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Continuous tuning of compensated ferrimagnetism in Gd3–xHoxFe5O12 thin films
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Rare-earth iron garnets (ReIGs) are attracting considerable attention because they could enable many intrigu-
ing spintronic phenomena. Material choices of these garnets are, however, limited to rather simple compositions,
such as Y3Fe5O12, Tm3Fe5O12, and Gd3Fe5O12, among many others. The magnetic properties of these garnets,
including saturation magnetization, anisotropy, and damping parameter, are accordingly limited within a narrow
parameter space. In this study, we will first grow a series of substituted ReIGs of composition Gd3−xHoxFe5O12

(xHo = 0−3). Subsequently, a continuous tuning of magnetic parameters, including the net saturation mag-
netization (MS), the magnetization compensation temperature (TM ), and the damping parameter (α), are also
demonstrated through linearly changing the Ho concentration. The present method could be useful for designing
garnets with desired material parameters, which could be incorporated for enabling unique spintronic devices
based on compensated ReIGs.
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I. INTRODUCTION

Rare-earth iron garnets (ReIG) of composition Re3Fe5O12

are typical ferrimagnetic insulators, which have attracted sub-
stantial interest in the spintronics community [1–11]. For
example, long-distance magnon transmission [12,13], effi-
cient perpendicular magnetization [5,10,14–22], and other
intriguing spin-orbit physics have been reported in these gar-
nets [23,24]. Due to their different temperature-dependent
magnetizations of the Fe3+ and Re3+ sublattices [3,4,25,26],
compensated ferrimagnetism with either a zero net mag-
netization or a zero angular momentum could occur. The
former is termed as the magnetization compensation temper-
ature (TM) and the latter is termed as the angular momentum
compensation temperature (TA). Around these characteristic
temperatures, the efficient spin-orbital torque (SOT) switching
[27–30] and the ultrafast domain wall motion [31,32] have
been reported. Note that similar behaviors have also been
reported in metallic compensated ferrimagnets [33–41]. How-
ever, the ranges of these characteristic temperatures (TM and
TA), together with other key material-specific parameters are
scattered and difficult to tune to desired values, since they
are intrinsically determined by ratios and choices of the Re
and Fe elements. For example, several different compensated
garnets with determined characteristic temperatures have been
explored including GdIG [3,4,28,42–45], TbIG [18,27,29],
DyIG [21], and HoIG [46]. In this regard, it is important
to explore an effective method for designing compensated
ferrimagnets with desired parameters that could cover a
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wider range. This is essential to fulfill the varied application
situations.

Meanwhile, the damping parameters (α) of these ReIGs
are drastically different. For example, α on the order of 10−4

in LuIG [9], 10−3 − 10−2 in TmIG [11], 10−1 in DyIG [21],
and 10−3 in EuIG [19] have been reported. It is also intrigu-
ing to continuously tune the damping parameters of garnets.
Additionally, a perpendicular magnetic anisotropy (PMA)
is required for the spin-orbitronic applications of ReIGs [
Re = Tb [5,18,19,29], Sm [14,47], Tm [15,17], Y [16,48],
Eu [19,20], Dy [21], Gd [28,43], and Ho [46]. Since garnet
films are typically made on single-crystalline substrates, it is
interesting to explore the evolution of PMA as a function of
lattice mismatch. These important aspects will be explored in
this work.

In the present study, we choose two representative ferri-
magnets, Gd3Fe5O12 and Ho3Fe5O12, to show a continuous
tuning of compensated ferrimagnetism. In particular, vari-
ous garnet films of composition Gd3−xHoxFe5O12 (xHo =
0, 0.75, 1, 1.5, 2, 2.25, 3) will be synthesized by the
cosputtering method. The evolution of magnetic properties
as a function of the Ho concentrations (xHo), including the
net saturation magnetization (MS), magnetization compensa-
tion temperature (TM), and damping parameter (α), will be
subsequently studied. By invoking the molecular-field theory
(MFT), their dependences will be explained.

II. EXPERIMENT

Based on our early experience of growing Gd3Fe5O12

films [43], the Gd3−xHoxFe5O12 (Gd3−xHoxIG) films with
varied Ho concentrations (xHo) will be synthesized. This is
made possible by using an ultrahigh-vacuum (UHV) sput-
tering system that is equipped with cosputtering mode and
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FIG. 1. (a) The schematic illustration of the cosputtering mode for synthesizing the Gd3−xHoxIG films. (b) The XRD spectra of the
Gd3−xHoxIG films (xHo = 0, 0.75, 1, 1.5, 2, 2.25, 3). The thickness is fixed at 13.7 nm. The dashed blue (red) line at 2θ = 50.68◦ (51.07◦)
represents the diffraction peak of bulk GdIG (HoIG), respectively. (c) The evolution of the lattice mismatch between the Gd3−xHoxIG films and
the GSGG substrate, which is plotted against the Ho concentrations (xHo). (d) The surface morphology of the Gd1.5Ho1.5IG film. The surface
roughness within the scanning area is estimated to be less than 0.1 nm (rms).

two radio-frequency (RF) power supplies. In the cosputtering
mode, the growth power of the Gd3Fe5O12 and Ho3Fe5O12

targets can be precisely adjusted, which enables continu-
ous control of the relative composition of the Gd3−xHoxIG
films. In particular, substituted garnets of various composi-
tions Gd3−xHoxIG (xHo = 0, 0.75, 1, 1.5, 2, 2.25, 3), but
with a fixed thickness of 13.7 nm, were deposited on top
of (111)-oriented Gd3Sc2Ga3O12 (GSGG) single-crystalline
substrates at 700 °C. The base pressure of the main chamber
is lower than 1 × 10−8 Torr and the Ar working pressure is
3 mTorr. In situ annealing for over 1 h was conducted in the
same sputtering chamber at 700 °C under a mixture of argon
and oxygen environment, with an oxygen partial pressure of
20% at 1.5 mTorr. After annealing, all films were naturally
cooled down to room temperature. For magnetotransport mea-
surement, a 4 nm Pt layer was deposited on these Gd3−xHoxIG
(13.7 nm) films by using direct-current (DC) magnetron sput-
tering without breaking the vacuum.

The surface morphology was characterized by using
atomic force microscopy (AFM). The crystal structure was
characterized by using x-ray diffraction (XRD) and a scan-
ning transmission electron microscope (STEM) which is
equipped with high-angle annual dark-field (HAADF) imag-
ing capability. The Gd and Ho concentrations were checked
by using energy-dispersive x-ray spectroscopy (EDS). The
magnetometry measurements were carried out by using a
vibrating sample magnetometer (VSM), together with a

magnetic property measurement system (MPMS). Six-
terminal Hall bar devices [20 μm (width) × 120 μm(length)]
were patterned for electrical transport studies. Damping
parameters were obtained by conducting a spin-torque ferro-
magnetic resonance (STFMR) experiment using microstripe
devices of dimension 20 µm (width) × 135 µm (length).
During this measurement, static in-plane magnetic fields were
swept at an angle of 45 ° with respect to the longitude direction
(x). A nominal power of 100 mW and varied frequencies
of 5–8.5 GHz were applied using an amplitude-modulated
microwave source.

III. RESULTS AND DISCUSSION

A. Part I: Crystal structure of the Gd3−xHoxIG films

Shown in Fig. 1(a) is a schematic illustration of the
cosputtering mode, in which the yellow cuboid represents
the (111)-oriented single-crystalline GSGG substrate, and the
blue and red spheres represent the GdIG and HoIG molecules,
respectively. Various Gd3−xHoxIG films with different Ho
compositions (xHo) can be obtained via accordingly adjusting
growth powers, and hence growth rates of the two targets.
These Gd3−xHoxIG films were investigated by XRD, with
their 2θ scan spectra being shown in Fig. 1(b). In addition
to the sharp (444) peak (2θ = 50.24◦) from the GSGG sub-
strate, it can be seen that all films exhibit (444) diffraction
peaks without indication of a secondary phase. Compared
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FIG. 2. (a) The corresponding HAADF image of the Gd2.25Ho0.75IG film. The scale bar is 5 nm. (b) The high-resolution HAADF image
projected along the [–110] direction for the selected area in (a). The blue (red and yellow) spheres represent the Gd/Ho (a-Fe and d-Fe)
elements, respectively. (c,d) The distribution of the Gd and Ho elements, where the yellow (blue) color represents the Gd and Ho elements,
respectively. The whole area inside (a,c,d) denotes the line profile zone, which is used to quantitatively determine the relative atomic fraction
between the Ho and Gd elements. (e–g) The relative atomic fraction of the Ho and Gd elements along the growth direction for the Gd3−xHoxIG
films with xHo = 2.25, 1.5, and 0.75.

with the GSGG substrate, the larger angle of (444) peaks
indicates the substrate-induced tensile strain. Furthermore, the
increased position of diffraction peaks in GdIG (HoIG) films
with respect to bulk GdIG (HoIG) samples [1,2,22,49,50]
provides evidence of tensile strain. The peak of the bulk GdIG
(HoIG) samples is indicated by the dashed blue (red) line
in Fig. 1(b). The influence of tensile strain on the magnetic
anisotropy will be discussed later [15,17,22]. Moreover, the
corresponding angles of (444) peaks progressively increase
with the increased Ho concentrations (xHo), implying a con-
tinuous decrease of the lattice constant (afilm) from 1.2437 nm
at xHo = 0 to 1.2279 nm at xHo = 3, which are calculated
by using the Bragg equation. Quantitively, the lattice mis-
match (εmis) can be computed as εmis = (afilm − asub)/asub,
with asub = 1.2571 nm being the calculated lattice constant
of the present GSGG substrate. Shown in Fig. 1(c) is a linear
dependence of εmis on the Ho compositions (xHo), which can
be formulated as

εmis (xHo) = −1.0145 − kmisxHo, (1)

where εGdIG
mis = −1.0145 is the lattice mismatch between the

GdIG film and the GSGG substrate; the slope kmis = 0.4018
arises from the smaller radius of the Ho3+ ions.

Shown in Fig. 1(d) is the surface morphology of the
Gd1.5Ho1.5IG film which was examined by AFM. A root mean

square (rms) roughness for a scanning area of 5 × 5 µm2 is
found to be less than 0.1 nm. The high crystalline quality,
the sharp interface, and the relative composition ratios of the
Gd and Ho elements are examined by using STEM and EDS.
Shown in Fig. 2(a) is the HAADF image of the structure of
the Gd2.25Ho0.75IG film. The dashed white lines in Figs. 2(a)–
2(d) represent the sharp interface between the Gd3−xHoxIG
films and the GSGG substrates. In addition, the STEM exper-
iment yields an accurate estimation of the film thickness of
13.7 nm. Figure 2(b) is the high-resolution HAADF image
that is obtained within a selected area [yellow dashed line
in Fig. 2(a)], in which a sharp interface without indication
of defect and dislocation is evident. The spots with brighter
contrasts denote the Gd or Ho atoms, which match well with
the blue spheres plotted by the Visualization for Electronic
and Structural Analysis (VESTA) software. The yellow (red)
spheres are the d-Fe (a-Fe) atoms centered in oxygen tetrahe-
drons (octahedrons), respectively.

In addition, the random distribution of the Gd and Ho
elements without clear evidence of segregation is also iden-
tified, as shown in Figs. 2(c) and 2(d), respectively. The
corresponding distribution of Ga, Fe, and Sc are shown in
Fig. S2(b) of the Supplemental Material (SM) [51] (also see
Refs. [52–57]). Along the growth direction, estimations of the
relative atomic fraction for xHo = 2.25, 1.5, and 0.75 films are
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FIG. 3. (a) The perpendicular magnetic hysteresis loops (M −
μ0Hz). (b) The evolution of the net saturation magnetization (Ms)
as a function of the Ho concentration (xHo). The green dots are
experimentally obtained magnetometry data, while the black dots
represent the data after subtracting the influence of the magnetic
dead layers, and the red dashed line is the linear fitting for corrected
data.

shown in Figs. 2(e)–2(g), respectively. Note that the relative
atomic fractions obtained from EDS mapping match with
the estimated compositions based on the deposition rates, as
discussed in Part 4 of the SM [51]. Furthermore, the relative
atomic fractions across the interface for the xHo = 0.75 film
are shown in Fig. S2(c) of the SM [51]. The result of this
reveals an interfacial region (around 1.7 nm) between the
substrate and the Gd2.25Ho0.75IG film, in which the diffusion
of Fe elements into the GSGG substrate can be found. This is
similar to early studies [24,58–61].

B. Part II: Continuous tuning of MS and TM

Magnetic properties of the Gd3−xHoxIG films were exam-
ined. After subtracting the linear paramagnetic background
signal of the substrate, the square-shaped magnetic hysteresis
loops (M − μ0HZ ) that are measured under the out-of-plane
geometry at room temperature confirm the presence of PMA,
as shown in Fig. 3(a). Note that the thickness of the magnetic
dead layer (MDL) is estimated as 1.4 nm. Its influence on the
magnetic properties has been subtracted, as discussed in Part
8 of the SM [51]. The PMA agrees with the tensile strain in
thin garnet films [10,15,21,22,36,48]. Note that coercive field

(μ0HC) varies nonmonotonically and reaches a maximum at
xHo = 1.5, which could be attributed to the maximized atomic
dissimilarity in the Gd1.5Ho1.5IG film. The evolution of the
corrected MS is summarized in Fig. 3(b), where MS can be
fitted by

MS (xHo) = 34.1 + kMs xHo, (2)

where MGdIG
S

∼= 34.1 kA/m is the saturation magnetization
of the GdIG film, and the slope is determined as kMs =
(MHoIG

S − MGdIG
S ) /xHo = 16.1 kA/m. Such a linear depen-

dence originates from the increased orbital magnetism of the
substituted Ho3+ ions (with an electronic state of 4 f 10).

As a result, a continuous tuning of the net saturation
magnetization can be achieved in the Gd3−xHoxIG films by
precisely adjusting the Ho concentrations (xHo). Note that
the MS value of 34 kA/m (81 kA/m) for GdIG (HoIG) thin
films at room temperature is higher than the value of 8 kA/m
(56 kA/m) in the bulk samples [2–4,50]. This could be at-
tributed to the nonstoichiometry of commercial GdIG and
HoIG targets. Moreover, the presence of this nonstoichiom-
etry could lead to a lower compensation temperature (TM) in
these thin films, as compared with the bulk materials, which
will be discussed later [2–4].

In order to electrically detect the magnetization states
of Gd3−xHoxIG films, we employed the spin Hall induced
anomalous Hall effect (SHAHE) via depositing a thin layer
of heavy metal Pt [62–65]. An optical image of the Hall
bar, together with the measurement geometry, is shown in
the inset of Fig. 4(a). Shown in Fig. 4(a) are the square-
shaped SHAHE loops (Rxy vs μ0HZ ) from the Gd2Ho1IG/Pt
bilayer. Note that the polarities of these SHAHE loops reverse
their signs between 200 and 180 K, which suggests the net
magnetization of the Fe3+ sublattices is fully compensated
with those of the Gd3+ and Ho3+ sublattices [52,66]. Thus,
a magnetization compensation temperature (TM ≈ 190 K) can
be approximately estimated. Note that TM in the thin film is
lower compared with the bulk samples, which could be related
to the deficiency of the Re element. This is confirmed by the
estimated ratio of the Fe content to the sum of the Gd and Ho
content (∼1.77), which deviates from the ideal value of 1.66,
as shown in Fig S2(c) of the SM [51].

The perpendicular magnetic hysteresis loops (M − μ0HZ )
at different temperatures for the same Gd2Ho1IG film are
measured, as shown in Fig. 4(b). In the vicinity of TM , a
large coercive field (μ0HC) and a vanishing hysteresis loop
are shown by the gray-green dot in Fig. 4(b). Note that the
coercive field measured from the Hall bar is higher compared
with the continuous film. We attribute this phenomenon to the
additional defects and pinning effects at the device edges in-
troduced during the device fabrication process, which increase
the domain nucleation field [19,23]. Summarized in Fig. 4(c)
is the evolution of μ0HC as a function of temperature obtained
from Fig. 4(a), which again diverges at TM = 190 K due to
the strong antiferromagnetic coupling between the Fe3+ and
Gd3+/Ho3+ sublattices. The evolution of TM as a function
of xHo is presented in Fig. 4(e). Through a linear fitting, we
get TM (xHo) = 224.43 − kTM xHo, where T GdIG

M = 224.04 K is
the estimated magnetization compensation temperature (TM)
of the GdIG film and the slope of kTM is estimated to be
41 K. Note that T GdIG

M = 224.04 K is also consistent with
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FIG. 4. (a) The SHAHE loops (Rxy vs μ0Hz) of the Gd2Ho1IG/Pt bilayers with temperatures ranging from 280 to 120 K. The inset
illustrates an optical image of the Hall bar device, together with the SHAHE measurement geometry. (b) The perpendicular magnetic hysteresis
loops (M − μ0Hz) were measured at different temperatures. (c) The evolution of coercive field (μ0HC) as a function of temperature. The
divergence at 190 K yields an estimation of the magnetization compensation temperature (TM ). The yellow (blue) arrows represent the
direction of magnetic moments of the Fe3+ and [ Re3+ (Gd3+, Ho3+)] sublattices above and below the compensation temperature (TM ). (d)
The corresponding temperature dependence of Ms, which also vanishes around 190 K. The light green (red) dots represent Ms measured below
(above) TM . The blue dashed line is the fitting line from the molecular-field model. (e) The evolution of TM as a function of Ho concentrations
(xHo): the green dots are experimentally determined values, and the blue squares are the calculated results from the molecular-field theory. The
red dashed line is the linear fitting of TM against xHo.

our early results [43]. Shown in Fig. 4(d) is the corresponding
temperature dependence of net saturation magnetization MS ,
which also vanishes at TM = 190 K.

C. Part III: Theory fit by the molecular-field model

Based on the molecular-field theory (MFT) [53,54,67], the
temperature dependence of the net saturation magnetization
[MS (T )] of these Gd3−xHoxIG films can be decomposed as
follows:

MS (T ) = Ma(T ) + MGd(T ) + MHo(T ) − Md(T ), (3)

where Mi(T ) = Mi(0)BJi (xi ), (i = a, d, Gd, Ho) represents
the temperature-dependent magnetization of different sublat-
tices, and BJi (xi ) is the Brillouin function with xi being a

temperature-sensitive function, which reads as

xi =
(

JigiμB

kT

)
(NiaMa + NidMd + NiGdMGd + NiHoMHo).

(4)

Here Ji is the angular momentum and gi is the Landé fac-
tor, and Ja = Jd = 5/2, ga = gd = 2 for Fe3+ sublattices;
JGd(Ho) = 7/2 (8), gGd(Ho) = 2 (5/4) for Gd3+ (Ho3+) sub-
lattices; and μB is the Bohr magneton. Here Ni j = Nji, (i,
j = a, d, Gd, Ho) are the molecular-field coefficients of dif-
ferent sublattices. Based on Dionne’s model, the coefficients
between a-Fe3+ and d-Fe3+ sublattices in different ReIGs
read as Naa = −65.0, Ndd = −30.4, Nad = 97.0, in units of
of mole/cc [53,54]. The substitution of different c-Re3+

sublattices leads to varied molecular-field coefficients with
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FIG. 5. (a) A schematic illustration of the STFMR geometry; the scale bar is 100 µm. (b) The typical FMR spectra in the Gd2Ho1IG/Pt
bilayer with a nominal microwave 100 mW, at the microwave frequencies ranging from 5 to 8.5 GHz. (c) The FMR spectra at 6 GHz for all
Gd3−xHoxIG/Pt films (xHo = 0, 0.75, 1, 1.5, 2, 2.25, 3). The decomposition of FMR spectra is shown in (d), where the light green line
is the experimental data, and the red line corresponds to the fitting result. The blue (brown) line is the symmetric (asymmetric) line shape
decomposed from the red line. (e) The evolution of linewidths (μ0�H ) as a function of frequency ( f ), a linear fitting of which yields an
estimation of the damping parameter (α). (f) The evolution of damping parameter (α) as a function of the Ho concentration (xHo), where the
green dots are experimental data, and the red line represents the linear fitting result.

respect to those of the d-Fe3+ and a-Fe3+ sublattices, where
NaGd = −3.44, NaHo = −1.5, and NdGd = 6.0, NdHo = 4.0, in
units of mole/cc, respectively. At 0 K, the magnetization
per formula unit is given by Ma(0) = 2JagaμBN , Md(0) =
3JdgdμBN , MGd(0) = 3t∗JGdgGdμBN (1 − xHo/3), MHo(0) =
3JHo gHoμBN (xHo/3), with N being the Avogadro constant and
t∗ a normalization factor.

Based on this model, we will first examine the evolution
of MS (T ) as a function of temperature in the GdIG (xHo = 0)
and HoIG (xHo = 3) films, which is presented in Fig. S10 of
the SM [51]. Here, a normalization factor t∗ = 0.92 is used
as a result of nonstoichiometry of the GdIG film, which is
estimated by the deficiency of elements from the EDS data
and comparing the MS and TM of our films with that of the bulk
samples [3,4,25]. We obtain the Ms(GdIG) = 13.62 µB/f.u.

and Ms(HoIG) = 8.81 µB/f.u. at 0 K. A large deviation of
Ms in the present HoIG films from that of the bulk sample
[3,4,54] might be due to the canting effect arising from the
lattice mismatch, which has been suggested in other ReIGs
(Re = Tb, Dy, Er, and Yb) [54].

Owing to the fixed magnetic moment and the molecular-
field coefficients of the d-Fe3+ and a-Fe3+ sublattices in the
Gd3−xHoxIG films, we can formulate the temperature de-
pendence of MS (T ) in the range of 0 � x � 3. The blue

dashed line in Fig. 4(d) is the fitted result for the Gd2Ho1IG
films, which agrees with the experimental data. Moreover,
through changing the relative Ho compositions (xHo), the esti-
mated TM from the MFT are consistent with the experimental
data (black dots), shown as blue squares in Fig. 4(e). Given
the compensated ferrimagnetism between Gd3+(Ho3+) and
Fe3+ sublattices, the very different Landé factors, gGd(Ho) =
2 (5/4), should lead to a distinct difference between TA and
TM in the Gd3−xHoxIG films. This interesting aspect will be
studied in the future.

D. Part IV: Linear evolution of Gilbert damping in the
Gd3−xHoxIG films

To characterize the damping parameter of the
Gd3−xHoxIG/Pt bilayers at room temperature, the STFMR
spectra at different frequencies are obtained. It should be
mentioned here that additional damping due to spin pumping
effect could be introduced by using this technique. This
measurement is conducted with an in-plane magnetic field
(μ0HIP) at an angle of 45 ° with respect to the RF current
direction (x direction), as shown in Fig. 5(a). Shown in
Fig. 5(b) are the typical FMR spectra that are obtained
in the Gd2Ho1IG/Pt bilayer at room temperature, which

094401-6



CONTINUOUS TUNING OF COMPENSATED … PHYSICAL REVIEW MATERIALS 7, 094401 (2023)

exhibit characteristic line shapes commonly observed in
various other materials [55,68–74]. Following the increased
microwave frequencies from 5 to 8.5 GHz, the resonance
field (μ0Hr) shifts towards a higher field regime, and a
resonance linewidth (μ0�H) broadening is also observed.
Similar experiments were conducted for all Gd3−xHoxIG/Pt
bilayers. Shown in Fig. 5(c) are the selected FMR spectra at
6 GHz. Following the increased Ho concentrations (xHo), one
can observe a gradually broadened linewidth (μ0�H), which
implies a gradually increased damping parameter.

Typical STFMR voltage can be decomposed into a linear
combination of symmetric (VSy) and asymmetric (VAsy) com-
ponents [56,57,75–77]. As a result, the STFMR voltage can
be well fitted, which can be seen from the solid red curve in
Fig. 5(d). The fitting formula of STFMR is presented in Part
14 of the SM [51]. Accordingly, the linewidth and the resonant
field can be determined as μ0�H = 35.8 mT and μ0Hr =
234.5 mT, respectively. Through extracting linewidths at
different frequencies ( f ), one can extrapolate the Gilbert
damping parameter α as follows:

�H = �H0 + α f

γeff
, (5)

where �H0 arises from the inhomogeneous linewidth broad-
ening, and γeff is the effective gyromagnetic ratio that is de-
termined by the Kittel equation: f = |γeff |μ0

√
Hr (Hr − Hk ).

Shown in Fig. 5(f) is the evolution of Gilbert damping
parameter α as a function of the Ho concentrations (xHo). The
value of α increases monotonically following the increased
xHo (0 � xHo � 3), from 0.025 ± 0.002 for the GdIG film
and to 0.333 ± 0.026 for the HoIG film. Such an evolution
(α − xHo) can also be linearly fitted as follows: α(xHo) =
0.025 + kαxHo, with the slope kα = 0.1023. Note that these
damping parameters are also consistent with early works that
were obtained in similar GdIG and HoIG films [44,78]. A
larger Gilbert damping parameter in the HoIG film could be
linked to the stronger SOC and the larger orbital momentum
number L = 6, as compared with L = 0 in the GdIG film.
Thus, the increased SOC could an introduce additional source
of energy dissipation, leading to levitated magnetic damping
in ReIGs including LuIG [9], TmIG [11], DyIG [21], and
EuIG [19].

Note that the value of α in compensated ferrimagnets
typically exhibits a strong temperature dependence, due to
the strong temperature dependence of antiferromagnetic cou-
pling between sublattices [44]. Shown in Part 16 of the SM
[51] is the evolution of α as a function of temperature for
GdIG film, which diverges around 220 K and decreases as
temperature deviates from the compensation temperatures. If
antiferromagnetic coupling contributes dominantly to mag-
netic damping, one should observe a reduction of damping

parameters at room temperature, following the increased xHo.
This could be attributed to the reduced TM and TA, as well as
the reduced strength of antiferromagnetic coupling at room
temperature, following the increased xHo [Fig. 4(e)]. Namely,
the bigger deviation from the compensation temperature, the
weaker the antiferromagnetic coupling. By contrast, our find-
ings show an increase in α with increasing xHo at room
temperature, as shown in Fig. 5(f). More importantly, com-
pared to the impact of temperature (which only leads to an
increase of α from 0.02 to 0.06), changes in xHo have a
dominant effect on damping, increasing it by an order of
magnitude (from 0.02 to 0.3). This observation indicates that
the enhanced α is dominated by the strong spin-orbit coupling
(SOC) in Ho3+.

IV. CONCLUSION

Using the cosputtering method, we have synthesized a
series of Gd3−xHoxIG films, in which the Ho concentration
is continuously tuned (xHo = 0−3). The high-quality growth
is confirmed by morphological and structural characteriza-
tions. The presence of perpendicular magnetic anisotropy
and its connection with the tensile strain provided by the
mismatched substrate are also discussed. The evolution of
magnetic properties as a function of the Ho concentration
and temperature is also examined, which yields an estimation
of the magnetization compensation temperature. By invoking
the molecular-field theory, we can quantitatively characterize
both the temperature-dependent and the Ho-concentration-
dependent compensated ferrimagnetism. Meanwhile, a linear
increase of the damping parameter is revealed, which is at-
tributed to the increased spin-orbit coupling with the increased
Ho concentration (xHo). The Re substitution methods provide
an effective approach for designing compensated garnets with
desired magnetic properties, including the net saturation mag-
netization, the compensation temperature, and the magnetic
damping parameters. Our results could be useful for designing
functional spintronic materials based on compensated rare-
earth iron garnets.
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