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We investigate the surface acoustic wave (SAW) modulation of the exchange bias field (Hgg) in Py/IrMn films de-
posited on LiNbO3 substrates. We measured the anisotropic magnetoresistance (AMR) of the multilayer film when con-
tinuous SAW or pulsed SAW were applied and obtained Hgg. With continuous SAW, the Hgp decreases continuously
with power. While in the case of pulsed SAW, the Hgp first decreases and then stabilizes. Compared to pulsed SAW, the
thermal effects from the continuous SAW lead to the continuous decrease of Hgp at higher SAW power, which is verified
by the measurement of Hgp at different temperatures and input currents. Furthermore, our results show that pulsed SAW
can effectively avoid thermal effects. The decrease of Hgp at smaller power in both continuous and pulsed SAW is mainly
due to the SAW-induced dynamic strain field, which leads to a small perturbation in the magnetic moment of the FM layer.
Combined with the AMR values measured at different angles during the saturation field, we believe that the SAW-induced
dynamic strain field causes a 15° angle between the magnetic moment and the easy axis. Our experiments provide a differ-
ent approach to manipulating Hgg, opening up a potential avenue for future manipulation of antiferromagnetic moments.

Keywords: exchange bias, surface acoustic wave, anisotropic magnetoresistance, thermal effect

PACS: 85.70.Ec, 77.80.bn, 75.30.Gw
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1. Introduction

The development of information technology has put for-
ward higher requirements on the technical level of data stor-
age, and magnetic randomized memory (MRAM) has be-
come a popular field of research in data storage with its
advantages of fast storage speed, high density and high
stability.!!?l The successful application of the EB effect at
the ferromagnetic/antiferromagnetic (FM/AFM) interface in
memory cells has significantly contributed to the development
of MRAM, 331 in which the modulation of the EB effect is es-
pecially important in the reading of the data.[®! In the previous
research, the modulation of the EB is mainly concerned with
(1315 |arge
pulsed magnetic field,!'%!7] the helicity of optical,[!%1%1 single

the stress,[7#! voltage,”~'?) magnetic field cooling,

femtosecond laser pulse,*°! and in recent years, the spin—orbit
torque (SOT) effect,?!~>! and so on. However, conventional
methods have some limitations, for example, pulsed magnetic
field control of EB is very power consuming, and SOT ma-
nipulation of EB presupposes that the sample has strong spin—
orbit coupling or a large spin-Hall angle. %]

SAW is an acoustic wave that propagates on the surface
of the crystal.!*”! Using SAW to manipulate the properties not
only combines the low energy consumption of stress modu-
lation with the convenience of SOT modulation, but also has
lower requirements for film size (anywhere from nanometer to
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centimeter). It has been reported that SAW can assist the flip-
ping of magnetic moments in the ferromagnetic films, 2834
therefore, we hypothesize that SAW can also influence the ar-
rangement of the magnetic moments in the interface of the
FM/AFM and thus modulate the Hgg.

In this paper, the effects of continuous and pulsed SAW
on Hgp in Py/IrMn thin films prepared on LiNbO;3 single-
crystal substrates are investigated. The results show that the
Hgp of the samples decreases with the increase of the continu-
ous SAW input power, while the Hgg first decreases and then
stabilizes under pulsed SAW. 32l Together with the changes of
Hall resistance of the samples, it can be inferred that the effect
of continuous SAW on Hgg is the combined effect of dynamic
strain field and thermal effect, while pulsed SAW can effec-
tively avoid the influence of the thermal effect.

2. Experimental methods

The multilayer film Ta(10 nm)/Py(10 nm)/IrMn(6 nm)/Ta
(5 nm) are deposited on 128° Y-cut LiNbOj3 single crystal sub-
strates by DC magnetron sputtering in 0.3 Pa of Ar, and the
base pressure for sputtering is less than 1 x 107> Pa. The bot-
tom 10-nm Ta layer is used as a seed layer to improve the
growth quality and adhesion of the film, and the top layer of
5-nm Ta is used as a protective layer to prevent the film from
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oxidizing. An in-plane magnetic field (H) with a magnitude
of about 200 Oe (1 Oe=79.5775 A-m~") was applied during
the deposition process. This is done to induce the generation
of an initial exchange bias. The direction of this deposition
field is shown by the red arrow in Fig. 1(c), which is in the
same direction as the current and magnetic field applied dur-
ing the test and is perpendicular to the direction of acoustic
wave transmission. Our SAW devices are fabricated on the
substrate by the ultrahigh-vacuum room temperature DC mag-
netron sputtering technology and the lift-off process of the
micro-nano processing technology. Figure 1(a) shows a sim-
ple schematic of the device. The gray area is a sample strip
600-pm long and 20-um wide in size. The orange part of the
figure shows the surface acoustic wave device as well as the
electrode structure in the form of a Hall bar, which is made of
Ta(5 nm)/AI(50 nm)/ Ta(5 nm). Port 1 and port 2 represent
the input port and output port of the interdigital transducer
(IDT) respectively. A locally enlarged schematic of the IDT
is shown in the upper left corner of Fig. 1(a) with P = 16 um,
@) = @y =4 pum, L = 150 um, where P, ®;, and @, represent
the period, finger width, and the gap of the IDT, L is the length
of the IDT overlap, respectively. The physical diagram of the
SAW device is shown in Fig. S1 in supporting information.
We fix the SAW device on the printed circuit board, input the
microwave signal through the SubMiniature version A(SMA)
connector to excite the SAW. The blue arrow in Fig. 1(c) rep-
resents the direction of the wave vector of the SAW (ksaw).
The direction of the wave vector of the acoustic wave is de-
termined by the crystal orientation of LiNbO3. The acoustic
waves excited in our prepared devices are narrow linewidth,
high intensity Rayleigh waves. The red arrow indicates the di-
rection of the current passed through and the direction of the
magnetic field applied during the measurement. In our facil-
ity, we use a current source (Keithley 6221 DC and AC) and

a nanovoltmeter (Keithley 2182A) to provide current and de-
w1 w2
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tect voltage. Field variants and data acquisition are automated
using LabVIEW-based programs. It is well known that the ef-
fect of exchange anisotropy can be observed by measuring the
anisotropic magnetoresistance (AMR). Therefore, we measure
the AMR of the films using the four-probe method to obtain
the EB field. As shown in Fig. 1(a), a current of 0.5 mA is
passed through ports 2 and 5 of the Hall bar, and the voltage
values are measured at ports 1 and 4 to finally obtain the re-
sistance R = U /I. During the measurement, the magnetic field
is parallel to the direction of the current. The left and right
IDTs are mirror symmetric, and the finger width and gap of
the IDTs determine the wavelength (Asaw) of the SAW, which
is equal to the period, i.e., P = Asaw = 2(®; + @,). The pen-
etration depth of SAW in LiNbOj is about one wavelength,
and the thickness of our film is on the order of nanometers, so
the entire film can be covered by sound waves. When the pe-
riod of the IDT is kept constant, the eigenfrequency (fy) of the
SAW is a constant value. Odd harmonics may also occur dur-
ing excitation of the surface acoustic wave at f = nfj, n refers
to the number of odd harmonics. Figure 1(b) shows the acous-
tic wave signal with the frequency of fundamental (1st), third
harmonics (3rd), and fifth harmonics (5th) measured using the
vector network analyzer (VNA). The fifth harmonic (5th) is
selected for study in this work.

Due to a number of factors such as impedance, dissipa-
tion, and reflection, the actual acoustic SAW power acting on
the sample is P, = lk2A|S11 |2P,[31’35] for LiNbOj3 substrates,
the electromechanical coupling coefficient k> = 5% and P is
the input power of the microwave source used to excite the
acoustic SAW. 133361

The heating part of the experiment was done by taping
the samples to our homemade heating device. The heater is
used to control and change the temperature. Measurements
are taken after the temperature has stabilized.

30} — Sn
) — S12 0
g T\/ T
m =
] m
< 300 S
# 607 §—20 &
: : 130
0.4 0.8 1.2
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()
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Vo Substrate

Fig. 1. (a) Simple schematic diagram of the SAW device. The partially enlarged IDT schematic and sequentially deposited Ta (10 nm)/Py (10 nm)/IrMn
(6 nm)/Ta (5 nm) magnetic multilayers (not to scale) are shown in the upper left and right corners, respectively. (b) The reflection parameter Sy; and the
transmission parameter Sy, of the SAW device. (c) Schematic diagram of SAW vector versus crystal orientation of LiNbO3 substrate.
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3. Result and discussion

In order to know how SAW modulate the exchange bias
field, we prepared the device shown in Fig. 1(a). The direction
of the SAW is perpendicular to the direction of the current and
the external magnetic field. To exclude training effect, all re-
sults in our work are obtained by averaging 3 measurements.
Here we apply a continuous SAW. The unit of power, dBm, is
converted to mW as follows:

Y (dBm) = 101g[X (mW)/1(mW)]. (1)

We defined the intersection of the two blue and orange

1371 From Fig. 2(a), it can be seen that, with-

curves as the Hgg.
out SAW applied, the base magnetoresistance value of the film
is 87.85 Q, the value of Hgp is —206.8 Oe. When the output
power of the microwave source is increased to 10 dBm, the
base resistance value of the film starts to rise, the value of Hgg
is reduced to —188 Oe. When the power reaches 27 dBm, the
resistance value of the film rises to 90.44 Q, the value of Hgg
decreased to —161.2 Oe, and the magnetoresistance curve is
not closed at higher magnetic field. The magnetic field we ap-
plied was first along the orange solid curve from +600 Oe to
—600 Oe then along the blue hollow curve from —600 Oe back
to +600 Oe. Figure 2(b) plots the variation of Hgg with con-
tinuous SAW power. It shows that Hgg decreases with increas-
ing SAW power. As the power of the SAW increases from O to
10 mW, the Hgp decreases rapidly along the linearity, the de-
crease slows down in the range of 10 mW-500 mW. And the
Hgp still tends to decrease with the increase of power. This
result suggests that the SAW has a role in modulating the ex-
change bias field. The hysteresis loop diagram of the sample
is shown in Fig. S2.

To explain the experimental result we consider the
Meiklejohn—Bean (MB) model. The expression for the ex-
change bias field in the MB model is

JEX
Memtem’

2)

Hgp o< —

where Jex is the FM/AFM interfacial exchange coupling en-
ergy per unit area, Mpy is the magnetization of FM layer,
tpum 1s the thickness of FM layer. The expression of Je is as

follows: 38391

Jex = nASEMSAFM €OS @, 3)

where n is the uncompensated magnetic moment density at the
interface, A is the exchange coupling constant of FM/AFM,
Srm and Sapm are the spins of FM and AFM at the interface,
respectively, and @ is the angle between the FM spin and AFM
spin at the interface.

As the SAW is excited from the IDT, the dynamic strain
field brought about by the propagation of the SAW on the

LiNbO3 substrate will be transferred to the magnetic multi-
layer film. Some experimental studies have shown that when
the FM layer is very thin (i.e., the transverse dimension is
much larger than the thickness), the strain is maximal in the

(341 Therefore, when the ferromagnetic magnetic

€&, direction.
moment is subjected to tensile stress (compressive strain), it
will deviate from the easy magnetization axis, resulting in
an angle between the magnetic moment and the direction of
the external field.'928] The reason for the Hpg reduction can
be considered in terms of the interfacial exchange coupling
energy of the FM/AFM. From Egs. (2) and (3), it can be
seen that when the magnetic moment of the FM layer de-
viates from the easy magnetization axis, the increase of ¢
leads to the decrease of Jex, which in turn leads to the de-
crease of Hgg. The SAW excites a dynamic strain field on
the LiNbO3 substrate, which can be transferred to the imme-
diately neighboring magnetic material. This involves a vari-
ety of mechanisms, including magneto-elastic coupling,31:40]
magneto-rotation coupling (MRC),*!l spin-rotation coupling
(SRC),*?! and gyromagnetic coupling (GMC).!*3! We spec-
ulate that it is the result of a combination of one or more of

these mechanisms. 44

+H—-—-H
—— —H—+H

Without SAW

90.4F T
90.2F —161.2 3 27 dBm
—600 —300 0 300 600
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(b) :
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Fig. 2. (a) Variation of AMR of multilayer films with external magnetic
field at different SAW powers. (b) Trend of Hgp values at different
SAW powers.

In addition, we speculate that SAW has an effect not only
on the FM layer but also on the AFM layer.!*! The dynamic
strain field brought by the SAW will periodically modulate the
magnetocrystalline anisotropy energy of the AFM, and when
the magnetocrystalline anisotropy energy of the AFM goes to
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a lower position, the pinning effect of the AFM on the FM is
weakened, which is ultimately manifested in the reduction of
the exchange bias field.

Not only that, but from Fig. 2, we can also see that as the
power of the SAW rises, the value of our measured AMR also
rises, as shown in Fig. 3. When the power of the SAW is small
(0 mW-10 mW), the value of the magnetoresistance remains
almost constant, while when the power of the SAW increases
(10 mW-500 mW), the value of the magnetoresistance also in-
creases gradually. We speculate that there is a thermal effect
embedded in this. Regarding the source of the thermal effect,
we speculate that it comes from the following two contribu-
tions: one from the input current during the measurement and
the other from the high frequency SAW.

90+

AMR ()
o]
©

88

0 100 200 300 400 500
Power (mW)

Fig. 3. Variation of the value of AMR with power in continuous SAW.

(a)

. (b)

96 — L

’, 353 K| 200 %‘b,
) o
: O 160t %
a5 %] & *e
; 343 K| & 120}
; m 120 o

4t ;

9 , 80 °
—~ [ o< 223 K| L L L L L
S ’, 333 K 300 320 340 360 380
& : T (K)

, 323 K c

C = |

92 73# _ 190 AP G000 00000000

I~ 318 K

; 1800 H¢

; 31801 o g

T 311K| 2

00 ' 307 K| T 30f
K
1 1 1 A3O3 1 20' L L L L
300 —200 —100 0 100 0 05 10 15 20
H (Oe) I (ma)

Fig. 4. (a) MR-H curves at different test temperatures. (b) Variation curve of
Hgp with temperature. (c) Values of Hgg and H at different input currents.
To further explore the effect of thermal effect on Hgg, we
measured the MR—H curves at different temperatures and the
input currents. No SAW is applied during the measurements.
As shown in Figs. 4(a) and 4(b), the value of AMR is increas-
ing with increasing temperature and Hgp decreases linearly
with temperature. When the value of AMR increases by 2.6 Q,
the corresponding Hgp decreases by 30 Oe. In addition to this,
we also take into account the thermal effect of the current. Ac-
cording to Fig. 4(c), the Hgp hardly changes when the current
increases from 0.1 A to 2 A. And in the above experiment, the

current passed is 0.5 A, so we think that the thermal effect from
the current is not enough to affect the size of Hgg. Combined
with Fig. 2(a), the overall decrease in Hgp is 45.6 Oe when
the AMR is elevated by 2.6 Q. So after excluding the thermal
effect from current and temperature, the remaining decrease of
Hgg is due to the contribution from strain field of the SAW.

Therefore, to effectively avoid thermal effects, we use
pulsed SAW to investigates the influence of dynamic strain
field to Hgg. The pulse period used to excite the SAW was
50 ms with a pulse width of 10 us.

Figure 5(a) shows a plot of the value of AMR as a func-
tion of magnetic field. When the power of the pulsed SAW
is increased from —0.002 dBm to 0.0054 dBm, the value of
Hgg decreases from —205.6 Oe to —194.1 Oe and there is
an overall small decrease in the value of AMR. Figure 5(b)
shows the variation of Hgg with SAW power. When the power
of the pulsed SAW is in the range of 0 mW-10 mW, the Hgp
decreases linearly and then slows down gradually. It remains
stable when it reaches 200 mW and does not continue to de-
crease with increasing power. Therefore, when pulsed SAW is
applied, the value of AMR does not rise, and we believe that
the thermal effect can be effectively suppressed. In addition,
there is a slight overall decrease in AMR, which we attribute to
the slight deflection of the magnetic moments at the interface,
which creates an angle between the magnetic moment of the
ferromagnetic layer and the easy axis. Figure 5(c) exhibits the
variation curve of AMR with pulsed SAW power in saturated
magnetic field. It has a similar trend to Hgg. It decreases lin-
early at 0 mW-10 mW, after which the decrease slows down
and stabilizes when it reaches 200 mW. Figure 5(d) shows the
AMR at different 6 measured at saturated magnetic field when
no SAW is applied. 6 is the angle between the magnetic field
applied and the current passed. In Fig. 5(c), we can see that
the value of AMR has decreased by 0.06 Q. Combined with
Fig. 5(d), we speculate that the magnetic moment of the FM
layer has been deflected by approximately 15°. Without ap-
plying SAW, when 6 = 0°, Hgp equals —206.8 Oe, which can
be calculated according to Eqs. (2) and (3), and when 6 = 15°,
Hgp equals to —195.1 Oe, which is basically the same as our
experimental results. This is what causes the Hgp to decrease.

The effect on coercivity is not significant for either con-
tinuous or pulsed SAW. The experimental results are shown in
Fig. S3. We also measured the effect of the first and third har-
monics on the Hgg when a pulsed SAW is applied. There is
no significant trend in Hgg and MR at these two frequencies.
This indicates that neither the first nor the third harmonic mod-
ulates the Hgg. Although the conversion efficiency decreases
with increasing frequency, the energy density rises and the en-
ergy becomes more concentrated. This may be the reason why
Hgp and MR are regulated by the SAW at the 5th harmonic,
while the 1st and 3rd harmonics are not. The experimental
results are shown in Figs. S4-S6.
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Fig. 5. (a) MR-H curves for different pulsed SAW powers applied. (b) Variation of exchange bias field with pulsed SAW power in multilayers.
The blue numbers above the x-axis are time-averaged power. (c) Curve of AMR versus pulsed SAW power in saturated magnetic field. The
blue numbers above the x-axis are time-averaged power. (d) Curve of AMR value with 6 for saturated magnetic field. 6 is the angle between
the magnetic field applied during the measurement and the passed current.

It should also be noted that the change in Hgp for the
SAW manipulation in this experiment is not significant. In
previous experimental results, the modulation range of Hgp
can be as high as 60% when continuous SAW is applied.3?!
Of course, we think most of the contribution is from the ther-
mal effects. To further improve the tuning range of EB in
FM/AFM, two aspects can be considered in future experi-
ments. Select FM materials with high magnetostriction co-
efficients, such as FeGa,!*9) Ni, and so on. Select AFM ma-
terials with stronger strain response, such as Mn,Au!*’l and
FeRh.[*8] The finger width of the IDT in the SAW devices in
our experiments is on the order of micrometers, which puts
the wavelength of the SAW in the micrometer range. In fact,
the wavelength of the SAW can reach the nanometer scale by
increasing the process limit of lithography. It has been re-
ported that the finger width and gap of IDTs can reach 35 nm,
and the corresponding SAW fundamental frequency signal is
close to 30 GHz, while the fundamental frequency wavelength
of SAWs is only 160 nm,*°! a value comparable to the size
of magnetic random memories (MRAM). The wavelength of
SAWs can also be greatly shortened by exciting higher har-
monics. It has been reported that the 13rd harmonic signal
of the SAW is excited on an LiNbQOj3 substrate, and the 13rd
harmonic wavelength of the SAW can be calculated from the
equation v = fyA to reach the nanometer scale as well,[>"!

which means that the wavelength of the SAW can be fabricated
and manipulated to be comparable to the size of the MRAM,
and therefore, the manipulation of the MRAM with the SAW
is feasible.

4. Conclusions

In summary, we investigated the effect of SAW on Hgp
of Py/IrMn thin films. The experimental results show that the
Hgp value decreases with the increase of SAW power in mul-
tilayer films. We mainly consider the magnetoelastic coupling
effect as well as the AFM lattice vibration. The strain transfer
of the SAW acting on the LiNbO3 substrate into the magnetic
film changes the spin structure at the FM/AFM interface, lead-
ing to the weakening of the exchange coupling energy at the
FM/AFM interface, the weakening of the magnetocrystalline
anisotropy of the AFM, and ultimately the reduction of the
Hgg. In addition, we explore the effect of thermal effects on
Hgp. Our work realizes the manipulation of Hgg by SAW,
which provides a potential means for spin orientation control
of AFM.
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