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Nonreciprocal propagation of acoustic waves is often achieved by magnetoelastic coupling with spin
waves (SWs) and is limited to a narrow magnetoelastic gap (approximately 10—100 MHz) near the crossing
point of the acoustic and SW dispersions. We propose a different method to achieve a giant frequency band
of the surface acoustic wave (SAW) nonreciprocity in an artificial structure, where a nonmagnetic acoustic
crystal is magnetoelastically coupled to a synthetic antiferromagnet—a pair of thin ferromagnetic layers
the static magnetizations of which are held opposite by Ruderman-Kittel-Kasuya-Yoshida interaction.
Strongly nonreciprocal and approximately /inear dispersion of SWs in this system makes it possible to
match dispersions of SAWs and SWs in a wide frequency band for one direction of the wave propagation.
Example calculations performed for the LINbO3;/Co/Ru/Co structure confirm the giant nonreciprocity of
the SAW propagation in a frequency band exceeding 6 GHz.
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I. INTRODUCTION

Wave nonreciprocity—the dependence of the wave-
propagation characteristics (the dispersion and/or the
damping rate) on the reversal of the propagation direc-
tion—is a fascinating fundamental phenomenon, which is
also of great practical interest for the development of isola-
tors and circulators. The existence of wave nonreciprocity
requires a simultaneous breaking of the time- and space-
reversal symmetries [1-3], which is difficult to realize in
both natural and artificial materials. In particular, the sym-
metry of the fundamental laws of mechanics prohibits the
nonreciprocity of pure acoustic waves (AWs) in unmoving
media. Nonreciprocal propagation of AWs can be realized
in the presence of moving or rotating media [4,5] or by
utilizing time-reversal-breaking nonlinear effects [6-8], all
of which have severe limitations for practical applications.
Wave propagation in diffractive media could also appear as
unidirectional [9] but, in fact, is neither nonreciprocal nor
useful for applications [10].

Alternatively, nonreciprocal propagation of AWs can
be induced by interaction with other subsystems of a
medium [11]. Usually, one considers magnetoelastic inter-
action with a magnetic subsystem of a ferromagnetic crys-
tal as a source of acoustic nonreciprocity [12—14]. Indeed,
the time-reversal symmetry of the magnetic moment
motion is inherently broken—its natural precession is
always right-handed. The lack of inversion symmetry in
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magnetic crystals [15,16] or in artificial structures [17—19]
allows one to realize the nonreciprocity of spin excita-
tions—spin waves (SWs)—in many different cases.

A schematic illustration of the nonreciprocal propaga-
tion of AWs, induced by magnetoelastic coupling with
SWs, is given in Fig. 1. In the simplest and most well-
studied case [Fig. 1(a)], the AWs and SWs themselves
(i.e., without magnetoelastic coupling) are reciprocal and
both the wave dispersion and the propagation losses are
the same for opposite propagation directions. In the vicin-
ity of the crossing points of the AW and SW disper-
sion characteristics, magnetoelastic interaction leads to
the coupling between these waves and to the opening of
magnetoelastic gaps (the effect of wave hybridization or
“avoided crossing”). The main experimental manifestation
of this coupling is the increased damping (decreased trans-
mission rate) of the AWs near the gaps, caused by the
magnetic losses, which are usually much larger than the
acoustic ones. Since the size of the magnetoelastic gap
depends on the vector structure of the interacting waves,
the gaps for opposite wave vectors £k may be differ-
ent. Consequently, the AW propagation losses at a given
frequency also become different for opposite propagation
directions, being, however, large in both directions (so
that the relative difference in the losses is typically rather
small) [14]. This simple scheme has previously been stud-
ied in ferromagnetic single crystals [12,13] and artificial
structures [14].

An alternative method of inducing AW nonreciprocity
has been proposed in Ref. [20]. In this case, the SWs
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FIG. 1. An illustration of methods of inducing nonreciprocity
of an AW by magnetoelastic coupling with a SW: left column,
spectra of AWs and SWs—the inset in (a) shows the opening
of the magnetoelastic gap of size Af’; right column, AW trans-
mission rates in opposite directions (schematically). Here, (a)
and (b) show the narrow-band nonreciprocity with coinciding
and frequency-separated hybridization bands, respectively, and
(c) illustrates the method of creation of wide-band nonreciprocity
proposed in the current work.

have inherently nonreciprocal spectra (e.g., due to the
Dzyaloshinskii-Moriya interaction), which results in the
frequency separation of magnetoelastic gaps for opposite
propagation directions [Fig. 1(b)]. Thus, the high-damping
(low-transmission) bands are also separated in frequency,
which allows one to substantially decrease the insertion
losses of a nonreciprocal device in one of the opposite
propagation directions.

It should be noted that in both of the above-described
schemes, the nonreciprocal propagation of AWs is limited
to a frequency range of the order of the magnetoelastic
hybridization gap Af near the crossing points of the dis-
persion characteristics, which typically does not exceed
10100 MHz [20]. It creates certain limitations for prac-
tical applications, such as a limited operation band and the
necessity to fabricate different structures for different fre-
quency ranges (or their fine tuning by an external magnetic
field). In addition, if the magnetoelastic gaps are smaller
than the SW linewidth and/or the frequency band of trans-
ducers for the AW excitation and reception (which is a
common case for many magnetic and acoustic systems),
the full potential of the AW nonreciprocity induced by
magnetoelastic interaction cannot be realized [20].

II. PRINCIPLE OF WIDE-BAND
NONRECIPROCITY OF ACOUSTIC WAVES

In this work, we propose a method to realize wide-
frequency-band AW-SW nonreciprocity. It is based on an
artificial material, in which the nonreciprocal properties of
AWs [specifically, the surface acoustic wave (SAW)] exist
over a much wider frequency range that can exceed sev-
eral gigahertz and, therefore, covers the full band of the
SAW applications. The main idea is illustrated in Fig. 1(c).
Namely, we propose to couple a SAW with a SW, which is
strongly nonreciprocal, and, for one direction of propaga-
tion, has a dispersion characteristic that is similar to that
of the SAW. In such a case, the effective coupling between
the SW and the SAW takes place in a wide frequency
region, where the SAW and SW dispersions are similar,
instead of a relatively narrow AW-SW hybridization band
near the dispersion crossing points, as in the previously
used hybridized systems [see Figs. 1(a) and 1(b)].

We consider the possibility of nonreciprocal propagation
of SAWSs, which are the AWSs that are used most often in
modern signal-processing techniques [21—23]. In addition,
the localization of SAWs near the crystal surface makes
them sensitive to the properties of thin films adjacent to
the acoustic crystal and, in particular, to ferromagnetic lay-
ers placed on the surface of a crystal [ 14,24]. Nevertheless,
the above-described approach of induced AW-SW nonre-
ciprocity could be used for AWs other than the SAW (e.g.,
Lowe’s waves) through a proper choice of the adjacent
magnetic structure.

The spectrum of the SAW is linear and gapless [see
Fig. 2(d)], wsaw = csaw|k|, where csaw is the SAW veloc-
ity. Therefore, for the realization of the proposed approach
of wide-band nonreciprocity, one needs to find a ferromag-
netic structure in which the SW spectrum is nonrecipro-
cal, gapless, and linear (at least, over a certain range of
wave numbers). The structure that satisfies these require-
ments is a synthetic antiferromagnet—a ferromagnetic
bilayer with opposite directions of the static magnetization
of layers, which can be stabilized by Ruderman-Kittel-
Kasuya-Yoshida (RKKY) indirect exchange via a spacer
of a proper thickness. The SW spectrum of a synthetic
antiferromagnet consists of two branches having differ-
ent phase relations between the magnetization precession
in the layers [Fig. 2(c)] and a set of higher-frequency
nonuniform-thickness modes [not shown in Fig. 2(c)].
Both SW branches are strongly nonreciprocal as long as
the static magnetization of the layers lies in plane (or has
a nonzero in-plane component) and the SW propagates
in plane at a finite angle to the static magnetization, i.e.,
¢ # 0,7 [see Fig. 2(a)] [25,26]. In the ideal case of iden-
tical layers and a zero external field, the lowest SW branch
is gapless and, at sufficiently small values of the SW wave
number k, has linear dispersion. These spectral proper-
ties of SWs in a synthetic antiferromagnet are exactly the
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FIG. 2. (a) The layout of the proposed artificial structure.
(b) The directions of the wave propagation, the bias field, and
the magnetizations of the ferromagnetic layers in the x-y plane.
(c) The SW spectra of the synthetic antiferromagnet in the case
of identical layers in a zero bias field [Co(15)/Ru(0.9)/Co(15),
thicknesses in nanometers] for different SW propagation direc-
tions. (d) The dispersion of the lowest SW branch at ¢ = 36°
in the ideal case of identical magnetic layers in a zero bias field
(dashed line) and in the case of slightly different magnetic layers
[Co(16)/Ru(0.9)/Co(15)] in a B, = 1 mT bias field. The green
line shows the spectrum of the SAW in LiNbOj. Details of the
spectral calculation are presented in the Appendix.

properties that are needed to match the spectral properties
of SAWs.

III. CALCULATION OF WAVE SPECTRA AND
PROPAGATION LOSSES

The layout of a structure in which the above-described
nonreciprocal SWs can be efficiently coupled with a SAW
is shown in Fig. 2(a). It consists of a nonmagnetic acous-
tic single crystal that supports propagation of the SAW
(e.g., LINbOs3, LiTiO3, etc.) and the adjacent thin synthetic
antiferromagnet that has magnetostrictive ferromagnetic
layers. If the ferromagnetic layers are thin compared to the
SAW localization depth (of the order of the SAW wave-
length), their presence hardly affects the SAW mechani-
cally. The strain induced by the SAW penetrates freely into
the magnetic layers, where it couples to SWs due to the
magnetostriction effect.

In all the calculations below, we use the parameters of a
Co/Ru/Co/LiNbOj structure, with Co being in the fcc or
bce phase; notes on the choice of materials are presented
below (Sec. IV). Namely, we use the following parameters:
saturation magnetization of Co oM, = 1.76 T, gyromag-
netic ratio y = 2w x 29 GHz/T [27], exchange stiffness
Aex =2.5x 107" J/m [28], and Gilbert damping con-
stant ag = 0.006 [29]. The thickness of the Ru spacer,
which corresponds to a local maximum of the RKKY
antiferromagnetic exchange, is chosen to be £, = 0.9 nm.
The corresponding constant of the antiferromagnetic inter-
layer exchange is J = 0.8 mJ/m? [30]. The magnetoelastic
coupling constants of Co are B; = —9.2 MJ/m’, B, =
7.7 MJ/m? [31,32]. The parameters of the LiNbOj; are as
follows: Y-cut, Z-propagation axis of SAW, density p =
4650 kg/m?>, longitudinal and transversal sound velocities
¢; = 7350 m/s and ¢; = 3600 m/s [33], respectively, and
corresponding SAW velocity csaw = 3361 m/s.

SW dispersion in a synthetic antiferromagnet has been
considered in Refs. [25] and [26]. In the case of iden-
tical ferromagnetic layers and a zero external bias field,
the long-wave (small k) approximation of the lowest SW
branch yields the following dispersion relation:

A2 1 1
wk = WyteMm ~— 4+ —sin’¢ + —sin¢ signk | |k|,
e 30T

(M

where wy, = y uoM;, M, is the saturation magnetization,
trpm = 1 = 1, is the thickness of the ferromagnetic layers,
and X is the exchange length. It is clear that this dispersion
is gapless, wy = 0, which reflects the continuous rotational
symmetry in the plane of the layers. The SW spectrum
is also linear, wx = cy|k|, with the velocity ¢4 dependent
on the angle ¢ of SW propagation relative to the static
magnetization. Finally, the SW spectrum is nonreciprocal,
wx # w_k (except for ¢ = 0). The angular dependence of
the SW velocity c, greatly simplifies the design of the arti-
ficial structure, as it allows one to easily match the group
velocities of SW and SAW, ¢y &~ csaw, by the selection of
a proper propagation angle ¢ (see below). The linearity of
the SW dispersion holds up until |k| < 1/k,1/X\. At higher
wave numbers, the SW dispersion deviates from the linear
law, as shown in Fig. 2(d).

In practice, one cannot use this idealized case, since
the continuous degeneracy of the magnetic state does not
allow one to fix the angle between the k and M—it will
fluctuate under thermal noise. A possible solution is to
use slightly different ferromagnetic layers (in saturation
magnetization M; and/or in thickness #;) and apply a weak
in-plane magnetic field B,. If the bias field does not exceed
the critical value |B.| < J |(Matr)™" — (M11;)7!| (see the
Appendix), where J is the constant of the interlayer antifer-
romagnetic exchange (RKKY), the antiferromagnetic state
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remains stable and the magnetizations of the layer align
with the direction of the bias field B, so that the net mag-
netic moment of the bilayer is parallel to B,. Alternatively,
one can utilize a weak in-plane anisotropy caused by the
crystal structure of the ferromagnetic material or by the
sample shape (see the notes on acceptable anisotropy val-
ues in Sec. IV). This in-plane anisotropy would create the
same stabilizing effect as the in-plane bias magnetic field.
The presence of a weak magnetic field or anisotropy does
not drastically change the SW spectrum. It leads to the
appearance of a small spectral gap, wy > 0, but, apart from
a small region near k = 0, the SW spectrum still follows
the linear law [see Fig. 2(d)].

The coupling between the SW and the SAW is cal-
culated using the perturbation approach developed in
Ref. [20]. The coupling coefficient is as follows:

_ 2cos ¢
VA0

w(z) [31 U M]p SIN D + Bzuxzmj] dz.
(2

Kk

Here, 11(z) defines the direction of static magnetization of
the layers relative to the direction of the bias field [i.e.,
@ = 1 within the upper (thicker) layer and u = —1 within
the lower layer; otherwise, u = 0], mp(z) and m.(z) are
the in-plane and out-of-plane components of the dynamic
magnetization in the SW mode, (z) is the strain tensor
of the SAW, and B; and B, are the coeflicients of the
magnetoelastic coupling tensor. Finally, 4; and Oy are the
normalization constants of the SW and the SAW (see the
Appendix).

In the vicinity of the surface, the components of the
SAW strain tensor satisfy the condition |u,,| << |thy],
so that the coupling strength is mainly determined by
the first term in the brackets, which is proportional to
sin(2¢) u(z)mjp(z). For the lowest SW mode, the in-plane
components of the dynamic magnetization in the layers are

L1 = —My, it is clear that the contributions from the two
layers have the same sign and enhance each other. Thus,
both layers can be made from the same ferromagnetic
material, i.e., have the same magnetostriction. In contrast,
for the coupling of the SAW to the higher SW mode, the
synthetic antiferromagnet should be asymmetric in magne-
tostriction, e.g., one layer should not be magnetostrictive
at all.

The magnetoelastic coupling between the SW and the
SAW is a maximum at the magnetization angle ¢ ~ 45°
for a fixed layer thickness, as is common for interactions
of SAWs with thin ferromagnetic layers [14,24]. Also, the
coupling is, as expected, proportional to the thickness #;
of the layers (at a given ¢), as with the increase of #; the
overlapping volume of the SW and the SAW is increased.
If the layer thickness increases, the match of the SW and
SAW dispersion happens at a smaller angle ¢, because the
SW velocity ¢, is proportional to the layer thickness. In
general, an increase of the layer thickness with a simul-
taneous decrease of the angle ¢ (to satisfy the matching
condition ¢4 A csaw) leads to a small increase of the cou-
pling strength. However, one should be aware that a large
thickness of the ferromagnetic layers reduces the range
of linearity of the SW dispersion, which extends until
kt; < 1. Thus, the optimal thickness of the ferromagnetic
layers is determined by an interplay between the desirable
strength of nonreciprocity (proportional to the coupling)
and the size of the nonreciprocal frequency band (the range
of linearity of the SW dispersion) and will be different for
different possible applications.

In Fig. 3, we present the calculated characteristics of
the Co(16)/Ru(0.9)/Co(15)/LiNbO; artificial structure.
For this structure, the match of the SW and SAW disper-
sion characteristics takes place at the angle ¢ = 36°. It
is clear from Fig. 3(a) that the distance between the SW
and SAW frequencies in the positive propagation direction
(ky > 0) is smaller than, or comparable to, the coupling

in opposite phases, mp; = —myp, [see Fig. 2(c)]. Since rate k over a wide range of wave numbers, meaning that
(@) 400 (b) . T T (c) 13
] — Af (k> 0) —~ 107 i
= e — Af (k< 0) =] ‘
0] ]
T 300: . \2_, 10 1014 6.1 GHz
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FIG. 3.

Wave vector, k, (um™)
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(a) The frequency distance between the dispersion branches of the uncoupled SAW and SW and the coupling strength « as

functions of the wave number. (b) The damping rates of coupled magnetoelastic waves (I'; and I';) and uncoupled SW (I'sw) and SAW
(C'saw)- (c) The frequency dependence of the propagation losses of the SAW, coupled to the SW, in opposite propagation directions.
The yellow shaded area in all panels shows the same region, where the propagation losses for the opposite propagation directions differ
by a factor of 10 or more. The calculations are made for Co(16)/Ru(0.9)/Co(15)/LiNbO3, B, = 1 mT, ¢ = 36°.
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the magnetic layers have a strong influence on the SAW
propagation within all of this frequency range. In con-
trast, for the negative propagation direction, the frequency
distance between the SW and SAW dispersion branches
is much larger than the coupling and the SW and SAW
propagate almost independent of each other.

The magnetoelastic coupling between the SAW and
the SW leads to the formation of hybrid magnetoelastic
waves. Their frequencies w;, and damping rates I';, are
determined by the standard relation for coupled waves,
namely

wip — il
_ wsw — il'sw + wsaw — il'saw
2
" \/[(wsw — il'sw) — (wsaw — ZTSAW):|2
2

+ |xk|?,

)

As has been pointed out earlier, the coupling significantly
affects the damping rates of the SAW, since a part of the
energy of a magnetoelastic wave is dissipated in the mag-
netic subsystem. This effect is evident from Fig. 3(b) as,
for a positive propagation direction, the damping rate I';
of the coupled wave increases drastically in comparison to
the damping rate of a pure SAW. In the negative propaga-
tion direction, for which the spectra of the pure SW and
SAW are well separated, I'; is much smaller than for the
positive propagation direction and approaches ['saw much
more quickly.

Transmission losses in a SAW transmission line with
a synthetic antiferromagnet are mainly determined by the
coupled magnetoelastic wave with lower damping rate I'y,
since the second coupled wave, which has much larger
damping rate I';, decays completely (below the thermal
level) at the length of a typical SAW line. In our artifi-
cial material, the variation of the damping rate I'; with the
wave number is much smaller than the width of the exci-
tation spectrum of a typical interdigital SAW transducer.
This allows one to get rid of the nonresonant excitation
and to realize the full potential of the SAW nonreciprocity,
induced by the magnetoelastic coupling, which is impos-
sible to achieve in other schemes [Figs. 1(a) and 1(b)].
The propagation losses can be estimated simply as L =
101og(I"1//v), where v & cgaw is the group velocity of
the coupled wave and [ is the length of the SAW trans-
mission line. As is clear from Fig. 3(c), the propagation
losses are significantly nonreciprocal in a giant frequency
band. They differ by more than one order of magnitude
for opposite propagation directions in the frequency range
of 6.1 GHz (from 0.6 to 6.6 GHz). This giant frequency
band of the SAW nonreciprocity is almost 100 times wider
than the nonreciprocity regions that can be obtained using

the traditional methods with a pointlike spectral cross-
ing. It is important to note that this giant frequency band
of the SAW nonreciprocity covers almost all the range
of the possible SAW applications in microwave signal
processing [21].

It is also important to note that the effect of the wide-
band SAW nonreciprocity is quite robust with respect to
the angle ¢ between the static magnetization and the wave-
propagation direction and that perfect alignment of the
magnetization direction is not necessary for the experimen-
tal observation and utilization of the effect. For example, a
decrease of the angle ¢ by 5° results in the reduction of
the highly nonreciprocal frequency range (highlighted in
Fig. 3) to 4.5 GHz. Moreover, a moderate increase of this
angle does not lead to a reduction of the nonreciprocity
range but only to a more complex dependence of the prop-
agation losses within it; a significant reduction takes place
only at ¢ > 45°.

IV. NOTES ON MATERIAL CHOICE

In this section, we briefly discuss the requirements for
the ferromagnetic material in the synthetic antiferromag-
net multilayer, which should be satisfied for the realization
of wide-band nonreciprocity of SAW. Naturally, as is usual
for magnetoelastic devices, the requirements of a high
magnetostriction and sufficiently low magnetic damping
(if the magnetic damping significantly exceeds the magne-
toelastic coupling «, the SAW and SW become effectively
uncoupled) [20] hold in our case too. The specific require-
ments follow from Egs. (1) and (2). The SW group velocity
is proportional to the saturation magnetization and the
layer thickness. It is clear that the maximal value of the
group velocity, which is realized at ¢ = 90°, should be
larger than the SAW velocity, maintaining, simultaneously,
a reasonably small bilayer thickness in order to not signifi-
cantly affect the SAW propagation mechanically. The SAW
velocity in LiNbOj is quite high, csaw = 3361 m/s, so the
saturation magnetization of the ferromagnetic should be
sufficiently high too. In particular, nickel, which is com-
monly used as a magnetostrictive material, is not a good
choice in combination with LiNbO;3 due to its relatively
low static magnetization M. If Ni is used as a ferromag-
netic material, the thicknesses of the ferromagnetic layers
should exceed 40 nm each to match the SAW dispersion.
Instead, Co, Fe, or CoFe alloys are suitable magnetic mate-
rials in combination with LiNbOj;. The use of acoustic
crystals that have slower SAWs increases the variety of
acceptable ferromagnetic materials.

Another important requirement concerns the anisotropy
of the ferromagnetic layers. It is desirable to have vanish-
ing anisotropy in the plane of the layers. The presence of
anisotropy sufficiently increases the SW spectrum gap (fre-
quency at £ = 0) and it becomes impossible to match the
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SW and SAW dispersions at low frequencies. The sensitiv-
ity of the SW spectrum gap to the anisotropy field is much
higher than to the external field, since the anisotropy has
the same effect in both layers (increase of the frequency),
while the external field acts oppositely. For example, an in-
plane anisotropy of 2 mT in the studied structure increases
the SW spectrum gap to wy = 1.7 GHz and reduces the
range over which the SAW propagation losses differ by
at least a factor of 10 (shown in Fig. 3) from 6.1 GHz
to 4 GHz (range 3.3 to 7.3 GHz). An in-plane anisotropy
of 5 mT or more leads to a standard dispersion crossing
[shown in exemplary form in Fig. 1(b)] instead of the dis-
persion matching necessary for wide-band nonreciprocity.
Thus, if one uses in-plane anisotropy for the stabiliza-
tion of the magnetization state instead of an external field,
the anisotropy should be really weak, characterized by
an effective anisotropy field below 1 mT. Simultaneously,
perpendicular magnetic anisotropy does not have such a
critical impact. It simply reduces the SW group velocity;
this reduction can be roughly estimated by the substitution
wy — (wy — 2y K /M), where K | is the constant of the
perpendicular anisotropy.

If it is impossible to get rid of a relatively high in-
plane anisotropy in the fabrication process, its undesirable
effect can be eliminated by the simultaneous application
of a sufficient in-plane magnetic field. Indeed, a sufficient
bias field results in the instability of the antiferromagnetic
state and in-plane anisotropy simply increases this criti-
cal value compared to the isotropic case [Eq. (A10)]. Near
this point, the SW spectrum gap is vanishingly small and
the SW spectrum can approximately fit the SAW disper-
sion, although it becomes more complex than the linear
spectrum in the isotropic case [Eq. (1)].

V. CONCLUSIONS

In summary, we demonstrate a way to realize nonrecip-
rocal propagation of a SAW in a giant frequency band by
coupling of the SAW to the SWs in a synthetic antifer-
romagnet that has magnetostrictive ferromagnetic layers.
In the proposed approach, the SW spectrum is nonrecip-
rocal and is similar to the SAW spectrum: it has a small
spectral gap and it is approximately linear over a wide fre-
quency range. These features lead to the coalescence of the
SW and SAW spectra for one propagation direction, mak-
ing magnetoelastic interaction between these waves very
efficient over a wide frequency band, which could exceed
several gigahertz. This efficient magnetoelastic interaction
leads to increased losses of SAWs due to the energy dis-
sipation in the magnetic subsystem. The calculations for
a Co/Ru/Co/LiNbO; structure, presented as an example,
demonstrate a large nonreciprocity of the SAW propaga-
tion losses in the frequency band exceeding 6 GHz. We
believe that our results open a way for the development of a
new generation of wide-band nonreciprocal SAW devices.
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APPENDIX: CALCULATION OF SPIN-WAVE
SPECTRUM OF SYNTHETIC
ANTIFERROMAGNET

The spectrum and spatial profile of SWs in a synthetic
antiferromagnet can be found, as usual, by solving the
linearized Landau-Lifshitz equation [26,34]:

—iogme; = Y p; x Ry omy g (A1)

j=1.2

Here, wy, is the SW frequency, k = k, is the SW wave vec-
tor, assumed to be aligned with the x axis [see Fig. 2(a)
in the main text], w; = —\, =cos¢e, +singe, are
the unit vectors of the static magnetizations in the fer-
romagnetic layers forming a synthetic antiferromagnet,
M; = —myp; sin¢ e, + myp; cos ¢ e, + me; ; are the distri-
butions of the dynamic magnetization (SW profile), and
the index i = 1,2 denotes the ferromagnetic layers. The
operator € is defined as

o &2 A
Slij = |:a)1-1’,' + a)M)LZ <k2 — E)] IAU

+ wy / dz' Gy(z — ), (A2)

where wy (12) = £y B, is proportional to the static inter-
nal magnetic field B, in the layers, wy, = y uoMs, A is the
exchange length of the ferromagnetic material, A; is the
Kronecker delta, and I is the unit matrix. The kernel Gk of
the integral in (A2) is the magnetostatic Green’s function
for a ferromagnetic film [34]:

) G 0 G
Gi=| o o 0 . (A3)
ze 0 8(2 - Z/) - Gxx
where Gy = (lk|/2)exp[—|k(z —Z)|]] and G, =

(ik sign[z — z']/2) exp[—|k(z — Z)|].

Equation (A1), which contains the exchange differential
operator of the second order, should be accompanied by the
corresponding boundary conditions for the dynamic mag-
netization. At the outer surfaces of the ferromagnetic layers
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2, these conditions are

dm;
+——— — d.m,e,

7 (A4)

Z}O)

while at the inner surfaces zi(i) these conditions have the
form

dmi
t— - dz 2€2
dz "

J
——— | m| » —m;| » ) =0.
0 ,u()MSZ( |Zf) /|zj§>)
(AS)

The + and — signs in the boundary conditions correspond
to the upper and lower surfaces of the ferromagnetic layers
and d, = K,/ (ZMOMsz) is the standard pinning parameter
determined by the surface anisotropy K, while J is the
constant of the antiferromagnetic RKKY coupling. All
the SW spectra presented in the main text are calculated
as numerical solutions of Eq. (Al). The SW norm 4y is
calculated, using numerical SW profiles, as

A = z% / my(z) - p(z) x my(z) dz. (A6)

The normalization constant Q; of the SAW, mentioned in
Eq. (2), is equal to [20]

01 = 2w1p / §1() - £ s, (A7)

where §(z) and u(z) are the profile (displacement) and
strain tensor of the SAW [35] and p is the density of the
acoustic crystal.

The analytical dispersion equation (1) obtained in the
long-wave approximation and presented in the main text
is derived under the following assumptions: there is a
zero external bias field, the antiferromagnetic coupling
between the ferromagnetic layers is neglected, and the fer-
romagnetic layers are identical, thin (k; < 1), and have
negligible surface anisotropy, so that the thickness dis-
tribution of the dynamic magnetization in both layers is
assumed to be uniform.

For the derivation of the condition of stability of the
synthetic antiferromagnet under the applied external bias
field, we calculate the frequency of the lowest SW branch
at k = 0, which is the lowest frequency in all the SW spec-
trum. The only approximation in this calculation is the
assumption of a uniform dynamic magnetization distribu-
tion along the thickness of the layers, which is valid for
k = 0 for thin layers and/or weak surface anisotropy. The

calculated SW frequency at £ = 0 is as follows:

2 2

Wi, +w

) Wi 2 2 22
W)= T @nen-= [(a)h —wi,) /4
+ wnwy (W + w1 — wp)
12

X (war2 + @2 — le)] , (A8)

where  wi; = oy + oy, ©p =yYBe+wy1, g =

—yB. + wy, and wy; = yJ /(M ,t;). This frequency is real
(a)(z) > 0)if

yBe (¥yBe +wj1 —wy2) <0, (A9)

which constitutes the condition of stability of the antifer-
romagnetic state. In other words, for the antiferromagnetic
state to be stable, the external field should be smaller than

1 1
Mot M1t

|B.| EJ‘ , (A10)

and the magnetization direction of the layer with a larger
total magnetic moment (approximately M t;) should be
aligned parallel to the bias-field direction. This condition
is presented explicitly in the main text.

[1] R. E. Camley, Nonreciprocal surface waves, Surf. Sci. Rep.
7,103 (1987).

[2] F. D. M. Haldane and S. Raghu, Possible Realization of
Directional Optical Waveguides in Photonic Crystals with
Broken Time-Reversal Symmetry, Phys. Rev. Lett. 100,
013904 (2008).

[3] Z. Wang, Y. D. Chong, J. D. Joannopoulos, and M. Soljacic,
Reflection-Free One-Way Edge Modes in a Gyromagnetic
Photonic Crystal, Phys. Rev. Lett. 100, 013905 (2008).

[4] R. Fleury, D. L. Sounas, C. F. Sieck, M. R. Haberman, and
A. Alu, Sound isolation and giant linear nonreciprocity in a
compact acoustic circulator, Science 343, 516 (2014).

[5] C. P. Wiederhold, D. L. Sounas, and A. Alu, Nonrecip-
rocal acoustic propagation and leaky-wave radiation in a
waveguide with flow, J. Acoust. Soc. Am. 146, 802 (2019).

[6] M. Tanter, J.-L. Thomas, F. Coulouvrat, and M. Fink,
Breaking of time reversal invariance in nonlinear acoustics,
Phys. Rev. E 64, 016602 (2001).

[7] B. Liang, B. Yuan, and J.-C. Cheng, Acoustic Diode: Rec-
tification of Acoustic Energy Flux in One-Dimensional
Systems, Phys. Rev. Lett. 103, 104301 (2009).

[8] B. Liang, X. S. Guo, J. Tu, D. Zhang, and J. C. Cheng, An
acoustic rectifier, Nat. Mater. 9, 989 (2010).

[9] X.-F. Li, X. Ni, L. Feng, M.-H. Lu, C. He, and Y.-F.
Chen, Tunable Unidirectional Sound Propagation Through
a Sonic-Crystal-Based Acoustic Diode, Phys. Rev. Lett.
106, 084301 (2011).

[10] In Ref. [9], wave propagation in the forward direction is
accompanied by the transformation of the wave front. If a

054061-7


https://doi.org/10.1016/0167-5729(87)90006-9
https://doi.org/10.1103/PhysRevLett.100.013904
https://doi.org/10.1103/PhysRevLett.100.013905
https://doi.org/10.1126/science.1246957
https://doi.org/10.1121/1.5115018
https://doi.org/10.1103/PhysRevE.64.016602
https://doi.org/10.1103/PhysRevLett.103.104301
https://doi.org/10.1038/nmat2881
https://doi.org/10.1103/PhysRevLett.106.084301

VERBA, TIBERKEVICH, and SLAVIN

PHYS. REV. APPLIED 12, 054061 (2019)

wave with this modified wave front does not pass in the
return direction, it will be a nonreciprocity. Instead, only a
wave with an initial (unmodified) wave front does not pass
in the reverse direction.

[11] J. Heil, B. Liithi, and P. Thalmeier, Nonreciprocal surface-
acoustic-wave propagation in aluminum, Phys. Rev. B 25,
6515 (1982).

[12] G. Komoriya and G. Thomas, Magnetoelastic-surface
waves on YIG substrate, J. Appl. Phys. 50, 6459 (1979).

[13] Y. Shimizu, K. Hasegawas, and T. Yamada, Nonreciprocity
of saw velocity on a magnetized ferrite substrate, Electron.
Comm. Jpn. Pt. 1 63, 1 (1980).

[14] R. Sasaki, Y. Nii, Y. Iguchi, and Y. Onose, Nonreciprocal
propagation of surface acoustic wave in Ni/LiNbOj3, Phys.
Rev. B 95, 020407 (2017).

[15] R. L. Melcher, Linear Contribution to Spatial Dispersion in
the Spin-Wave Spectrum of Ferromagnets, Phys. Rev. Lett.
30, 125 (1973).

[16] D. Cortés-Ortuiio and P. Landeros, Influence of the
Dzyaloshinskii-Moriya interaction on the spin-wave spec-
tra of thin films, J. Phys.: Cond. Matter 25, 156001 (2013).

[17] J. R. Eshbach and R. W. Damon, Surface magnetostatic
modes and surface spin waves, Phys. Rev. 118, 1208
(1960).

[18] L. Udvardi and L. Szunyogh, Chiral Asymmetry of the
Spin-Wave Spectra in Ultrathin Magnetic Films, Phys. Rev.
Lett. 102, 207204 (2009).

[19] R. Verba, V. Tiberkevich, E. Bankowski, T. Meitzler, G.
Melkov, and A. Slavin, Conditions for the spin wave
nonreciprocity in an array of dipolarly coupled magnetic
nanopillars, Appl. Phys. Lett. 103, 082407 (2013).

[20] R. Verba, I. Lisenkov, I. Krivorotov, V. Tiberkevich, and
A. Slavin, Nonreciprocal Surface Acoustic Waves in Multi-
layers with Magnetoelastic and Interfacial Dzyaloshinskii-
Moriya Interactions, Phys. Rev. Appl. 9, 064014 (2018).

[21] D. Morgan, Surface Acoustic Wave Filters: With Applica-
tions to Electronic Communications and Signal Processing,
Studies in Electrical and Electronic Engineering (Academic
Press, London, 2010), 2nd ed.

[22] E. A. Ash, A. A. Oliner, G. W. Farnell, H. M. Gerard, A.
A. Oliner, A. J. Slobodnik, and H. I. Smith, in Acoustic
Surface Waves, edited by A. A. Oliner, Topics in Applied
Physics (Springer, Berlin, 2014).

[23] P. Delsing et al., The 2019 surface acoustic waves roadmap,
J. Phys. D: Appl. Phys. 52, 353001 (2019).

[24] M. Weiler, L. Dreher, C. Heeg, H. Huebl, R. Gross, M.
S. Brandt, and S. T. B. Goennenwein, Elastically Driven
Ferromagnetic Resonance in Nickel Thin Films, Phys. Rev.
Lett. 106, 117601 (2011).

[25] P. Griinberg, Magnetostatic spin-wave modes of a heteroge-
neous ferromagnetic double layer, J. Appl. Phys. 52, 6824
(1981).

[26] S. Wintz, V. Tiberkevich, M. Weigand, J. Raabe, J. Lind-
ner, A. Erbe, A. Slavin, and J. Fassbender, Magnetic vortex
cores as tunable spin-wave emitters, Nature Nanotech. 11,
948 (2016).

[27] X. Liu, M. M. Steiner, R. Sooryakumar, G. A. Prinz, R. F.
C. Farrow, and G. Harp, Exchange stiffness, magnetization,
and spin waves in cubic and hexagonal phases of cobalt,
Phys. Rev. B 53, 12166 (1996).

[28] H. F. Ding, A. K. Schmid, Donggqi Li, K. Yu. Guslienko,
and S. D. Bader, Magnetic Bistability of Co Nanodots,
Phys. Rev. Lett. 94, 157202 (2005).

[29] M. Tokag, S. A. Bunyaev, G. N. Kakazei, D. S. Schmool,
D. Atkinson, and A. T. Hindmarch, Interfacial Structure
Dependent Spin Mixing Conductance in Cobalt Thin Films,
Phys. Rev. Lett. 115, 056601 (2015).

[30] Y. Peng, J.-G. Zhu, and D. E. Laughlin, Interfacial Co
nanolayers for enhancing interlayer exchange coupling in
antiferromagnetic interlayer exchange coupling media, J.
Appl. Phys. 91, 7676 (2002).

[31] D. Sander, The correlation between mechanical stress and
magnetic anisotropy in ultrathin films, Rep. Progr. Phys. 62,
809 (1999).

[32] Z. Tian, D. Sander, and J. Kirschner, Nonlinear magne-
toelastic coupling of epitaxial layers of Fe, Co, and Ni on
Ir(100), Phys. Rev. B 79, 024432 (2009).

[33] A. S. Andrushchak, B. G. Mytsyk, H. P. Laba, O. V.
Yurkevych, I. M. Solskii, A. V. Kityk, and B. Sahraoui,
Complete sets of elastic constants and photoelastic coef-
ficients of pure and MgO-doped lithium niobate crys-
tals at room temperature, J. Appl. Phys. 106, 073510
(2009).

[34] B. A. Kalinikos and A. N. Slavin, Theory of dipole-
exchange spin wave spectrum for ferromagnetic films with
mixed exchange boundary conditions, J. Phys. C: Solid
State Phys. 19, 7013 (1986).

[35] L. D. Landau, L. P. Pitaevskii, A. M. Kosevich, and E. M.
Lifshitz, Theory of Elasticity, Course of Theoretical Physics
Vol. 7 (Butterworth-Heinemann, Oxford, 2012).

054061-8


https://doi.org/10.1103/PhysRevB.25.6515
https://doi.org/10.1063/1.325740
https://doi.org/10.1002/ecja.4400630302
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevLett.30.125
https://doi.org/10.1088/0953-8984/25/15/156001
https://doi.org/10.1103/PhysRev.118.1208
https://doi.org/10.1103/PhysRevLett.102.207204
https://doi.org/10.1063/1.4819435
https://doi.org/10.1103/PhysRevApplied.9.064014
https://doi.org/10.1088/1361-6463/ab1b04
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1063/1.328636
https://doi.org/10.1038/nnano.2016.117
https://doi.org/10.1103/PhysRevB.53.12166
https://doi.org/10.1103/PhysRevLett.94.157202
https://doi.org/10.1103/PhysRevLett.115.056601
https://doi.org/10.1063/1.1452262
https://doi.org/10.1088/0034-4885/62/5/204
https://doi.org/10.1103/PhysRevB.79.024432
https://doi.org/10.1063/1.3238507
https://doi.org/10.1088/0022-3719/19/35/014

	I. INTRODUCTION
	II. PRINCIPLE OF WIDE-BAND NONRECIPROCITY OF ACOUSTIC WAVES
	III. CALCULATION OF WAVE SPECTRA AND PROPAGATION LOSSES
	IV. NOTES ON MATERIAL CHOICE
	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX: CALCULATION OF SPIN-WAVE SPECTRUM OF SYNTHETIC ANTIFERROMAGNET
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


