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Lack of nonreciprocity—in particular, nonreciprocity of phase accumulation—is one of the major
drawbacks of microwave solid-state acoustic devices, which has prevented the development of acous-
tic isolators and circulators. Here we report the observation of the phase nonreciprocity of hybridized
surface acoustic waves (SAWs) and spin waves in a magnetoelastic heterostructure. Our system consists
of a Fe-Ga-B/Al2O3/Fe-Ga-B multilayer on top of a LiNbO3 crystal. Maximum values of the observed
nonreciprocal phase accumulation easily exceed π radians over a broad range of field conditions, which is
necessary for the development of an effective circulator. In addition, under the application of bias magnetic
field, the structure demonstrates tunable giant nonreciprocity of propagation losses with isolation as high
as 48 dB, necessary for the development of isolators. Theoretical calculations provide an insight into the
observed phenomena and demonstrate a pathway for further improvement of nonreciprocal SAW devices
based on magnetoelastic coupling.
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I. INTRODUCTION

Nonreciprocity of wave propagation is a fascinat-
ing physical phenomenon, highly desirable and already
widely used in microwave signal-processing techniques
[1]. However, the requirement of simultaneous time- and
space-reversal symmetry breaking [2–4] results in wave
nonreciprocity being prohibited in the majority of sim-
ple physical systems. And while current state-of-the-
art nonreciprocal devices rely on the nonreciprocity of
electromagnetic waves in ferrite-based waveguides [5,
6], they are almost impossible to miniaturize below the
size of several centimeters in the microwave frequency
range.

A viable alternative to ferrite devices, for applications
where size and weight are constrained, are microwave
solid-state acoustic devices, which are well known for
their excellent characteristics in the frequency band from
100 MHz to several gigahertz [7–9]. However, symmetry
of fundamental laws of mechanics prohibits nonreciproc-
ity of linear acoustic waves in solids. Inherent acoustic
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nonreciprocity can be realized only in moving or rotat-
ing media [10,11], e.g., gases or liquids, and this effect
is not applicable beyond the typical sound and ultrasonic
frequency band. Therefore, the search for nonreciproc-
ity in acoustic waves has prompted investigation into the
interaction of elastic waves with other dynamic subsys-
tems [12]. The idea to utilize magnetoelastic coupling for
this purpose, formulated in 1972 [13], has now evolved
to the theoretical prediction [14,15] and successful exper-
imental realization [16–19] of a large nonreciprocity of
propagation losses for surface acoustic waves (SAWs)
in hybrid structures consisting of an acoustic (usually
piezoelectric) crystal and magnetic layer or multilayer.
Another type of wave nonreciprocity—nonreciprocity of
the phase accumulation, required for the development of
circulators—demands more care to realize using mag-
netoelastic coupling, and was only recently considered
theoretically [20].

In this work, we study SAW propagation both the-
oretically and experimentally in a hybrid heterostruc-
ture consisting of Fe-Ga-B/Al2O3/Fe-Ga-B multilayer
on a piezoelectric LiNbO3 substrate. Here the LiNbO3
provides the acoustic component and the ferromagnetic
Fe71Ga17B12 (Fe-Ga-B) bilayer contributes nonreciprocal
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magnetic properties, while dynamics in both materials are
coupled by strong Fe-Ga-B magnetostriction. By tuning
magnetic field magnitude and direction, it becomes pos-
sible to realize sufficiently large-phase nonreciprocity and
giant isolation (nonreciprocity of propagation losses), as
described in Sec. II. Theoretical analysis (Sec. III) provides
qualitative understanding of the measured transmission
characteristics of the studied device, and also shows a path-
way for the improvement of nonreciprocal characteristics,
as discussed in Sec. IV.

II. EXPERIMENTAL RESULTS

The experimental geometry and a sketch of the sample
are shown in Fig. 1(a). SAWs are excited in a LiNbO3 y-cut
single crystal by aluminum interdigital transducers (IDTs)
with a split-finger geometry, having 60 finger pairs with the
minimum electrode separation of λ/8 ≈ 1.5 µm. The fun-
damental resonance frequency of the IDTs is 287 MHz.
The results below are measured at the fifth harmonic,
1435 MHz, which is chosen due to the trade-off between

Fe-Ga-B

(a)

(b)

(c) (e)

(d)

Fe-Ga-B

FIG. 1. (a) Left: schematic of IDTs (purple) and magnet (green), showing the in situ magnetic field BG = 20 mT applied during
growth of the magnetic film and the S21/S12 transmission coefficient, with the coordinate system. The device is nominally symmetric
except for the growth field. Center: device layer schematic. Right: high-field (magnet-independent) transmission band. (b) Forward
(S21) transmission magnitude as a function of applied field Be. (c) Transmission magnitude nonreciprocity as a function of applied field
Be. (d) Forward transmission phase (ψ21). (e) Nonreciprocity of the phase accumulation.
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insertion loss (which decreases at lower frequencies [21])
and the strength of magnetoelastic interaction between spin
and acoustic waves (which increases at higher frequencies
[14]). At this frequency, the IDT resonance has a full width
at half maximum of about 3 MHz [magnet-independent
transmission is shown in Fig. 1(a)]. The IDTs are wire
bonded to coaxial cable adapters, connected to ports 1 and
2 of a vector network analyzer (VNA). In our measure-
ments, the VNA simultaneously measures the magnitude
and the phase of forward (S21) and reverse (S12) trans-
mission; the phase measurement is the key aspect of the
experimental part of this work.

In between the IDTs, in the propagation path of the
SAWs, the Fe-Ga-B/Al2O3/Fe-Ga-B heterostructure is
sputtered with the layer thicknesses 20/5/20 nm and lat-
eral size Lx × Lz = 2200 × 500 µm. Ferromagnetic bilayers
are known to demonstrate nonreciprocity of the spin-wave
spectra if the static magnetizations of the layers are not
parallel [22,23], which results in a much more pronounced
nonreciprocity of SAW propagation, induced by magne-
toelastic coupling [14,15]. During the growth of the fer-
romagnetic layers, a bias magnetic field BG = 20 mT is
applied at an angle of 39° respective to the SAW propa-
gation direction [Fig. 1(a)], which influences the direction
of weak in-plane magnetic anisotropy of the Fe-Ga-B lay-
ers. During the measurements, applied magnetic field Be is
swept from 10 mT (saturated state of the bilayer) to zero
at a given angle by a vector electromagnet, and the field
angle ϕB is changed in increments of 3°.

Transmission magnitude |S21|, shown in Fig. 1(b), has
sharp resonances (decrease of transmission) in only two
quadrants, in the vicinity of ϕB = 129° and ϕB = 309°
applied field angles. Such a two-lobe pattern is observed
in a similar bilayer system [17], while acoustic crystals
interacting with a single magnetic layer more commonly
display a four-lobe pattern [24]. The transmission charac-
teristic is strongly asymmetric with respect to the origin:
when either the field direction or SAW propagation direc-
tion are reversed, the transmission changes dramatically.
The nonreciprocity of transmission magnitude |S21| − |S12|
is shown in Fig. 1(c), where we see that the nonreciproc-
ity (in other words, isolation coefficient) exceeds 40 dB at
certain field angles and magnitudes. Several |Sij | plots at
specific field angles are shown below in Fig. 3.

During this transmission magnitude modulation, a
phase-accumulation shift occurs simultaneously, and the
map of these relative shifts [Fig. 1(d)] show similarity
with the transmission magnitude map. There is a com-
plex pattern of behavior between ϕB = 120° and ϕB = 130°
(and 300°–310°), where the phase shifts between opposite
traveling SAWs can differ by over two full cycles (4π radi-
ans). The degree of this phase nonreciprocity is shown in
Fig. 1(e). It is worth noting that the phase nonreciproc-
ity and magnitude nonreciprocity patterns are not identical,
and there are regions showing strong phase nonreciprocity

(a)

(b) (c)

FIG. 2. Phase nonreciprocity. (a) Measured nonreciprocal
phase accumulation for different applied field angles. Dashed
gray lines indicate π phase nonreciprocity, which is the nec-
essary condition for phase device applications. (b) Map of the
field conditions for which the phase nonreciprocity is suffi-
cient, |ψ21 −ψ12| ≥π . (c) Intersection of phase nonreciprocity
map and weak magnitude reciprocity (where the difference in
absorption is less than 3 dB).

and weak magnitude nonreciprocity and vice versa, which
is useful for certain applications.

Several line cuts of the phase nonreciprocity pattern are
shown in Fig. 2(a). Depending on the applied field angle
ϕB, the field dependence of the phase accumulation nonre-
ciprocity (ψ21 −ψ12) can be almost monotonic or acquire
a complex nonmonotonic shape. The theory section below
explains this complexity in the field dependence of phase
nonreciprocity, as well as of magnitude nonreciprocity.
From the perspective of applications, this can be quite a
useful feature, as it allows for a simple reconfiguration of
a device functionality by varying the field magnitude by
just several tenths of millitesla, suggesting that the studied
structure is a promising, highly versatile rf tool.

For the development of a circulator, the necessary con-
dition of the phase nonreciprocity is the accumulation
of π -phase difference between counterpropagating waves,
|ψ21 −ψ12| =π [20]. From Fig. 2(a), one finds that in our
device this condition is well exceeded over a broad range
of field conditions. Moreover, the phase accumulation is
length dependent, so the 2.2-mm-long magnet could be
miniaturized even further while preserving the functional-
ity. The whole region where |ψ21 −ψ12| ≥π is highlighted
in the field-angle diagram shown in Fig. 2(b).
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(a) (b)

(c) (d)

FIG. 3. Experimental (a),(c) and calculated (b),(d) magnitude
|Sij | and phase ψ ij of the SAW transmission for different angles
of the applied bias magnetic field. Theoretical plot (b) corre-
sponds to a quasiferromagnetic state of the bilayer, while plot
(d) corresponds to the quasiantiferromagnetic state. Directions
of the applied field Be, SAW wave vector k, and static magne-
tizations Mi of the layers at a vanishing bias field are shown in
the insets. The gray shaded area in (b),(d) corresponds to a bias
field magnitude that is smaller than the mean anisotropy field, at
which a nonuniform magnetic state is expected. Green arrows in
the frame (d) show the points of large isolation (top panel) and
large phase nonreciprocity (bottom panel). Spin-wave spectra for
these cases are presented in Fig. 4.

We demonstrate that a single magnetoelastic device
structure can act as both an isolator with extremely high
contrast (>48 dB) and a nonreciprocal phase shifter. How-
ever, if a purely “phase-based” device is desired, as in the
example of the circulator proposed in Ref. [20], it may be
detrimental to have simultaneous nonreciprocity in propa-
gation losses. Therefore, in Fig. 2(c), we highlight the field
conditions for which the nonreciprocity of losses is weak,
|S21 − S12|< 3 dB, while the phase nonreciprocity is suffi-
cient, |ψ21 −ψ12| ≥π . Although our device demonstrates
a rather small region where both conditions are satisfied,
it is an experimental demonstration of an almost equal
loss and sufficiently high-phase nonreciprocity of SAWs
induced by magnetoelastic coupling. The possible direc-
tions for the improvement of the “phase nonreciprocity
functionality” are discussed below.

III. THEORY

To gain a deeper understanding of the experimen-
tal results, we perform theoretical calculations of the

transmission characteristics of the studied heterostructure.
A general approach for the calculation of characteristics
(damping rate and frequency) of coupled magnetoelastic
waves in heterostructures and transmission characteristics
of devices based on them is described in Ref. [14]. Over-
all, these characteristics are determined by many material
parameters, some of which are not known precisely, espe-
cially for nanoscale-thick layers. Two main factors affect-
ing the coupled waves are (i) dispersion relations of the
hybridized SAW and spin wave (SW) determining the fre-
quency distance between the pure acoustic and pure spin
waves, and (ii) the angle ϕM between the SAW and SW
propagation direction and the direction of static magneti-
zation of the structure. In the case of thin magnetic lay-
ers, the magnetoelastic coupling demonstrates |sin(2ϕM )|
dependence [14,24].

These quantities can be measured directly or extracted
from other measurements with reasonably high precision.
However, the strength of the coupling between SAWs and
SWs also depends on the magnetoelastic tensor of a ferro-
magnet (the magnitude and even symmetry of which can
differ in thin layers from reference values measured for
bulk samples) and on the structure (profile) of acoustic
waves in ferromagnetic layers. These profiles are espe-
cially hard to determine because the SAW profile depends
on the mechanical properties of thin ferromagnetic layers
and the properties of the contact between the ferromagnetic
layer and the adjacent piezoelectric crystal. In the case
of simple heterostructures having a single ferromagnetic
layer, the mentioned factors mainly affect the strength of
the resulting coupling of acoustic and spin waves, almost
preserving the structure of the coupling dependence on
external parameters (e.g., field, frequency, etc.). The case
of ferromagnetic bilayers is much more complex, because
contributions from the layers can enhance or compensate
each other [15], and thus can lead to the appearance of a
fine structure of the coupling.

The theory of SW spectrum in an antiferromagnetically
ordered magnetic bilayer was developed in Refs. [14,15].
These results demonstrate a strong nonreciprocity of this
spectrum, dependent on the direction of the wave propa-
gation with respect to the direction of the magnetization
in magnetic layers [see e.g., Eq. (A1) in Ref. [15] ]. In
the case when the in-plane bias magnetic field is applied,
the spectrum of hybridized SAW and SW waves becomes
even more complex, as the variation in the direction and
magnitude of the bias magnetic field will lead to the varia-
tion in the relative orientations of the static magnetizations
in magnetic layers, and, therefore, to the variation of the
degree of nonreciprocity of waves propagating in the oppo-
site in-plane directions. This property of the hybridized
SAW and SW spectrum in the layered heterostructure,
shown in Fig. 1(a), is further illustrated in Fig. 4, where
the optimum conditions for phase [Fig. 4(a)] and amplitude
[Fig. 4(b)] nonreciprocity are found numerically.
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(a) (b)

FIG. 4. Calculated spectra of SAW and spin waves in a
quasiantiferromagnetic state for large phase nonreciprocity (a)
and large isolation (b). The bias magnetic field is applied at
the angle ϕB = 121° and its magnitude is Be = 3.05 mT in (a)
and Be = 3.35 mT in (b). The spin-wave spectrum consists of
two branches, SW1 and SW2, the latter of which is higher in
frequency, and does not contribute to the magnetoelastic cou-
pling with SAWs at the studied frequency. Mode repulsion of
hybridized magnetoelastic waves at the crossing points is on the
order of 20 MHz, and is not visible on this frequency scale. The
excitation frequency fe = 1435 MHz is marked by a dashed hor-
izontal line. The inset in frame (b) shows the directions of the
static magnetizations of the layers, applied field, and SAW wave
vector at Be = 3.35 mT.

Due to the above-mentioned reasons, here we are
not trying to reproduce quantitatively all the results by
fitting many unknown parameters, but instead, make
calculations in a simplified model using measured
and literature material parameters. The magnetic lay-
ers are characterized by the saturation magnetization
µ0Ms = 1.2 T, in-plane anisotropy with the effective field
Ban,1= 2.4 mT and Ban,2= 1.9 mT and hard axis directed
at ϕan,1= 115° and ϕan,2= 130° respective to SAW prop-
agation direction, and Gilbert damping αG = 0.0045, as
are extracted from ferromagnetic resonance measure-
ments (see details in Appendix A). Literature values of
exchange length λex= 4.7 nm and magnetoelastic constants
B1= B2= 9.38 MJ/m3 are used [17]. For elastic parame-
ters of LiNbO3, we use longitudinal and transversal sound
velocities cl = 6700 m/s and ct = 3780 m/s [21,25], which
gives SAW velocity cSAW= 3488 m/s, along with the den-
sity ρ= 4650 kg/m3. In our calculations, we assume that
the spatial structure of a SAW in a magnetic layered
structure is the same as it would have been in a simple
LiNbO3 crystal (which is a good approximation for mag-
netic layers that are thin compared to the SAW penetration
depth and assuming a good mechanical contact between
all the layers). Finally, very narrow frequency width of
the IDT resonance [Fig. 1(a)] allows us to eliminate all
the nonresonant excitation effects [14], and to calculate all
the parameters locally, at the IDT resonance wave num-
ber. Therefore, propagation losses are calculated simply as
|Sij | = −20 log[�meLx/cSAW] and the phase accumulation
is approximated as ψ ij = (ωme −ωSAW)Lx/cSAW, with �me

and ωme being the damping rate and frequency of a coupled
SAW and SW.

In our sample, ferromagnetic layers possess slightly dif-
ferent directions of the anisotropy axes. Therefore, depend-
ing on the direction of the applied bias field we expect the
formation of different relative magnetization states (it is
assumed that the indirect exchange interaction is absent,
and that the dipolar interaction does not affect the mutual
orientation of the static magnetizations of the layers). For
the majority of the magnetization angles, the projections
of the bias field onto the anisotropy axes of the magnetic
layers are co-directed, and when the field is reduced from
high to low the formation of a quasiferromagnetic state is
expected.

Such a structure of magnetization in a small bias field
applied at the angle ϕB = 113° to the SAW propagation
direction is shown in the inset of Fig. 3(b), which gives
an example of the transmission characteristic in such a
state. It is very similar to the magnetization structure in our
experimental multilayer measured at a somewhat differ-
ent applied field angle (8° larger). The difference in angle
is attributed to the above-mentioned model simplifications
and the fine structure of the magnetoelastic coupling.

In our calculations, pure SAWs exhibit negligible losses
(−1 dB [26]), which correspond to the experimental value
of about −79 dB, determined by the losses in the IDTs and
by the impedance mismatch with the microwave supply
line. In this case, the spin-wave spectrum is almost recip-
rocal, and transmission minima at about 3 mT for positive
and negative propagation directions are almost the same.
The observed weak nonreciprocity is a result of a weak
contribution coming from the shear strain uxz [16].

At larger applied fields, above 4 mT, the effect of mag-
netoelastic coupling on the SAW transmission vanishes,
simply because the spin-wave spectra are shifted to higher
frequencies, and do not intersect the SAW spectrum in
the vicinity of the excitation frequency fe = 1435 MHz.
High transmission at about 2.25 mT is related to the fact
that the static magnetizations of the layers become almost
perpendicular to the propagation direction, resulting in a
vanishing magnetoelastic coupling.

At low field (below 2 mT) we see a significant quantita-
tive difference from the high-field case. The experimental
curves still show some nonreciprocity, but the theoretical
values of nonreciprocity are much larger. In this case, the
observed values of the nonreciprocity are determined by
the nonreciprocity of spin-wave spectra appearing due to
the noncollinear magnetic state of the magnetic layers. At
these relatively small bias fields, which are smaller than the
anisotropy fields, the magnetic state of the magnetic lay-
ers is expected to be nonuniform, and magnetic domains
are expected to be formed [as confirmed by magneto-optic
Kerr effect (MOKE) measurements in Appendix A], which
is not accounted for in our calculations. Therefore, in a real
sample, some domains could give vanishing contributions
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to the coupling, some domains could have contributions
of the opposite sign, and, thus, the overall magnetoelastic
coupling effect becomes weaker (the domain magnetiza-
tion direction could be significantly different from the
direction expected in a uniform magnetic state at the same
bias field).

When the field is directed in between the hard axes of
the layers, the formation of a quasiantiferromagnetic state
is expected, which relaxes to the oppositely directed mag-
netization state when the field is reduced to zero. This
state is shown in the inset of Fig. 3(d). In such a case, the
spin-wave spectrum is sufficiently nonreciprocal even at
moderate bias fields, leading to the different positions of
the transmission minima for opposite propagation direc-
tions, and consequently, to the large nonreciprocity of
the SAW losses [Fig. 4(d)]. The phase nonreciprocity is
also pronounced, especially in between the transmission
minima.

We would like to note a good qualitative and quanti-
tative similarity between the theoretical and experimental
results at the magnetization angles that are only slightly
different. At the small bias fields, we observe the same
feature as in the ferromagnetic state. Qualitatively, the
dependence is similar: in particular, the sign of phase and
amplitude nonreciprocity is the same as in the experiment,
but calculated nonreciprocity values are much larger. For
example, calculations give the minimum transmission of
|S21|< –650 dB, maximum isolation |S21 − S12|> 600 dB,
and phase nonreciprocity up to ψ21 −ψ12 ≈ 22π . The
main reason for this discrepancy between the experiment
and the results of our simplified model is the existence
of the above-mentioned nonuniform magnetic state of the
system at low bias fields. There is, however, another possi-
ble reason limiting the magnitude of the maximal isolation,
discussed in the next section.

The calculated spectra of the spin and acoustic waves at
the field values corresponding to the maximal phase non-
reciprocity and isolation (except for the small-field range,
shown by gray shading in Fig. 3) are shown in Fig. 4. The
large isolation, as expected, is achieved when the spin-
wave dispersion curve crosses the SAW dispersion curve at
the working frequency for one propagation direction only,
as shown in Fig. 4(b). In contrast, the large phase nonre-
ciprocity is observed when the working frequency is situ-
ated between the crossing points of dispersion curves for
the opposite propagation directions [Fig. 4(a)]. This, also,
leads to the almost equal values of the propagation losses
in two opposite propagation directions, |S21| ≈ |S12| (i.e.,
to the practical absence of the amplitude nonreciprocity).

It is worthwhile to note that the magnetoelastic coupling
between the spin and acoustic waves in the studied case
is not large—the width of the magnetoelastic band gaps
is about 20 MHz, which is significantly smaller than the
frequency distance from a band gap to the working fre-
quency. In the scale of Fig. 4 these band gaps, as well as the

(a) (b)

FIG. 5. Propagation length Lπ corresponding to nonreciprocal
phase shift |ψ21 −ψ12| =π (left axis, solid line), and nonre-
ciprocity of losses |S21 − S12| at the propagation length Lπ (right
axis, dashed line) as functions of the magnitude of the bias
applied field Be, calculated from experimental data for ϕB = 129°
(a) and theoretical data for ϕB = 121° (b). The horizontal dashed
line in both frames corresponds to the nonreciprocity of losses
equal to 3 dB.

modification of the SAW spectrum due to the magnetoe-
lastic coupling, would not be visible. Therefore, our exper-
iment confirms the idea [20] that the phase nonreciprocity
of a magnitude sufficient for practical applications (e.g.,
design of effective circulators) could be achieved when
working at the sides of the magnetoelastic band gaps where
the insertion losses are relatively weak, and almost equal in
both propagation directions.

To demonstrate explicitly that the development of prac-
tical SAW and SW circulators, when working at the sides
of the magnetoelastic band gaps, is realistic, we present in
Fig. 5 dependences of the propagation length Lπ , corre-
sponding to the nonreciprocal phase shift |ψ21 −ψ12| =π
(left axis, solid line), and the nonreciprocity of losses
|S21 − S12| at the propagation length Lπ (right axis, dashed
line) on the magnitude of the bias applied field Be. These
dependencies are calculated from experimental (a) and
theoretical (b) data as Lπ = Lxπ /|ψ21(Lx) −ψ12(Lx)| and
Sij (Lπ ) = Sij (Lx)Lπ /Lx, where Sij (Lx) andψ ij (Lx) are trans-
mission magnitude and phase at the experimental sample
length Lx = 2.2 mm. It is clear from Fig. 5, that both in
theory and experiment the wave-propagation length neces-
sary to achieve the nonreciprocal phase shift of π , needed
for the operation of a circulator [20], does not exceed
Lπ < 1–2 mm in a wide range of bias magnetic fields.
Although the bias-field interval where the nonreciprocity
of losses |S21 − S12| at Lπ does not exceed 3 dB is much
narrower [in the experiment it is about 0.3 mT around
the bias field of Be = 2.6 mT, see Fig. 5(a) and see also
Fig. 2(c)], it is still sufficient for the development of a
practical SAW and SW circulator.

IV. DISCUSSION

In this section, we discuss the limitations of our
samples and formulate the possibilities for the
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improvement of working characteristics of nonrecipro-
cal SAW devices (e.g., wave isolators) based on the
SAW and SW magnetoelastic interaction. As is clear from
the above-presented materials, our experimental device
already demonstrates a large isolation magnitude (of up
to 48 dB), which meets or exceeds the isolation in the
state-of-the-art commercial ferrite isolators [27].

At the same time, it may be desirable to reduce the
device sizes (note that transmission modulation character-
istics, including isolation, scale linearly with the device
length) or to further enhance the isolation magnitude. In
our experiment, we find almost the same minimum value
of transmission, about –120 dB, for different values and
directions of the applied magnetic field (the noise floor
of the measurement is below –130 dB). In particular, it
is clearly seen in the dependence shown in Fig. 3(c) that
the bias-field dependence of |S21| is almost flat at the mini-
mum transmission level. Such flat dependence is hard to
explain, as the frequency distance between the SW and
SAW dispersion curves varies significantly with the bias
field. In addition, in the low-field region, theory predicts
much smaller transmission (i.e., the much stronger effect
of the magnetoelastic coupling).

These facts force us to conclude that the minimal trans-
mission level is determined by transmission channels unre-
lated to the magnetoelastic interaction. These could be
contributions of the other acoustic modes, e.g., thickness
or longitudinal modes, which are much less sensitive to
the surface magnetic layer, or by SAWs propagating side-
ways in the magnetic layer. Therefore, if it is desirable to
further enhance isolation, the optimization of characteris-
tics of the acoustic system itself may be more useful than
the optimization of the magnetoelastic coupling.

Regarding the phase nonreciprocity, we point out above
that our sample demonstrates sufficient nonreciprocity of
the phase accumulation (which exceeds π radians) to sup-
port the practical design of acoustic circulators. Also, note
that the propagation losses at the points of high phase non-
reciprocity are quite significant, see Figs. 3(c) and 3(d).
It was theoretically shown [20] that the propagation loss
in a π -phase nonreciprocal shifter is determined by the
relation of the nonreciprocal splitting of spin-wave disper-
sion 
ωnr (frequency distance between the SAW and SW
dispersion crossing points for opposite propagation direc-
tion), strength of the magnetoelastic coupling between spin
and acoustic waves, characterized by the width of the
magnetoelastic band gaps 
ωme, and damping rates of
SAWs and spin waves �SAW and �SW. The optimal case
of sufficient phase nonreciprocity and low propagation
losses is achieved when the conditions 
ωnr � 
ωme �√
ΓSAWΓSW and
ωme ≥ ΓSW are satisfied. In our case, for

the field Be = 3.05 mT [dispersions are shown in Fig. 4(a)],
we get 
ωnr/2π = 218 MHz, 
ωme/2π ≈ 12 MHz,
�SAW/2π = 30 kHz, and �SW/2π ≈ 90 MHz. Thus, the first
condition is satisfied, while the second (
ωme ≥ �SW)

is not. Relatively large spin-wave damping despite rela-
tively small Gilbert constant (αG = 0.0045) is related to
the large precession ellipticity (the ellipticity-related fac-
tor is ε≈ 12 [28]) and it affects the SW damping rate as
ΓSW = αGεωSW. The large values of the precession ellip-
ticity are common for thin magnetic films in low bias
magnetic fields and small wave numbers of SW modes.

At a larger working frequency (e.g., several gigahertz),
at least one of the above-mentioned factors becomes unim-
portant, and one should expect a significantly better trans-
mission in a phase-nonreciprocal SAW device. For lower
frequencies, on the order of 1 GHz, a viable alternative
could be the utilization of ferromagnetic materials with
certain perpendicular anisotropy, which partially (but not
fully) compensates demagnetization fields and makes SW
precession less elliptical.

Finally, we would like to point out that a better non-
reciprocity of SAW and SW propagation is expected in
low or even zero magnetic bias fields. Indeed, if the static
magnetizations of the magnetic layers are aligned almost
antiferromagnetically, the nonreciprocity of the spin-wave
spectrum is maximal [22,23]. However, in our samples
nonuniform magnetization hinders utilization of all the
benefits in this range of bias fields. An evident solution
is the usage of ferromagnetic bilayers with antiferro-
magnetic interlayer interaction (Ruderman-Kittel-Kasuya-
Yosida interaction via a properly thin spacer). These sys-
tems, often called synthetic antiferromagnets, demonstrate
nice antiferromagnetic alignment in zero field indepen-
dently of the field sweep direction, in contrast with simple
bilayers without interlayer exchange coupling. Also, note
that in the case of uncoupled magnetic layers with the same
direction of the anisotropy easy axes, achievement of anti-
ferromagnetic alignment would be even harder than in the
studied case of magnetic layers having anisotropy axes of
slightly different directions. This method of utilization of
synthetic antiferromagnetics has been successfully realized
in a very recent work [29], and has indeed shown larger
magnitude nonreciprocity per unit length.

V. CONCLUSION

In conclusion, we experimentally demonstrate non-
reciprocity of propagation losses and phase accumula-
tion of hybridized SAW and SW in a magnetoelas-
tic layered heterostructure Fe-Ga-B/Al2O3/Fe-Ga-B on
LiNbO3. Depending on the strength and direction of bias
magnetic field, our device based on this heterostructure
demonstrates nonreciprocity of the phase accumulation
exceeding π radians several times, which is sufficient
for practical applications in SAW circulators, as well as
giant nonreciprocity of propagation losses with isolation
as high as 48 dB. Our approximate theoretical model of
wave hybridization and propagation in this heterostruc-
ture reveals that both large nonreciprocal losses and large

044003-7



DEREK A. BAS et al. PHYS. REV. APPLIED 18, 044003 (2022)

phase nonreciprocity are achieved in a quasiantiferromag-
netic state of the magnetic layers in the heterostructure.
The first effect manifests itself when the SW dispersion
curve crosses the SAW dispersion curve at the working
frequency for one propagation direction only, while the
second effect takes place when the working frequency is
situated between the magnetoelastic hybridization points
for the opposite propagation directions.

In our opinion, the promising directions for the fur-
ther improvement of characteristics of the nonreciprocal
SAW and SW devices are related to the possible utiliza-
tion of synthetic antiferromagnets, use of higher working
frequencies and/or use of ferromagnetic materials with par-
tially compensated in-plane shape anisotropy, as well as
suppression of parasitic acoustic transmission channels.
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APPENDIX A: SUPPLEMENTAL
MEASUREMENTS

Ferromagnetic resonance

To determine the nature of the magnetic film, ferromag-
netic resonance (SFMR) is measured over the 1–35 GHz
frequency range. The wire bonds are removed and the
whole device is placed upside down with the magnet in
contact with a coplanar waveguide (CPW), which drives
the microwaves. A rotation series is completed with the
magnet oriented both parallel and perpendicular to the
CPW, with the orientation of the static field adjusted from
−45° to +45° relative to the CPW, to complete a 180° rota-
tion in the sample plane in increments of 5°. The result at
1435 MHz (Fig. 6) displays a similar pattern to the result
of acoustically driven spin-wave resonance at the same fre-
quency, except with two distinct lobes slightly displaced,
one for each of the Fe-Ga-B layers. At 4 GHz [Fig. 6(b)]
we fit the resonance to two sine waves, giving the angles
at which resonant field B0 occur to be 115 and 130°. The
anisotropy fields of the layers, defined as the amplitude of
each sine wave, are Ban= 2.4 and 1.9 mT, which we use in
the Kittel fit below to determine the magnetic constants.

The frequency dependence is shown in Fig. 6(c) where
we can see the two distinct resonances. These are modeled

(a) (b)

(c)

(d) (e)

FIG. 6. FMR results on the Fe-Ga-B heterostructure. Rotation
dependence at 1.435(a) and 4 GHz (b). (c) Frequency sweep.
Each curve is fitted with a double Lorentzian derivative giving
two positions B0 and linewidths 
B. (d) Linear fits (solid line)
of the FMR linewidths at the lower (black) and higher (red) field
resonances. (e) Kittel fits of the FMR resonance frequencies for
the lower (black) and higher (red) field resonances.

by a double Lorentzian derivative:

SFMR = y0 + 4k1
B(B − B0)

[4(B − B0)
2 +
B2]

2

− k2[
B2 − 4(B − B0)
2]

[4(B − B0)
2 +
B2]

2

+ 4k3
B(B − B0)

[4(B − B0)
2 +
B2]

2

− k4[
B2 − 4(B − B0)
2]

[4(B − B0)
2 +
B2]

2 (A1)

From the fits we obtain a resonance field B0 and a linewidth

B for each individual layer. Figures 6(d) and 6(e) show
the fits for the extracted parameters. The linear fit for the
linewidth is 
B = 
B0 + (4πα/γ )f , and the Kittel fit is
f = (γ /2π)

√
(B + Ban)(B + Ban + μ0Ms). From this we

obtain for the lower- and higher-field resonances 
B0= 1,
0 mT, µ0Ms = 1.2, 1.2 T, γ / 2π = 0.03, 0.03 GHz/mT,
α= 0.0045, 0.0050. These magnetic parameters match
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(a)

(b)

(c)

FIG. 7. Hysteresis loops from the Fe-Ga-B heterostructure. (a)
Loops measured via VSM for field parallel and perpendicular to
SAW k vector. (b) Loops measured via VSM for field at 64° and
117° relative to the SAW k vector. High (+) to low (−) sweeps
indicated by solid markers and solid lines, and − to + indicated
by empty markers and dotted lines. (c) Hysteresis loops measured
via MOKE at varying angles. Left (right) inset shows horizontal
B field with sample rotated to 60° (120°).

those previously measured for this heterostructure with
18% boron content [30].

Vibrating sample magnetometry and magneto-optic
Kerr effect microscopy

Quasistatic dc magnetic properties are measured using a
Quantum Design cryogen-free Physical Property Measure-
ment System instrument with a vibrating sample magne-
tometry (VSM) attachment unit. Room-temperature mag-
netic hysteresis loops are collected in the range ±40 mT
using sufficiently small step size to capture both sam-
ple saturation and coercive field. Substrates containing
Fe-Ga-B structures are hand cut to less than 4-mm-wide
pieces and mounted on quartz sample holders with VGE
varnish to minimize any magnetic background. To ana-
lyze anisotropy effects each sample is measured at different
orientations with respect to the applied magnetic field by
slightly rotating the substrates during mounting.

The red curve in Fig. 7(a) shows that when the field is
parallel to the SAW travel axis, there is a single magneti-
zation reversal at 0 field affecting the majority of the spins
to magnetize the structure to about half of Ms in the oppo-
site direction. This is followed by a gradual switching of
domains until the entire sample is saturated. In contrast,
when the field is applied along the width of the magnet,
there is a much simpler hysteresis loop with only a single
switching event. The gradual domain switching becomes
slower until a maximum at about 60 or 120° [Fig. 7(b)],
where it takes the greatest magnitude of field reversal to
fully saturate.

The VSM is sensitive to the entire volume of the mag-
netic sample. In contrast, MOKE measurements are sur-
face sensitive, giving hysteresis of only the top layer. In
Fig. 7(c) we see that the top layer behaves very differently
at 60 and 120°, in opposition to the corresponding VSM
measurement. The insets show the field applied along the
horizontal axis with the sample at 60 and 120°, and in both
cases the domains tend to align in the same direction, cor-
responding to the direction of the growth field. From this
it becomes evident that the gradual change in magnetiza-
tion seen in the VSM and MOKE loops seems to be from
a domain-pinning phenomenon present in each of the two
ferromagnetic layers.
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