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ARTICLE INFO ABSTRACT

We demonstrate experimentally the operation of a spin-wave magnetometer integrated into a circuit with a pos-
itive feedback. The circuit consists of the passive magnetic and active electric parts. The magnetic part includes
a sensing element, which is a magnetic cross junction made of YsFey(FeOy4)s. The electric part includes a non-lin-
ear amplifier and a phase shifter. The electric and magnetic parts are connected via micrometer size antennae.
Noise Spin waves are excited by two of these antennae while the output inductive voltage produced by the interfering
Magnons spin waves is detected by the third antenna. Spin waves propagating in the orthogonal arms of the cross can
accumulate significantly different phase shifts, depending on the direction and the strength of the external mag-
netic field. The output inductive voltage reaches its maximum in the case of constructive spin wave interference.
The positive feedback provides further signal amplification. It appears possible to enhance the response function,
compared to the passive circuits without a feedback, by a factor of x 100 without an increase in the noise level.
The experimental data show a prominent response to the external magnetic field variation, exceeding 5 x 103V /T
. The intrinsic noise spectral density of the device can be as low as 10~1¢ V2/Hz. The estimated sensitivity of the
prototype device is 2 X 107127/ /Hz at room temperature. We argue that spin-wave magnetometers can poten-
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tially be as sensitive as SQUIDs while operating at room temperature.

1. Introduction

Magnetometers are used in many practical applications including
medicine, transportation safety, and homeland security [1-4]. There
is a number of different magnetometers, including the superconduct-
ing quantum interference devices (SQUIDs) [5], resonance magnetome-
ters, e.g proton magnetometers [6], He* e -spin magnetometers [7],
solid-state magnetometers, e.g fluxgate, giant magneto-impedance,
magneto-resistive, Hall, magneto-electric [8], and a large variety of the
fiber-optic magnetometers [9-11]. Each of the above-mentioned mag-
netometers possesses some advantages and shortcomings depending on
the principle of operation. As for today, the maximum sensitivity, up
to atto-Tesla, is provided by SQUIDs [5]. The high sensitivity is criti-
cally important in medical applications such as magnetic field imaging
(MFI) and magneto-cardiography. However, this high level of sensitivity
can be achieved only at the liquid helium temperature of 4 K (—269 °C).
The latter explains a strong motivation for developing a magnetometer,
which provides the same or better sensitivity than SQUID, while operat-
ing at room temperature.

In our preceding work [12], we described a magnetic field sensor
based on a spin-wave interferometer without a feedback loop. We re-
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ported experimental data obtained for a micrometer-scale YsFes(FeO4)3
cross structure. The maximum recorded response exceeded 40 dB per
1 Oe at room temperature. In this work, we present experimental data
for a spin-wave interferometer integrated into a circuit with a positive
feedback. The self-exciting positive-feedback spin-wave systems, often
termed the spin-wave active rings, are used for the microwave signal
generation [13,14]. The ring combines a dispersive spin-wave wave-
guide with a variable-gain electrical feedback loop. The waveguide and
the electric part are connected via a set of the exciting and receiving
antennae. The signal amplification occurs when the magnetic and elec-
tric parts of the ring are matched [15]. It has been demonstrated in
Ref. [16] that a delay line based on a one-dimensional magnonic crys-
tal used in the feedback loop of a microwave auto-oscillator can sub-
stantially reduce the phase noise figure and improve other performance
characteristics of the auto-oscillator. The design of our magnetometer
allows us to exploit all the advantages of the circuits with the positive
feedback for enhancing the sensitivity of the spin-wave magnetometers.
The rest of the paper is organized as following. In Section II, we de-
scribe the principle of operation of the spin-wave magnetometer with a
positive feedback. The experimental data on the transfer function and
noise characteristics of the prototype device are provided in Section III.
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The discussion and conclusions are given in Section IV and V, respec-
tively.

2. Principle of operation

A schematic of the spin-wave magnetometer with a positive feedback
is shown in Fig. 1. It is an active ring system consisting of the electric
and magnetic parts connected in series. The magnetic part is a spin-wave
interferometer, which serves as a sensing element to a magnetic field.
The core of the sensing element is a magnetic cross junction made of
a material with the low spin-wave damping, e.g., YIG, CoFeB or NiFe.
There are two input micro-antennae, i.e., marked as 1 and 2, fabricated
on the edges of the waveguides. The output antenna, i.e., marked as 3,
is located on the other junction. The antennae can be directly placed on
top of an insulating material, e.g., YIG, or separated by a layer of insu-
lator from the waveguide in the case of a conducting material, e.g. NiFe.
The electric part consists of a non-linear amplifier, phase shifter, and an
attenuator connected via standard coaxial cables for the RF signal trans-
mission. A connection between the electric and magnetic parts is ac-
complished by the micro-antennae. An alternating electric current flow-
ing through the input antennae provides an alternating magnetic field,
which excites propagating spin waves in the magnetic waveguides. The
excited spin waves propagate through the waveguides and interfere in
the junction. The interfering spin waves alter the magnetic flux through
the output antenna and produce inductive voltage. The details of the
spin-wave excitation and detection by micro-antennae can be found else-
where [17,18].

The entire system constitutes a closed ring circuit where the energy
transforms from EM waves in the coaxial cables to the spin waves in
magnetic waveguides and vice versa. There is a non-linear electric am-
plifier in the electric part of the loop. It provides the energy flow in the
system. The level of the pumping power is not fixed and it can vary
in time, depending on the impedance matching between the parts. For
example, the system evolves to the self-oscillation regime, where the
pumping power attains its maximum, in the case of impedance match-
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ing. The pumping power drops when the two parts are not matched. In
its turn, the impedance of the spin-wave interferometer is sensitive to
the external magnetic field variation. Thus, the variation of the external
magnetic field can be detected by measuring the change of the circulat-
ing power.

In general, the dynamics of the active ring system can be described
by the equation [15]:

L7 Gd/dtyc () — G (p)c () = &) 6h)

where the operator L(id/dt)in the frequency domain can be described by
a transfer function L(w) that is defined as a Fourier transform of the im-
pulse response function of the oscillating system’ ¢ (/)describes the com-
plex amplitude of the auto-oscillation at the input of the non-linear el-
ement, p = |c(¢)|’is the signal power, G (p)describes the active element,
i.e. the amplifier, and the function £(¢) describes the input driving signal
acting on the auto-oscillating loop. The theory of the active ring circuits
with delayed feedback is described in details in Ref. [15]. The stable
limit cycle of the auto-oscillator for the function ¢ (¢) has the form:

¢ (1) = /Py )

where ¢ (t) = w,t + ¢y, Ps and @s are the stationary free-running auto-os-
cillation power and frequency, respectively, and ®o is an arbitrary initial
phase of the auto-oscillations. The parameters Ps and ®s of the station-
ary auto-oscillation are determined by the amplitude and phase condi-
tions for & (1) = 0, which follow directly from Eq. (1):

abs [L (wy) G(ps)] >1
arg [L (w,)] + arg [G(p,)] = 27n 3)

where n = 1, 2, 3, ... is an integer number. The first condition defines
the minimum level of amplification required to compensate the internal
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Fig. 1. Schematic of the magnetometer circuit with a positive feedback. It is an active ring system consisting of the electric and magnetic parts connected in series. The sensing element is
a magnetic cross junction with micro-antennae fabricated on the edges of the arms. The electric part consists of a non-linear amplifier, phase shifter, and an attenuator connected via stan-
dard coaxial cables for RF signal transmission. The connection between the electric and magnetic parts is accomplished by the micro-antennae. The output signal from the magnetometer
is collected form antenna No 3 and passed to the VNA. The inset shows a photo of a spin-wave device packaged with four coaxial cables connected to the micro-antennae.
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loses in the circuit. Thus, the energy flow provided by the amplifier
should exceed the signal attenuation within the spin-wave part and in
the connecting cables. The second condition relates the phases accumu-
lated by the propagating signal in the electric and magnetic parts.

The operation of the spin wave magnetometer is based on the de-
pendence of the spin-wave dispersion on the external magnetic field. We
restrict our consideration to relatively long-wavelength magneto-static
spin waves where the dipole-dipole interaction dominates over the ex-
change coupling. The dispersion of the magneto-static spin waves de-
pends on the strength as well as the direction of the magnetic field
[19]. For example, significantly different phase shifts for the same field
may occur for the spin waves propagating perpendicular to the exter-
nal magnetic field, i.e. magneto-static surface spin waves (MSSWs) and
the spin waves propagating parallel to the direction of the external field,
i.e. backward volume magneto-static spin waves (BVMSWs). The ratio of
the phase shift, A¢, to the external magnetic field variation, §H, in the
ferromagnetic film can be expressed via the equations [20]:

o _1GH! +a?

= ————— k|[HBVMSW
6H  d2rwy?MgH? I#2¢ )

y* (H +27Mg)

Ap 1
d@? — y2(H + 2zMg)*

kLH(MSSW) 4)

]

Here A@ is the phase shift produced by the change in the external mag-
netic field 6H, /is the length of the waveguide, d is the thickness of the
waveguide, y is the gyromagnetic ratio, and 4zM; is the saturation mag-
netization of the magnetic material. The formulae above are derived
from the dispersion laws of magnetostatic spin waves [21]. In order to
maximize the effect of the magnetic field variation on the spin-wave
transport, we have previously proposed a spin- wave interferometer
based on a magnetic cross junction [12]. There is a relatively narrow
window in the frequency domain where BVMSW and MSSW dispersion
overlap due to the shape anisotropy of the cross junction [22]. The lat-
ter makes it possible to build a spin-wave interferometer based on dif-
ferent types of the spin waves. As it was shown in our preceding work
[12] that a small variation in the external magnetic field can strongly
affect the interference, resulting in a drastic change in the transmit-
ted spin-wave energy, ie., 40 dB per 1 Oe, and the output phase, ie. a
n-phase shift within 1 Oe. A physical model explaining the difference in
the accumulated phases was presented in Ref. [12], and it is not repro-
duced here. In this work, we treat a magnetic cross junction as a passive
non-linear element with the impedance depending on the external mag-
netic field L(w) = L(H). It should be noted that the non-linearity comes
from the non-linear spin-wave dispersion rather than from the spin-wave
interference, which is a linear process. The utilization of the active ring
circuit allows us to drastically enhance the response of the device to the
variations in the magnetic field.

We have used the following measurement protocol. Prior to the mea-
suring the signals, the phase shifter ¥-2 (see Fig. 1) has been adjusted to
provide the constructive spin-wave interference in the cross junction. As
the next step, the phase shifter W-1 is setup to meet the phase condition
of Eq. (3), e.g., the sum of phase shifts in the magnetic and electric parts
is 2zn. The gain of the amplifier is set up to be just below the internal
loop losses. As a result, both the amplitude and the phase conditions of
Eq. (3) are meet for a given bias magnetic field H. The system is most
sensitive to the external magnetic field variation in this regime. A tiny
variation of the external magnetic field, AH, destroys the constructive
interference condition for the spin waves, and moves the whole system
out of the resonance. Detecting the change in the oscillation amplitude,
D, allows one to determine the change in the external magnetic field AH.
In the next section, we present experimental data, showing the depen-
dence of the oscillation amplitude on the external magnetic field p(H).
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3. Experimental data

In our experiments, we utilized a magnetic cross junction, similar to
the one used in the preceding work [12]. The cross junction is made
of a single crystal YIG film. The film was grown on top of a gadolin-
ium gallium garnet (Gd3GasO;5) substrate using the liquid-phase epi-
taxy technique. The micro-patterning was performed by the laser abla-
tion using a pulsed infrared laser of wavelength A~1.03 pm, and a pulse
duration of ~ 256 ns. The YIG cross has the following dimensions: the
length of each waveguide is 3.65 mm, the width is 650 um, and the YIG
film thickness is 3.8 um. The saturation magnetization of the material
was determined to be 47M;, =~ 17500e using standard ferromagnetic res-
onance (FMR) technique. There are four I1-shaped micro-antennae fab-
ricated on the edges of the crosses. The antennae were fabricated from
a gold wire of thickness w = 24.5 um. placed directly on top of the YIG
surface and fixed at the edges using conductive silver paste. Based on
general equations for the spin wave excitation [23,24], one can affirm
that such micro-antennae are able to excite and detect spin waves with
k-vectors k < #/w = 1.28 x 10° cm™!. The device is operating at a cer-
tain value of the k-vector in the range of several hundreds of inverse
centimeters, which is the same for MSSW and BVMSW [12]. A photo of
a packaged device is shown as an inset to Fig. 1. It is a four terminal
device with antennae connected to the SMA cables. In the reported ex-
periments only three ports have been used. The device was placed inside
an electromagnet (GMW model 3472 — 70) with the pole cap of 50 mm
(2 in.) diameter tapered. The system provided a uniform bias magnetic
field AH/H < 10~* per 1 mm in the range from — 2000 Oe to + 2000
Oe. Based on the power source specification (KEPCO), the magnetic field
instability was estimated about 0.15 Oe. Before the experiment, we de-
termined the region in the frequency-bias magnetic-field space where
both types of waves, i.e. BVMSW and MSSW, can propagate as described
in Ref.16, Typically, the most prominent overlap takes place in the fre-
quency range from 4 GHz to 5 GHz, and the bias magnetic field from
750 Oe to 1200 Oe. In this work, we used a bias magnetic field H = 969
Oe, which corresponds to the spin-wave frequency f = 4.38 GHz. In or-
der to monitor the ring dynamics, a small portion of the active ring
power was directed to a programmable network analyzer (PNA Keysight
N5241A) via a set of unidirectional couplers (see Fig. 1). The couplers
provided —10 dB and —16 dB attenuation, respectively, compared to the
signal in the ring circuit.

In Fig. 2, we present experimental data showing the dependence of
the output voltage, detected via VNA, on variation of the external mag-
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Fig. 2. Experimental data showing the output characteristics as a function of the external
magnetic field variation. The amplitude (red curve) and the phase (blue curve) of the in-
ductive voltage detected at the port 3 as a function of the spin-wave phase difference. The
output voltage maximum corresponds to the constructive spin-wave interference.
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netic field. The red curve depicts the amplitude of the output voltage
while the blue curve depicts the phase of the output signal normalized
to n. Both the amplitude and the phase of the output signal were mea-
sured by VNA via Sy; parameter. We used an attenuator and a phase
shifter to maximize the output voltage at the fixed bias magnetic field
H = 969 Oe. Next, we varied the magnetic field in the range +4 Oe.
The observed experimental data show prominent change of the induc-
tive voltage, which reaches 0.72 V in the maximum and drops to 0.05 V
in the minimum. The maximum inductive voltage corresponds to the
constructive spin-wave interference, resulting to the minimum reflection
and maximum transmission through the junction. The voltage drops as
the spin-wave interferometer moves out of the constructive interference
condition. The latter is well confirmed by the change in the phase of
the output signal. The output phase ¥, is defined as the phase differ-
ence between the phases of the ports #1 and #2 of VNA. The data show
a n-phase jump in the vicinity of the constructive interference point.
A similar behavior was detected in the cross junction without an ac-
tive ring circuit [12]. The maximum sensitivity to the external magnetic
field variation exceeding 0.65 V/1 Oe is observed near the constructive
interference point. All measurements have been performed at room tem-
perature.

The intrinsic noise of a sensor is another important parameter char-
acterizing its performance. The noise of the sensor was measured in a
following way. The spin waves were excited by the excitation antenna
powered by the VNA in the continues wave (CW) operation mode. In
order to measure the amplitude fluctuations, a Schottky diode (Keysight
Technologies 33330B) was connected to the receiver antenna. The DC
detected signal from the diode was amplified by the low noise amplifier
(Stanford Research 560) and analyzed by a spectrum analyzer (FFT Pho-
ton). As a result, the spectrum of the low-frequency amplitude fluctua-
tions at given RF frequency and power of the excitation was obtained.
We excluded the background electronic noise of the detector and RF
generator by conducting controlled experiments with the detector con-
nected directly to the VNA output. More details of the measurement pro-
cedures for the noise of spin waves can be found in Ref. [25,26]. The
normalized noise spectral power density, Sy, obtained in these measure-
ments varied in the interval from 10716 V2/Hz to 10~!3 V2/Hz. The noise
level in the entire interval is low, attesting for practical potential of the
proposed spin-wave magnetometer with a positive feedback. One should
note that the noise level in the considered device can be affected by
numerous factors, including temperature fluctuations, power levels, and
even local heating induced by interfering waves. Some of the effects of
the material parameter fluctuations in YIG waveguides have been ad-
dressed previously [27,28]. More studies of the noise at different tem-
peratures and in devices with comparable sizes but different feedback
design are needed in order to make definitive conclusions about the ul-
timate noise levels in such systems.

4, Discussion

The sensitivity of the magnetic sensor is a characteristic which re-
lates the input magnetic field to the output voltage S;(V/T) [4]. The
most sensitive sensors show the transfer coefficient as high as 10° V/
T [4]. Experimental data presented in Fig. 2 demonstrate more than
0.5V/Oe or 5 x 10% V/T transfer function in the vicinity of the con-
structive interference point. It is two orders of magnitude larger than
the previously reported data 1 mV per 1 Oe [12]. Similar to the previ-
ous experiments, the maximum sensitivity is observed for magnetic field
directed in-plane with the cross junction along one of the arms. In this
case, MSSW and BVMSW propagating in the orthogonal arms accumu-
late the maximum phase difference.

The intrinsic noise of the sensor B,(f) is another important char-
acteristic, where f is the frequency. The intrinsic noise is usually esti-
mated by measuring the time variation of the output voltage of the sen-
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sor followed by the Fourier transform. The result is divided by the trans-
fer function S (V/T) leading to By.eq() expressed in 7/1/Hz [4]. From
the measured noise we found that the intrinsic noise of the spin-wave
magnetometer attains its maximum under the constructive interference
and drops to its minimum in the case of the destructive interference.
Combining the transfer function of 5 X 10% V/T and minimum noise
level, we obtain an estimate of the spin-wave magnetometer sensitivity
to be 2x 107127/ /H at room temperature. Note that the experimental

data were obtained for a non-optimized prototype device. A better sen-
sitivity to the external magnetic field variation can be achieved by de-
creasing the thickness of the magnetic waveguides (see Eq. (4)). It is
also possible to utilize the second output of the cross junction for the
output voltage enhancement. The noise of the spin-wave magnetometer
can be further reduced as well. In general, there are two dominant noise
sources in the sensing element of the device [25,26,29]. The first one is
the noise associated with the propagation of the spin waves. Propagat-
ing in the waveguide, the spin waves acquire variations in the amplitude
and phase due to the fluctuations of the physical properties of the YIG
thin film [25]. The second type if the electronic thermal noise due to
the current fluctuations in the conducting antennae. The electronic noise
dominates at relatively low input powers while the spin wave noise be-
comes observable at relatively high input powers. In our noise measure-
ments, we tested the regime of the high input power (18 dBm), which
is close to the four-magnon instability threshold [25]. For this reason,
designing smaller devices with higher quality materials and operating
them at lower power can potentially lead to even lower noise levels. The
effect of noise suppression in magnonic system with positive feedback
was reported by other groups [30]. The later shows an additional possi-
bility for noise reduction while increasing the transfer function.

5. Conclusions

We designed and experimentally demonstrated a spin-wave magne-
tometer with a positive feedback. Experimental data show prominent
response to external magnetic field variation exceeding 5 x 10° V/
T. The intrinsic noise spectral density of the device can be as low as
10716 V2/Hz. The spin-wave magnetometer sensitivity was estimated to
be 2x 107127/ /H at room temperature. The utilization of the circuit
with a positive feedback made it possible to strongly enhance the sen-
sitivity to the magnetic field variation compared to the previously re-
ported devices with the passive configuration. The demonstrated proto-
type devices were based on YIG micrometer thick structures to ensure
sufficiently long spin wave coherent length at room temperature. The
feasibility of using other magnetic materials, reproducibility, and stabil-
ity are important practical questions to be student in the future works.
Potentially, the spin wave magnetometers can be placed on permanent
magnet providing a stable bias field up to 1 T. Physical considerations
indicate that the intrinsic noise can be reduced further in smaller scale
devices with higher quality material, operating at lower power levels.
The proposed spin-wave magnetometers can potentially compete with
SQUIDs in sensitivity while operating at room temperature.

Acknowledgements

The work at UCR was supported, in part, by the Spins and Heat in
Nanoscale Electronic Systems (SHINES), an Energy Frontier Research
Center funded by the U.S. Department of Energy, Office of Science,
Basic Energy Sciences (BES) under Award # SC0012670. The work of
A. Kozhevnikov and Y. Filimonov was supported by Russian Science
Foundation grant Ne17-19-01673. The authors are indebted to Professor
Sergey Rumyantsev (UCR; current affiliation Center for Terahertz Re-
search and Applications, Polish Academy of Sciences) for his help with
the measurements and data analysis.



M. Balinskiy et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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