APL Materials ARTICLE

pubs.aip.org/aip/apm
Polymer assisted deposition of YIG
thin films with thickness control
for spintronics applications
Cite as: APL Mater. 12, 081109 (2024); doi: 10.1063/5.0223260 @ Iﬁ @

Submitted: 13 June 2024 + Accepted: 30 July 2024 -
Published Online: 14 August 2024

Francisco Rivadulla,*®
César Magén,'”?

Pilar Jiménez-Cavero,*? Rafael Pérez del Real,”
José Ignacio Morales-Aragonés,'” (' Soraya Sangiao,'”
and Irene Lucas'”

Rubén Corcuera,'”?
Rafael Ramos,*®
Luis Morellén,'”

AFFILIATIONS

TInstituto de Nanociencia y Materiales de Aragdn, Universidad de Zaragoza-CSIC, 50018 Zaragoza, Spain
2Departamento de Fisica de la Materia Condensada, Universidad de Zaragoza, 50009 Zaragoza, Spain
*Centro Universitario de la Defensa, Academia General Militar, 50090 Zaragoza, Spain

“Instituto de Ciencia de Materiales de Madrid-CSIC, 28049 Madrid, Spain

SCentro Singular de Investigacion en Quimica Bioldxica e Materiais Moleculares (CIQUS), Universidade de Santiago de
Compostela, 15782 Santiago de Compostela, Spain

¢Departamento de Quimica-Fisica, Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Spain

@ Author to whom correspondence should be addressed: pjcavero@unizar.es

ABSTRACT

The use of magnetic garnets in new technologies such as spintronic devices requires fine-structured thin films. Classical fabrication techniques
for these materials, typically physical vapor deposition methods, lead to excellent magnetic behavior. However, availability and scalability for
potential applications are well restricted. In this study, we propose an innovative approach to fabricating Yttrium Iron Garnet thin films
with precise thickness control achieved through iterative layer deposition via a chemical synthesis route. Remarkably, the iterative deposition
process results in films exhibiting exceptional crystallinity. Magnetic characterization provides saturation magnetization and coercivity values
on par with those reported in literature, summed to narrow ferromagnetic resonance lines. Therefore, in this work we demonstrate the
viability of polymer assisted deposition as a promising alternative thinking about scalability to conventional deposition techniques for this
material. Notably, our findings reveal energy conversion efficiencies comparable to those achieved with materials synthesized via physical
vapor deposition methods.
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I. INTRODUCTION

The development of spintronics, magnonics, and spin
caloritronics in recent years has led to a renewal of interest in the
family of magnetic garnets due to their exceptional magneto-optical
properties.' * In particular, the net magnetic moment combined
with insulating behavior, small spin-wave damping leading to
narrow ferromagnetic resonance (FMR) linewidth, and optical
transparency in a wide range are of special relevance for these
fields.”

Among the materials belonging to this family, FMR linewidth
and damping parameter reach their minimum in bulk single crystals
of Y3FesO1; (YIG), with peak-to-peak and Gilbert damping values of
0.5 mOe and 107>, respectively.”” When fabricating YIG thin films,
these FMR linewidth and damping values worsen in, at least, an
order of magnitude, depending on the fabrication technique.””'™"*
These facts make it an outstanding synthetic material for microwave
and magneto-optical applications such as filters and resonators, and
has established YIG as the benchmark material for the study of novel
spintronic phenomena.
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YIG is a cubic iron garnet (Ia3d, O;’, space group 230) where
the Fe** ions occupy different octahedral:tetrahedral sites in the
ratio 2:3. The Fe’* sublattices order antiferromagnetically, with non-
magnetic Y>* ions located at the dodecahedral sites. Therefore, it is
the uncompensated Fe** ions at the tetrahedral sites that are respon-
sible for the ferrimagnetic state at room temperature, up to a Curie
temperature ~560 K.’ e

In the aforementioned fields, the availability of epitaxial thin
films is essential for most studies and applications. However, the
standard method for YIG single-crystal fabrication, liquid phase
epitaxy (LPE),” and other bulk synthetic methods have difficulties
in controlling the layer thickness down to the nanometer range,'”
although successful attempts have been achieved recently with really
good FMR linewidth and damping values."”'* On the other hand,
physical techniques such as pulsed laser deposition (PLD) or sput-
tering produce high-quality epitaxial thin films of YIG of a few
nanometers with low values of magnetization damping®'"'*** but
show important drawbacks in terms of affordability and scalability
compared to chemical synthesis routes.” In this regard, we reported
in a previous study’® the possibility of fabricating epitaxial YIG
thin films on (111)-oriented Gd3Gas;O12 (GGG) substrates using
a scalable and reliable chemical solution (water-based) deposition
technique called polymer assisted deposition (PAD). The obtained
samples retained chemical, crystalline, and magnetic properties
comparable to those of films produced by physical methods. Struc-
tural and chemical properties as well as static and dynamic magnetic
behavior of ~15 nm thick films were studied in that work. In par-
ticular, the magnetization saturation Ms and the Gilbert damping «
values were determined by broadband FMR experiments.

Some spintronic applications require samples of tens of
nanometers of thickness for improved performance; that is the
case of the longitudinal spin-Seebeck effect (LSSE).” > This phe-
nomenon consists of the excitation of a spin current in a magneti-
cally ordered material (FM) as a consequence of the application of
a thermal gradient. The consensus at present is that the heat-driven
spin current refers to that transported by the collective excitations
of local moments (magnons).‘m > Therefore, electrical insulators
are the most suitable materials for the magnetically active layer.*’
Detection is usually performed by spin-to-charge conversion: the
thermally excited spin current is injected into an adjacent non-
magnetic (NM) material, where it is converted into a transverse
electric field by means of the inverse spin-Hall effect (ISHE).”* The
longitudinal spin Seebeck effect is the simplest configuration in
which a bulk polycrystalline ferromagnet can be used and consid-
ered as a prototype of the spin Seebeck effect from an application
viewpoint.*

The finite magnon propagation length inside the FM layer leads
to a saturating behavior of the signal upon increasing the layer thick-
ness. In the case of YIG fabricated by PLD, this length scale is around
~100 nm at room temperature.”’” Another factor with great impact
in the observation of the LSSE is the interface quality since it affects
interfacial properties such as spin-mixing conductance, sd-exchange
coupling, or interfacial thermal resistivity.””

In this work, we show that the PAD technique is a suitable
technique to fabricate YIG thin films with thickness control and
interface quality, obtaining excellent crystalline and magnetic (static
and dynamic) properties. Furthermore, the LSSE is quantified as a
function of the thickness of the films.

pubs.aip.org/aip/apm

Il. EXPERIMENTAL

Fabrication of the samples was made by means of PAD.
Individual Y and Fe solutions were prepared by dissolving their
nitrates in water with ethylenediaminetetraacetic acid (EDTA, 1:1
molar ratio) and polyethylenimine (PEI) (1:1 mass ratio to EDTA).
Each individual solution was filtrated using Amicon filtration units
(10 kDalton). Eventually, the yttrium-iron solution was made by
mixing the individual solutions in the ratio of 3 mol of yttrium
to 5 mol of iron. 70 ul of the solution were spin-coated onto
GGG (111) polished substrates using a Spin Coater WS-650MZ-
23NPPB from Laurell. The crystallization process was performed in
air using a Hobersal Mod. 12 PR/200 oven at 750 °C during 2 h with
well-controlled thermal ramps to avoid cracking of the films. Thick-
ness control of the films was achieved with an iterative process of
spin-coating and crystallization in the oven.

The samples were structurally characterized by x-ray reflec-
tivity (XRR) and diffraction (XRD) in a high-resolution Bruker
D8 Advance diffractometer using Cu K, radiation. The reflectiv-
ity profiles were analyzed using a commercial software provided by
Bruker. Local structure characterization was carried out by scan-
ning transmission electron microscopy STEM in a probe-corrected
Thermo Fisher Scientific Titan 60-300 microscope, equipped with a
CETCOR aberration corrector for the condenser system to achieve
a probe size <1 A. Cross-sectional thin lamellas (<50 nm thick) were
extracted from the films for STEM characterization by focused-ion-
beam (FIB) milling in a Thermo Fisher Scientific Helios Nanolab
600 operated at 30 kV. A 5-kV ion beam was used for the final thin-
ning to reduce the surface amorphization layer. The morphology of
the surface of samples was studied by Atomic Force Microscopy in
tapping mode using a Veeco (Bruker) Multimode VIII system.

Static magnetic properties of the samples were investigated
using a Vibrating Sample Magnetometer (VSM) KLATencorEV7ato
extract saturation magnetization and coercivity. Magnetic dynamic
properties were studied through temperature dependent ferromag-
netic resonance using a Bruker EMX spectrometer operating at
9.4 GHz (X band), equipped with an ER 4102ST resonant cavity
(TE102 mode) for low magnetic fields. Broadband FMR measure-
ments were carried out at room temperature on YIG samples flipped
upside down on a shorted microstrip line placed between the poles
of an electromagnet that provides static magnetic fields up to 1 T
in the plane of the samples and perpendicular to the rf field. Exci-
tation frequencies of the rf magnetic field in the range from 2 to
7 GHz at a power of 10 dBm have been selected using a Keysight
N5173B rf generator. The FMR signal was measured by a lock-in
technique with an amplitude modulation at a few kHz. Additionally,
time-dependence response to transverse magnetic pulses and low
bias fields has been investigated using a pulsed inductive microwave
magnetometer (PIMM).*°

In order to achieve ISHE detection of the LSSE, a Pt layer of
~5.5 nm was deposited by dc magnetron sputtering at room temper-
ature and an Ar pressure of 0.5 mTorr prior to LSSE experiments.
The sample was then cut into 2 x 10 mm?® sized pieces. Finally,
the used experimental setup for the LSSE study consists of a cop-
per holder in which the sample is placed between two AIN plates
attached to the holder; the thermal gradient in the direction per-
pendicular to the sample surface (z direction) is generated by the
application of an electric current to a resistive heater placed on the
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upper plate using a Keithley 236 source. The temperature difference
between plates is monitored by two T-type thermocouples con-
nected to a Keithley 2000 multimeter. The electrical contacts were
made using Al wires with 25 ym diameter, and the output transverse
voltage along the 10 mm-long side (y direction) is recorded using
a Keithley 2182A nanovoltmeter. The sample is placed between the
pole pieces of an electromagnet powered by a TDK Lambda power
supply, achieving up to 1 T field, with the field applied in-plane
parallel to the 2 mm-long side (x direction).

I1l. RESULTS AND DISCUSSION
A. Structural characterization

The main limitation of the PAD technique is the obtained
thickness in a single deposition that depends typically on the vis-
cosity of the solution and that normally ranges from 12-20 nm. For
thicker samples, the deposition process must be repeated, with the
possibility of damaging the previous crystallized layer. In this work, a
layer-on-layer growth was used, where a new layer was stacked onto
a previous thinner sample by spin-coating followed by an annealing
process to induce further crystallization. Therefore, the evolution
of the crystallinity of the material with the increased number of
stacked layers in six different samples has been studied and carefully
analyzed.

XRD 26/w patterns around the GGG (444) peak confirm the
crystalline growth of YIG in each stacked deposition, as shown in
Fig. 1(a). Laue fringes can be observed, which entails high crystal
coherence within the film. Furthermore, diffraction patterns do not
exhibit any other peaks but (hhh) ones in the 26 20°-120° range (see
supplementary material). The final thicknesses of the samples after
each intermediate deposition were assessed by fitting the XRR data,
as shown in Fig. 1(b) for a two layer-stacked sample. According to
the fits, the thickness of each stacked layer for all the samples was
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around 12.5 nm with a surface roughness of ~ 0.3 nm (a detail of the
sample properties can be seen in supplementary material).

The AFM topography image shown in Fig. 2(a) reveals a homo-
geneous surface with RMS roughness below 1 nm obtained in a
micron-sized region, in agreement with the XRR profiles. High angle
annular dark field (HAADF) imaging in STEM was carried out to
investigate the local microstructure and the presence of porosity
within the films. A low magnification image of a four-layer specimen
confirms the low roughness of the film [see Fig. 2(b)]. Furthermore,
the thickness of the whole stack can be accurately determined to
(55 + 1 nm). A higher magnification image of the whole film is
displayed in Fig. 2(c) showcasing that a high quality single crys-
tal is grown, without any noticeable discontinuity or defect at the
interfaces between the stacked layers. Finally, the atomic resolu-
tion HAADF STEM image of the interface of the YIG film with the
GGG substrate, illustrated in Fig. 2(d), reveals the high quality epi-
taxy of the film, a coherently strained film with an atomically sharp
interface.

B. Magnetic properties

VSM measurements at room temperature reported hysteresis
loops. The coercive field of the samples was measured, obtaining
similar results as the ones presented in Fig. 3(a) for the 25, 50,
and 75 nm thick samples; all the samples exhibited coercive fields
smaller than 0.5 Oe, which demonstrates excellent magnetic behav-
ior compared to literature reported samples.'"'®”" The saturation
magnetization of all samples is in the range of ~140 emu/cm?, which
is the standard value taken for bulk YIG.*

FMR experiments reported a single sharp line with AH), val-
ues ~6 G at 9.4 GHz [Fig. 4(a)]. This result is in excellent agreement
with recently reported values of monocrystalline thin films like
the obtained in Ref. 16, and just 2-3 times larger than in sam-
ples fabricated through physical vapor deposition techniques.””
The specimens analyzed were randomly extracted from the sample

B Thick Roughness Density
\ (nm) (nm) (g/cm?)
YIG 25,20 0,289 7,589
GGG 0,295 6,668

20 (degrees)
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FIG. 1. (a) Symmetric 20/ w diffraction patterns around the (444) GGG Bragg peak after each deposition. (b) XRR data and fit of a two stacked-layer sample.
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FIG. 2. (a) AFM topography of the surface (1 x 1 um?) of a 55 nm thick film. (b) Low magnification HAADF-STEM image of a 55 nm thick film. (c) High-resolution image of the
whole stack of the 55 nm thick YIG film, approximately from the yellow rectangular region in (b). The red arrows are a guide to the eye schematizing the estimated thickness
of each stacked layer. (d) Atomic resolution HAADF-STEM image of the interface between the GGG substrate and YIG film, marked with a blue square in (c).

and reproducible, ensuring magnetic homogeneity throughout the
samples.

Resonant frequency dependence of the 75 nm thick film with
the applied magnetic field is shown in Fig. 4(b); it can be seen that
follows the Kittel formula®

7= (L )Vt ani), 1)

2

With the fit of the data to Eq. (1), saturation magnetization Mj
and gyromagnetic value y are extracted. The M; values obtained are

151 emu/cm?, which arises just to an 8% discrepancy with the value
measured by VSM. This difference may be attributed to the fact
that FMR provides an effective value of the saturation magnetiza-
tion considering the effect of anisotropies present in the sample.'**'
It is also worth mentioning that the difficulties in measuring the
exact volume of the sample yield large values of error in the sat-
uration magnetization.'® The gyromagnetic value from the fitting
is calculated to be & ~2.1 MHz/Oe. Both results are compara-
ble to bulk YIG (M ~ 140 emu/cm’ and y/2m ~ 2.8 MHz/Oe). The
Gilbert damping parameter a can be extracted from the linear fit
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FIG. 3. (a) Normalized hysteresis loops of 2, 4, and 6 stacked-layer samples measured in the film plane. All the measurements exhibit coercive fields lower than 1 Oe and
saturation magnetization near 140 emu/cm®. (b) Hysteresis loops close to the zero field.

to Eq. (2) of the broadening of the FMR peak with increasing
frequency,“‘z‘*’

frequency is the same for all thicknesses, which proves the quality
and homogeneity of the samples. Besides, those values fit perfectly
with the fit shown in Fig. 4(b), obtained for much higher applied

_ 4mo fields and different techniques. Using the Fast Fourier transform
HoAH = poAHo + y f- @ (FFT) of Fig. 5(a), taking into account that**
This linear fit [Fig. 4(c)] yields a negative intercept of —0.3 + 4.9 o= Aw i 3)
Qe, but its value is much smaller than its standard error, which Yo Ms

means that the value of this inhomogeneous linewidth broaden-
ing is approximately zero. The slope of the linear fit yields to
a =~ 8.9 x 107>, This value is two orders of magnitude larger when
compared to bulk material” and an order of magnitude larger
compared to monocrystalline thin films fabricated via physical
routes” """ and alternative chemical routes. '

Figure 5(a) shows the PIMM inductive response voltage for
a bias magnetic field of 40 Oe applied to the 75 nm thick sample
in the film plane. From these PIMM measurements, for all thick-
nesses and for bias fields applied between 5 and 90 Oe, the resonance
frequencies shown in Fig. 5(b) have been obtained. The resonance

where Aw is the full width at half maximum resonance linewidth, we
obtain a value of & ~ 10 x 107, which fits perfectly with the value
obtained using the previous technique for higher fields.

C. Spintronics response

The results of the LSSE experiments at T = 300 K are presented
below. The transverse voltage AV, is recorded for different tem-
perature gradients applied in the z-direction (out-of-plane), while
the magnetic field (applied in the x direction) is swept twice (from
H = -8 kOe to H = 8 kOe and back). Taking advantage of the odd

. . , . i . . , . 1 s
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6 4 45l
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FIG. 4. (a) Ferromagnetic resonance spectrum of the 37 nm thick sample. A single sharp line is obtained with AHp, = 6 G at 9.4 GHz. (b) Magnetic field dependence of the
resonant frequency of the 75 nm thick film and fitting to the Kittel formula. The measurements were performed with the bias field along the film surface. (c) FMR linewidth

broadening vs frequency and linear fit to Eq. (2).
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FIG. 5. (a) PIMM inductive response voltage for a bias magnetic field of 40 Oe applied to the 75 nm thick sample along the film plane. (b) FMR obtained for low fields and all

the thickness used in this study with this PIMM technique.

parity of the ISHE signal as a function of magnetic field, the antisym-
metric component AV;™ (H) of the raw data is extracted for each
applied AT in order to retrieve the ISHE contribution. The resulting
signals are plotted in Fig. 6(a). As expected, AV;"“(H ) mirrors the
hysteresis loop of YIG with a coercivity below the field resolution of
our measurement. The AVisyg value is then calculated for each AT
as half the difference between saturated positive and negative AV;™.
The resulting values depend linearly on AT, as plotted in Fig. 6(b).

The evolution of the thermal-spin current generation was stud-
ied with film thickness. The magnitude of the SSE increases rapidly
until 50 nm, where it seems to reach a value that does not increase
significantly for thicker samples, as seen in Fig. 6(c).

These values allow to calculate the standard SSE coefficients
(S%S,E) defined as follows:

sse_ AVisue t

where t denotes the sample thickness (including substrate) and d,
is the distance between the electrical contacts to measure the signal.
We obtain SﬁfE =2.45 £ 0.05 nV K™' for the thickest sample. These
values are around one or two orders of magnitude smaller than those
reported in the literature for bulk and thin films of comparable thick-
ness fabricated using physical vapor deposition techniques.”””"**°
This could be attributed to various causes: minor variations in
the Pt layer thickness, for example, affect greatly the ISHE volt-
age through the spin diffusion length,”” the Pt/YIG interface or
some incidence of porosity could also result in a reduction of the
spin transference: a small variation in the surface composition,
with a reduced magnetization, could be responsible of this low
response as well. This deserves further investigation. Despite the
low Sﬁ;E obtained, the results attained in this work demonstrate
the possibility of using a scalable and affordable chemical route
to synthesize thin films to be implemented in thermal spintronics
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FIG. 6. (a) Antisymmetric component AV;’”ti of the measured voltage as a function of magnetic field for different AT; it tracks one of the branches of a magnetization hysteresis
loop. (b) Dependence of AV sye on AT and linear fit. (c) Dependence of the Spin-Seebeck coefficient with the film thickness.

APL Mater. 12, 081109 (2024); doi: 10.1063/5.0223260
© Author(s) 2024

12, 081109-6

9€:/1:01 ¥20¢ Joquialdas 60


https://pubs.aip.org/aip/apm

APL Materials

IV. CONCLUSIONS

We have demonstrated that monocrystalline YIG samples can
be fabricated onto GGG (111) substrates through the water-based
chemical route called polymer assisted deposition. Furthermore,
film thickness control can be achieved with a single layer thick-
ness resolution. XRD experiments and HRTEM images confirm
the excellent crystallinity of the samples, and no interface can be
perceived between the stacked layers.

The magnetic properties of the films grown by this technique
are competitive with films grown by more standard PVD tech-
niques, such as pulsed laser deposition. The coercive fields of the
films are lower than 0.5 Oe and the 140 emu/cm® saturation mag-
netization value is close to that of bulk material. Ferromagnetic
resonance experiments show a single sharp line with 6 G peak-to-
peak amplitude, which is the smallest value achieved for a chemical
route fabricated YIG sample. Damping value was extracted through
two different methods obtaining similar results in the range of 107,
which is comparable to values reported in the literature.

The potential application of these samples in spintronic devices
has been demonstrated with the spin-Seebeck effect measurements,
exhibiting thermal-spin transformation in the range of nV K™".

In conclusion, PAD is a competitive and suitable technique for
fabricating YIG thin films with precise thickness control, as demon-
strated by the properties presented in this paper. Additionally, the
water-based nature of the technique, makes it a highly versatile and
cost-effective method, offering scalability for industrial applications
in spintronics.

SUPPLEMENTARY MATERIAL

Additional information about the samples can be found in the
supplementary material. There we present the x-ray diffraction pat-
tern in the 20°-120° range, where only (hhh) peaks can be seen,
confirming the full orientation of the crystal induced by the sub-
strate. In addition, a detail of the (444) and (888) diffraction peaks
of GGG and YIG is shown.

X-ray reflectivity profiles are included in the supplementary
material and a table to summarize the properties of the samples
obtained by the fitting of the data.

An AFM image of a 4 x 4 ym® section of a sample is shown,
confirming the low rugosity in larger areas.
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