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MAGNETOSTATIC WAVES IN Y,Fe 0,, FILMS ON SILICON*

Using pulsed laser deposition (PLD) and post-annealing we fabricated polycrystalline yttrium iron garnet
films (YIG) on silicon Si(001) substrates. A temperature of 1000 °C and an annealing time of 10 min result
the films with low coercivity Hc = 14 Oe and magnetic losses 4H = 17 Oe accompanied by effective satura-
tion magnetization 4zM,, = 1800 Gs. High quality of the YIG films synthesized on Si substrates allowed
simple observation of the magnetostatic waves (MSWs) using MSW filter. MSWs spectrums cover 2—5 GHz
frequency range and represent magnetostatic surface waves (MSSW) and magnetostatic forward volume
waves (MSFVW) geometries. Observations were found to be in the reasonable agreement with qualitative

theoretical predictions.
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INTRODUCTION

Development of the liquid phase epitaxy (LPE)
of ferrites opened a new era of planar microwave
devises [9]. LPE offered high quality epitaxial films
of different thickness and composition. Especially,
it provided low loss yttrium iron garnet (YIG) films
that found enormous application in microwave elec-
tronics [4], [12], [14]. However, high temperature
budget of LPE process strongly limits its possible
integration with semiconductor platforms such as
monolithic microwave integrated circuits (MMICs).

The great development in YIG-semiconductor
integration has been done using technique of epi-
taxial liftoff [2], [11]. Here LPE grown epitaxial
YIG film of several um is cut from the Gd,Ga,O ,
(GGQG) substrate using ion implantation and subse-
quently bonded to the semiconductor substrate. This
approach allows fabrication of YIG-semiconductor
structures with magnetic losses very close to the
YIG films on GGG [11]. However, this approach is
rather expensive and for some microwave devices
(circulators, phase shifters) the polycrystalline YIGs
are still very attractive.

During past two decades the techniques of
physical vapor deposition has been developed to al-
low synthesis of epitaxial YIGs at reduced growth
temperatures with near LPE films quality [3]. Even-
tually these methods were also used to probe their
potential capability for YIG-semiconductor integra-
tion [1], [6], [7], [10], [16].
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Considering possible application of YIGs in
MMICs we are limited to GaAs and Si. Both of them
have strong lattice mismatch with GGG substrates
used for epitaxial YIG growth. In contrast to Si, GaAs
has better microwave performance but it is expensive
and more sensitive to the high temperature budget
[12]. Therefore, most of research efforts are focused
on the non-epitaxial YIGs synthesis on Si substrates.

Pulse laser deposited Y1Gs oriented to the micro-
wave applications were firstly reported Karim and
Buhay [7], [16]. In work [16] 100 pm thick YIG films
were grown on Si substrates. These films had mag-
netic losses 4H = 84 Oe and saturation magnetiza-
tion 47M_ = 1680 Gs and were supposed to be used
in high frequency circulators. The further progress
in the growth process was made in [10] where lower
losses 4H, = 73 Oe and higher saturation magneti-
zation 47r}l/[ = 1730 Gs have been achieved. Only
recently authors [6] prepared YIG films with just
slightly improved 4H = 70 Oe.

Our excessive atternpts to grow YIG films onto
Si substrates passed through the searching of buffer
YIG-Si sublayers (like in [1]) to the direct deposi-
tion of YIG onto silicon substrates what yielded
surprisingly better quality assessed by ferromag-
netic resonance spectroscopy (FMR) and vibrating
sample magnetometry (VSM). Taking advantages of
the growth technique our integrated YIG-Si samples
were found to be very attractive for studying mag-
netostatic waves (MSWs) guided by YIG semicon-
ductor structures.
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FILMS PROCESSING AND PROPERTIES

Yttrium iron garnet films were grown direct-
ly onto Si(001) substrates with the resistivity of
3 kQ x cm. The KrF 248-nm excimer laser was used
to ablate overstoichiometric Y, Fe O, + 122 % wt.
Fe target. The YIG deposition rate was 0,14 A/pulse
at room temperature, 2 mTorr oxygen pressure, laser
energy density of 2,5-3 J/cm?, 20 Hz repetition rate,
and substrate-to-target distance of 6 cm. Films were
post-annealed at 1000 °C in air for 10 min. The main
requirement used to optimize processing parameters
(oxygen pressure, target-to-substrate distance, and
post-annealing conditions) was the achievement of
narrow FMR linewidth AH.

Synthesized YIGs reveal single Y,Fe O, phase
polycrystalline films structure without any preferen-
tial orientation of crystallites that was verified by X-
ray diffraction. The estimated lattice parameter of
YIG crystallites a = 12,38 + 0,02 A was found using
Nelson-Riley function. Within an error its value is
coincident with a lattice parameter of bulk Y,Fe O,
single crystal (12,376 A).

Differential FMR spectra were recorded in a
cavity at the resonance frequency o, /27 = 9,1 GHz
(TE106 mode). Angular rotation of magnetic field
H in the film plane 8, =90° and at the fixed out
of plane angle 0, = 40° do not reveal any notice-
able magnetic anisotropy that agrees to the poly-
crystalline film structure disclosed by XRD. Fitting
of experimental polar angular dependence of the
resonance field H,(0,) yields gyromagnetic ratio
y=(1,76 £ 0,01) x 107 rad Gs-1s-1 and effective
magnetization 4zM,, = 1800 + 20 Gs.

The saturation magnetlzatlon 4rM_ = 1630 Gs
and coercive field H =14 Oe were measured by
VSM for in-plane geometry of external magnetic
field H. An observed difference in 47M,; and 47M,
values is on the order of 10 % error for the VSM
measurement, but it can be also induced by growth
anisotropy on the order of 170 Oe.

For better comparison with other available works
on YIG/Si all im-portant data are collected in Table.
Here one can see the main advantages and disadvant-
ages of our YIG/Si(001) films.

MAGNETOSTATIC WAVES

To study propagation of magnetostatic waves in
the frequency range 2—5 GHz we used 2-port MSW
band-pass-filters thoroughly described elsewhere
[15]. The filters consist of antennae with 2 mm? and
0,4 mm? active areas where MSW excitation trans-
ducers widths are w =240 um and w = 80 um, re-
spectively. The MSW travailing distance is also
different, it is s = 160 um for 2 mm2 and s =~ 60 um
for 0,4 mm? antennae.

Circular shaped YIG/Si(001) samples entirely
cover active area of the filters. The microwave signal
at the level of -10 dBm was derived from a HP§722D
model vector network analyzer and fed to the
microwave cell through the 50 Q coaxial transmis-

sion lines. Network calibration was performed with
a samples assembled measurement cell at zero mag-
netic fields. In 2-5 GHz frequency range this corre-
sponds to the rejection level of 40-31 dB for 2 mm?
and 33-39 dB for 0,4 mm? antennae. Scattering pa-
rameters were recorded averaging 16 consecutive
frequency spans.

Progress in the developing of YIG/Si
structures.AH defines peak-to-peak FMR

linewidth
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Figs. 1 and 2 show §, and S parameters for
YIG(0,96pm)/Si film arranged in MSSW geom-
etry for both antennae types. MSFVW geometry is
presented in Fig. 3 for 2 mm2 antenna only. All fi-
gures demonstrate common trends, the S, parame-
ter increase with frequency that is a result of better
coupling of MSW with rf-field of antenna trans-
ducers. This is also a main reason of S, increase,
especially for 2 mm? antenna.

An important evidence of MSSW propagation
is a moderate decay of the frequency difference dw
with increasing magnetic field H (insets to Figs. 1
and 2). Here dw is calculated as difference in experi-
mental maxima/minima of resonant transmission/
reflection (§,,/S,,) and uniform FMR frequency that
is given for two different geometries as follows:

=y JH(H +47M
a)res = 7/(H - 4”Meff)

in—plane H,
perpendicular H.
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Fig. 1. Transmission characteristics of magnetostatic surface

Itis also worse to mention that for both geometries
(MSSW and MSFVW) dw is computed taking into

account experimental errors Ay and AdzM,,, and
represents the possible lowest value.
Frequency @/2z [GHz]
3.0 35 40 45 5.0

s, [dB]

s,,1dB]

waves (MSSWs) in YIG(0,96um)/Si(001) film recoded for filter

with 2 mm? antenna. Magnetic field / is swept from 538 to 1044
Oe. Inset shows H-dependence of the frequency difference dw
between uniform FMR mode and minimum of S|, parameter
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Fig. 2. Transmission characteristics of magnetostatic surface
waves (MSSWs) in YIG(0,96um)/Si(001) film recoded for filter
with 0,4 mm? antenna. Inset shows H-dependence of the
frequency difference dw between uniform FMR mode and
maximum of S, parameter
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Fig. 3. Transmission characteristics of magnetostatic surface
waves (MSFVWs) in YIG(0,96um)/Si(001) film recoded using
filter with 2 mm? antenna. Magnetic field H is swept from 2835 to
3422 Oe. Inset shows dependence of S,, minimum on external
magnetic field H. Solid lines are uniform FMR modes calculated
for perpendicular geometry taking into account Ay and AdzM,,
errors

As one can see, our observations qualitatively co-
incide with theory. Fig. 4 shows MSSW and MSFWV
dispersion relations calculated for our lossy 0,96 um-
thick YIG film. The calculations have been done using
simplified equations for wave vector & from [14]

2 _ 2
k:11n|::u12 :u22 +1u1 +Iu2:|_MSSW
N T R A

=L tan {_ﬂ} — MSFVW

pd H
3 W,0,, oo, B )
where u, =1+ L i, _wj o B =+-u, with

w,=yH, w,, = y4zxM, and d as a film thickness. The
magnetic losses were introduced in dispersion rela-
tions by substituting w,— w,+iaw [5]. The damping
parameter a we roughly estimated from FMR line
widths for parallel and perpendicular geometries

o= yAH(HYl)a)/2coexp [51, a)exp/Zn =9,1 GHz.

MSSW dispersion curves clearly demonstrate
shrinking of MSSW propagation band what we ob-
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serve in Figs. 1 and 2 (insets) through the reduction
of dw while increasing magnetic field H. The strong
deviations of dw in Fig. 1 result from lower signal
to noise ratio for S,, parameter. Also, mention that
higher values of dw for 0,4 mm? antenna (inset to
Fig. 2) nicely correlate with calculations in Fig. 4(a),
see variation of MSSW bandwidth at £= 131 cm’
and k=393 cm!, correspondingly for 2 mm? and 0,4
mm? antennae. The vivid difference in the structure
of MSSW spectrums (Figs. 1 and 2) we rely on the
different coupling of MSSWs with rf-field of micros-
tripe transducers for 2 mm? and 0,4 mm? antennae.

Re(# [cm™]
N S
2 | MSSW - dispersion relations >
E 7 ~
i
<) 25
= =
21 131cem” | 393 cem” a
| '/ | Il .
T Ll T T =
MSFVW - dispersion relations ]
~
T
Q.
=
{48 @

Re(# [cm™]
Fig. 4. Computed MSSW and MSFVW dispersion curves

In the case of MSFVW geometry, calculations
have resulted in almost constant “bandwidth” dw
of MSFVWs propagation for the studied range of
magnetic fields H, that is shown in Fig. 4(b). Taking
wave vector £ = 131 cm™ we get 6w = 31 MHz. How-
ever, we observe clear contradiction with experimen-
tal data given in Fig. 3 (inset), where dw constantly
decays starting from 214 MHz at H = 2835 Oe down
to 157 MHz at H =3422 QOe. This strong depend-
ence of dw on magnetic field H# we mostly rely on
approximately 5° misalignment of magnetic field

vector H with the film normal during MSFVWs
measurements.

Qualitatively good correlation with theory ap-
pears in the observed difference of MSWs bands
for MSFVW and MSSW geometries. Calculations
in Fig. 4 predict lower frequency band for MSFVW
what we easily see in S, and S, spectrums of Figs. 1
and 2. Moreover, Figs. 1 and 2 demonstrate increase
of the frequency bands of MSSWs while changing
from 2 mm? to 0,4 mm? antenna. This is a result of
the higher range of exited wave vectors & for 0,4 mm?
antenna (see Fig. 4 (b)).

We also estimated MSWs propagation losses
using simple equation Lp(dB) = 20 log[exp(Im(k)s)]
where imaginary part of the k-vector is computed
using dispersion relations for MSSW and MSFVW.
In the case of MSSW, when magnetic field H is
swept from 538 Oe to 1044 Oe we found the losses
ranged as follow: L, = 12+18 dB at k= 131 cm™ and
L,=5+8dBat k=393 cm". For MSFVW geometry

H is swept from 2835 Oe to 3422 Oe what yields to
L =8+12 dB at k= 131 cm!. And the total losses
can be approximated as L,= |—LP +log[1 — 106119]]
Taking experimental values for reflection S, para-
meter of MSSWs we get L =42 dB at H =538 Oe
and L =41 dB at H= 1044 Oe for 2 mm? antenna,
while for 0,4 mm? antenna we have L =31 dB at
H =538 Oe and L =29 dB at H = 1044 Oe. The to-
tal losses for MSEVW geometry are L, = 42 dB at
H=2835 Oe and L =33dB at H=1044 Oe. As
one can see, our YIG-Si based filters represent good
agreement between total losses L, and transmission
losses defined by filter rejection levels (given earlier)
and measured S, parameters of MSW assisted propa-
gation (Figs. 1-3).

CONCLUSIONS

We grew polycrystalline YIG/Si(001) films with
remarkable properties. The films possess better
magnetic losses AH, high effective magnetization
4nM,;, and have reasonably lowered coercivity H .

Neglecting certain achievements in the growth
process, AH values are still too high for applica-
tion in the traditional Y1G-oriented spinwave elec-
tronics. However, current work demonstrates an
ability of the YIG-semiconductor structures to con-
duct MSWs.
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MAGNETOSTATIC WAVES IN Y,Fe 0 , FILMS ON SILICON

Using pulsed laser deposition (PLD) and post-annealing we fabricated polycrystalline yttrium iron garnet films (YIG) on silicon
Si(001) substrates. A temperature of 1000 °C and an annealing time of 10 min result the films with low coercivity A, = 14 Oe and
magnetic losses 4H = 17 Oe accompanied by effective saturation magnetization 4zM,,= 1800 Gs. High quality of the YIG films syn-
thesized on Si substrates allowed simple observation of the magnetostatic waves (MSWs) using MSW filter. MSWs spectrums cover
2-5 GHz frequency range and represent magnetostatic surface waves (MSSW) and magnetostatic forward volume waves (MSFVW)
geometries. Observations were found to be in the reasonable agreement with qualitative theoretical predictions.
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