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Abstract—This work reports a compact temperature
compensating permanent magnet assembly to provide static bias
for micro-machined distributed magnetostatic forward volume
wave (MSFVW) resonators. The cuboid-shaped assembly is
8.2 mm x 8.2 mm X 6.3 mm and provides strong static magnetic
field to bias MSFVW resonators at a frequency of 19.65 GHz.
Compensated by the bias assembly, the resonator exhibits a
temperature coefficient of frequency (TCF) of —26.81ppm/K
compared to uncompensated TCF of +359 ppm/K. The
temperature compensated resonator shows a quality factor of
1050 and a coupling coefficient of 4% at room temperature.

Keywords— Magnetostatic forward volume wave (MSFVW),
yttrium iron garnet (YIG), temperature compensation.

I. INTRODUCTION

The microwave bands in the 3-30 GHz range are of vital
interest in the defense industry. Recent advent of 5G and the
desire for large bandwidth has also brought this band into
prominence for commercial applications [1]. Representing the
collective spin precession in ferro/ferrimagnetic solids,
magnetostatic wave (MSW) resonators and filters are
promising solutions for super high frequency (SHF) radios as
due to their small size and high performance. Specifically, the
ferrimagnetic insulator yttrium iron garnet (YIG) has
demonstrated its potential as a promising platform for novel
MSW applications [2] due to its low magnon damping.
Devices including resonators, filters, and circulators, have
been created using YIG. Conventional YIG devices are large
and consist of hand-assembled multichip modules [3-5] and
are biased and tuned wusing bulky, power-hungry
electromagnets [6]. Biasing using permanent magnet
assemblies is an attractive alternative for fixed frequency low
power applications. However, achieving strong magnetic field
for operation beyond the X-band while maintaining high
temperature stability and compact form factor remains
challenging [7], [8].

In this work, we match the temperature coefficients of a
distributed MSFVW resonator and a compact permanent
magnet bias assembly to achieve temperature compensation.
We co-design a temperature compensated YIG resonator chip
inside a micro-magnetic assembly and enable X-band
operation with small temperature sensitivity.

II. FREQUENCY COMPENSATION DESIGN

MSFVW  exists in  perpendicularly = magnetized
ferro/ferrimagnetic thin-films as a wave-vector parallel to the
film. The dispersion of the lowest order mode is [9]
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where w, = yonyfec, Wy = Uy YMs, and o and k are the
frequency and wave-vector respectively, d is the film
thickness, y is the gyromagnetic ratio, ¢ is the vacuum
permeability, M is the saturation magnetization, and H.f} is
the effective static magnetic bias field internal to the material.
For kd « 1 (thin-film approximation), the frequency tuning
sensitivity  is  dw/dHLf; = (dw/dw,) - (dw,/dHLf;) =~
Woy = 2m - 2.8 MHz/Oe. Here, M; exhibits strong temperature
dependence, and Hffcf can be affected by several temperature-
dependent factors including the magnetocrystalline anisotropy
[10], thermal stress induced magnetoelastic effect [11], and
the demagnetization field [12]. In addition, the thermal
expansion of resonator body also affects the wave-vector
(therefore frequency) of resonance. Among these factors, for
YIG, the temperature dependence of saturation magnetization
dominates resonator performance.
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Fig. 1. Calculated saturation magnetization of YIG as a function of
temperature.

The saturation magnetization below the Curie temperature and
above cryogenic temperatures can be approximated by [13],
[14]

Ms _ Ms Tc
i2 = tanh (NM T) )
U=yug/2 3)

where T is the temperature, 7¢ is the Curie temperature, N is
the number of atoms per unit volume, and up is the Bohr
magneton. For single crystal YIG, 7¢ is 545K and M; at
300 K is 1760 Oe. Hence, M; can be numerically calculated as
shown in Fig. 1. For a perpendicularly magnetized thin film,
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the internal magnetic field [15] due only to the external bias
(Hgy¢) and demagnetization field is

Hff‘} = Hgxe — M. 4)
Due to the magnetization alone, a change of temperature from
250K to 400K results in a frequency change of
335 Oe x 2.8 MHz/Oe = 938 MHz, or equivalently an average
TCF of +347 ppm/K at a center frequency of 18 GHz.
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Fig. 2. 3D schematic and a photo
assembly on a U.S. penny.
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Fig. 3. Simulated performance of the micromagnetic bias assembly.

When such devices are biased using permanent magnets,
the external bias from permanent magnets also decreases with
increasing temperature as permanent magnets are also
ferromagnetic. Therefore, by matching the temperature
coefficients of the magnet and the magnetization of YIG, one
can achieve temperature compensation of YIG MSFVW
devices. Fig. 2 (left inset) shows a 3D schematic of the
temperature compensated bias design. Two grade 26, 0.25 in.
diameter, 0.125 in. thick, SmCo permanent magnets were used
in the bias assembly, and the magnets’ average temperature
coefficient of induction is -0.035 %/K matching well with
YIG near ambient. The yoke frame is designed to use Hiperco
50, of which the high saturation magnetization (2.4 T)
minimizes saturation of the yoke and the total volume of the
frame. Its high Curie temperature (1211 K) and weak
temperature dependence of magnetic properties also
minimizes the impact of TCF. The top and bottom yoke plates
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are 0.75 mm thick, and the yoke plates on the sides are
0.7 mm thick. The two magnets, with their north poles aligned
in the same direction, contact the top and bottom yoke plates
respectively, and are separated by an air gap to accommodate
the resonator chip. A smaller gap will reduce the gap’s
magnetic reluctance, and therefore increase magnetic bias for
operation beyond X-band. Our thinned and bulk
micromachined chip-scale YIG resonator devices enabled us
to employ a gap of only 400 um, resulting in a simulated peak
flux density of 9000 Oe (Fig. 3). This gap also allows
sufficient separation between the resonator and the magnets to
prevent resonator RF performance degradation due to the high
loss from SmCo at microwave frequencies. The magnets are
separated from the side plates by 250 um gaps to minimize
direct shorting of flux from the circumference of the magnets.
Within a radius of 1.35 mm from the center axis of the
magnets, the bias field is uniform within 1% which is
sufficient to bias a large number of MSW devices without
degrading the quality factor due to bias non-uniformity.

The entire assembly is only 8.2 mm X 8.2 mm X 6.3 mm
(Fig. 2 right-inset), and the yoke frame is machined from a
single piece of Hiperco 50 alloy to avoid air gaps from
assembled parts. The designed assembly results in a local
magnetic potential minimum, so the magnets self-assemble to
the desired configuration by simply inserting the magnets into
the frame. Two 250 um thick silicon spacers are attached to
the inner side surfaces of the yoke preventing the magnets
from contacting the frame and shorting the magnetic flux. In
addition, two 380 um thick silicon rods are inserted at the
edges of the gap between the magnets to prevent the gap from
closing, since the configuration with the gap closed is another
local potential energy minimum.

III. DISTRIBUTED MSFVW RESONATOR

Fig. 4. Microphotograph of a distributed MSFVW resonator. The long CPW
enables connection between the resonator inside the micro-magnet assembly
and the RF probe outside.

The YIG resonator operates in the lowest order MSFVW
mode and employs a distributed design (Fig. 4) to achieve
high coupling factor [16]. To accommodate for the bias
assembly, a long coplanar waveguide (CPW) transition
connects the probe launch to the resonator, and the GGG
substrate is thinned to 100 um after device fabrication so that
the YIG resonator is approximately positioned in the middle
of the assembly gap when the bottom of the chip contacts the
bottom magnet. To prevent RF loss from the bottom magnet, a



300 nm thick gold metal layer is evaporated on the backside of
the thinned chip to shield the resonator.

IV.MEASUREMENTS

We first measure the resonator biased using a calibrated
electromagnet at room temperature to establish performance
baseline (Fig. 5). 1-port s-parameters are measured using an
Agilent PNA E8364B with non-magnetic GSG probes (GGB
Model 40A) calibrated to the probe tip. 2-port CPW thru
structures fabricated on the same substrate are used to de-
embed the long CPW connection between the probe launch
and the resonator (Fig. 4). An out-of-plane magnetic bias is
provided by a custom electromagnet (DEXINMAG DXHD10-
08) with a 10 mm pole surface diameter and two top crescent
shaped yoke for improved bias uniformity. The magnetic bias
is calibrated using a single-axis Gauss meter (DEXINMAG
DX-150). Fig. 5 (right inset) shows the measured de-
embedded impedance spectrum of a resonator with a 500 um
long, 50 um wide YIG resonator body under a static magnetic
bias of 8381 Oe. It exhibits a high quality factor of 1178 and a
coupling factor [17,18] of 2.35% at a resonant frequency of
19.63 GHz.
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Fig. 5. Room temperature characterization setup using an electromagnet (left).
Measured de-embedded resonator impedance spectrum biased at 8381 Oe
using an electromagnet at room temperature (right).

The temperature stability of the compensated device was
measured using the setup shown in Fig. 6. The resonator chip
is held in place with vacuum on an aluminum platform to
prevent magnetic interference with the bias assembly. The
bias assembly is attached using silver paste to a two-stage
Thorlabs TECD2 thermoelectric element powered by a
Thorlabs TED4015 TEC controller. This assembly is then
attached to a micro-manipulator to accurately position the
resonator body at the center of the gap between the magnets
while ensuring the backside of the chip makes thermal contact
with the bottom magnet. Closed-loop temperature control is
achieved using temperature feedback from a Thorlabs
TH100PT thermistor attached to the assembly.

Fig. 7 shows the measured de-embedded impedance
spectrum of the same device (measurement results in Fig. 5)
for temperatures from 287 K to 335 K. The measured resonant
frequency of 19.65 GHz confirmed biasing field of 8385 Oe
generated by the SmCo magnets at room temperature. The
resonant frequency variation as a function of temperature is
summarized in Fig. 8, which shows a TCF of —0.5269 MHz/K
or equivalently —26.81 ppm/K. Fig. 8 also plots the measured

uncompensated TCF of the same device biased with a constant
magnetic field using an electromagnet. The uncompensated
TCF is +7.05 MHz/K, or equivalently +359 ppm/K, which
matches well with the 347 ppm/K theoretical value. As the
magnetization of YIG decreases with increasing temperature,
a positive uncompensated TCF for YIG agrees with theory,
and a negative compensated TCF indicates the compensation
effect from the magnetic bias assembly. Temperature stability
of resonator coupling factor and quality factor was also
characterized (Fig. 9) with the device in the assembly.
Minimal temperature dependency of coupling was observed,
and the quality factor is consistently over 900 above ambient
temperature thereby experimentally proving no performance
degradation.
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Fig. 7. Measured impedance spectrum of a 500 ym long, 50 pum wide
temperature compensated MSFVW resonator device for temperatures from
287K to 335K



N
=

® SmCo Compensated

52051 | e Uncompensated ]
XL

O 20f 1
g TCF=-0.527 MHz/K

2195} ]
o

S

g 19 ]
w

= 185¢ ]
©

C

o 18} 1
O TCF=+7.0512 MHz/K

@ q475F :

17 : : ‘ ‘ ‘
280 290 300 310 320 330 340

Temperature (K)

Fig. 8. Resonant frequency of the MSFVW resonator vs. temperature with
and without temperature compensation.
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Fig. 9. Measured resonator coupling and quality factor over temperature.
Resonator is biased by the temperature compensating SmCo assembly with a
resonance of 19.65 GHz at 295 K.

V. CONCLUSION

We report a compact temperature compensating assembly
to provide static bias for distributed MSFVW resonators. This
results in a resonator TCF of -26.81 ppm/K without degrading
the resonator performance as compared to biasing using large
and power-hungry electromagnets. A 19.65 GHz resonant
frequency was achieved, while the volume of the assembly is
only 0.424 cm® . Reducing the size by using modern
fabrication and assembly techniques, and co-design of the
YIG resonator with the SmCo magnetic assembly enabled
temperature compensated operation.
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