFA/PMN-PT heterostructure at different T. (b) The dependence of T on I(200)/Ia00) and Sg,.
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Figure 2. (a) Schematic diagram of AMR measurement. (b) [(p(0) — p1)/p1] % 100% as a function of the angle between the
magnetic field and applied current direction at 480 °C, 520 °C, and 550 °C. (c) AMR ratio (defined as [(p,, — p1)/p1] x 100%) with
T, changing from 480 °C to 550 °C.
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Figure 3. (a) Schematic diagram of FMR measurement. (b) Ferromagnetic resonance absorption spectra of Co,FeAl/PMN-PT
prepared at 480 °C, 520 °Cand 550 °C. The two-dimensional red-yellow-blue scale mappings of the integral intensity as a function of
fand Hat (c) 480 °C, (d) 520 °C, and (e) 550 °C, respectively.

obtained. The curve of [(p(8) — p1)/p.1] x 100% versus 6 at different T; were shown in figure 2(b), which
showed the clear twofold symmetry. Generally, the sign of the [(p(8) — p1)/p.1] x 100% tend to be positive,
which can be attributed to the dominant s-d scattering process is from up-spin s-state to down-spin d-states

(sT — d])ors| — df.In contrast, as shown in figure 2(b), the [(p(8) — p.)/p.] x 100% is negative due to the
dominant scattering process sT — df ors| — d|, which was in agreement with that in Fe,N and
Co,Fe,Mn, _,Si thin film. Therefore, the negative value of [(0(6) — p.)/p.1] X 100% was obtained, which can
be proved the half-metallic of CFA thin film. Moreover, as shown in figure 2(c), with decreasing T, the increase
of AMR ratio (defined as [(p;, — p1)/p.] X 100%) indicated the increase of B2 phase ordering degree, which
was in consistent with the result measured by XRD.

In order to investigate the change of dynamic magnetic property induced by B2 phase ordering degree, the
rotating-angle ferromagnetic resonance (FMR) spectra were measured. The schematic of FMR spectroscopy
measurement was shown in figure 3(a). The measurement samplehada 1 mm x 1 mm square shape. The
integral curves of FMR spectra under § = 0° at T, 480 °C, 520 °C, and 550 °C, respectively, were shown in
figure 3(b). The linewidth had an obvious increase with increasing T;. The two-dimensional red-yellow-blue
scale mappings of the integral intensity as a function of # and H at 480 °C, 520 °C, and 550 °C were shown in
figures 3(c)—(e), respectively. In general, the magnetization is probed using a special phase correlation under the
microwave excitation, and the FMR spectrum does not correspond to the imaginary part of the susceptibility
alone, but in fact represents a mixture of the imaginary and real parts [34]. Therefore, the actual function of the
absorption curve is given by an asymmetric Lorentzian function:
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Figure 4. (a) The experimental results (dots) and fitting results (lines) of H, — ¢gat480 °C, 520 °C, and 550 °C, respectively. (b) AH
asa function of # at 480 °C, 520 °C,and 550 °C, respectively.

AH cos vy 4+ (H — H,)sin ¢
AH? + (H — H,)*

§H)=A (2
where A is the integral coefficient, AH is the half-width at half-maximum of the linewidth, H, is the resonance
field, v is the phase that mixes the real and imaginary parts of the dynamic susceptibility, and H is the external
magnetic field. These integration curves of the FMR spectra were fitted using equation (2), and related
parameters were obtained. At480 °C, 520 °C, and 550 °C, the experimental dots of H, — ¢y can be obtained as
shown in figure 4(a), which exhibited a superposition of two-fold and four-fold symmetric. The schematic of the
established coordinate system in CFA/PMN-PT is shown in our previous report [35]. ¢y and ), are the angles
of the in-plane applied field and the in-plane magnetization with respect to the start direction, respectively. 6y, is
the angle of the out-of-plane magnetization with respect to the [001] direction. In this system, there exist many
compete anisotropy energy including the magnetocrystalline anisotropy, in-plane uniaxial magnetic anisotropy
energy, and magnetoelastic energy. Thereinto, the magnetoelastic energy and in-plane uniaxial magnetic
anisotropy energy, which are both with two-fold symmetry, can be considered as the effective magnetic
anisotropy energy. Therefore, the free energy on ferromagnetic resonance field [36] according to the Stoner-
Wohlfarth model can be expressed as:

. . 1 .
F = —M,H sin 0y cos (i, — @p) — 2mM} sin® 0y — gK4// sin? 0y (3 + 4 cos 4ipp)
— K sin? Oy sin® ¢y 3)

Here, the first term is the external magnetic field energy, the second term is the demagnetizing energy, the third
term is the magnetocrystalline anisotropy energy, the remaining one is the effective magnetic anisotropy energy.
Furthermore, Kgand Ky, in equation (3) are the effective magnetic anisotropy and cubic magnetocrystalline
anisotropy, respectively; M is the saturated magnetization. In addition, the resonant magnetic field of the
uniform precession mode at equilibrium is obtained from the total free energy using the following equation:
Q@nf/y)? = (Foyon Eopyoy — F 200 o)/ M 25in*Ay [37]. Where fis the microwave frequency, and ~is the
gyromagnetic factor. When the high saturated magnetization under a high applied in-plane magnetic field is
considered, the magnetic moment of CFA lies in the plane of the film and a coherent rotation of the magnetic
moment exists, such that 6y, = 7/2 and ¢y = . Therefore, we obtain:

Qnf/7)?* 2Ky, 2Ky
H, = — cos 4 —a) — —=cos2 —-b
4TM, M, (P = @) M, (P = )
= H,y — Hy cos 4(py — a) — Heg cos 2(¢y — b) 4)

the angles a and b represent the initial positions of the axes of the cubic magnetocrystalline anisotropy and
effective magnetic anisotropy, respectively, with respect to the starting point used in our measurements. The
effective anisotropy field is given by Hegr = 2K/ M, and the in-plane magnetocrystalline anisotropy field is
givenby Hy/, = 2K,/ M. To obtain the change in the value of H, ;, and Hgwith change in the electric fields,
the fitting curves of the H,—¢y; at 480 °C, 520 °C, and 550 °C by equation (4) are shown in figure 4(a). With
increasing T, Hy//is 19.5, 19.0, and 14.0 mT, respectively. Meanwhile, Hegis 3.0, 3.7, and 11.7 mT, respectively.
The origin of the decrease of Hy/, (related to the magnetocrystalline anisotropy energy with four-fold symmetry)
can be resulted from the deterioration of B2 phase order with increasing T, as confirmed by the increasing of the
H_grelated to the in-plane uniaxial magnetic anisotropy energy and magnetoelastic energy both with two-fold
symmetry. The result can be in consistent with that measured by XRD as shown in figure 1(b) and AMR
measurement as shown in figures 2(b) and (c).
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Figure 5. (a) Schematic of the CFA/PMN-PT multiferroic heterostructure under applied electric fields. (b) The ferromagnetic
absorption spectra under different electric fields along [110] direction. (c) The two-dimensional red-yellow-blue scale mappings of
the integral intensity as a function of E and H along [110] direction. (d) The curve of H,-E along [110] direction. (e) The curve of AH-E

From the above result, the sample with highest B2 phase ordering degree was that at 480 °C. Which was
chosen to investigate the ME coupling effect in the Co,FeAl/PMN-PT heterostructure. The measurement setup
was shown in figure 5(a). The FMR spectra of the sample under different applied electric fields (E) along [110]
direction were obtained as shown in figure 5(b). E was applied from P, —10kV cm ™ '-P.+-—10kV cm ™ '-P,~.

P, refers to the positive remanent polarization state when the electric field was reduced from 10 kV em™

'to

0kV cm ™. P~ represents the negative remanent polarization state when the electric field is changed from
—10kV cm™ ' to 0 kV cm ™. The two-dimensional red-yellow-blue scale mappings of the integral intensity as a
function of E and H were shown in figure 5(c). These integration curves of the FMR spectra were fitted using
equation (2), and the related parameters were obtained. H, had a slight increase when sweeping E from P, to
10kV cm ™', and decreasing E from 10 to —5 kV cm ™. H, increases sharply and approximately linearly, while it
remained almost unchanged as E was swept from —5to - —10kV cm ™', and then H, decreased sharply and
linearly with E changing from —10 kV cm ™" to P,~. The loop-like curve of H, as a function of E were shown in
figure 5(d), which exhibited the non-volatile behavior. The similar phenomenon can be obtained in this curve of

AH dependence of E as shown in figure 5(e).
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Figure 6. (a) The out-of-plane (white) and in-plane (brown) phase PFM images at P*. (b) The polarization variants of rhombohedral
phaseat P*, B, ¥, P~,and P, respectively.

The magnetoelectric coupling effects in FM/FE heterostructure included piezostrain effect and charge
effect. Generally, the charge effect will only occur in the thinner FM layer, which can be neglected in this sample
(the thickness of CFA ~150 nm). According to our previous reports, the piezostrain effect mediated-the
magnetic parameters dependence on the electric field exhibited a butterfly-like behavior. As shown in
figures 5(d) and (e), the loop-like behavior of H, — Eand AH — E curve implies another type of ME coupling
mechanism taken into account in this sample. Zhang et al also have reported electric field-mediated loop-like
magnetization in CogoFe oB,0/PMN-PT heterostructure, which can attributed to the combined action of 109°
ferroelastic domain switching [22]. In order to further verify the loop-like ME coupling behavior in this sample,
ferroelectric domains of PMN-PT substrate were measured by PFM. The out-of-plane and in-plane PFM images
of PMN-PT substrate at P* were shown in figure 6(a). P* and P~ are the polarization when applying electric field
10and —10 kV cm ™', P’ represents the unpoled state. As shown in figure 6(b), PMN-PT at P’ is in the
rhombohedral phase with eight spontaneous (r'=, r**, r**, and r**) polarization along the (111) direction. At
P as shown in figure 6(a), the out-of-plane image becomes white, which indicated that all the out-of-plane
polarization directions are switched upward. Meanwhile, the in-plane image changes to brown, which means
the two possible in-plane polarization directions [111]/[—1 — 11]or[—111]/[1 — 11]. As shown in figure 6(b),
when the polarity of electric field was changed, the spontaneous polarization can be switched by 71°, 109° and
180°, respectively [25—27]. When polarization variants changed from P*/P,* toP~ /P~ orP~ /P, — P*/B,*
(P"/PB* < P~ /P.7), corresponding to 71°/180° ferroelectric domain switching. While the 109° ferroelectric
domain switch corresponded to P,* /P, «» P~ /P". In this sample, there were not only 71°/180° switching but
also 109°switching, which can lead to a loop-like behavior of H,-E and AH-E curve.

Conclusion

We report the half-metallic characteristic of Co,FeAl Huesler alloy films in

Co,FeAl/Pb(Mg; ;3Nb,3)O3-PbTiO; heterostructure by changing substrate temperature during deposition.
With substrate temperature decreasing from 550 °C to 480 °C, the evolution of microstructure shows the B2
phase ordering degree of Co,FeAl thin film increase, which can be verified by measurement of anisotropy
magnetoresistance and ferromagnetic resonance. Moreover, the loop-like curve of resonance-magnetic-field/
linewidth versus electric field exhibits the non-volatile behavior, which can be attributed to the 109° ferroelectric
domain switching of PMN-PT substrate.
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