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Compensated ferrimagnetic insulators are particularly interesting for enabling functional spintronic, optical, and mi-
crowave devices. Among many different garnets, Gd3FesO1, (GdIG) is a representative compensated ferrimagnetic insu-
lator. In this paper, we will study the evolution of the surface morphology, the magnetic properties, and the magnetization
compensation through changing the following parameters: the annealing temperature, the growth temperature, the anneal-
ing duration, and the choice of different single crystalline garnet substrates. Our objective is to find the optimized growth
condition of the GdIG films, for the purpose of achieving a strong perpendicular magnetic anisotropy (PMA) and a flat
surface, together with a small effective damping parameter. Through our experiments, we have found that the surface
roughness approaching 0.15 nm can be obtained by choosing the growth temperature around 700 °C, together with an
enhanced PMA. We have also found the modulation of magnetic anisotropy by choosing different single crystalline garnet
substrates which change the tensile strain to the compressive strain. A measure of the effective magnetic damping parameter
(Oegf = 0.04 £0.01) through a spin pumping experiment in a GAIG/Pt bilayer is also made. Through optimizing the growth
dynamics of GdIG films, our results could be useful for synthesizing garnet films with a PMA, which could be beneficial

for the future development of ferrimagnetic spintronics.

Keywords: ferrimagnet, perpendicular magnetic anisotropy, ferrite and garnet devices, crystal growth

PACS: 75.50.Gg, 75.30.Gw, 85.70.Ge, 81.10.-h

1. Introduction

Rare earth iron garnet (RelG) of composition Re3FesO»
is one of the most interesting material systems which has con-

tinuously attracted attention in the magnetism community !~

591 H0-131 ggcillators, [1413]

for storage,! microwave devices,
waveguides, '-'8 magneto-optical isolators,['°-?!1 spin cur-
rent generator>>-2%1 and magnonic devices.?1 Very re-
cently, RelGs with a perpendicular magnetic anisotropy
(PMA) appear as a popular material system in the field of

(31351 Particularly, the electrical manipula-

spin-orbitronics.
tion of perpendicular magnetization vectors!”3%371 and the
high-speed domain wall (DW) motion, 33849 both enabled
by the pure spin currents (in proximity with heavy metal Pt
and/or W layers) have been successfully demonstrated. For
examples, motion of DW at velocities of 750 m/s! and even
above 4000 m/s,* was recently observed.

Through replacing a nonmagnetic Re element (Y, for ex-
ample) by the other Re elements with large magnetic mo-
ments (Gd, #1421 Eu, 1431 Ho,14445] Tp 46471 and Dyl48:49]
in particular), additional source of magnetism, together
with many intriguing properties are introduced.’%>3! Using

DOI: 10.1088/1674-1056/ac0db0

GdsFe;01, (GdIG) as an example, it contains three mag-
netic sublattices, %71 the a-site Fe** ions octahedrally coor-
dinated with the surrounding O~ ions, the d-site Fe3* ions
tetrahedrally coordinated with the 02~ ions, and the c-site
Gd3* ions dodecahedrally coordinated with the O>~ ions.[*!
The moments of the a-site Fe’" ions are antiferromagneti-
cally coupled to the moments of the d-site Fe>* ions, which
also exhibit a weak ferromagnetic coupling to the moments of
the c-site Gd>* ions. Through varying temperatures, the net
magnetic moments of the Fe’* ions and the Gd** ions can
be fully compensated, manifesting as a magnetization com-
pensation temperature (7jp).%8 On the other hand, due to
the slightly different g factors of the Fe and Gd elements,
the net (spin/orbit) angular moments can also be fully com-
pensated, marked as an angular moment compensation tem-
perature (Tp). These two characteristic temperatures of the
GdIG films, resembling as the equivalent properties of antifer-
romagnets, have recently brought new exciting opportunities
for spintronics.>>-%% The most recently reported ultrafast DW

3.38-401 and strong magnon—phonon coupling!®-631 are

motion!
just a few representative examples. It should be mentioned

here that among all RelGs, GdIG is particularly promising as
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it exhibits the highest (near room temperature) compensation
temperature, °%>7] which promises its potential for room tem-
perature ultrafast spintronics.

Note that pulsed laser deposition (PLD) is frequently used
for synthesizing high quality garnet films, and complex ox-
ides in general.[*3:%465] The size of sample is however, typ-

66,671 Recently, off-axis

ically limited to a few millimeters.!
magnetron sputtering has been used for growing garnet films
with high quality, 68
also suitable for growing large area garnet films with high uni-

formity. However, a systematic investigation of the growth

! implying that magnetron sputtering is

condition and annealing condition on the properties in GdIG
is still lacking.

Towards spin-orbitronic applications, GdIG (or RelG in
general) thin films with a PMA at room temperature are de-
manded. To obtain a GdIG film with a PMA, a tensile strain
arising from the lattice mismatch between the GdIG film and
the substrate should be carefully examined.[”%-"2
lattice constant of GdIG is 1.2471 nm,P%81 we will use sin-
gle crystalline Gd3Scy;Gaz 012 (GSGG) substrate with a lattice
constant 1.2554 nm, which could provide a maximum tensile
strain that can be beneficial for stabilizing PMA. Note that dif-
ferent growth conditions, including the growth temperature,

1 Since the

the annealing temperature/time, the lattice mismatch between
substrates and films (and the resulting strain), not only affect
the growth dynamics of GdIG films, but also substantially al-
ter the magnetic properties. In this study, we will systemati-
cally study the surface morphological, the structural, and the
magnetic properties of GdIG films grown under different con-
ditions, aiming for achieving a room temperature PMA and a
smooth surface, together with a low effective magnetic damp-
ing parameter.

Following this motivation, the evolution of PMA, the sur-
face roughness, and the magnetization compensation of GdIG
films will be investigated through changing (a) the annealing
temperature, (b) the growth temperature, (c) the substrate pre-
annealing temperature, (d) the annealing duration, and (e) the
lattice mismatch between different substrates. In the very end,
we will quantify (f) the evolution of magnetization compensa-
tion temperature as a function of growth parameters and (g) the
effective Gilbert damping parameter in the GdIG/Pt bilayer.

2. Results and analyses

GdIG thin films with a fixed (nominal) thickness of 15 nm
were deposited on top of various (111)-oriented single crys-
talline substrates by using a radio-frequency (RF) magnetron
sputtering technique, from a commercial target with a nomi-
nal composition of Gd3zFes;01, by using an ultrahigh vacuum
(UHV) sputtering system (AJA-Orion 8). The base pressure
of the main chamber is better than 3 x 108 Torr. During the
deposition, the argon pressure was fixed at 3 mTorr, the depo-
sition rate of GdIG is calibrated to be 0.6 nm/min. An in-situ

annealing process could be conducted in the sputtering cham-
ber under a mixture of argon and oxygen environment, with an
oxygen partial pressure of 20% of 1 mTorr. After annealing,
all films were naturally cooled down to room temperature.

A Gd3FesOj, target of nominal composition (99.99%)
and various single crystalline substrates used in the present
work were commercially available from Kejing, LTD (Hefei,
China). X-ray diffraction (XRD) experiments were done by
using a Smartlab x-ray diffractometer (Rigaku). Surface mor-
phology was characterized by using a Bruker atomic force
microscope (AFM). Magnetometry measurements were done
by using a Quantum Design magnetic properties measurement
system (MPMS). Transport measurements were done by using
a Quantum Design physical properties measurement system
(PPMS). All magnetometry, AFM, XRD, and spin pumping
experiments were performed at room temperature, unless oth-
erwise specified.

2.1. Annealing effects on the films grown at room temper-
ature

We first synthesized a series of GdIG films of fixed thick-
ness 15 nm on the GSGG (111)-oriented single crystalline
substrates at room temperature, which were subsequently an-
nealed in-situ in the growth chamber under different anneal-
ing temperatures (7). Ty, ranges from 400 °C to 800 °C
in 100 °C steps, with a fixed duration of 3 hours. Fig-
ures 1(a)—1(f) show the corresponding perpendicular magne-
tization hysteresis loops (M—H;) of the as-grown GdIG film
and the GdIG films annealed at different T,,. The as-grown
GdIG film does not show any measurable magnetic signal. For
Tan > 600 °C, both magnetic signals and square-like hystere-
sis loops appear, which confirm the presence of PMA of the
prepared GdIG films. The evolution of the saturation mag-
netization (Ms) and the coercivity (H.), as a function of Ty,
are summarized in Fig. 1(g). It is clear that My starts to in-
crease from T,, = 500 °C, which reaches a constant value
(Mg = 25 emu/cc) when T, > 600 °C. The corresponding H,
increases following the increase of Tyy.

To correlate the magnetic properties with the film qual-
ity, we further studied the surface morphology and the crystal
structure of these GdIG films. The evolution of the surface
roughness (obtained by performing AFM experiments) as a
function of T, is shown in Figs. 2(a)-2(f). A smooth surface
of the as-grown GdIG film and the film annealed at 400 °C
and 500 °C with a roughness value around 0.15 nm (rms) can
be seen. It is also noted that the grain size increases follow-
ing the increase of T, (> 600 °C). Monotonic increases of the
height depth (defined as the distance between the highest peak
and lowest valley) and roughness (rms) as a function of T, are
further shown in Fig. 2(g), which contribute to the enhance-
ment of H..
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Fig. 1. (a)-(f) The magnetization hysteresis loops (M-H;) of the as-grown GdIG film and the GdIG films that were annealed at different
annealing temperatures (73,). Magnetic fields were applied normal to the film plane (i.e., along the z direction). (g) The evolution of the

saturation magnetization (Ms) and coercivity (H.) as a function of Tyy.
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Fig. 2. (a)—(f) A series of AFM images for GdIG films. The increased grain sizes can be found with the increase of annealing temperature
Tan- (g) The height depth and the surface roughness (rms) as a function of T,,. (h) The corresponding XRD spectra of GdIG films, in which
diffraction peaks of the GSGG (444) crystal orientation can be seen, together with the GdIG (444) peak when T, > 600 °C.

It has been previously mentioned that GdIG film with
PMA is an ideal platform for spin—orbitronics. For the current-
induced spin—orbit torque (SOT) manipulation of the perpen-
dicular magnetization or DW dynamics in the GdIG films, a
very thin capping layer of heavy metals (~ 4 nm) with a strong
spin—orbit interaction is typically required. For the annealed
GdIG films with a PMA, a typical height depth is around 8 nm
(Tan = 600 °C). Thus, a 4 nm heavy metal capping layer can-
not ensure a full coverage of GdIG films, which prohibits a
further SOT study in these films.

In order to probe the structural properties, we have per-
formed XRD experiments. The x-ray spectra of GdIG films
measured around the (444) diffraction peaks of the substrate
are shown in Fig. 2(h). It can be seen that the (444) diffraction
peaks of the GdIG films are only visible when T, > 600 °C,
which indicate the crystallization of GdIG films. The evolu-
tion of the film peak position with respect to the substrate peak
position reveals an expected tensile strain from the substrate,

which is also consistent with the occurrence of PMA.
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2.2. Varying the growth temperature

In the following, we will examine the influence of the
growth temperature (Ty) on the film quality. At a relative high
growth temperature, atoms with sufficient kinetic energy could
easily find the lattice matched location on the substrate, which
could naturally give rise to a smoother surface of GdIG film,

(nm) (a)
0.8

600 °C deposited  (b)

700 °C deposited (c)

together with a strong PMA. Note that the growth dynamics
by changing growth/annealing temperature (7y/Tan) could be
different. In the former case, atoms could move to the cor-
responding lattice position (during growth) and form a high-
quality film. In the latter case, atoms in a grain are not able to

move (after growth) between grains during annealing.

800 °C deposited
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Fig. 3. (a)—(c) The AFM images of GdIG films grown at different temperatures (7). (d) The XRD spectra of GdIG films deposited at 600 °C,
700 °C, and 800 °C, respectively. (e)—(g) The corresponding M—H, loops. (h) The evolution of M and H, as a function of Ty (i)-(k) The
SMR measured in the Hall geometry (R%MR) in GdIG/Pt (15 nm/4 nm) bilayers. Shown in the inset is an optical image of Hall bar device. The
scale bar is 20 um. (1) The saturated RﬁyMR as function of Ty. (m)—(o) The R%}’IR measured in a planar Hall geometry. (p) The effective field of

PMA (uoHy) as a function of Tg;.

Since our previous experiments suggested that GdIG
films can crystallize at 600 °C (during the annealing), and
meanwhile, exhibit PMA, we will explore the properties of
the GdIG films grown at 600 °C, 700 °C, and 800 °C re-
spectively. After deposition, an in situ annealing at the corre-

sponding growth temperature for 3 hours was conducted. Fig-

ures 3(a)-3(c) are the AFM images of these three samples, in
which no visible grains can be seen from the AFM images.
The surfaces are very smooth with a roughness (rms) less than
0.19 nm, in stark contrast with the films grown at room tem-
perature (Fig. 2). The corresponding XRD spectra of the GdIG
films show (444) diffraction peaks of both substrate and GdIG
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film, as shown in Fig. 3(d). Intensity oscillations can also be
observed, indicating a high-quality crystallinity and a smooth
interface.

We further carried out M—H, measurement at room tem-
perature, which confirms the presence of PMA in these GdIG
films, as shown in Figs. 3(e)-3(g). Both M, and H, approach
fixed values, when Ty > 700 °C, as shown in Fig. 3(h). Bene-
fitting from the smooth surfaces, through depositing a 4 nm Pt
layer on top of GdIG films, we can detect the magnetic prop-
erties electrically by means of spin Hall magnetoresistance
(SMR) in the anomalous Hall configuration (R3Y™®).17073 Hall
devices of width 20 um and length 120 um were patterned by
using standard photolithography and ion milling techniques.
The optical image of the Hall bar device is shown in Fig. 3(i).
Figures 3(i)—(k) show R%MR acquired in Pt/GdIG bilayer, the
evolution of which is similar to the other RelGs exhibit-
ing PMA, including TmIG/Pt, TbIG/Pt, YIG/Pt, and other
bilayers.[4751-7] Note that the H_ values from R3MR—H, mea-
surements are larger than those of M—H,, which can be at-
tributed to the extra pinning sites introduced during the pho-
tolithography process. The amplitude of Rﬁ;\’m remains ap-
proximately a constant, as shown in Fig. 3(1), which is also
consistent with the magnetometry measurement. In order to
quantify the effective field of PMA (ugHg), we have also
measured SMR in the planar Hall configuration, as shown in
Figs. 3(m)-3(p). It can be seen from Fig. 3(p) that the GdIG
film deposited at 700 °C exhibits the strongest PMA.

2.3. Varying the substrate preannealing temperature

It is also known that the substrate quality could affect the
magnetic and structural properties of films. We will subse-
quently examine whether a preannealing procedure on the as-
purchased substrate could influence both the film roughness
and the strength of PMA. These substrates were preannealed
at 500 °C for 0.5 hour before growth in vacuum, as most of
adhesive carbides on the substrate will disappear at 500 °C,
which could likely give rise to a better film quality. After
the preannealing process, we deposited GdIG films at 600 °C
and 700 °C, respectively, which were subsequently followed
by an in situ annealing at the corresponding growth tempera-
ture for 3 hours. The AFM images shown in Figs. 4(a) and
4(b) indicate that both films exhibit very smooth surfaces with
roughnesses (rms) of 0.17 nm and 0.18 nm, respectively. The
magnetic measurements show that the M—H, loops (Figs. 4(c)
and 4(d)) remain the same as those of GdIG films which did
not involve a substrate preannealing (Fig. 3). These results in-
dicate that preannealing of the as-purchased substrates is not
essential, for which could not improve the quality of the GdIG

films.

(nm) (a) 500 °C pre. 600 °C dep. (b) 500 °C pre. 700 °C dep.
R e T v

M (emu/cc)

poH: (mT)

poH: (mT)

Fig. 4. (a) and (b) AFM images of GdIG films grown on the preannealed
substrates. Before the growth of GdIG, GSGG substrates were prean-
nealed at 500 °C for 0.5 hour. The growth temperature of GdIG film is
600 °C and 700 °C, respectively. (c) and (d) M—H, loops of GdIG films,
which remain approximately the same as that of GdIG films grown on
the as-purchased substrates (Fig. 3).

2.4. Varying the duration of annealing time

The growth period of GdIG film lasts about 8 hours, we
will shorten the growth period by varying the duration of an-
nealing. Note that the growth/annealing temperatures and their
raising/falling rates are fixed. In particular, the duration of an-
nealing for enabling smooth surface and PMA of GdIG films
will be examined. Four different samples, while all deposited
at 700 °C, were in situ annealed at 700 °C for 2 hours, 1 hour,
0.5 hour, and 0 hour (immediate cooling down to room tem-
perature in a mixture of argon and oxygen environment), re-
spectively. The surface roughness does not change signifi-
cantly, as confirmed by the AFM measurements (rms around
0.19 nm), as shown in Figs. 5(a)-5(d). The M—H_ loops show
a small decrease of saturation magnetization (from 25 emu/cc
to 20 emu/cc), as shown in Figs. 5(e)-5(h). It seems that the
GdIG film without subsequent annealing did not crystallize
completely during the cooling down. The R3)MR—H, measure-
ments from the Hall device made of GdIG/Pt bilayers were
also conducted, as shown in Figs. 5(1)-5(p). The influence
of the annealing time on the magnetic coercivity H, obtained
from the AHE measurement shows similar evolution to that
measured from M—H, loops. The difference in coercive fields
measured from AHE and M—H, loops can be attributed to the
geometry confinement and edge pinning effect introduced dur-
ing the device fabrication. Figure 5(r) shows the effective field
of PMA obtained from PHE measurements, which changes
from 245 mT to 140 mT. These results suggest that the longer
duration of the annealing, the stronger of the PMA, which sat-
urates when the annealing duration is longer than 2 h.
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annealing 1 h
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Fig. 5. (a) and (b) The AFM images of GdIG films annealed at 700 °C for 2 hours, 1 hour, 0.2 hour, and 0 hour, respectively. (e)—(h) The
M-H_ loops of GdIG films that were being annealed for different durations of time. (i)—(1) and (m)—(p) The corresponding AHE/PHE curves
in GdIG/Pt bilayers. (q) and (r) The annealing duration dependent H. and Hy, obtained from AHE and PHE measurements, respectively.

2.5. Varying substrates with different lattice constants

To elucidate the important role of the strain for sta-
bilizing PMA in GdIG films, we will use different sin-
gle crystalline garnet substrates with a continuous change
of lattice constants. This is made possible by us-
ing commercially available garnet substrates, including

Gd3SCzGa3012 (GSGG), Gd0,63Y2_37Scha3012 (GYSGG),

Gd; ¢Cap.4Gas. 1Mgo.25Zr9.65012 (SGGG), and Y3Sc,GazOs
(YSGG) (Kejing, LTD). The nominal lattice constants are
1.2554 nm, 1.2507 nm, 1.248 nm, and 1.2426 nm, respec-
tively. These substrates thus provide an ideal platform for
examining the evolution of PMA from the tensile strain to
the compressive strain. The GdIG films were all deposited

at 700 °C, and followed by an in sifu annealing at 700 °C for
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3 hours.

Figures 6(a)-6(d) are the AFM images of GdIG films, all
of which exhibit a roughness around 0.17 nm (rms), a result
similar to the previous experiments (Figs. 3 and 4). In order to
characterize the quality of the GdIG films and calculate the lat-
tice constant of the used substrates, we also performed XRD
experiments. Based on the Bragg’s law, the lattice constant
can be calculated. The positions of (444) peaks lead the lattice
constants of GSGG, GYSGG, SGGG, and YSGG to be deter-
mined as 1.2552 nm, 1.2506 nm, 1.2481 nm, and 1.2426 nm,
respectively. These calculated lattice constants are tabulated
in Table 1. Additionally, the Laue fringes on both sides of the
(444) peak can be observed from the XRD spectra, as shown
in Fig. 6(e).

While both the crystal structure and the surface morphol-
ogy are very high-quality, the magnetic properties of the GdIG

GSGG (b)  GYSGG

films grown on these different substrates are however, quite
different. Figure 6(f) shows the M—H, loops, which clearly
evidence a substrate dependence of magnetic properties. In
particular, with a small lattice constant change of 1% between
GSGG and YSGG substrates, the magnetic remanence ratio
drastically changed from 100% to 5%, as shown in Fig. 6(g).
The resultant magnetic anisotropy, as reflected by the shape
of M-H, loops, changes accordingly. These results indicate
the important role of lattice mismatch for stabilizing PMA in
GdIG films.

Table 1. Detailed material specific parameters of substrates and GdIG films.

GSGG GYSGG SGGG YSGG GdIG

Lattice constant (nm)  1.2552  1.2506  1.2481 1.2426 1.2471
20 (°) 50.313  50.516  50.633 50.868 50.672
Mismatch (%) 0.65 0.28 0.08 -0.3 0
(c) SGGG () YSGG

sGC’G

(e) 108 (f)
— 20
2 106
= < 10
3 2
& 100 ZE o
> L
=
12} —
§ 102 S-10
2
=}
— —20

100

49.0 50.0 51.0 52.0

20 (%)

poH, (mT)

| |
—0.03 0 0.03 0.06
Lattice mismatch (%)

Fig. 6. (a)-(d) The AFM images of GdIG films deposited on top of different single crystalline substrates. (e) The corresponding XRD spectra
of GdIG films. (f) The associated M—H loops. (g) The lattice mismatch dependent magnetic remanence ratio.

2.6. Evolution of magnetization compensation tempera-
tures

The magnetization compensation temperature (7yp) is an
important parameter of compensated ferrimagnets. When the
temperature is higher than 7y, the net magnetic moments of
the Fe3* ions align with the external magnetic field (the Gd>*
ions are against to the external field); when the temperature
is lower than Ty, the moments of the Gd3* ions are aligned
with the magnetic field (the Fe3t jons are against to the field).
In order to rapidly quantify the magnetization compensation
temperature, we performed a temperature dependent spin Hall
SMR measurement (RinR—T), in the anomalous Hall config-
uration for GAIG/Pt bilayers.!”%73] Since 4f electrons of the

Gd>* ions are in the inner shell, together with the lower Fermi
level of the Gd3" ions, the RE;VIR—T measurement is only sen-
sitive to the net magnetization direction of the Fe** ions, [>7-%]
which changes sign upon crossing Ty;. Thus, a step will appear
at Ty in the R)S(yMR—T curve, as shown in Fig. 7. At a fixed per-
pendicular magnetic field (oH; = +1 T), a step around 230 K
can be clearly seen in each curve. Note that the angular mo-
ment compensation temperature (74 ) can be indirectly inferred
from the velocity of DW, or directly measured from the angu-
lar moment of each sublattices through x-ray circular magnetic
dichroism (XMCD).[7>761 It should be mentioned here that the
observed Ty in our films is smaller than that of the bulk single
crystal (Ty = 291 K).5¢! Since Ty did not exhibit any depen-
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dence on the growth conditions, we tentatively attributed such
different values of Ty to the selective sputtering of the GdIG

target.
T T T T T T
10+ _..00'..'.. B
-e- Ann. 800 °C, 3 h
- Ann. 700 °C, 3 h
5?,” -~ Ann. 600 °C, 3 h |
a Dep. 800 °C, 3 h
)
- OF Dep. 700 °C, 3 h 7
< + Dep. 700 °C, 2 h
A Dep. 700°C, 1 h
—5F i
,_,»"M = Dep. 600°C, 3 h
710 —
| | | | | |

210 220 230 240 250 260
Temperature (K)

Fig. 7. The Rf;VIR—T curves measured in GAIG/Pt bilayer with H, =1 T.
Data is shifted (up and down) for clarity. The sudden jump of Rf)MR—T
is identified as Ty.

2.7. The Gilbert damping of GdIG

One of the unique motivations of studying the compen-
sated ferrimagnetic insulator is the absence of conduction elec-
trons, which leads to a low damping parameter that promises
their usage in low power consumption spintronics. In the fol-
lowing, we will use a spin pumping technique!>-’") to de-
termine the amplitude of effective damping parameter Qi in
a GdIG/Pt bilayer deposited at 700 °C and in situ annealed
for 2 hours. In this experiment, we fabricated GdIG/Pt mi-
crostripes which were integrated with a co-planer waveguide
(CPW), as shown in the inset to Fig. 8(a). When a microwave
current is fed into the CPW, the accompanied oscillating rf
magnetic field drives the precession of magnetization of the
GdIG films, which results in the pumping of spin current into
the adjacent heavy metal Pt layer. An electrical voltage signal
can be subsequently detected, as a result of the inverse spin
Hall effect of the Pt layer.

Figure 8(a) shows the spin-pumping voltages measured
at different microwave frequencies. During this measurement,
the magnetic field Hip was applied in plane with an angle 45°
with respect to the GdIG/Pt microstripe. Each spectrum ex-
hibits two symmetrical resonant peaks with an opposite sign,
which evolve systematically as a function of the resonant fre-
quency. The resonant linewidth can be obtained by using
V= VSPAHZ/[(Her)2 + AH?), where Vi, AH, and H, are
the amplitudes of spin pumping voltage, linewidth, and reso-
nant field, respectively. Through studying the dependence of
the linewidth as a function of the microwave frequency, the
effective damping parameter (0,f) can be estimated based on
AH = AHj + 0st@/y, as shown in Fig. 8(b). Considering a
gyromagnetic ratio Y = 2.8 GHz/kOe, toAHy = 8 mT, O =

0.04 +0.01 can be obtained. Specifically, the o of GAIG/Pt
is bigger than that of YIG/Pt (1x10™* to 1x1073).[2578] The
enhanced damping parameter may originate from the lattice
mismatch between GdIG and substrate, or the induced non-
collinear spin profile of the Fe>* sublattices due to the pres-
ence of the heavy Gd>* ions.[7%:80]

(a) T T T T

6 GHz
61 7GHz 7]

8 GHz
4r 9 GHz ]|

10 GHz
S 2 11 GHz ]

S AN A 12 GHz
- OF N\ N, —— fit =
=~ W —~
—-2r l @ 9 H l 7
—4FVWWS _ o z -

! !
—400 —200 0 200 400
woH (mT)

(b) 287 T T T T T T T T
g L .
o 20 -
qo - -
I 16 Qepf = 0.04+0.01
12F | I I I I I I I -

4 5 6 7 8 9 10 11 12
w/2m (GHz)

Fig. 8. (a) The resonant spectra measured at different microwave fre-
quencies in the presence of in-pane magnetic fields Hip. Shown in the
inset is an optical image of the device, in which GdIG/Pt microstripe is
located between CPW. The scar bar is 50 um. The fitted spin-pumping
signal is highlighted in red. (b) The evolution of resonant widths as
a function of resonant frequency which can be linearly fitted by using
AH = AHj + O 0/ .

3. Conclusion

In summary, we have systematically studied the surface
morphology, the structural properties, and the magnetic prop-
erties of compensated ferrimagnetic insulator thin films of
composition GdzFes01, (GdIG). In particular, the influence
of the annealing temperatures/durations, the growth temper-
atures, and the choice of substrates for ensuring both high-
quality growth and the presence of a perpendicular magnetic
anisotropy (PMA) were studied. The GdIG films grown at
room temperature and annealed at temperature higher than
600 °C exhibit PMA, but a very rough surface.
face roughness can be substantially improved by changing the
growth temperature (> 600 °C). And we have found that the
strength of PMA reaches maximum when depositing GdIG

The sur-

at 700 °C and following an in situ annealing for 2 hours at
700 °C. Furthermore, the effect from the lattice mismatch (and
from tensile strain to compressive strain) by choosing differ-
ent single crystalline RelG substrates was also examined. In
the end, we have also quantified the effective magnetic damp-
ing parameter (O = 0.04 £0.01) through a spin pumping

097503-8



Chin. Phys. B Vol. 30, No. 9 (2021) 097503

experiment in a GdIG/Pt microstripe.

Through optimizing

the growth conditions of GdIG films, our studies could pro-

vide useful information for synthesizing similar perpendicu-

larly magnetized RelG films and their heterostructures, which

could be beneficial for developing the efficient compensated

ferrimagnetic spintronics.
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