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Published online: 12 April 2017 . Agyratoris a non-reciprocal two port device with 180° phase shift in the transmissions between two

. ports. Though electromagnetic realizations of gyrators have been well studied, devices based on

other forms of interaction are relatively unexplored. Here we demonstrate a device in which signal is
transmitted via magneto-elastic coupling, can function as a gyrator. The device is built on a piezoelectric
substrate: one port of this device has interdigital transducers (IDTs) and the other port has a periodic
array of nickel/gold lines. When the magnetizations of Ni lines are excited into precession by magnetic
field generated by passing oscillating current through the gold lines, they emit phonons in the form
of surface acoustic waves (SAW) due to the magneto-elastic coupling between Ni and substrate. The
emitted SAW can be detected at the other end by the IDTs. Conversely, when SAW is incident on Ni lines
from IDTs, the magnetization undergoes precession and can be inductively detected by Au lines. The
broken time reversal symmetry of the system due to the presence of ferromagnet gives rise to the non-
reciprocal transmission between the two ports. These devices could function as novel building blocks for
phonon based information processing.

Spin mechanics deals with the coupling between the spin and the mechanical degrees of freedom. The
macroscopic-scale Barnett or Einstein-de Haas effects originating from this were discovered long back"2 These
magnetoelastic interactions between magnons and phonons were studied theoretically first by Akhiezer and
Kittel and then verified experimentally by several groups®=°. The manifestation of these mechanical effects in
synthetic multiferroic and other systems at nanoscales and their possible technological applications ranging from
energy conversion devices to memory or logic operations have generated renewed interest in the scientific com-
munity®'%. The phenomenon of magnetostriction or its Onsager equivalent, the inverse magnetostriction can
be used to control the magnetization by application of strain. Synthetic multiferroic systems comprising mag-
netostrictive material deposited on piezoelectric substrate are ideal candidates for spin-mechanics effects. The
surface acoustic waves (SAW) generated in piezoelectric substrate can be used to manipulate the magnetization
of magentostrictive material.

Surface acoustic waves (SAW) can be efficiently generated in piezoelectric substrate with the help of inter-
digital transducer (IDT) structures. A typical SAW device comprises two sets of IDTs. The input IDT converts
the periodic voltage signals into SAW which travels along the surface. The output IDT converts the waves into
electrical signals again and is used for detection'. The interaction between SAW and a ferromagnet has been
studied recently by measuring the transmission between the two IDTs with a FM deposited between them!®-1°.
Ferromagnetic resonance (FMR) excited by surface acoustic waves was demonstrated experimentally in Ni thin
films by Weiler et al.'>'” and in GaMnAs dilute ferromagnetic semiconductor films by Thevenard et al.'® recently.
Magnetization switching with either pure SAW or with spin-transfer torque assisted by SAW was studied theo-
retically by Thevenard et al.?® and Biswas et al.?! respectively. Ultrafast magnetization switching with SAW was
demonstrated experimentally by Davis et al.?* and its use for nanomagnetic logic operation was explored by
Sampath et al.?. This new approach of magnetization switching with SAW is also efficient in terms of power dis-
sipation and could soon find potential technological applications.

Results
In this work, we demonstrate the inverse effect i.e. generation SAW by oscillating magnetization. All the experi-
ments were done at room temperature on 128° Y cut lithium niobate substrates with a wave velocity of 3980 m/s.
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Figure 1. The schematic of the device. Ni/Au lines are on one side and IDT is on another side. The periodicity
of the Ni/Au lines s was either X or 0.5X\. The Ni lines undergo FMR and generate SAW which can be detected
by the IDT at the other side.
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Figure 2. FMR study: (a) The FMR signal of the device for different frequencies, the magnetic field was
applied at an angle of 45° for this measurement. The inset shows the Kittel’s plot wherein the red points show
the experimental data of resonance frequency as a function of magnetic field and the blue curve is obtained
from Kittel’s relation. (b) The real and the imaginary parts of the S,, signal for 4 GHz frequency, the black curve
marked as ‘r’ and the red curve marked as ‘I’ show the real and imaginary parts respectively.

The device fabrication was done with standard lithography (e beam and optical), deposition and lift off tech-
niques. To ensure that the Ni films deposited are indeed interacting with the surface waves, we first performed
the acoustically driven ferromagnetic resonance (ADFMR) experiment, the results of which are shown in the
supplementary material. For the inverse experiment i.e. generation of SAW by FMR, we fabricated IDT on one
side and an array of 100 lines of Ni (20 nm)/Au (80 nm) on the other side, as shown schematically in Fig. 1. Each
Ni/Au line is about 400 nm wide and 90 um long. The IDT design is same as used for the ADFMR experiment
(A~2pm). Two sets of devices were fabricated; one in which the periodicity of Ni/Au lines was same as that of the
IDT (s=\) and the other in which it was half of the IDT(s =0.5\).

FMR study. Asa first step, we measured the FMR of Ni/Au lines. This corresponds to the measurement of S,,
scattering parameter by using a vector network analyzer (VNA). When rf voltage is applied to port 2, most of the
rf current flows in the top Au part due to its higher thickness and conductivity than Ni. The resultant rf Oersted
magnetic field along x direction, drives the FMR of Ni. The inductive voltage from the oscillating magnetization
is picked up by the Au lines. The external magnetic field was applied at an angle of 45°. The S,, signals measured
with the VNA for different frequencies are shown in Fig. 2(a). The symmetric dips correspond to the FMR. The
resonance frequency as a function of external magnetic field is shown in the inset of Fig. 2(a). The resonance
frequency follows Kittels relation:

f;) ~ (W/ZW)\/(H/ext + Hl//)(H/ext + H/// + H/J_) (1)
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Figure 3. SAW generation: the field was applied at an angle of 45° for all these measurements. (a) Real and
imaginary parts of S;,. (b) Real and imaginary parts of S,,.

where, H',, = H,,, cos(§ — 0y), H', = H/(cos’0 — sin’0), H'| = H, + H)sin’0 where H, and H, denote
in-plane and out-of-plane anisotropy fields, 6;; denotes the angle between magnetic field and x —axis, 6 denotes
the angle between magnetization and x-axis. The blue line in the inset of Fig. 2(a) was obtained using equation

(1), with H,=550e, H, =3.8kOe and y=2.05 x 10°m/(A s).

Generation of SAW by magnetization precession and gyrator behavior. We now present results
on two port S-parameter measurements with VNA on device with s =X. We fix the frequency (1.89 GHz) which
matches the frequency of the IDT (which can be determined experimentally by the dip in S}, in this case as can
be seen from Fig. S1(c)) and again sweep the magnetic field at an angle of 45°. The real and imaginary parts of S,,
signal obtained after time gating and background subtraction are shown in Fig. 3(a). We see peaks at a certain
positive field value but dips at negative field value for both of them. (The magnitude of S, signal obtained from
Fig. 3(a) is shown in Fig. S4). We can see two clear peaks in S, at the positions of resonance fields. This indicates
that signal from port 2 gets transmitted to port 1 when the ferromagnetic material is undergoing FMR. We ascribe
this to the generation of SAW from each Ni line due to magneto-elastic coupling. The waves generated by each
line interfere constructively as the separation between the lines is X\. The real and imaginary parts for S,, are
shown in Fig. 3(b). The peak and the dip positions are reversed, which implies that the magnitude of S, remains
the same but there is a phase change of 180° or in other words the device shows non-reciprocal behavior. (The
generalized time reversal relation: S;,(H) =S,,(—H) is however obeyed as can be seen from Fig. 3(a) and (b).)
The S,, signal arises due the following reason: The voltage applied to IDTs (port 1) generate SAW, which creates
an effective rf magnetic field on Ni lines'">'2. At certain value of the external field, Ni magnetization undergoes
FMR. The phase of the rf magnetic field is the same at all Ni lines as they are separated by a distance of X\. Thus
magnetization of all Ni lines oscillate in phase and the induced current in all Au lines add constructively, which
is detected as S, signal.

The S, signal for some other frequency (3 GHz) is shown in Fig. S6(a) in supplementary material. The FMR
field for 3GHz is £ 315 Oe (Fig. 2(a)). We don't see any clear peak or dip in S;, around this field value. This is
because even if we have FMR and generation of SAW at 3 GHz from each Ni line, the corresponding wavelength
(A=1.33um) does not match the periodicity of transmitting and receiving ports.

We then carried out above measurements (f=1.89 GHz) with magnetic field swept at different angles. We
couldn’t see any signal for 6 =0° or 6 =90°. The peak position of |S ,| with respect to angle is shown in Fig. 4(a).
The position closely follows the position of the FMR which again confirms that the signals are arising solely
due to the FMR. The amplitude of the peak follows a sin?(f)cos(6) dependence which is shown in Fig. 4(b). (see
supplementary material for explanation). This four-fold symmetric behavior is similar to the one reported in
acoustically driven ferromagnetic resonance experiments'® 7. Another interesting point is that the magnetic
field as plotted in Fig. 4(a) increases with angle, which shows that x-axis is the easy axis of Ni lines, though the
shape anisotropy would have preferred y-axis. (This might happen because the film is grown on a single crystal
substrate). We verified this from S,, signal as well. We measured S,, at 4 GHz and found that the position of peak
in the |S,,| shifted to higher magnetic fields with increasing 8. The blue curve in Fig. 4(a) is obtained by numer-
ically calculating the magnetic field at which S, is maximum (eqn. S16), using the same values of H,, and H , as
used in Fig. 2(a).

We then measured S-parameters of the device with s = /2. The results are shown in Fig. S6(b) in supplemen-
tary material. Even if we have FMR and generation of surface acoustic waves from each Ni line, because of the
periodicity, there is destructive interference and no wave propagates towards the IDTs (i.e. S;,~0). Conversely,
when a SAW is incident from the IDTs on the array of Ni/Au lines, the magnetization of adjacent Ni lines oscillate
180° out of phase, and no net current is induced in the Au lines (i.e. S,,~0).
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Figure 4. Study of variation of applied magnetic field direction: (a) Position of |S,,| peak vs. angle of applied
magnetic field. The red points show the experimental data and the continuous blue curve is obtained from

eqn. S16. (b) Variation of the amplitude of |S ,|, the red points show the scaled experimental data (for the sake of
clarity) and the continuous blue curve shows the sin® (8)cos (6) curve.

Discussion

The non-reciprocal behavior of our device can be understood if we compare the ADFMR to the Oersted
magnetic field driven FMR (which corresponds to S,, measurement). The real and imaginary S,, param-
eters as a function of dc magnetic field are shown in Fig. 2(b). One sees the expected peak in the real part
and dispersion of the imaginary part. We can see from the figure that S,,(H) = S,,(—H). All this can be well
explained by LLG equation. (See eqn. S3 in the supplementary information. Applying —H corresponds to
applying magnetic field H, at 6 + w. Since sin? (8) = sin? (8 + ), the oscillation of x-component of magnet-
ization is unchanged, and so is the induced voltage in the Au line.) When we reverse the dc magnetic field,
the equilibrium magnetization reverses but the rf magnetic field remains the same. Now consider ADFMR.
Here when we reverse the dc magnetic field, even the rf magnetic field changes sign, as its generation is
related to the equilibrium magnetization direction (see eqn. S2 in the supplementary information). Thus
the induced voltage in case of ADFMR changes sign when dc magnetic field is reversed. Thus we expect,
S,1(H) = —S,,(—H). Now from generalized time reversal symmetry, we should have S,,(H) =S,,(—H).
Combining these two relations, we get S;,(H) = —S,,(H).

The above non-reciprocal results can also be obtained explicitly by considering how signal propagates between
the two ports. Signal propagation from port 1 to 2, involves ADFMR and inductive pick up at port 2. Signal prop-
agation from port 2 to 1, involves generation of acoustic waves by oscillating magnetization as shown schemati-
cally in Fig. S2 in the supplementary material, and then detection by IDTs.

When the magnetization of a Ni line oscillates, it generates SAW propagating along £x direction with ampli-
tude g, given by the following relation: (The line is assumed to be very thin (d/ << X\) along x direction).

dm K e PA

€ = Ab, mxod—t" where A = zO‘W—"‘uOMsvol @)
where b, is the magneto-elastic coupling coefficient, m,, denotes equilibrium magnetization along x axis, z, is the
characteristic impedance of piezoelectric substrate (LiNbO; here), ¢, is the ratio of surface voltage to displace-
ment associated with SAW'?, X denotes wavelength, W denotes the length of Ni line (same as SAW beam width),
M, denotes saturation magnetization, and vol is the volume of the Ni line. (See supplementary information for
derivation). It can be seen from the above equation, that the generation of acoustic waves depends on m,,. When
the magnetic field is reversed, dm,/dt remains the same (as discussed above), but as m,, changes sign, the ampli-
tude of surface waves emitted changes sign. The voltage detected by IDTs (which corresponds to S,, measure-
ment) is therefore opposite, i.e. S;,(H) = —S,,(—H).

In summary, we have demonstrated the generation of surface acoustic waves via oscillating magnetization.
Our device shows non-reciprocal behavior which can be exploited to design acoustic gyrators. Furthermore, the
FMR can as well be generated by spin currents instead of oscillating magnetic field. This can be achieved by spin
Hall effect instead of the oersted field as has been done here. It will be interesting to repeat this experiment with
Ni/HM lines instead of Ni/Au lines where HM is a heavy metal like Pt or Ta with significant spin orbit coupling.
This could provide new pathways for interconversion of spin currents into phonons and find potential appli-
cations in the fields of acoustics** *° as well as logic devices which exploit phonons for information processing
applications.
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Methods

The devices were fabricated on 128° Y cut lithium niobate substrates. The IDTs were patterned with e beam lithog-
raphy using a conducting polymer to avoid charging effects in Raith 152 tool followed by thermal evaporation
of Cr/Au (10 nm/50 nm) and lift off. Lithography for Ni/Au (20 nm/80 nm) lines was then done using similar
recipe, and deposition was done by sputtering. The big contact pads were then patterned with optical lithography
followed by thermal evaporation of Cr/Au (10 nm/100 nm) and lift off. The measurements were carried out using
Agilent N5244A network analyzer. Ferromagnetic resonance measurements were done on Port 2 using S,, to con-
firm the RF excitation of Ni lines. The frequency of the operation was determined by the dip in the S;. Magnetic
field sweep at different angles was done and the frequency spectrum was recorded. Time gating (to eliminate
electromagnetic wave coupling) and background subtraction was done to get the signals. All measurements were
carried out at room temperature.

References
1. Barnett, S. ]. Magnetization by rotation. Phys. Rev. 6, 239-270, doi:10.1103/PhysRev.6.239 (1915).
2. Einstein, A. & de Haas, W. J. Experimental demonstration of Ampere’s molecular currents. Verh. Dtsch. Phys. Ges. 17,152 (1915).
3. Akhiezer, A. I, Bar’ Iakhtar, V. G. & Peletminskii, S. V. Coupled magnetoelastic waves in ferromagnetic media and ferroacoustic
resonance. J. Exp. Theor. Phys. 35(8), 1 (1959).
4. Seavey, M. H. Phonon generation by magnetic films. Proc. IEEE 53, 10-1399, doi:10.1109/PROC.1965.4254 (1965).
5. Kittel, C. Interaction of Spin Waves and Ultrasonic Waves in Ferromagnetic Crystals. Phys. Rev. 110, 4-841, doi:10.1103/
PhysRev.110.836 (1958).
6. Goennenwein, S. T. B., Maekawa, S. & Bauer, G. E. W. Spin Mechanics. Solid State Commun. 198, 1-2, d0i:10.1016/j.ss¢.2014.07.021
(2014).
7. Kovalev, A. A., Bauer, G. E. W. & Brataas, A. Nanomechanical magnetization reversal. Phys. Rev. Lett. 94, 167201, doi:10.1103/
PhysRevLett.94.167201 (2005).
8. Kovalev, A. A, Bauer, G. E. W. & Brataas, A. Current-driven ferromagnetic resonance, mechanical torques, and rotary motion in
magnetic nanostructures. Phys. Rev. B 75, 014430, doi:10.1103/PhysRevB.75.014430 (2007).
9. Kovalev, A. A. Nanomechatronics: A new twist on a classic experiment. Nat. Nanotechnol. 3, 710-711, d0i:10.1038/nnano.2008.356
(2008).
10. Bretzel, S., Bauer, G. E. W,, Tserkovnyak, Y. & Brataas, A. Barnett effect in thin magnetic films and nanostructures. Appl. Phys. Lett.
95, 122504, doi:10.1063/1.3232221 (2009).
11. Bauer, G. E. W,, Bretzel, S., Brataas, A. & Tserkovnyak, Y. Nanoscale magnetic heat pumps and engines. Phys. Rev. B 81, 024427,
doi:10.1103/PhysRevB.81.024427 (2010).
12. Uchida, K. et al. Long-range spin Seebeck effect and acoustic spin pumping. Nat. Mater. 10, 737-741, doi:10.1038/nmat3099 (2011).
13. Uchida, K., An, T, Kajiwara, Y., Toda, M. & Saitoh, E. Surface-acoustic-wave-driven spin pumping in Y3Fe5012/Pt hybrid structure.
Appl. Phys. Lett. 99, 212501, d0i:10.1063/1.3662032 (2011).
14. Mathew, J. P, Patel, R. N., Borah, A., Vijay, R. & Deshmukh, M. M. Dynamical strong coupling and parametric amplification of
mechanical modes of graphene drums. Nat. Nanotechnol. 11, 747-751, doi:10.1038/nnano.2016.94 (2016).
15. Datta, S. Surface Acoustic Wave Devices. Prentice Hall, Englewood Cliffs, Michigan (1986).
16. Weiler, M. et al. Elastically driven ferromagnetic resonance in nickel thin films. Phys. Rev. Lett. 106, 117601, doi:10.1103/
PhysRevLett.106.117601 (2011).
17. Dreher, L. et al. Surface acoustic wave driven ferromagnetic resonance in nickel thin films: Theory and experiment. Phys. Rev. B 86,
134415, doi:10.1103/PhysRevB.86.134415 (2012).
18. Thevenard, L. et al. Surface-acoustic-wave-driven ferromagnetic resonance in (Ga,Mn)(As,P) epilayers. Phys. Rev. B 90, 094401,
doi:10.1103/PhysRevB.90.094401 (2014).
19. Labanowski, D., Jung, A. & Salahuddin, S. Power absorption in acoustically driven ferromagnetic resonance. Appl. Phys. Lett. 108,
022905, doi:10.1063/1.4939914 (2016).
20. Thevenard, L. et al. Irreversible magnetization switching using surface acoustic waves. Phys. Rev. B 87, 144402, doi:10.1103/
PhysRevB.87.144402 (2013).
21. Biswas, A. K., Bandyopadhyay, S. & Atulasimha, J. Acoustically assisted spin-transfer-torque switching of nanomagnets: An energy-
efficient hybrid writing scheme for non-volatile memory. Appl. Phys. Lett. 103, 232401, doi:10.1063/1.4838661 (2013).
22. Davis, S., Baruth, A. & Adenwalla, S. Magnetization dynamics triggered by surface acoustic waves. Appl. Phys. Lett. 97, 232507,
doi:10.1063/1.3521289 (2010).
23. Sampath, V. et al. Acoustic-wave-induced magnetization switching of magnetostrictive nanomagnets from single-domain to
nonvolatile vortex states. Nano Lett. 16, 5681-5687, doi:10.1021/acs.nanolett.6b02342 (2016).
24. Liang, B., Guo, X. S., Tu, ], Zhang, D. & Cheng, J. C. An acoustic rectifier. Nat. Mater. 9, 989-992, doi:10.1038/nmat2881 (2010).
25. Fleury, R. et al. Nonreciprocal Acoustics. Acoustics Today 14, 11 (2015).

Acknowledgements

We would like to acknowledge the support of Centre of Excellence in Nanoelectronics (CEN) at IIT-Bombay
Nanofabrication facility (IITTBNF), Indian Institute of Technology Bombay, Mumbai, India. We thank Mudassar
Meer, Electrical Engg. Department, II'T Bombay, for help in VNA measurements.

Author Contributions

The device fabrication and measurements were carried out by S.B. A.B. and H.S. helped S.B. in experiments. S.B.
analyzed the data and wrote manuscript with help from A.T. A.T. supervised the project. All authors contributed
to this work and commented on this paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00960-9
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS |7: 840 | DOI:10.1038/s41598-017-00960-9 5


http://dx.doi.org/10.1103/PhysRev.6.239
http://dx.doi.org/10.1109/PROC.1965.4254
http://dx.doi.org/10.1103/PhysRev.110.836
http://dx.doi.org/10.1103/PhysRev.110.836
http://dx.doi.org/10.1016/j.ssc.2014.07.021
http://dx.doi.org/10.1103/PhysRevLett.94.167201
http://dx.doi.org/10.1103/PhysRevLett.94.167201
http://dx.doi.org/10.1103/PhysRevB.75.014430
http://dx.doi.org/10.1038/nnano.2008.356
http://dx.doi.org/10.1063/1.3232221
http://dx.doi.org/10.1103/PhysRevB.81.024427
http://dx.doi.org/10.1038/nmat3099
http://dx.doi.org/10.1063/1.3662032
http://dx.doi.org/10.1038/nnano.2016.94
http://dx.doi.org/10.1103/PhysRevLett.106.117601
http://dx.doi.org/10.1103/PhysRevLett.106.117601
http://dx.doi.org/10.1103/PhysRevB.86.134415
http://dx.doi.org/10.1103/PhysRevB.90.094401
http://dx.doi.org/10.1063/1.4939914
http://dx.doi.org/10.1103/PhysRevB.87.144402
http://dx.doi.org/10.1103/PhysRevB.87.144402
http://dx.doi.org/10.1063/1.4838661
http://dx.doi.org/10.1063/1.3521289
http://dx.doi.org/10.1021/acs.nanolett.6b02342
http://dx.doi.org/10.1038/nmat2881
http://dx.doi.org/10.1038/s41598-017-00960-9

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 840 | DOI:10.1038/s41598-017-00960-9 6


http://creativecommons.org/licenses/by/4.0/

	Gyrator Based on Magneto-elastic Coupling at a Ferromagnetic/Piezoelectric Interface

	Results

	FMR study. 
	Generation of SAW by magnetization precession and gyrator behavior. 

	Discussion

	Methods

	Acknowledgements

	Figure 1 The schematic of the device.
	Figure 2 FMR study: (a) The FMR signal of the device for different frequencies, the magnetic field was applied at an angle of 45° for this measurement.
	Figure 3 SAW generation: the field was applied at an angle of 45° for all these measurements.
	Figure 4 Study of variation of applied magnetic field direction: (a) Position of |S12| peak vs.




