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Magnetization switching

I. INTRODUCTION

Ferromagnetic layers exchange coupled antiferromagnetically known as Synthetic antiferromagnets (SAF) are currently used in technologically relevant systems such as magnetic random access memories (MRAMs) and read heads for magnetic data storage [ 1 ]. SAF using materials with perpendicular magnetic anisotropy (PMA) are now used to combine higher densities, thermal stability and sharp magnetic switching. It is also expected to be used to reduce the critical current density in Spin-Transfer-Torque (STT) MRAM. Since the prediction of large domain wall velocity [ 2 ] and the possibility of all Optical switching PMA-SAF [ 3-4 ] are attracting a lot of attention. Multilayer devices based on CoFeB ferromagnetic layers separated by a thin nonmagnetic layer attract attention of specialists due to various possible fields of practical application. Metallic spintronics based on CoFeB multilayered structures rapidly gains new areas of its application in sensor industry [ 5-6 ], biomedicine, and information technologies [ 7-8 ]. Magnetic structure of CoFeB single layers a Correspondent author e-mail: morgunov2005@yandex.ru have been studied in detail [ 9-14 ]. Numerous reports on methods for inducing domain walls by electric current [ 15-16 ], manipulating them [ 17-19 ], and reversing polarity of perpendicularly polarized nanosized single-and multilayer magnets without external magnetic field [ 20 ] by means of local electric fields [ 21-22 ] and currents [ 23-25 ] can be found for single CoFeB magnets. However, magnetization reversal of multilayer magnetic structures remains a challenge due to a complicated game of anisotropy of layers [ 26-30 ], DMI interaction [ 31-32 ],

tensile strains [ 33-34 ] and interlayer coupling [ 35-36 ]. The magnetic configurations present in in-plane antiferromagnetically exchange coupled bilayers, as well as bilayers with PMA, have been studied in the past [ 37-39 ]. In the recent papers [ 35-36 ] dependence of the exchange interaction value and sign on the thickness of non magnetic spacer was demonstrated.

However, one of the unclear questions is determination of correspondence between the energy balance of key interactions (exchange coupling E EX , Zeeman energy E Z and barriers of reversal magnetization E eff1 and E eff2 ) and sequence of the magnetization switching under external magnetic field. Here we will demonstrate that sequence of the magnetization switching depends on the ratio between the exchange coupling and barrier of reversal magnetization.

Convenient diagram technique to predict sequence of switching of the bilayered devices depending on the ratio of layers magnetization and potential barriers of the reversal magnetization is proposed in our article. Sequence of the magnetization switching and shape of the hysteresis loop as well as prohibited and permitted transitions and their threshold magnetic fields controlled by competition between E EX , E Z , E eff1 and E eff2 values has been determined in our work. The experimental results are summarized in switching diagram of the magnetization states and transitions between different states depending on temperature T, applied field H and the thermal and magnetic prehistory in a perpendicularly magnetized antiferromagnetically exchange coupled CoFeB/Ta/CoFeB bilayer.

II. EXPERIMENTAL

The multilayer system which consists of MgO(2.5)/CoFeB(1.1)/Ta(0.75)/CoFeB(0.8)/MgO(2.5)/Ta(5) (unit of nm) was deposited on the undoped GaAs (001) substrate (Figure 1) by magnetron sputtering. The GaAs substrate was selected for easy integration into semiconductor based devices, such as spin LED structures [ 40-41 ], and for future semiconductor spintronics application. Growth conditions are described in detail in [ 42-43 ]. In the investigated layer stack, the hybridization of the 3d 

III. RESULTS AND DISCUSSION

The magnetic hysteresis loops of the bilayer system at T = 300 K, 150 K and 50 K are presented in the Figure 2. The insert in the Fig. 2a summarizes four different states (two parallel ↑↑, ↓↓ and two antiparallel ↑↓, ↓↑ states) corresponding to different magnetization orientations in agreement with our previous study [ 40 ]. To identify the switching sequence for bottom and top CoFeB layers from M-H curves, we have performed spin-LED measurement, which is only sensitive to the magnetization state of the bottom CoFeB layer. In addition, the total magnetic dead layer is determined to be about 0.5 nm which is almost equally distributed in both sides of Ta insertion layer [ 40 ]. The left arrow corresponds to the bottom (1.1 nm) thick layer magnetization. The right arrow corresponds to the top (0.8 nm) thin layer magnetization. The upright direction of the arrow corresponds to magnetization along the positive direction of magnetic field. Magnetic moments of the bilayer corresponding to four magnetic states are:

M ↑↑ = M 1 + M 2 ; M ↑↓ = M 1 -M 2 ; M ↓↑ = -M 1 + M 2 ; M ↓↓ = -M 1 -M 2 .
where M 1 and M 2 are saturated magnetic moments of the bottom and top layers, It is interesting to see the hysteresis loops are completely different depending on the temperature ranges. The complicate shape of the hysteresis loop recorded at 300 K is due to successive switching between aforementioned magnetic states (↑↑, ↑↓, ↓↑, ↓↓). Three correspondent transitions can be distinguished in the Figure 2: -single reversal of top layer from ferromagnetic state ↑↑ to antiferromagnetic one ↑↓ at +200 Oe; -double simultaneous reversal of both, top and bottom layers from antiferromagnetic state ↑↓ at -20 Oe; -single reversal of top layer from antiferromagnetic state ↓↑ to ferromagnetic one ↓↓ at -210 Oe. Bottom layer single reversal does not occur independently on magnetic field sweeping interval and direction.

At 150 K the hysteresis loop contains two transitions: single reversal of top layer (from ↑↑ to ↑↓) at +200 Oe and single reversal of the bottom layer (from ↑↓ to ↓↓) at -250 Oe.

Additional transition is possible, if the magnetic field sweeping direction is reversed before then transition from ↑↓ to ↓↓ occurs (see minor hysteresis loops, Figure 3). In that case top layer single reversal from antiferromagnetically coupled state (↑↓  ↑↑) occurs.

However, simultaneous reversals of top and bottom layers, as well as bottom layer single reversal from ferromagnetically coupled state (from ↑↑ to ↓↑) do not occur, independently on the field sweeping range and direction. to

H S  H 0  H S field sweeping direction, left loop corresponds to -H S  -H 0  -H S , H S -
saturation field, H 0 -arbitrary field between the first and second transition on the top-down branch of the major magnetic hysteresis loop (shown as solid background line).

The hysteresis loop contains two other transitions at 50 K: single reversal of the bottom layer (from ↑↑ to ↓↑) at -100 Oe and single reversal of top layer (from ↓↑ to ↓↓) at -450 Oe. Additional transition from ↑↓ to ↑↑ occurs at +340 Oe if magnetic sweep direction was changed to opposite one (see minor hysteresis loops in the Figure 3). However, simultaneous reversals of top and bottom layers, as well as single reversal of the top layer from ↑↑ to ↑↓ do not occur, independently on the field sweeping range and direction. 1. Temperature map of magnetic transitions. White squares correspond to forbidden transitions at the given temperature range. Green squares means that transition is permitted and occurs at the definite magnetic field independently on the magnetic field sweeping range. Yellow squares correspond to permitted transitions, which occur only in the minor hysteresis loop. Thus, totally one can discuss 12 transitions between 4 different magnetization states.

Just six non equivalent transitions of the twelve exist due to symmetry with respect to the direction of magnetic field sweep. Direct transition between ↑↑ and ↓↓ states (simultaneous reversal from ferromagnetic state) does not occur in the entire 2 -300 K temperature range.

The rest five transitions do not appear at any temperature simultaneously. Just three of them can be observed at any temperature. Series of the permitted and forbidden transitions for each temperature interval (2 -110 K, 120 -170 K and 180 -330 K) are summarized in Table 1.

Temperature dependences of the threshold magnetic fields for all 12 transitions are presented in the Figure 3b.

Threshold magnetic fields were extracted from the hysteresis loops. Every point in the In the following, we will explain the origin of the different loops and estimate the values of key physical interactions. In this approach we will use a macrospin approximation where the magnetization inside each layer is considered as uniform. The bilayer switching is controlled by three energies E EX , E eff , E Z : 1) the exchange interaction E EX between the two ferromagnetic layers, 2) the magnetic anisotropy, which forms energy barrier E eff for magnetization reversal separating the different states, 3) the Zeeman energy E Z due to external applied magnetic field. Stray field contribution is negligibly small due to homogeneous magnetic field inside bilayer plane device. Just small part of the device near its edges contributes to energy balance. This part is neglected in the most literature devoted to spin valves.

Exchange energy E EX increases with increasing of the interface area, because the interface hybridization of the atomic wave functions is origin of this energy. The sign of E EX depends on the mutual orientation of layers' magnetic moments M 1 and M 2 . We'll define

E EX = -S . J . (M 1 . M 2 )/|M 1 | . |M 2 |
, where J is exchange integral per unit of the interface area S.

Negative value E EX = S . J > 0 corresponds to antiferromagnetic coupling, while E EX = -S . J < 0 corresponds to parallel mutual orientations of bottom and top layers magnetic moments

M 1 and M 2 .
The Zeeman energy of the sample is

E Z = -((m 1 . S . h 1 + m 2 . S . h 2 ) . H) = (M 1 + M 2 )
. H, m 1 and m 2 are layer's magnetizations, h 1 and h 2 are bottom and top layers' widths. Energy barriers of bottom and top layer's magnetization reversals will be designated as E eff1 and E eff2 , respectively. Exchange energy is proportional to the interface area, Zeeman energy of the each magnetic layer is proportional to the volume of this layer. All mentioned above energies are additive and unified to the same dimensionality.

The total energy of bilayer is determined by the following equation:

E = E EX + E Z + E eff1 + E eff2 (1). 
Equation (1) applied to the defined magnetic state results in straight line in E(H)

coordinates. The slope of this line depends on mutual orientation of the magnetic moments M 1 and M 2 . Different states of the bilayer has different slopes of the E(H) dependences crossing in threshold points, where switching of the magnetization states occurs (Figure 5a).

Positions of the crossing points and correspondent threshold magnetic fields depend on field independent terms in (1). For that reason E EX , E eff1 and E eff2 affect the threshold values shifting straight lines along energy axis. One should include into consideration all four terms in Eq. ( 1) to determine threshold magnetic fields. The calculated magnetic field dependences of total energy (1) for different values of the energy barrier for magnetization reversal are shown by thin solid lines in the Figure 5 a-d.

In the absence of reversal magnetization barriers the energy of the bilayer is determined by the sum of exchange and Zeeman contributions. Energy diagram for that case is shown in the Fig. 5a. The current state of the bilayer is determined by the lowest energy in the sweeping magnetic field. The critical magnetic fields of transitions between the states correspond to the crossing points of the solid lines and can be determined by expressions:

H ↑↑  ↑↓ = |E EX |/|M 2 |; H ↑↓  ↓↑ = 0; H ↓↑  ↓↓ = -|E EX |/|M 2 |. ( 2 
)
Magnetic anisotropy of the bilayer results in additional potential barrier separating magnetic states of the bilayer. Since, in our experiments, we study bilayer magnetization along easy axis, altitude of the potential barrier is not equal to anisotropy barrier. For that reason E eff1 and E eff2 in Eq. ( 1) do not mean magnetic anisotropy energies. In presence of the reversal magnetization barrier, transition between magnetic states occurs if difference between these states energies exceeds the barrier of the reversing layer. On the diagram, the system remains in the current state (bold solid line) until the magnetic field reaches a threshold value strong enough to overcome the energy barrier (dashed line). Threshold magnetic fields of the interstate transitions will be defined by following expressions:

|E EX | E H ↑↑ ↑↓ ↓↑ M H ↓↓ |E EX |/|M 2 | -|E EX |/|M 2 | ↑↑ ↓↓ ↑↓ ↓↑ a) E H E eff M H 2H C-inner 2H C-outer b) |E EX | |E EX |/|M 2 | -|E EX |/|M 2 | ↑↑ ↑↓ ↓↑ ↓↓ ↑↑ ↓↓ ↑↓ ↓↑ E H E eff M H c) |E EX | |E EX |/|M 2 | -|E EX |/|M 2 |
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(3), ( 4 
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Three types of the hysteresis loop are possible depending on E EX / 1eff , E EX / 2eff and M 2 /M 1 values. 1) Type I:

.

2 2 1 1 | | 2 M M M E E EX eff   
In that case, the magnetic hysteresis loop contains three subsequent transitions ↑↑  ↑↓, ↑↓  ↓↑ and ↓↑  ↓↓ for top down magnetic field sweeping direction and equivalent transitions ↓↓  ↓↑, ↓↑  ↑↓ and ↑↓  ↑↑ for bottom up magnetic field sweeping direction. Corresponding transition fields are determined from Equations ( 3), ( 5) and [START_REF] Wang | Metallic Spintronic Devices[END_REF], respectively. Major hysteresis loop of the type I contains three subloops. The inner loop corresponds to simultaneous magnetization reversal of the top and bottom layers. The outer loops on the left and on the right correspond to the top layer magnetization reversal (Figs. 2a and5b). Experimentally, the hysteresis loop of this type takes place in the 180 K -330 K temperature range. Coercive field of the inner loop can be expressed by Eq. ( 9):

(9) ) ( 2 2 1 2 1 M M E E H eff eff inner C    
Centers H B and coercive force H C-outer of the outer loops can be expressed by the following equations:

(10), (11). 2 
| | M E H EX B   1 1 2M E H eff outer C  
Thus, for adjusted exchange energy and barrier of reversal magnetization the coercive fields of the inner and the outer loops, as well as outer loop bias field are determined by the ratio of magnetic moments of the top and the bottom layers. Expressions ( 9), (10) allow us to conclude that central (inner) subloop is always wider in comparison with side (outer) subloops, because the ratio of the coercive fields of the central and side subloops is controlled by the ratio of the magnetic moments and correspondent thicknesses of the layers. Magnetic moment of the thin layer M 1 controls bias field, while magnetic moment of the thick layer M 2 controls coercive fields of the outer loops, difference of the M 1 and M 2 values determines coercive field of the inner loop.

Close values of the M 1 and M 2 result in difference M 1 -M 2 smaller than M 1 and M 2 , both.

For that reason coercive field of the inner loop can be different from coercive fields of the outer loops up to several times even at the same reversal magnetization barriers of the layers. This case takes place in our experiments (Figs.2a, 5b and 6). Equations ( 9) allow us to estimate the exchange energy and magnetization reversal barriers at T = 300 K: E EX / S = -0.01 erg/cm 2 (S -the interface area), E 1eff /S = 4.0 . 10 -3 erg/cm 2 , E 2eff /S = 2.5 . 10 -3 erg/cm 2 . The interlayer exchange coupling constant E EX / S has been obtained for the opposite directions of the layers magnetizations by evaluating the magnetic field in the center of the two outer hysteresis loops. Estimated barrier heights E 1eff /S and E 2eff /S are very close to the interface anisotropy constants, determined in [36] for hard axis magnetization measurements in the identical sample. This allows one to conclude that the dominant contribution to the magnetization reversal barrier results from interface anisotropy.

2) Type II: (11).

2 2 1 1 2 2 1 2 1 2 | | 2 | | 2 M M M E E M M M E M M E EX eff EX eff        
Magnetic hysteresis loop contains two transitions instead of three ones (Fig. 5c).

These transitions correspond to remagnetization of the top layer from parallel state in magnetic field H ↑↑  ↑↓ (3) and remagnetization of the bottom layer from antiparallel state in magnetic field H ↑↓  ↓↓ (6). In the studied bilayer this mode of hysteresis loop takes place in the 120 K -170 K temperature range (Fig. 2b and Table 1).

3) Type III: (12).

2 2 1 2 1 2 1 | | 2 M M M E M M E E EX eff eff     
Similarly with previous case, the hysteresis loop of type III contains two transitions, but the order of layer switching is opposite with order of switching of type II.

First the bottom layer (with larger magnetic moment) is switched and then the upper layer is switched in higher magnetic field (Figures 2 c and5 d). Magnetic fields of the switching can be expressed by Equations ( 4) and [START_REF] Wang | Metallic Spintronic Devices[END_REF]. This mode of hysteresis loop takes place in the 2 K -110 K temperature range (Fig. 2c and Table 1). Thus, proposed diagram allows us to describe all configurations of the hysteresis loops and transitions between magnetic states in the entire 2 -300 K temperature range. This technique allows to establish, is transition permitted or forbidden and to determine threshold values of the magnetic fields for permitted transitions. Finally, the relations between magnetization reversal barriers, transition fields and layers' magnetic moment can be used to estimate exchange energy and magnetization reversal energy barriers from experimental M(H) curves, recorded in easy-axis (out-of-plane) orientation. Cross-border lines on the map of the magnetic states (Figure 4) can be more or less straightened if the map is presented in semi logarithmic coordinates (Figure 7). 

SUPPLEMENTARY MATERIAL

See supplementary material for temperature dependences of magnetic moment under the sample heating (Fig. S1) and cooling (Fig. S2) in different magnetic fields, simulation and experiment for butterfly shape of magnetic hysteresis loop of the type III (Fig. S3) and temperature dependences of the top and bottom layers magnetization reversal barriers (Fig. S4).

  respectively. The condition |M 2 | < |M 1 | results in positive M ↑↑ and M ↑↓ values and negative M ↓↑ and M ↓↓ values in our experiments (fig.2).
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 12 Figure 1. The sketch of the CoFeB/Ta/CoFeB bilayer deposited on the GaAs substrate. MgO -cap and buffer layers. CoFeB layers are coupled antiferromagnetically. M 1 and M 2 arrows correspond to bottom and top layers' magnetizations, respectively.

Figure 3 .

 3 Figure 3. Minor magnetic hysteresis loops at 150 K (a) and 50 K (b). Right loop corresponds

Figure 3 b 1 IFigure 4 .

 314 Figure 3 b correspond temperature at which loop was recorded and threshold field of sharp change of magnetization. Additionally we checked another way to obtain points for the Figure 3 b. Same values of the transition temperature and magnetic field were extracted from temperature dependence of magnetization recorded during heating of the sample which was preliminary cooled down to 2 K in the different magnetic fields. Examples of these temperature dependences are presented in Supporting materials (Figure S1). Magnetic field

Figure 5 .

 5 Figure 5. Energy diagrams (top panels) and simulation (bottom panels) of idealized M(H) curve (zero barrier for reversal) (a), and real hysteresis loops of types I (b), II (c) and III (d) for antiferromagnetically coupled bilayer. Top panels: solid lines indicate energy curves E(H) for stable magnetic states ↑↑ -green, ↑↓ -violet, ↓↑ -orange, and ↓↓ -blue curve; dashed lines are curves for the same states shifted upwards by the anisotropy barrier. The fields of transitions between the states are determined by the points where solid line for previous state crosses dashed line for the next state. Bold arrows indicate trajectory of the system for top-down field sweeping direction. Dot lines indicate the correspondence between the critical points on the energy diagrams and transition fields on the hysteresis loops. Bottom panels: blue solid line -simulated major hysteresis loop, Green and orange dashed lines in (c) and (d) -simulated minor hysteresis loops.

Figure 6 .

 6 Figure 6. Temperature dependences of hysteresis parameters: coercive fields H C-inner , H C-outer and bias field H B . Solid lines are linear approximations.

  Proposed diagram technique allows simulating minor hysteresis loops. For the loop of the type II (Fig. change of the direction of magnetic field sweep from top-down to bottom-up in the point A on the E(H) curve (black arrow on the violet line) will not change ↑↓ state until the barrier is not overcome. Transition from ↑↓ to ↑↑ will occur, when violet solid line (corresponding to ↑↓ state) crosses green dashed line. Simulated minor hysteresis loops correspondent to this transition (and equivalent one in negative magnetic fields), are given at the bottom panel in the Fig. 5c. Analogous simulation is possible for the minor hysteresis loops of type III (black arrow on the diagram and green minor loops at the bottom panel in the Fig.5d). Proposed method allows us to obtain two additional loop configurations of the type III. If simultaneously two conditions are fulfilled (E 2eff > E 1eff , 2|E EX | > E 1eff ), the transition from ↑↑ to ↓↑ occurs in positive magnetic field resulting in the "butterfly" shape of the hysteresis loop of the type III (Figure S3 a). In our experiments, such hysteresis loop was observed at 100 K (Figure S3 c). Another loop configuration is possible if H ↑↑  ↓↑ and H ↑↑  ↑↓ threshold fields are equal. In the diagram this case corresponds to the intersection of the ↑↑ state (green solid line) with ↑↓ and ↓↑ states shifted along energy axis to reversal barrier energy of the top and bottom layer, respectively (violet and orange dashed lines), at the same point. This 'triple point' corresponds to the bifurcation between loops of the type II and type III resulting in loop containing two transitions, which intermediate state is between ↑↓ and ↓↑ states. Diagram and simulation for that case are given in the supporting materials (Figure S3 b). This type of hysteresis loop is observed at 115 K (Figure S3 d).

1 Figure 7 .

 17 Figure 7. H-T diagram of different magnetization states existence in the CoFeB/Ta/CoFeB bilayer in H-T space in log(T) scale. Solid lines are linear approximations.

  In the frames of the considered model combining macrospin and intermediate domain wall states, one can estimate temperature dependences of magnetization reversal barrier of top and bottom layers magnetization reversal. (Figure S4 in supplementary material). These parameters manifest exponential decrease under heating. CoFeB/Ta/CoFeB bilayers have been studied. Those states and transitions are summarized in a H-T magnetization switching diagram. The sets of permitted and forbidden interstate magnetization transitions are different for 2 K -110 K, 120 K -170 K and 180 K -300 K temperature ranges. The threshold magnetic fields of magnetization switching and the correspondent magnetic hysteresis loop are explained by the competition between interlayer exchange coupling, Zeeman energy and energy barrier of layer's magnetization reversal. Exchange and magnetization reversal barrier parameters were extracted by the of temperature and field dependences of inter-state transition fields.

  

  

  

  orbitals of transition metals (Co, Fe) with the O 2p orbitals of MgO provides perpendicular magnetic anisotropy (PMA) at the CoFeB/MgO interface [ 44 ]. To enhance PMA, rapid temperature annealing (RTA) was performed at 250°C for 3 min to crystallize the CoFeB layer. During this process, the diffusing boron was absorbed by the 0.75 nm Ta interlayer, which also provided antiferromagnetic coupling between the two adjacent CoFeB layers [ 42 , 45 ]. The plate-shaped sample 0.4  4  4 mm 3 in size was studied in experiments. Magnetic hysteresis loops were obtained with an MPMS 5XL Quantum Design superconducting quantum interference device (SQUID) magnetometer.
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