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Fast barrier-free switching
in synthetic antiferromagnets

Yu Dzhezherya®?23, V. Kalita'?3, P. Polynchuk™*, A. Kravets'*, V. Korenivski%**,
S. Kruchinin® & S. Bellucci”™

We analytically solve the Landau-Lifshitz equations for the collective magnetization dynamics

in a synthetic antiferromagnet (SAF) nanoparticle and uncover a regime of barrier-free switching
under a short small-amplitude magnetic field pulse applied perpendicular to the SAF plane. We give
examples of specific implementations for forming such low-power and ultra-fast switching pulses. For
fully optical, resonant, barrier-free SAF switching we estimate the power per write operation to be

~ 100 pJ, 10-100 times smaller than for conventional quasi-static rotation, which should be attractive
for memory applications.

Magnetic nanostructures is a field of magnetism under active development, motivated by their unique properties
not found in the bulk as well as their broad technological applications. One such magnetic nanostructure system
is a synthetic antiferromagnet (SAF). It consists of a multilayer, in which ferromagnetic (F) layers are coupled in
antiparallel (AP) across non-magnetic (NM) spacer layers, thus resembling an antiferromagnet (AFM) system'.
Similar to conventional atomic AFM’s, the magnetization of a SAF is zero in the absence of an externally applied
magnetic field. The interlayer AFM-type coupling in SAF’s is easily controlled by choosing the materials and/
or geometry of the multilayered element, in contrast to classical AFM’s where the inter-sublattice exchange is
fixed for a given crystal.

Trilayer SAF’s have the simplest design and consist of two AP-coupled F layers? either via an indirect exchange
of RKKY type® or a dipolar AP-coupling in the case of NM spacers and sub-micrometer elements. Due to the flux
closure in the AP state, the magnetostatic fringing fields of a SAF element are nearly zero and so is the cross-talk
in dense arrays of such elements. This makes SAF’s widely used in magnetic recording read heads*® as well as
magnetic random access memory (MRAM)*%7, both as reference layers>® and free/storage layers®~'%. Devices
using SAF’s show higher stability to thermal agitation and a broader dynamic range'®'2.

SAF-MRAM elements are made with uniaxial anisotropy such that each has two stable magnetization states
for encoding a digital bit of information. Both stable states have the individual F layers mutually AP-aligned and
their switching involves a transition (rotation or toggling) between the two AP states. The speed and efficiency
of such memory cell depends on the speed and ease of the switching of the SAF element, which therefore are
the key performance characteristics. Two types of SAF switching are often used: magnetic field switching and
spin-transfer-torque (STT) switching. In field-MRAM, the switching is performed by generating an in-plane
magnetic field pulse (or a pulse sequence) from currents in the word and bit lines located next to the SAF ele-
ment in the MRAM array'>'¢. STT-MRAM is based on switching SAF memory elements by driving through
them spin-polarized current pulses'’~?°, which transfer spin between a magnetically fixed reference layer and the
free/storage layer, switching it parallel or antiparallel to the reference layer. The low and high resistance states
of the cell (P/AP states) are used to electrically read out the bit state. Recently, spin-orbit type STT switching
has been demonstrated using the spin Hall effect (SHE) in a heavy-element metal layer with a strong spin-orbit
coupling®-?, onto which a storage element is deposited and is magnetically switched by the interlayer spin-orbit
torque.

SAF’s, in contrast to conventional AFM’s, have the F layers coupled relatively weakly. This makes possible
low-field, essentially barrier-free switching of small elliptical SAF elements, the mechanism of which is detailed
below and is based on using perpendicular-to-the-plane field pulses of specific duration and amplitude, tuned
to be in sync with the intrinsic dynamics of the SAF trilayer. Such field pulses can be generated by, e.g., circu-
larly polarized laser pulses via the inverse Faraday effect, concentrated into the individual SAF using an optical
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antenna®*%%, with the direction of switching determined by the chirality of the laser pulse. The barrier-free SAF

switching method discussed herein has significant advantages over the existing switching methods, which typi-
cally are done quasi-statically and require rather higher fields/driving currents.

In our previous studies, we showed that by using magnetic field pulses of specific shape one can achieve fast,
inertia-free SAF switching?¢. In particular, we showed that the system’s spin dynamics has collective modes of
acoustic and optical types®, that SAF can behave analogous to the Kapitza pendulum®!, and that an oscillating
in-plane field can be used to resonantly switch the system between the its stable AP states***>. Our most recent
studies’”* showed that an improved performance and additional functionality can be obtained by incorporating
thermo-magnetic control of the SAF’s interlayer coupling, which opens up a range of future spintronic device
applications to be discussed in separate publications.

An AFM system with the Dzyaloshinskii interaction® subject to laser-induced magnetic field pulses showed
switching followed by a relatively long equilibration process. The relevant fast-field AFM dynamics***! was
studied in the Andreev-Baryakhtar framework*>*.

In this work, we theoretically investigate the regime of essentially barrier-free switching in nanoscale SAF
elements using low-amplitude field pulses as well as possible experimental implementations of such switching.
We show that under a coherent rotation of the two F moments in the AP state with zero total magnetization,
the shape anisotropy of the elliptical particle has practically no effect of the spin dynamics of the system. This
effectively eliminates the shape-induced magnetostatic barrier and makes switching fast and low power, which
is desirable in various technological applications such as MRAM.

Model formulation and results

A SAF cell consists of two identical ferromagnetic thin-film elements (FM1 and FM2) separated by a nonmag-
netic spacer layer (NM), as shown in Fig. 1. The magnetic moments M; and M, of layers FM1 and FM2 are
oriented along the long elliptical axis of the SAF and are anti-parallel (AP) in the ground state due to their dipolar
interaction thus forming an artificial (synthetic) antiferromagnetic system. One can distinguish the following
SAF states: (i) Iy = myx — may, (ii) —lx = —mix + may, which can then be used to encode binary information.
Here m; = M;/M;s—the unit vector of the magnetization in i-th layer (i = 1, 2) and M;s = Mys = M;—the
saturation magnetization of the i-th layer.

The task of writing information becomes that of developing efficient mechanisms of switching the SAF
between the I, and —I, states.

Here, we show how writing can be made most efficient by making the SAF elements rotate in the same direc-
tion during switching, retaining the AP orientation. Such rotation maintains the net magnetic moment of the
cell at zero, which effectively cancels the magnetostatic barrier due the shape anisotropy.

The transverse SAF dimensions are assumed to be smaller than the characteristic magnetic length in the mate-
rial, a < A = (/a/47 ) (a—exchange constant, a and b—long and short half-axes of the elliptical SAF layers,
see Fig. 1 and therefore the magnetization in the SAF elements is considered to be uniform. We also assume that
the magnetic layer thickness L and eccentricity (aspect ratio close to 1) are sufficiently small. These conditions
translate into the following applicability criterion for the developed theory:

A>»a>»L (@a-b/ak], (1)

where g, b are the semi-axes of the SAF ellipse defined in Fig. 1. Criterion (1) allows to significantly lower the
computational difficulties without restricting the general character of the results obtained.
Taking into account the above considerations, the magnetic energy of the SAF system can be written as

FM1
NM
FM2

Figure 1. Schematic of SAF cell. Two ferromagnetic layers with magnetizations M; and M, and thickness L
are separated by nonmagnetic spacer with thickness d. A pulse of out-of-plane excitating magnetic field H, of
certain duration and amplitude is produced either by external field coil or circularly polarized laser pulse (see
section “Switching SAF optically”).
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where M—saturation magnetization of the SAF layers; V = V| = V,—volumes of magnetic layers; m ;—the unit
vector of the magnetization in i-th layer (i = 1,2); « = x,y, z; h = H, /4w M—normalized external magnetic
field directed perpendicular to the SAF plane.

The parameter 47 8; determines the value of the uniaxial magnetic anisotropy of the i-th layer directed along
the O; axis, since for thin layers the only selected direction is the normal to the surface. It should be noted that
in the framework of this study, uniaxial anisotropy is not of fundamental importance, however, when forming
SAFs with a layered structure, it can be induced due to the difference in the lattice periods of the contacting lay-
ers. To simplify further calculations, we will assume that the difference in the anisotropy of the magnetic layers
is negligible and replace the values B; with some average value of 8.

The term Am;my, introduced into the expression for the energy density (2), describes the isotropic exchange
interaction between the magnetic layers; it can differ in origin and magnitude. In the case of closely spaced lay-
ers, this interaction can be due to the diffusion of spin-polarized electrons®”** or the RKKY-type interaction.
We note that by choosing the material and thickness of the non-magnetic spacer in such SAF structures one can
influence the sign and magnitude of the effective interlayer coupling parameter, A.

Parameters NYi determine the demagnetization coefficients of the i-th layer, and y,—the constants of the
interlayer dipolar coupling (&« = x, y, z). The dipole-dipole interaction is always present in a SAF-particle system
and will be used in this work to device a mechanism for controlling the SAF magnetization state. The values of
the parameters of the dipole-dipole interaction are determined by the following formulas:

. 1 /v, 1 /v 92 1
N“:—(I _') , =—(1 2) : (1 //dVdV
« ar vV \i /g Ve arV \ ") Vi Axg0x'y |t — 1| (3)

Vi Vj

wherei,j =1, 2; V = V; = V,—volumes of the magnetic layers, over which the integration is performed. The
top and bottom indexes in (I \‘2 ) denote the integration regions in the first and second integrals in Eq. (3).
Obviously, the demag-coefficients are symmetric with respect to top-to-bottom index exchange. If the two indexes
coincide, V; = Vj, then (I“//f ) is proportional to the average demag-coefficient of the given volume, N.Yi. Oth-
erwise, V; # V;and the interlZyer coupling coefficient becomes (I \"/12)01 =47 Vy,.

Due the the thin film geometry, the SAF cell has N7 ~ 1. Therefore, in small applied fields, || < 1, the
normal magnetization components are small, |m;;| < 1. Also small are the in-plane components of the demag-
netization tensor, N,/ Vi N Vi &« 1(their exact values will be given below).

Introducing Varlables m;; and ¢;, related to the magnetization vector components via

m; = (cos piz/1 — m?z, sing;q/1 — mfz, miz) (4)

and keeping the terms of not higher than second order of smallness, in analogy with®?, the Lagrangian . in the
form proposed*® becomes:

¢ =T-U,

2my dd 2, d
T:_4nM§V( e 22 —Z—X)

wp dt wp dt
cos2®
2

+l§(1 - B - 2Acoszx) + mﬁ(l - B —|—2Asin2)() - ZmZh},

U=471M52V{(A+7)c052x— [yy—yx—i—(Ny—Nx) cosZX]

2m, d® 2l dy cos2®
—————(A—}-)/)COSZ)(—}-
wy dt wy dt

—lﬁ(l — B — 2A cos? X)

4 :47TM52V{ [)/),—yx—{— (Ny—Nx) cosZ)(}

—m2(1— B +24sin® x) + ZmZh},

where the following notations are introduced: wy = 8w uoMs/hi; V = Vi = Vo3 my = (myz + maz)/2;

L=+ 10)/20 = (o1 +¢2)/2; x = (o1 —92)/2; Y = (yx + y},)/Z; o is the Bohr magneton; it is also

assumed that the demagnetization coefficients of both magnetic layers in the SAF are the same NY = N2 = N,
Taking into account the damping in the Gilbert form can be done by introducing a dissipative function

CaGMV
2 =— Z(m,) (6)
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which in new variables is equivalent to the expression:

) ag [ (dm,\* [dL\? [dx\* [do\?

R =4n M2V — == il )+

7 s a)M{< dt> +<dt> + dt + dt @
where o is the dissipation constant in the Gilbert form.

The four generalized coordinates, g, of the Lagrange formalism in this case are m;, I, ® and x, and the equa-
tion system has the standard form:

dog 0Y o dag 8 8A  dI¥ 3L R ddL 3L R
dt dm,  dm, 9w,  dt 3, al, — 9,0 dtad,  8d, 09d,  dtdx. Oxe Ok
(8)
We separate the system of four Eq. (8) into two pairs:
d d
c%+ [a)M(l - B —2Acosz)() +aGE}lZ =0,
(9a)
dl, dx _ .
T _(XGE +a)M[A+y — (Ny—Nx) code)} sin x cos x =0,
do d
I + [a)M(l — B + 2Asin? X] —cha} m, = wph,
(9b)
dm, do .
T +01G? + wum [yy — Y+ (N}, — Nx) cosZ)(] sin ® cos ® = 0.

The system of two Eq. (9a) is homogeneous—contains no external excitation force. Moreover, for circular
SAF’s with N, = N,, the systems of Egs. (9a) and (9b) would become independent of one another. Then, Eq.
(9a) would describe out-of-phase oscillations (so-called optical mode) whereas Eq. (9b) would describe in-phase
oscillations (acoustic mode). Such basic SAF dynamics has been experimentally demonstrated and theoretically
explained in detail in our earlier publications®0-3%3446,

In this work, we show that dipolar SAF’s with moderate in-plane shape anisotropy can exhibit a special type
of switching, for which the potential barrier can be negligible. Moreover, under certain conditions, a parametric
optical resonance can take place.

The magnetostatic interaction in a planar nanosized SAF results in an antiferromagnetic ground state along
the SAF’s the long axis. A presence of additional interlayer exchange with A > 0 would lead to increased stabil-
ity of the antiferromagnetic configuration. It is easy to show that the systems of Eq. (9a) has a solution I/, = 0,
x = %7 /2, which corresponds to the antiferromagnetic state.

We will next show that a magnetic field pulse directed perpendicular to the SAF plane can switch the direction
of the two magnetic moments while their mutual AF order is preserved during the switching process.

Let us consider the dynamic equations for the second pair of variables m, and ® (Eq. 9b) for the AP state,
(I; =0, x = m/2). Clearly, the system of two Eq. (9b) is equivalent to one equation of second order that describes
the synchronous rotation of the magnetization of the layers in one direction:

dz?

Q 2 do Q\? . dh
11— ———————— ) cos2®|— — | sin®cosd® = —,
1 —=B+2)wm
2

dr wMm dr
2 A 2Ny - Ne—yy ) T = tou.
M

a2
—— 4 ag(l— B +24)

(10)

Here in Eq. (10), the terms proportional to 2 have been neglected. As a rule, materials with low intrinsic dis-
sipation are selected for SAF. Otherwise, effective control of the magnetization state cannot be achieved. Since
Eq. (10) does not include parameter A, it becomes obvious that the isotropic exchange interaction between the
layers, of any origin, does not affect the dynamics of the synchronous rotation of the two magnetic layers.

The dynamics of SAF in an out-of-plane magnetic field is largely determined by parameter €2, which can be
interpreted as the eigen-frequency of small oscillations of acoustic type in the vicinity of the equilibrium state.
We proceed to find Q in analytical form.

In-plane circular SAF elements would have the demagnetization coeflicients described by the spheroid
formula *7:

1 8 arccos § 1
Vi _ Vi nV1i—_(1_nN"
N =1—% (1 ,17_52), NS =N, _2(1 N1, (11)

whered =c/a<l,a=b=R.
In the limiting case of a thin disk § < 1the following expansion is valid:

L 2L
N =N ="(1-22). 12
x Y 8R < 7 R) (12)
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The presence of eccentricity leads to inhomogeneity in the magnetostatic field distribution within the SAF layer.
At the same time, the condition of Eq. (1) of small eccentricity makes this inhomogeneity small, such that the
following approximate relations hold:

v v, _ L 2L \% v, _ L 2L 1% 1% 14 14
NXIZNXZZQ(I—;§>, Nyl=Ny2=g<l—;E), NZIZNZZZI—le—Nyl.
(13)
Here o’ and b’ are the effective half-axes of the magnetic layers, which are selected such that Eq. (4) correspond
to the average demagnetization coefficients, R = (a + b)/2. The values of the effective half-axes a’ and b’ can be
expected to be close to the actual geometrical SAF parameters.
After finding the functional form of the demagnetization coefficients, Eq. (13), the magnetostatic coupling
constants can be found without cumbersome calculations. Indeed, based on Eq. (3), it is easy to show that the
interlayer coupling constant can be expressed as

1 % 1 Vi+VatrAV Vi+AV Vot AV AV
e = oy (1), = g L (WY, - (WY), - (R31AV), + (0RV).

(14)

- ﬁ{(u FANTVIRAY (o g) (NYHAY 4 YAV NaAVd},
where the upper index in the demag-coefficients indicates the relevant volume, for which it is computed. For
example, notation V; + V; + AV indicates that NJ1+V2+AV is the demag-coefficient of an effective particle
with volume equal to the total volume of the two magnetic layers, V; and V3, and the spacer, AV. The interlayer
coupling coefficients y, are thus expressed through the demag-coefficients of the respective combinations of the
SAF elements. Solving Eq. (14) using Eq. (13) yields the following results:

v, LL+3d/2) v L@ +3d/2)

= > = > =0.
Vx x a(a+b) Yy y V(a+b) Yx+Vy T V2 (15)

The validity condition for Eq. (15) is that the SAF thickness is small compared to its lateral dimensions,
2L +d « b).

We have thus obtained that the interlayer coupling constants y,, are different from the demag-coeflicients
by a quantity of the second order of smallness, ~ (L/ a)2 < No‘l’ 1, which is the model precision accepted at the
outset. This has an interesting effect of a vanishing potential barrier for a synchronous rotation of the SAF layers
in the AP state.

Indeed, it follows from Egs. (13) and (15) that the coefficients in Eq. (10) determining the height of the
switching barrier are proportional to

@ —b L(L+3d/2) _ (1—B+24) (a—b) L(L+3d/2)
a+b ab - 2 a a? '

Q 2
(wﬁi) =N =N~y by =1 B+ 24)

(16)
The symmetry of the problem and the preservation of the AP state during magnetization rotations results in that
the quantity in Eq. (16), in the limit of Eq. (1), is of the third order of smallness. Using the characteristic SAF-cell
parameters yields (S /wm)* ~ 1073 = 1074
At the same time, for a rotation of the magnetic moment in an isolated single-layer, for which y, = 0, the
height of the barrier is of the second order of smallness:

/N 2 _ —
(&) =Ny =N = TP @D g,
wp

8 a a

References’*? considered some of specific cases of switching a SAF cell. Here we present the general approach

to solving the problem of control of the SAF magnetization state using short pulses of magnetic field of arbitrary
configuration.

The aim is that a short pulse of a magnetic field would transform a cell from state
P =0, =7, d=(p1+¢)/2=n/2tostatep; =7, @) =2m, ® = (¢|+¢})/2=237/2

This task and the nature of the SAF magnetization rotation allow to formulate the main condition on the
parameters of the magnetic field pulse.

It should be noted that in practice it is difficult to produce a spatially localized and short in duration field
pulse of a high amplitude. We will therefore assume that || < 1, and that short in duration means, according

to Eq. (10),
h 1/ 9 \?
~ s T2}~ 10 107
Twpm 2\ wpm

@
dt

where hy and T—characteristic values of the pulse amplitude and duration, respectively. The pulse has an arbi-
trary shape described by function h(t — 79), symmetric with respect to T = 7. The main requirement is that the
amplitude and duration must be selected such that the integral area of the pulse is equal to
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0+T 400
/ h(t — 19)dt ~ / h(t — 19)dt = . (17)
w—T —00

The above requirements are not expected to produce any significant limitations on the properties or functioning
of a SAF-based system in controlling the magnetization switching.
We rewrite Eq. (10) in the following form:

d (do dd 0\’
— = =h)+agl —=B+24) — —h) — | =) sin®cos® = —ag(l — B +24)h.  (18)
dr \ dt dt opm
Expressing the angle variable as
T
g
o=t ®=1+ [he- e, (19)
—00

we expand Eq. (18) into terms no higher than linear in ®;:

2P, Ao, 1/ 9\ . 1/ 9\
+ag(l1—B+2A)— 4+ - — | sin2®; = —ag(1—B+24A)h+ - —
d‘[z dr 2 wM 2 wM

x (2sin2d; cos® ®g + sin 2®; cos 20,).

(20)

The right hand side of Eq. (20) collects the fast-varying terms and are non-zero only in the short period during
the action of the field pulse, in the vicinity of 7. Integrating Eq. (20) in the immediate vicinity of 7y and assum-
ing that no excitation in the system prior to the pulse, we find the initial conditions and formulate the Cauchy
problem for the system’s excitations:

d2d, Ao, 1/ Q\?% . do,
—z—f—aG(l—ﬁ—f—ZA)——i—f — | sin2®; =0,P; =0, — = —mwag(l — B+ 24) !r:m.
dr dt 2 \ oM dt

(21)

Equation (21) for ®? « 1becomes linear and is easily solved. The correction in ®; thus introduced is equal to

rag(l — B+ 2A)wnm
- e

—aG(1=p+2A)om(—10) ¢ip [Q:(t — t0)].
Qs

P, =

Figure 2 shows schematically the time profiles of the field pulse and the induced change of the SAF’s antifer-
romagnetic vector angle, corresponding to switching between the two stable AP states of the cell.

Due to the approximation of ®? « 1 the validity condition for the developed theory becomes
[rac(l — B+ 24)] < (Qu/om)>

The resulting conditions for obtaining reliable pulse-induced switching of SAF take the following form:

+00

/ h(t — 19)dt =7, (22a)

—00

0

Figure 2. Temporal profiles of external filed pulse and response of SAF cell representing switching between two
stable AP states (SAF’s antiferromagnetic vector angle changing from 0 to ).
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2 (1—=B+24) (a—b)
(oM T)? 2 a

L\? 5
<Z> [rag(1— B +24)]". (22b)

Without presenting extensive calculations, for qualitative comparison, we show that a rotation of the mag-
netization vector of an isolated single-layer particle takes place at a much higher field amplitude hj. In this case,

in expression Q;/wy = [( 1—B+24) (Ny — Ny =y + yx)] 12 the constants of the interlayer coupling are set
to zero, y, =yx = 0, and the switching condition takes the form:

+o00
/ h(t — 19)dt = 7, (23a)
27 aL(1— B +2A)(a—b) 2
TP o > [rag(l— B +24)]". (23b)

From inequalities (22b) and (23b) it follows that a rotation of the two magnetic moments in a SAF such that
their net in-plane magnetization is maintained at zero (AP, in-phase, acoustical rotation) can be performed at a
much lower field than a corresponding switching of a single-layer ferromagnetic particle. Given the same dura-
tion of the field pulse, the ratio of the amplitudes in the above two cases is equal to

ho 4 L+3d)2
o _ALA3d2 (24)

W, m a
This result is expected and is due to the potential barrier determined by the shape anisotropy being weakly
expressed under a synchronous rotation of the two magnetic moments comprising the SAF, maintaining the
AP state.

We note that fulfilling Eq. (22a) produces SAF switching in reverse, while Eq. (22b) is the criterion of high-
speed and reliability of switching. In essence, Eq. (22b) simply ensures that the zeroth approximation deviates
insignificantly from the exact time dependence of the magnetization rotation angle, |® — ®g| < 1.

Consequently, when Eq. (22) is fulfilled, an out-plane field pulse produces a step-like switching of the SAF,
with negligible post-switching relaxation (inertia-free switching). This SAF-resonant mechanism, analyzed in
great detail in this work, is graphically illustrated in Fig. 3a, and is qualitatively different and functionally superior
compared to conventional switching of a ferromagnetic particle, illustrated in Fig. 3b.

It should be informative to provide numerical estimates for the fast, low-amplitude pulses discussed above.
We take the ferromagnetic material to be Nickel with the saturation magnetization Ms ~ 500 G and consequently
oy ~ 1.1 - 10" 571, We take the characteristic field pulse duration to be T ~ 3 - 10719, such that wp T ~ 33.

Condition (22b) is valid for cells with parametersa/L ~ 10, (a — b)/a ~ 0.15, if the Gilbert damping constant
ag < 1072

The condition of Eq. (22a) yields the amplitude of a field pulse needed for switching the SAF cell, given in
Table 1 for several common pulse shapes. The results show that the amplitude does not depend on the saturation
magnetization of the material and is determined by the shape and duration of the field pulse.

Figure 3. Illustration of barrier-free and relaxation-free switching in SAFE, coinciding in time with half-
period of in-phase in-plane rotation (a), which is much faster than conventional out-of-phase switching of a
ferromagnetic particle with subsequent precessional relaxation (b).
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Case Pulse shape, H;(t) = 4m Msh;(t) | Amplitude, analytical (H {"“") Amplitude, value at T ~ 3 x 10~'%s (Oe)
1 H{™ /ch(t/T)) h/2pu0T 190
2 HY™ /ch?(¢/T) wh/4ueT 300
3 H™/[1+ (t/T)?], Lorentzian h/2puoT 190
4 HI™ exp (—t/T)?, Gaussian JTh)210T 330

Table 1. Characteristic switching pulse amplitudes.

Switching SAF optically
Controlling the magnetization in nanoparticles using the magnetic field of a laser pulse was first considered in
Ref. #°. The mechanism is based on the inverse Faraday effect first described in Ref. *%. This direction has since
seen a broad spectrum of investigations -8,

We previously showed? that the electric field of an electromagnetic wave having the following form in the
SAF plane,

E, = E; cos wgt, Ey = E; cos (wgt + 9), (25)

(where wg—wave frequency, —phase shift between the oscillations along x, y) leads to an effective circular
motion of the electronic density in the conductive particle. Such electronic motion generates a magnetic moment,
ME, and a magnetic field acting within the particle. At certain frequencies, depending on the shape of the particle,
this effect can be amplified by the plasmon resonance of the conduction electrons.

The average value of the thus induced magnetization and magnetic field are given by the following expressions:

ME o wE1E2 1 2 w? 2 ng msz _ E\ ~ E
M) =sind N aw ) \or— a2 Y m ) (He) = —4m (1= 2N (M) ~ —47 (M),
r
(26)

where e—electron charge, nj, mj—density and effective mass of the electrons in [-th conduction zone,
w} = 47N (e?n;) /mj—characteristic frequency of the plasmonic oscillations in the I-th zone in the plane of
the disk-shaped particle, Ny &~ NY1*V2+AV ~ 7 (2L + d) /8R—average depolarization coefficient of the disk

coinciding with the SAF’s demagnetization coefficient, w, = (0? + wé)l/z ~ [4n Ny (ng/ms + na/my)) 1/2

—frequency of the plasmon resonance of the electron density in the SAF plane.

From the expression for w, it follows that the effective means of regulating the plasmon resonance frequency
in a SAF is tuning the ratio of the layers’ thickness to the particle radius.

For estimating the parameters of the pulse signal we take w, ~ 3 - 10'> s~1, which is close to the ruby laser
frequency. We further take § = 7 /2, and express the effective magnetic field of Eq. (26) in the form

Iyw w? 2 ng m* 1 ¢
(H,) = 07(75) (1+—d—5), Ip= - —E% (27)

cengNj \ 0} — o? ne m? 2 4w

Assuming the time dependence of intensity I corresponds to one of the cases presented in Table 1 and opera-
tion in the vicinity of the resonance frequency where w?/(w? — w}) ~ 30, for ng ~ 1022 cm™>, Ny ~ 0.1,
(Hz) ~ 200 Oe, we have the following estimate for the average density of the laser power flux needed to switch
SAF:

Ip~5x% IOH’ergc_lcm_2 =5x108Wcem™2. (28)

The high, at first glance, value of the energy flux, when scaled by the pulse duration T ~ 3 x 10710, shows that
the fraction of the light energy at the surface is only ~ 0.1] cm™2. The area of a focused laser spot corresponding
to that of a typical SAF cell is of the order of AS ~ 10~° cm?, which translates to 100 pJ per write operation and
is 10-100 times smaller compared to conventional over-the-barrier SAF switching.

Estimates show that in the case when a SAF grating is formed on a silicon substrate of 1 cm? in area and 1
mm in thickness, for a single switching event per SAF element in the array of N = 1 cm?/42 &~ 2 x 108 elements,
the temperature of the system would rise by an amount of the order of AT =~ 0.3K.

These estimates indicate that, combined with the barrier-free regime of SAF-switching analyzed above, laser-
induced normal-to-the-plane field pulsing can form the base of an efficient method of information writing on
to SAF-type media.

Switching SAF using spin-transfer-torques

Creating the necessary perpendicular-to-the-plane field optical requires relatively simple lithography and no cir-
cuit integration, an is therefore a widely used method for proof-of-principle demonstrations*?. For applications,
however, the SAF layer would be integrated into, e. g., a double Magnetic tunnel junctions**°. For SAF made of
Permalloy with M, = 1.7 kG, we estimate the switching time of 200 ps. Estimating of the pulsed electrical current
density necessary to perform the proposed switching process gives J=1--10x107 A/cm?, which is comparable to
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Figure 4. Schematic of SAF’s potential energy U vs. angle ®.

the recent results for sub-ns STT switching in DTMJ-MRAM?®!, with an expected advantage of increased speed
due to no post-switching relaxation, important for such fast-RAM applications as CACHE.

Conclusions

We theoretically find a resonant regime of barrier-free SAF switching, requiring a short and small-amplitude
magnetic field pulse applied perpendicular to the SAF plane. The mechanism is illustrated for low-power and
ultra-fast laser pulses—a switching method widely used in the field for proof-of-concept demonstrations. Inte-
grated into a double tunnel junction, the proposed switching mechanism can be driven by spin-transfer-torques,
which should be attractive for high-performance MRAM implementations.

Appendix: Stability of magnetic states in SAF
The stability of the magnetic states of SAF can be estimated from the value of the critical temperature, at which
random thermal fluctuations of the magnetization are able to switch the antiferromagnetic SAF pair over the
potential barrier and thus change the sign of the antiferromagnetic vector in the SAF plane.

We use the expression for the potential energy in the angular variables (5), assuming that the conditions of
antiferromagnetic orderingl — § +2A > 0, A+ ¥ > Oare fulfilledand x = 7/2; [, =0:

cos2®
2

U:4nM§V{—(A +7) + (N, = Ne — vy + ) +m§(1—,3+2A)—2mzh}. (29)

Figure 4 shows schematically the dependence of the potential energy, U, on the angle, ®. As stated in the main
text, angle ® describes the synchronous (in phase) motion of the pair of magnetic moments, which is interpreted
as oscillations of the “acoustic type” and can be considered as a “soft mode”, since the potential barrier for the
transition from one ground state, ®; = /2, to the other, ®, = 37/2, is relatively low:

) PP 3d\a—1b
AU = 47 M2V (Ny — Ny — yy + yx) = 4w’ M2L <L+—> : (30)
2 Ja+b
One can estimate the critical temperature, T¢, at which thermal fluctuations are able to change the SAF’s magnetic
state: T. &~ AU /kp, where kg = 1.38 x 1071° erg/K—Boltzmann constant.

Taking the characteristic parameters of the SAF cellas L = 5 x 107 7sm,d =2 x 107 sm,a = 3 x 10 %sm,
a— b =0.1a, M5 ~ 500 G (Nickel), we obtain T ~ 540 K. This means that despite the relatively small potential
barrier, the magnetic states of the SAF cell have high stability to thermal agitation. This fact is due to the large
effective “macrospin” of the magnetic particles comprising the SAF. When assessing the stability against thermal
agitation, a nickel-based SAF (M) was considered as the low potential-barrier limit; widely used higher-M; fer-
romagnets such as Permalloy or CoFeB would yield higher thermal stability.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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