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A layer-by-layer epitaxial growth up to 227 atomic layers of ferrimagnetic insulator yttrium iron
garnet (YIG) thin films is achieved on (110)-oriented gadolinium gallium garnet substrates using
pulsed laser deposition. Atomically smooth terraces are observed on YIG films up to 100 nm in
thickness. The root-mean-square roughness is as low as 0.067 nm. The easy-axis lies in the film
plane, indicating the dominance of shape anisotropy. For (110)-YIG films, there is well-defined
two-fold in-plane anisotropy, with the easiest axis directed along [001]. The Gilbert damping con-

stant is determined to be 1.0 x 10~* for 100 nm thick films. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4943210]

Since 1960s the rare-earth iron garnet bulk materials
have been extensively explored owing to their unique spin
dynamic and magneto-optical properties. Among all mem-
bers of magnetic garnet family, yttrium iron garnet
(Y3FesO1, or YIG) has attracted the most attention for its
extremely low damping' (~3 x 10~°) combined with the low
infrared absorption and the large Verdet constant” desired for
applications such as Faraday rotators, isolators, and sen-
sors.* A surge in the research of YIG thin films for spin-
tronics started recently. Compared with other magnetic
insulators such as EuS and EuO, YIG has a high Curie tem-
perature (~550°C) and a large band gap® (~2.85eV); there-
fore, it is an excellent room-temperature pure spin current
source for spin Seebeck effect® and spin pumping.” "' YIG
can induce ferromagnetism in adjacent non-magnetic films or
causes peculiar magnetoresistance phenomena.'?™"> In novel
heterostructures constructed with YIG and graphene or topo-
logical insulators,'®'” the exchange interaction is expected to
modify electron’s Dirac spectrum. In addition, recent experi-
ments on both lateral and vertical structures have demon-
strated that magnons in YIG can mediate nonlocal transport
effects.'®!? Unlike in bulk crystal applications, thin film
devices rely on interactions across the interface; therefore,
the surface properties (e.g., morphology and magnetism) are
extremely important. Pulsed laser deposition (PLD) is a com-
mon technique for oxide thin film growth. However, system-
atic studies of YIG growth and correlation between the
structural and magnetic properties are relatively scarce. In
this report, we demonstrate an exquisite control of (110)-ori-
ented YIG film growth with PLD. By maintaining the layer-
by-layer growth, the ultra-smooth atomic terraces are
obtained. We show that the YIG films have in-plane uniaxial
anisotropy and extremely low Gilbert damping constant.

YIG powder purchased from Alfa Aesar is densified via
the current activated pressure assisted densification
(CAPAD) processing technique®® at 950 °C with an applied

0003-6951/2016/108(10)/102403/4/$30.00
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load of 100 MPa for 5min. The final relative density of the
target is over 85%, and the crystal structure of YIG target is
confirmed by x-ray diffraction. The commercially available
GGG(110) substrates are rinsed sequentially with acetone,
isopropyl alcohol, and DI water, and then annealed in oxy-
gen at 1000 °C for 6 h. As discussed in detail later, because
of this substrate treatment, an atomically terraced gadolin-
ium gallium garnet (GGG) surface emerges, enabling
the subsequent ultra-flat terraced YIG film growth. The
substrates are in situ baked with a base pressure around
5% 107 Torr at ~200°C for 5h. Before deposition, the
substrates are then annealed at ~750°C under a 1.5 mTorr
oxygen pressure with 12 wt. % ozone for 30 min. During the
pre-deposition annealing, the reflection high-energy electron
diffraction (RHEED) spots become sharper and brighter,
and the intensity saturates after 30 min annealing. Then,
under the same condition of oxygen and temperature as the
pre-deposition annealing, the KrF excimer laser pulses of
248 nm in wavelength with power of 150 mJ strike the target
at a repetition frequency of 1 Hz. The differentially pumped
RHEED is kept on to monitor the growth of YIG layers
in situ. As shown in Fig. 1(a), 227 continuous RHEED inten-
sity oscillations are observed before the termination of
growth, showing excellent layer-by-layer epitaxial growth
of YIG. The oscillation period of 300 s represents growth of
one atomic layer along the (110) direction of the cubic cell
of GGG with the lattice constant of 12.383 A. The layer-by-
layer growth obtained with such a low repetition rate is
below the threshold found in a previous report.>' The film
thickness is calculated to be ~100 nm, which is further con-
firmed by the atomic force microscopy (AFM) and a Dektak
profilometer, and the film growth rate is 0.09 nm/min. Fig.
1(b) shows a few zoom-in RHEED oscillations. Fig. 1(c) is
the RHEED pattern of the as-grown YIG film, which shows
the identical cubic crystalline structure to that of GGG with
negligible lattice mismatch. The Kikuchi lines from the

© 2016 AIP Publishing LLC
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FIG. 1. (a) 227 layers (100 nm) thick YIG film of continuous layer by layer
RHEED oscillations observed during the growth on (110) GGG substrate
using the pulsed laser deposition technique. (b) Zoom-in data of RHEED
oscillations for a chosen time slot. (c¢) RHEED pattern of YIG film showing
single crystalline structure of YIG after deposition.

diffraction of diffusely scattered electrons®* are also clearly
resolved, confirming that the YIG film is of high
crystallinity.

The atomically flat substrate surface is essential for
obtaining high-quality growth of epitaxial film on top. The
surface quality is monitored by the atomic terrace formation
upon treatment. A wide range of annealing temperatures
(from 400 to 1300°C) has been explored to study the effect
of annealing, and the results are summarized in Figs.
2(a)-2(c). Fig. 2(a) shows the surface morphology of a pur-
chased GGG substrate right after cleaning but without
annealing. The root-mean-square (RMS) roughness is
0.51 nm. After annealing in oxygen at 1000°C for 6h,
atomic terraces emerge as shown in Fig. 2(b). Similar results
were previously found on annealed STO substrates.”>** In

RMS: 0.067 nm 300 nm

RMS: 0.15 nm

RMS: 0.16:nm
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the meantime, the RMS roughness is greatly reduced down
to 0.15nm. However, when the annealing temperature is
increased to 1100 °C for the same amount of time, pits and
cracks appear on the entire substrate, even though the RMS
roughness is only increased slightly. Figs. 2(a)-2(c) display
the dramatic effect of annealing on the GGG substrates.
Annealing temperature needs to be sufficiently high to pro-
mote atomic mobility to reduce roughness but sufficiently
low to keep the stoichiometry (preventing volatilization of
ions) in the film. The optimized temperature, 1000 °C is 0.63
of the melting T),,. At this temperature, one would expect vol-
ume diffusion to be active. It is likely that 1100°C (T/
T,,=0.69) causes too much long-range diffusion or volatili-
zation. For comparison, Fig. 2(d) is the surface profile for a
30nm thick YIG film. Extremely smooth atomic terraces
with roughness 0.067 nm are evidently resulted, due to the
layer-by-layer growth mode that preserves the excellent ini-
tial surface morphology. We emphasize that maintaining
such long RHEED oscillations during the entire growth is
essential for obtaining the atomically smooth terraces with
the lowest surface roughness of YIG films. Fig. 2(e) shows a
transmission electron microscopy (TEM) image of the 30 nm
YIG film grown on GGG(110), indicating a sharp interface
with negligible mismatch between YIG and GGG. The
atomically resolved YIG layers show the epitaxy, consistent
with the previous RHEED results.

YIG hysteresis loops are measured using a vibrating
sample magnetometer (VSM) with both out-of-plane and in-
plane field orientations, as shown in Fig. 3. Fig. 3(a) is a top
view of the YIG sample marked with main crystallographic
orientations. The two edges of (110)-orientated GGG sub-
strate are confirmed to be along [111] and [112]. [111],
another member of the 111 family, lies at an angle of 70°
with respect to the [I11] edge. YIG films grown on GGG
have the easy axis lying in the film plane shown in Fig. 3(b),
due to the dominance of shape anisotropy.”>*® The

FIG. 2. (a) AFM surface morphology
of GGG substrates after different sur-
face treatments. Top: original pur-
chased GGG substrates after ultra-
sonicated in acetone and isopropanol
for surface cleaning. (b) Annealed
GGG substrates at 1000 °C in O, envi-
ronment for 6h. (c) Annealed GGG
substrates at 1100°C in O, environ-
ment for 6h. (d) AFM surface mor-
phology of 30nm thick YIG film on
the (110) GGG substrates. (¢) TEM
image of a 30nm thick YIG thin film
on (110) the GGG substrate.
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saturation moment is found to be 3.5ug per formula unit at
room temperature and reaches approximately Sug at 10K.
Aside from the strong in-plane anisotropy, the (110)-oriented
YIG film shows two-fold symmetry in the film plane, as indi-
cated in Figs. 3(c) and 3(d). The azimuth angle ¢ is meas-
ured between the external field H and the [111] edge. Fig.
3(d) is the in-plane magnetic hysteresis loops for a few
selected ¢ angles, showing an in-plane easy axis oriented at
@ =30° and an in-plane hard axis along the orthogonal direc-
tion, i.e., @ = 120°. The azimuth angular dependence of the
coercive field is illustrated in Fig. 3(c), showing a clear in-
plane uniaxial symmetry. The observed in-plane uniaxial an-
isotropy is obviously related to the crystalline structure of
the (110)-oriented YIG film. In bulk YIG, 111 and 110 are
the easiest and hardest axes, respectively.?’ In the film plane
of (110)-oriented YIG, there are two equivalent axes from
the 111 family, and the [001] axis lies in between these two
axes about 55° from each. As a consequence,28 [001]
becomes the in-plane easy axis, and [110], about 35° from
the [111] edge and perpendicular to [110], becomes the in-
plane hard axis, which corresponds well to ¢ =30° found in
experiments. The torque measurements on flux-grown mag-
netic garnets also exhibit similar noncubic anisotropy, which
was interpreted in terms of a growth induced pair-ordering
model. >

Ferromagnetic resonance (FMR) measurements are per-
formed on YIG films with different thicknesses. As shown in
Fig. 4(a), a vector network analyzer (VNA) is used to mea-
sure the transmission signal through a low-loss coplanar
waveguide transmission line with the YIG samples placed in
the center. We obtain the frequency linewidth by fitting the
FMR spectrum to a Lorentzian and then calculate the corre-
sponding field linewidth,?® which is plotted in Fig. 4(b).
Both the intrinsic Gilbert damping constant o from the slope
and the inhomogeneity linewidth broadening AH, from the

0 100 200

Field (Oe)

(a) Vector Network Analyzer
Port 1 Port 2

Magnet Pole
f'//Magnet Pole

YIG/GGG

(b)15........

30 nm
@ |o=80x10*
P O 10f an,=4.4 0e
oy 4
£° 100 nm: a=1.0x 10
—_ 10}35 -
Q 8 AH = 6.8 Oe
o 12 14 16 18
| f (GHz)

17 nm: a=72x10*
AH = 2.4 Oe

0 r L " il " L " L
0 2 4 6 8

f (GHz)

FIG. 4. (a) Schematic diagram of the VNA FMR transmission line measure-
ment setup. (b) Excitation frequency dependence of FMR absorption line-
width for 100 nm and 17 nm thick YIG films. Inset: Frequency dependence of
FMR absorption linewidth for the 30 nm thick YIG film measured using a Ku
band shorted waveguide with a higher frequency range.
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intercept can be extracted. The damping constant o for
100 nm thick YIG is ~1.0 x 10~%, among the best reported
values of nm-thick YIG ﬁlms,25’30 and with a moderate
AHy=6.80e. The 17nm YIG sample has a slightly larger
value of ®=7.2x 10"* and a smaller AH,=2.4Oe. The
FMR measurements are also extended to a higher frequency
range using the Ku band shorted waveguide, and the Gilbert
damping constant is determined to be from 7.0 x 10~ to
1.0 x 10_3, for YIG films with different thicknesses
(15-30nm), consistent with the VNA FMR measurements.
The high-frequency result of a typical 30 nm thick YIG film
is shown in the inset of Fig. 4(b). The increased Gilbert
damping constant in thin films compared with that of the
bulk (~3 x 107°) can be understood as a result of interface-
defect associated two-magnon scattering®'* in ultrathin
films. The increased damping in the nanometer-thick YIG
films significantly shortens the spin wave propagation
length'®%-¢ down to tens of um compared to the mm scale
of bulk YIG.”

In summary, we have demonstrated an exquisite control
of YIG film growth using PLD. Single crystal YIG films
have been epitaxially grown layer by layer up to 227 atomic
layers continuously. Under the optimized sample treatment
and growth, atomic terraces emerge in (110)-YIG films over
a large range of thicknesses, thanks to the layer-by-layer
growth mode. (110)-YIG films show a well-defined uniaxial
in-plane anisotropy. The extremely low damping constant
from the FMR measurements confirms the superb quality of
YIG films resulted from the distinct growth mode.
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