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Spin wave-based spintronics are an alternative to conventional electronics due to their potential
for efficient energy consumption, improved processing speed and smaller device dimensions. Low
damping magnetic insulators provide the medium for efficient propagation of spin waves for infor-
mation transfer. We have synthesized by pulsed laser deposition epitaxial spinel structure ferrite
thin films of Lio.5(Al1.0Fe1.5)O4 (LAFO) on (111)-oriented MgAl2O4 that support isotropic magnon
propagation in the film plane. Our ferromagnetic resonance measurements show low magnetic damp-
ing with a typical Gilbert damping parameter of o = 0.006 and weak-spin orbit coupling with g =
2.02. These films have low effective magnetization, poMcsy = 20 mT, similar to that of yttrium
iron garnet (YIG), the gold standard of low loss magnetic insulators. Our findings show that LAFO
is a good candidate as a spin wave medium since it can be grown at low temperatures in different

crystal orientations.

Spin-based devices have been recognized as an alter-
native to conventional electronics but, to date, their
promise of efficient energy consumption, information pro-
cessing and smaller device dimensions has yet to be fully
realized.[1-4] Current spintronics, or spin-based electron-
ics, is based on spin polarized charge currents where the
flow of charge still results in power dissipation similar
to traditional microelectronics. Spin-wave based devices
composed of magnetic insulators offer a more energy effi-
cient route to spintronics. The success of spin-wave based
devices relies on the ability to synthesize magnetic insula-
tors (MIs) with low magnetic damping in which pure spin
currents can propagate for long distances and can be in-
terfaced with traditional microelectronics. Currently the
gold standard in low damping MIs is the family of garnet
ferrites, including yttrium iron garnet (YIG) [5-11]. YIG
has a Gilbert damping parameter, «, that can be as low
as 1x10~% in thin films, indicating low magnetic loss, but
requires high processing temperature (e.g., an annealing
temperature of 900 °C [11-13]) and single crystal garnet
structure substrates. Recently, a class of spinel structure
ferrite thin films has been identified as a low damping
medium for the propagation of spin waves. In particu-
lar, spinel ferrite Lig 5(Al; oFe; 5)O4 (LAFO) thin films
with a (001) orientation have been shown to exhibit low
damping with a ~ 5 x 1074, low external saturation field
requirements, and low growth temperature of 400 - 450
°C.[14-16] The low external field requirement in these
(001) spinel ferrite thin films is due to the presence of a
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giant in-plane magnetic anisotropy that is not present in
(111) YIG films. To establish low damping LAFO with
more isotropic spin wave propagation in the plane of the
film, we explored the stabilization of (111)-oriented epi-
taxial LAFO films.

In this work, we have stabilized (111)-oriented LAFO
thin films with excellent crystallinity and low damping
for spin wave propagation. Atomic force microscopy
shows atomically flat surfaces with an rms roughness of
0.29 nm. Static magnetic properties of these (111) LAFO
films show saturation magnetization, M, = 145 kA /m at
10 K which is similar to the bulk value and also show
negligible in-plane magnetic anisotropy [17-19]. We de-
duce low damping of a = 0.006 in (111) LAFO thin films
from the frequency dependence of the ferromagnetic res-
onance linewidth. From the frequency dependence of the
ferromagnetic resonance field, we deduce a spectroscopic
g-factor close to 2.02. We confirm that Fe3+, distributed
among the tetrahedral and octahedral sites, to be the
sole source of magnetism using x-ray magnetic circular
dichroism. Together these properties make (111) LAFO
films promising as a medium for spin wave-based elec-
tronics.

Epitaxial thin films of Lig 5Al; oFe; 504 were grown on
(111) oriented single-crystalline MgAl,O4 (MAO) sub-
strates using pulsed laser deposition. Before deposi-
tion, MAO substrates were ultrasonically cleaned in ace-
tone then isopropanol for 10 minutes each. A polycrys-
talline pressed target of Lip gAly oFey 504 (manufactured
by Toshima Corporation) was sanded before deposition.
The target with excess Li was used to compensate for
Li loss during deposition due to the high volatility of Li.

S0:+2:22 §20 Jequiaded 60



AIP
é Publishing

N

(=

F Bulk LAFO Bl LAFO
107¢ P 100p {1V (333)
F E {MAO MAO ]
10% 0% Ha1l :
E: 2 " e Maoi| 1
© r < 1
>10% >0 Bulk LAFO! G33)i] 3
@ £ 1% (222) ]
S 100} 210
g 107 g 3
£ € ]
103} ] w0
1025 110 0.529
B ‘ ‘ 1 o528
00 10 20 30 40 20 30 40 50 60 2020800  -0.20675  -0.20550
Angle (20) Angle (26) Qip (1/4)

FIG. 1. Structural characterization of of a 32 nm LAFO sample. (a) XRR scan with Kiessig fringes that indicates uniform
film thickness and low surface roughness as confirmed by the AFM image. LAFO has atomically smooth surface with an rms
roughness of 0.29 nm. (b) A symmetric x-ray diffraction scan showing film Bragg peaks to the left of the expected bulk LAFO
peaks and (111) MAO peaks. (c) The reciprocal map scan around the (224) MAO peak. The MAO and LAFO peaks are
perfectly aligned along the in plane q indicating coherent strain of the film to the substrate.

The target was ablated with a 248nm KrF laser at a flu-
ence of 2.8 J/cm? and a repetition rate of 2 Hz. Films
were grown at substrate temperature of 325 °C and oxy-
gen pressure of 10 mTorr, resulting in a deposition rate
of 1 nm/min. Both the substrate temperature and oxy-
gen pressure are lower compared to the optimum growth
temperature and pressure of thin films of (001) LAFO,
(001) Mg(ALFe)204, and YIG [11-15, 20]. After depo-
sition, the samples were cooled to room temperature in
150 Torr of oxygen.

Immediately after deposition, the sample’s surface
morphology was studied using atomic force microscopy
(AFM) on a Digital Instruments Dimension 3100. X-
ray diffraction (XRD), in the form of symmetric diffrac-
tion, reciprocal space map (RSM) and x-ray reflectiv-
ity (XRR), was performed on a Panalytical Empyrean
diffractometer and Panalytical X’pert 2. Static mag-
netic characterization of the films were performed on a
Quantum Design Evercool SQUID magnetometer. Dy-
namic magnetic properties were probed on a broadband
ferromagnetic resonance (FMR) system in a co-planar
waveguide geometry with a 23 dB RF power source at
frequencies ranging from 3 GHz to 20 GHz, and field
sweeps from 100 mT to 700 mT. X-ray absorption spec-
troscopy (XAS) and x-ray magnetic circular dichroism
measurements (XMCD) were performed at normal inci-
dence in total electron yield (TEY) and total lumines-
cence yield (TLY) modes at beamlines 4.0.2 and 6.3.1 of
the Advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory (LBNL). Data was collected with
a flying scan, where measurements were taken as the
photon energy was continuously varied. Spectra were
recorded with both positive and negative photon helic-
ity and XMCD spectra were calculated from their differ-
ence. These measurements enabled us to probe Fe cation
valence and distribution in samples within TEY probe
depth of ~ 5 nm.

To understand the structural properties of the films,
we performed AFM, XRR and XRD measurements. The
AFM measurement of a 32 nm LAFO film, shown in the
inset of figure 1(a), indicates a smooth surface with a
typical rms roughness of 0.29 nm which is roughly 1 % of
the film thickness. The XRR scan in figure 1(a) indicates
Kiessig fringes that can be fit with an interface roughness
of 0.33 nm and a thickness of 32 nm. Figure 1(b) shows
an XRD scan measured around the (111)-MAO substrate
peaks. There is a broad shoulder to the left of the family
of {111} substrate peaks corresponding to the family of
{111} LAFO film peaks. We do not observe Laue oscil-
lations surrounding (111) LAFO film peaks that appear
in (001) LAFO films, thus suggesting that (111) films
do not have as smooth a surface or interface with the
substrate compared to (001) films. The shift of the film
peaks from the expected bulk values indicates a 5.63%
elongation of the out-of-plane lattice parameter. Figure
1(c) shows an RSM scan around the (224) film and sub-
strate peaks. The alignment of the film and substrate
peak at the same in-plane ¢ indicates that the film is
coherently strained to the substrate. Together these re-
sults indicate that the films are under coherent in-plane
compressive strain by the substrate.

We studied static field dependent magnetization of the
films at 300 K for magnetic fields applied out-of-plane
along the (111) direction as well as in-plane along the
directions (112) and (110) and at 10 K for magnetic field
applied in the plane direction (112). Figure 2(b) shows
the hysteresis loop at 10 K with My = 145 kA /m which
is similar to the bulk value [17-19]. Figure 2(a) shows a
hysteresis loop with negligible coercivity for a magnetic
field applied along the in-plane (112) direction and out-
of-plane (111) direction at 300 K, well below the bulk
Curie temperature of 750 K[17-19]. The in-plane and
out-of-plane scans are indistinguishable, indicating negli-
gible magnetic anisotropy. The inset in figure 2(a) shows
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FIG. 2. SQUID measurements of a 32 nm sample of LAFO.
(a) Magnetization versus field (puoH) along the in-plane and
out-of-plane directions with M, = 40 kA/m. Insert shows
the magnetization values at different in-plane orientations for
fixed fields, poH =0.1 T, and 1 T at 300 K. (b) Hysteresis
loop measurement at 10 K where uoH || [112] with M, = 145
kA /m.

that the magnetization values at 0.1 T and 1 T (cor-
responding to 3.3 and 33% of the saturation field), are
also isotropic in the plane, indicating the absence of mag-
netic anisotropy. These results indicate that (111) LAFO
films are excellent candidates for supporting isotropic
spin wave propagation.

To understand the origin of magnetism in LAFO, we
performed XAS and XMCD measurements. XAS is per-
formed at the L3 and Lo edges of Fe with circularly po-
larized light (figure 3(a)). We take the difference of the
signal of right and left circularly polarized light to ob-
tain the XMCD signal (figure 3(b)). By comparing our
data with standard Fe based samples, we determine that
Fe* cations with octahedral and tetraderal coordination
contribute to the magnetism in (111) LAFO. The peak
at 709.2 eV in the XMCD spectrum in figure 3(b) arises
from Fe3* tetrahedrally (Fel") coordinated with respect
to the oxygen atoms and the second peak at 710.0 eV
arises from Fe®* octahedrally (Fe?;r) coordinated with re-
spect to the oxygen atoms [21, 23-25]. It can also be seen
from figure 3(b) that the Fel" and Fel' have opposite
signs of the XMCD signal, indicating that FegvJr and Ffz?;r
moments are aligned anti-parallel to one another.[14, 15]
This data was compared to the reference materials shown
in figure 3(c), GaFeOy with 100% Fel [22] and y-Fe, O3
with 37.5% Fel™ and 62.5% Fel) [21]. Through fit-
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FIG. 3. X-ray absorption spectroscopy and x-ray magnetic
circular dichroism spectra of 13 nm LAFO at the Fe L3
edges. (a) An average of the right and left circularly polarized
light x-ray absorption spectra. (b) In black, XMCD spectra
of LAFO and in red, fit to the reference XMCD. (c) Reference
XMCD spectra of 7-Feo O3 (62.5% Fell, 37.5% Feihl) [21] and
GaFeOs (100% Fel}},) [22]
used to fit the spectra in (b).

ting the data to a weighted sum of the reference data,
we determine the relative ratios of 56% Fef;r and 44%
Fe3t. From this ratio, the calculated My = 126 kA/m
is compared to the M, = 145 kA/m value from SQUID
measurements at 10 K shown in figure 2(b).

To characterize the dynamic magnetic properties, we
performed broadband FMR measurements with the field
applied in-plane at 300 K. Figure 4(a) depicts a typ-
ical ferromagnetic resonance peak at 13 GHz probed
along the (110) direction. We perform a Lorentzian fit
to the FMR peak to extract the half-width-half-max,
HoAHpyhm = 11.0 mT and FMR field, poHpp, = 451
mT. The typical linewidth for these (111) LAFO thin
films is approximately an order of magnitude higher than
(001) LAFO films [14]. This broader FMR linewidth is
consistent with the broader and lower intensity Bragg
peaks in the XRD (Figurel(b)). These broader and lower
intensity peaks suggest increased defects and inhomo-
geneities. Similar linewidth broadening was observed in
previous work on spinel structure MAFO and was corre-
lated with increased disorder [20].

Frequency dependence of the FMR linewidth indicates
low magnetic damping in our (111) LAFO films. The
slope of the frequency dependence of the half-width-half-
maximum linewidth (AHywhm) provides a measure of o
of the samples determined by the following:

AHywhm = AHo + f 1)

ghBHo

where AHj is a constant magnetic inhomogeneous broad-
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FIG. 4. FMR measurements. (a) An example of an FMR scan at 13 GHz and a fit to the derivative of a Lozentzian equation
to obtain pto AHpwhm = 11 mT and pioH fmr = 451 mT. (b) poHpmr as a function of frequency and in red, a fit to the Kittel
equation shown in equation 2. In blue is a graph of the equation 2 for a (111) YIG film with the constants given as g = 2,
poMeyps = 17 mT and poHys ) = 0 [26]. (c) Half-width at half max (poAHpwhm versus frequency (F) and a fit to equation
1 in red. From the fit, we extract a low damping parameter, o, of 0.006. The insert is plot of pioH fm, in different in-plane
directions at a fixed frequency of 13 GHz and in blue, is a fit to the a circle with a radius of 452.7 mT

ening term, « is the Gilbert damping parameter, g is the
g-factor, pp is the Bohr magneton, i is the permeability
of free space and h is the Planck constant. We do not see
evidence of two-magnon scattering since the frequency
dependence of the linewidth is linear [27-29]. Figure 4(c)
shows the data for a 32 nm (111) LAFO along with a fit
to equation 1 to deduce a Gilbert damping parameter of
a = 6 x 1072 with an inhomogeneous broadening term
AHy = 8.61 mT. This damping parameter value is a fac-
tor of 6 higher than the reported values of LAFO grown
on 001-oriented MAO [14] and may be a reflection of
the more disordered nature of (111) growth versus (001)
growth . The inhomogeneous broadening value is approx-
imately an order of magnitude higher than the value ob-
tained for (001) LAFO. We attribute this to the increased
disorder in (111) LAFO compared to (001) LAFO[14].

We also confirm the low magnetic anisotropy of these
films, obtained via static magnetic measurements, by fit-
ting the frequency dependence of the FMR field to the
Kittel equation 2,

f= %\/(Hfmr + Hy ) (Hme + Meg + Hy ) (2)

where Hy | is the in-plane fourfold magnetocrystalline
anisotropy and M,y is the effective magnetization which
is given by Mcy; = M + Hj 1, includes the saturation
magnetization, My, and out of plane uniaxial anisotropy
field, Hy . [20, 29, 30]. From the fit shown in figure
4(b), we determine the value of the effective magnetiza-
tion, po My = 20 £2 mT, to be smaller than the sat-
uration magnetization, p,Ms; = 40 mT, obtained from
the static magnetometry at 300 K. From the difference,
we can deduce a negligible uniaxial anisotropy field of
1toH | = —20 mT which is an order of magnitude lower
than that observed in other low damping spinel ferrites
such as (001) LAFO and (001) MAFO[14, 15]. The negli-
gible values of both Hy || and Hy | agree with the SQUID
data that shows no distinction between in-plane or out-

of-plane. Furthermore, we performed in-plane FMR mea-
surements in different directions at a fixed frequency of
13 GHz; the inset in figure 4(c) shows that the pioH fr,r
is isotropic in the plane with an average value of 452.7
mT . From the fit to the Kittel equation, we also extract
g = 2.02 £0.001 which reveals negligible orbital angular
momentum consistent with single ion anisotropy of Fe?*
cations.

In comparison to known magnetic insulators with low
magnetic damping, we believe (111) LAFO has several
advantages that make it an attractive option for device
integration and applications where isotropic spin wave
propagation is essential. Firstly, (111) LAFO films have
undetectable in-plane magnetic anisotropy compared to
(001) spinel ferrite films, such as (001) LAFO and (001)
MAFO, hexaferrite films (e.g.,such as BaFe;3019) and
perovskite metal Lag 7Srg3MnOj3 films [14, 15, 20, 31—
35]. Secondly, the optimal growth temperature of (111)
LAFO films is lower than growth temperatures of YIG,
(001) LAFO and (001) MAFO, thus keeping the thermal
budget low [26, 36-38]. Finally spinels, such as (111)
LAFO, can be interfaced with oxide perovskites which,
in turn, have been demonstrated to grow on silicon, thus
providing a path to integration with silicon microelec-
tromics [39, 40].

In summary, we have demonstrated the growth of (111)
LAFO with low magnetic damping and in-plane magnetic
anisotropy which are ideal for supporting isotropic spin
wave propagation. They exhibit effective magnetization,
which is similar to saturation magnetization, indicating
negligible out-of-plane magnetic anisotropy. These films
can be grown on MAO at temperatures as low as 325
°C and an oxygen pressure of 10 mTorr with atomically
smooth surfaces. Our findings show the robustness of
LAFO to grow in different crystal orientations at low
growth temperatures which will be essential in integrat-
ing LAFO in spin wave based devices.
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