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Ferrimagnetic Y3Fe5O12 (YIG) is the prototypical material for studying magnonic properties due to its ex-
ceptionally low damping. By substituting the yttrium with other rare earth elements that have a net magnetic
moment, we can introduce an additional spin degree of freedom. Here, we study the magnetic coupling in epitax-
ial Y3Fe5O12/Gd3Fe5O12 (YIG/GIG) heterostructures grown by pulsed laser deposition. From bulk sensitive
magnetometry and surface sensitive spin Seebeck effect (SSE) and spin Hall magnetoresistance (SMR) mea-
surements, we determine the alignment of the heterostructure magnetization through temperature and external
magnetic field. The ferromagnetic coupling between the Fe sublattices of YIG and GIG dominates the overall
behavior of the heterostructures. Due to the temperature dependent gadolinium moment, a magnetic compen-
sation point of the total bilayer system can be identified. This compensation point shifts to lower temperatures
with increasing thickness of YIG due the parallel alignment of the iron moments. We show that we can control
the magnetic properties of the heterostructures by tuning the thickness of the individual layers, opening up a
large playground for magnonic devices based on coupled magnetic insulators. These devices could potentially
control the magnon transport analogously to electron transport in giant magnetoresistive devices.

I. INTRODUCTION

A major challenge in information technology is solving the
issue of Joule heating due to charge currents. One approach
is to move away from electron-based to magnon-mediated in-
formation transport and processing [1]. This requires the de-
velopments of new logic devices, such as magnon valves that
allow for the manipulation of spin currents [2]. Material can-
didates require an insulating character, magnetic ordering and
low magnetic damping. One promising candidate is ferrimag-
netic Y3Fe5O12 (YIG = yttrium iron garnet), which is a well-
known material in magnetism as it shows ultra-low magnetic
damping and low magnetic anisotropy. The net ferrimagnetic
moment originates from an antiparallel alignment of Fe3+ mo-
ments on different crystallographic sites. Each minimal unit
cell consists of 12 trivalent Fe3+ ions that are tetrahedrally
coordinated with oxygen atoms (d sites) and 8 trivalent Fe3+

ions that are octahedrally coordinated (a sites). The dominant
coupling is antiferromagnetic between iron atoms on minor-
ity a and majority d sites. By substituting Y3+ with Gd3+, an
additional moment appears aligned antiparallel to the d-site
Fe atoms [3, 4]. Due to the strong temperature dependence
of the Gd net magnetic moment, Gd3Fe5O12 (GIG) shows a
magnetization compensation at temperature T ≈ 295 K [5].

For low power information processing, magnons (the
quanta of magnetic excitation) are exciting candidates. The
magnon spectra of YIG has been the subject of both experi-
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mental and theoretical investigation [6, 7]. In heterostructures,
magnon-magnon coupling and magnetic coupling play a deci-
sive role for the propagation of magnons [2, 8–13]. Here, we
investigate the coupling between two different iron based gar-
nets YIG and GIG as candidates for an all insulator magnon
spin valve. Both YIG and GIG are important ferrimagnetic
insulators that can be grown epitaxially on isostructural but
paramagnetic Gd3Ga5O12 (GGG) substrates. Recently, mag-
netic coupling of YIG to an ultrathin GIG layer was reported
[13, 14], where GIG is formed by an interdiffusion process
while preparing YIG on GGG. In our work, we realize con-
trolled growth of epitaxial YIG/GIG heterostructures on GGG
substrates, where the individual layers have sufficient mag-
netic moment to be detected by magnetometry. The bilay-
ers show high crystalline quality and a magnetic compensa-
tion of the entire bilayer, which shifts to lower temperature
with increasing thickness of YIG, indicating interlayer mag-
netic coupling of YIG and GIG. The alignment of the mag-
netization of bilayers with temperature and field can be char-
acterized by SQUID magnetometry, which measures the sum
signal of all the layers. To identify the magnetization direc-
tion, we utilize the surface sensitive spin Hall magnetoresis-
tance (SMR), which has proven to be a suitable tool to inves-
tigate the magnetic properties of magnetic insulators [15–18].
We further conduct spin Seebeck (SSE) measurements, which
have previously been used to investigate pure GIG samples
[18–23]. SSE measurements show dominating sensitivity to
the top layer of the heterostructure. Our results demonstrate
that the respective Fe sublattices of YIG and GIG are ferro-
magnetically coupled across the interface. This allows for an
unprecedented tunability of the magnetic properties of the bi-
layer system by choosing the relative thickness of the YIG and
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GIG layers.

II. EXPERIMENTAL DETAILS

Y3Fe5O12 (YIG) and Gd3Fe5O12(GIG) are deposited on
(001)-oriented Gd3Ga5O12 (GGG) substrates by pulsed laser
deposition (PLD) in an ultrahigh vacuum chamber with a base
pressure lower than 2× 10−8 mbar. For ablation, a KrF ex-
cimer laser (248 nm wavelength) with a nominal energy of
130 mJ per pulse is used at a pulse frequency of 10 Hz. The
films are grown under a stable atmosphere of 0.026 mbar of
O2 at 475◦C substrate temperature. After deposition, the films
are subsequently cooled down to room temperature at a rate of
−25 K/min. The crystalline structure of the films was deter-
mined by x-ray diffraction (XRD). The magnetic moment was
measured by using a superconducting quantum interference
device magnetometer (SQUID, Quantum Design MPMS II).
For spin Seebeck effect (SSE) measurements, the samples are
covered with a continuous layer of 4 nm Pt deposited by mag-
neton sputtering. The measurements are performed in the lon-
gitudinal geometry, where the heat gradient is perpendicular
to the sample surface [19]. For spin Hall magnetoresistance
(SMR) measurements, a 4 nm thick Pt bar of around 0.3 mm
width is defined on the surface along the crystallographic axes.
The Pt is deposited ex-situ using magneton sputtering in an Ar
atmosphere through a shadow mask.

III. RESULTS

Fig. 1(a) and 1(b) present the XRD patterns of GGG/YIG,
GGG/GIG, and GGG/YIG/GIG bilayer films measured with
the scattering vector normal to the (001) oriented cubic sub-
strate. As the films grow coherently on the substrate surface,
the a and b axes are equally strained and the (004) peaks and
(008) peaks, indicating the length of the c-axis, are evident
in the corresponding high resolution XRD patterns, respec-
tively. Near the respective (004) (Fig. 1(a)) and (008) (Fig.
1(b)) diffraction peaks, the XRD patterns show Laue oscilla-
tions, indicating a smooth surface and interface. While the
YIG reflex is partly shadowed by the substrate peak, we can
clearly identify the reflex of the GIG top layer. From the GIG
peak position, we determine the out-of-plane lattice param-
eter to around c = 1.26 nm, independent of the thickness of
the underlying YIG layer, indicating strained growth for every
sample. The absence of a structural alteration of the top GIG
layer indicates that the YIG interlayer does not influence the
GIG growth. It is therefore expected, that the magnetic prop-
erties of the GIG layer are similarly unaffected. The rocking
curve of each reflex is around ∆ω = 0.04◦ further showing
well aligned unit cells for every bilayer. Together, these XRD
measurements indicate the high-quality growth of YIG/GIG
heterostructures.

To characterize the magnetic properties of the heterostruc-
tures, the magnetization vs field (m−H) dependence was
measured with a magnetic field applied within the sample
plane. The m−H of YIG/GIG for magnetic fields up to
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FIG. 1. Out-of-plane 2Θ/ω measurements of YIG, GIG and
YIG/GIG bilayer films near the (004) peaks (a) and (008) peaks (b)
shown in a logarithmic intensity scale. The thicknesses of the indi-
vidual layers are detailed in nanometers.

50 mT are obtained by measuring the GGG/YIG/GIG sample
and subtracting a linear fit to compensate for the paramag-
netic contribution of the substrate. Fig. 2 (a) shows the m−H
curves for single layer GIG and YIG measured at a temper-
ature of T = 100 K. Note that the magnetic moment of the
YIG layer of around 0.6× 10−7 Am2 corresponds to a mag-
netization of 133 kA/m, which is similar to other YIG thin
films and bulk samples [24], confirming the high quality of
the thin films. Since heterostructures of varying thickness are
investigated, in the following we will focus on the total mag-
netic moment of the layers rather than on the magnetization.
Fig. 2(b-d) show the m−H curves measured at the same tem-
perature for YIG/GIG heterostructures of varying YIG thick-
ness. All samples generally show sharp switching features,
however, the YIG(36 nm)/GIG(30 nm) (Fig. 2 (d)) shows seg-
mented switching features in this magnetic field range. The
curve displays an ‘inner hysteresis’ and additionally a larger
hard axis loop. Secondly, the total magnetization of the bi-
layers at µ0H = 20 mT decreases with increasing YIG layer
thickness. This behavior indicates that the net moments of
YIG and GIG are antiparallel in the low-field region.

In order to further understand this behavior, the tempera-
ture dependence of the m−H curves was measured. The
net magnetic moments m of the YIG/GIG samples at 50 mT
were obtained. As shown in the top of Fig. 3 (a), the mag-
netic moment of the pure YIG layer is only weakly dependent
on temperature, while the pure GIG sample is ferrimagnetic
with a compensation temperature (Tcomp,G) of 280 K, which
is close to the bulk value (295 K [5]). The GIG magnetiza-
tion is strongly temperature dependent due to the Gd moment
increasing towards lower temperatures. Above Tcomp,G, the
direction of the magnetization of the GIG sample is given by
the direction of the d-Fe moments, while below Tcomp,G, the
magnetization direction is given by the direction of the c-Gd
moments. Note that the antiferromagnetic coupling between
the a-Fe and d-Fe sublattices within one layer cannot be bro-
ken by magnetic fields accessible in our labs. We therefore
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‘inner hysteresis’

FIG. 2. SQUID measurements (m−H-loops) for different YIG/GIG
bilayers measured at a temperature of 100 K with a maximum applied
field of 50 mT.

simplify the description of the magnetic properties by intro-
ducing one magnetic Fe lattice for YIG and GIG as the sum
of minority a-Fe and majority d-Fe, respectively.

Having established the compensation temperature of pure
GIG, we observe that when grown in a bilayer with YIG, the
compensation temperature shifts to lower temperatures with
increasing YIG thickness. We indicate in Fig. 3 three regions
of the bilayer, corresponding to: above the compensation of
the pure GIG film (grey, zone I), temperatures below the com-
pensation of the bilayer (blue, zone III), and an intermedi-
ate region (orange, zone II). The shifting of the compensa-
tion temperature of the bilayer Tcomp,B indicates that there is
a coupling between the YIG and GIG layer that is compen-
sating for the change in the Gd orientation that occurs. The
magnitude of the magnetic moments at a magnetic field of
20 mT at different temperatures is summarized in Fig. 3 (b).
At 20 K, the total magnetic moment decreases with increas-
ing YIG thickness, similar to the 100 K measurements shown
in Fig. 2). At 300 K, the total magnetization increases with
increasing thickness of YIG. Taking into account the rever-
sal of the magnetization direction of the magnetic sublattices
in GIG, this indicates an interlayer ferromagnetic coupling in
the whole temperature range of the Fe sublattices of YIG and
GIG, i.e. considering the Fe moments and Fe-O bonds only,
the bilayer has a coherent magnetic structure at low fields at
all temperatures.

In order to support our claim of a coherent magnetization
structure of the Fe sublattices, we perform a simple simula-
tion taking into account the temperature dependence of the
Gd and Fe magnetic moments [4]. We model the net Fe mag-
netic moment as m(Fe) = |m(d-Fe)−m(a-Fe)|, so the magnetic
moment of GIG is equal to |m(Fe)−m(Gd)|. Above Tcomp,G,
the modulus m(Gd) = m(Fe)−m(GIG), below Tcomp,G, m(Gd)
= m(GIG)+m(Fe). Since the total magnetic moment of the
Fe ions sublattices is the same in YIG and GIG, the m(Fe)
can be seen as m(YIG). The magnetic moment of Gd in GIG
can be extracted from the magnetization of individual YIG
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FIG. 3. (a) M−T curves of the YIG, GIG and YIG/GIG films in low
magnetic field measured by m−H-loops at different temperatures.
The shaded regions indicate T > Tcomp,G (zone I), Tcomp,G > T >
Tcomp,B (zone II), T < Tcomp,B (zone III) for the respective samples.
(b) The dependence of the magnetic moment m(300 K), m(20 K) and
the bilayer compensation temperature on the YIG thickness.

(18 nm) and GIG (30 nm) layers shown in Fig. 3(a) top panel.
The magnetization of YIG is only weakly temperature de-
pendent, so we can model its magnetic moment as constant
m(Fe,18 nm) = 5.4× 10−8 Am2. We note that the YIG mag-
netization should follow T 3/2 from the Curie temperature TC
to 0 K, however, we stay far below TC. The m(Gd) can be ex-
tracted from the temperature dependent magnetization curves
and the data points are fitted by a third order polynomial used
for the simulations. More precise modeling of m(Gd) can be
done in principle using a self consistent molecular field acting
on the Gd spin moments as input for the Brillouin function
[25]. This would require knowledge of the detailed tempera-
ture dependence of the Fe sublattice magnetization. However,
the exact behavior of the sublattice magnetization is out of
scope of this work and the parameters from the bulk cannot
be transferred to the thin films that usually have somewhat re-
duced Curie temperatures. Therefore, we describe m(Gd) only
phenomenologically in the temperature range of our measure-
ments to facilitate the analysis. The temperature dependencies
of the magnetic moments of Gd3+, Fe3+ and simulated GIG
are plotted in Fig. 4(a).

We model three different cases for the interlayer cou-
pling of YIG/GIG bilayers: the respective magnetic
moments m(Fe,GIG) of GIG and m(Fe,YIG) of YIG are
ferromagnetically coupled, antiferromagnetically coupled
and without coupling. For the ferromagnetic Fe-Fe cou-
pling case, the overall magnetic moment of the system
is given as m = |m(Fe,GIG)+m(Fe,YIG)−m(Gd,GIG)|;
For the antiferromagnetic Fe-Fe coupling, m =
|m(Fe,GIG)−m(Fe,YIG)−m(Gd,GIG)|; Without coupling
m = |m(Fe,GIG)−m(Gd,GIG)|+m(Fe,YIG). The respective
results are plotted in Fig. 4. As shown in Fig. 4(b), for
ferromagnetic coupling, Tcomp,B is decreasing with increasing
thickness of YIG. In addition, the total magnetic moment
increases with the thickness of YIG at 300 K and the total
magnetic moment decreases with the thickness of YIG at
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Exp. Sim.

FIG. 4. (a) Modeled m−T curve of the m(Gd) and m(Fe). Modeled
m− T curves of GIG and YIG/GIG bilayers, where m(Fe,GIG) of
GIG and m(Fe,YIG) of YIG are (b) ferromagnetically coupled, (c)
antiferromagnetically coupled and (d) without coupling. The insets
show the magnetic sublattice alignment at low magnetic fields. The
blue arrow indicate the presence of coupling.

20 K. These features are consistent with the experimental
results and support our claim that the layers are indeed
ferromagnetically coupled with respect to iron atoms. For an
assumed antiferromagnetic Fe-Fe coupling at the YIG-GIG
interface (Fig. 4 (c)), the bilayers do not possess compensa-
tion temperatures below 300 K for the simulated thicknesses.
Without coupling between the YIG and GIG magnetization
(Fig. 4 (d)), the bilayers never have a compensation point, but
only a total magnetization minimum at Tcomp,G.

The above discussion was on magnetization measurements
at low magnetic field and we used simulations based on the
individual materials to compare to the measured SQUID data.
We have seen that these investigations show a ferromagnetic
Fe-Fe coupling across the YIG-GIG interface. The double
switching in the YIG(36nm)/GIG(30nm) sample (Fig. 2(d))
indicates that a sufficiently large magnetic field can break
the interlayer coupling. To investigate this further, we per-
form m−H measurements exploiting larger magnetic fields
at various temperatures. These m−H of YIG/GIG can be
obtained via measuring the entire GGG/YIG/GIG sample and
then subtracting the paramagnetic contribution of GGG de-
termined in a separate measurement. As shown in Figs. 5
(a)-(c), we observe double switching over a large tempera-
ture range. Further increase of the external field leads to a
saturation of the overall magnetic moment. To describe the
curves, we introduce Amp2 as the maximum amplitude of
the hysteresis. Here, the Fe-Fe interlayer coupling is broken
and the net moments of YIG and GIG layers align parallel so
that m(YIG)+m(GIG)= Amp2. Approaching the compensa-
tion temperature of the GIG layer Tcomp,G, the signal from the
GIG layer becomes too weak to perform this type of analysis
with respect to the signal resolution of the SQUID and in the
presence of the strong substrate background. Therefore, we
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FIG. 5. m−H curves of a YIG(36)/GIG(30) sample measured at
a temperature (a) 20 K (b) 120 K and (b) 160 K in high magnetic
field. (d) m− T curve of YIG(36)/GIG(30) with parallel state and
antiparallel state and the alignment of the YIG and GIG layer in high
and low magnetic fields in different temperature regions

evaluate Amp2 only up to T = 180 K. The ‘inner hysteresis’,
as already seen in Fig. 2 (d) and in Fig. 5 (a), which indicates
a switching at low magnetic fields has the amplitude Amp1.
In this low-field region, the Fe-Fe coupling is not broken and
the magnetic moments of the whole bilayer stack reverses by
reversing the small magnetic field keeping the relative orien-
tation of the Fe and Gd moments intact. The amplitude of
this hysteresis is given by the difference of the net magnetic
moments of the individual layers |m(YIG)−m(GIG)|=Amp1.
The preservation of the relative orientation of the individual
moments implies that the orientation of the net magnetic mo-
ments of the YIG and GIG layers changes going from zone
II to zone III in Fig. 3. In zone II, where the Gd moment is
smaller than the net Fe moment of the coupled layers, the YIG
layer aligns parallel to the field while the GIG layer aligns an-
tiparallel to the field. If the magnitude of the Gd moment
overcomes that of the net bilayer Fe moment in zone III, GIG
aligns parallel to the field and YIG antiparallel. This is illus-
trated in Fig. 5(d). The relative alignment of Fe (orange) and
Gd (red) moments is depicted. In the high temperature region
above the compensation temperature of the GIG layer (grey
sketched zone I in Fig 5(d)) the magnetization of GIG is dom-
inated by the net iron moment. Here the magnetization of the
YIG layer and GIG layer are always parallel to the external
field at low and high field.

We have seen in SQUID measurements that the magnetiza-
tion of the YIG and GIG layers aligns differently depending
on the temperature and relative thickness. Tuning the thick-
ness of the respective layers allows for choosing the magnetic
properties of the heterostructures. The larger the YIG:GIG ra-
tio, the lower the bilayer compensation temperature Tcomp,B.
We can thereby functionalize the coupled layers and build de-
vices that have defined relative orientation of the magnetic
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FIG. 6. Uniaxial SMR measurements at a GGG/YIG(36)/GIG(30)/Pt
sample at various temperatures (a-b) with the field applied in the
sample plane perpendicular to the current as depicted in the inset
of (a). ADMR for two different temperatures (c-d) where the field is
rotated within the sample plane as illustrated in the inset of (c).

moments. However, SQUID measurements do not distinguish
which layer switches (top or bottom). In order to disentan-
gle this, we conduct surface-sensitive methods to probe the
top surface layer individually to then, in combination with
SQUID, identify which layer switches at which field.

A suitable tool to investigate the magnetic properties of the
top layer is spin Hall magnetoresistance (SMR) [15, 26]. The
spin accumulation in a heavy metal in close contact with a
ferrimagnetic insulator interacts with the magnetic order pa-
rameter only at the very interface. The resistance of a Pt bar
defined on the surface of a GGG/YIG(36)/GIG(30) sample is
modulated by ∆RL ∝ (1−m2

y) [26], where my is the magne-
tization component of the GIG layer in plane perpendicular
to the Pt bar. We normalize the change of resistance to the
zero-field value. We perform uniaxial measurements with the
magnetic field applied in-plane perpendicular to the Pt bar.
The uniaxial field measurements at 30 K and 50 K describe
a sharp drop of resistance at low magnetic fields followed
by negligible further resistance changes, which is shown in
Fig. 6 (a). The sharp decrease of resistance is likely due to
the annihilation of differently aligned domains, going from
a multidomain state to a monodomain state when the GIG
net magnetic moment aligns with the field. In the absence
of an external field, the sample symmetry allows for domains
with magnetization aligned along the Pt bar. At temperatures
above Tcomp,B, double switching is observed in the SMR data
with increasing magnetic field (see Fig. 6 (b)). This indicates
the rotation of the GIG magnetic moment after the interfacial
coupling between YIG and GIG is broken. The continuous
increase of resistance in the switching process indicates that

the top layer switching is in fact not an abrupt process, but a
gradual rotation since only the alignment of the GIG magne-
tization away from the y-direction can increase the resistance
due to SMR. We confirm this by performing rotation mea-
surements, where the field rotates within the sample plane
(α-plane) from around −55◦ to 125◦, relative to the current
direction, and back. The experiment is performed at 30 K,
which is in zone III (Fig. 6 (c)) and at 200 K, which is in
zone II (Fig. 6 (d)). The longitudinal resistance is given as
relative to the resistance value at 0° (along the Pt bar). At
low temperatures, where no top-layer switching is observed
in the uniaxial SMR measurements, we also do not observe
any changes in the phase of the angular-dependent magnetore-
sistance (ADMR) for magnetic fields of different magnitude.
However, increasing the temperature to 200 K, the ADMR be-
comes strongly field-dependent. At low magnetic field and at
high magnetic field, the phase of the ADMR is close to 0◦,
indicating the alignment of the GIG magnetization axis with
the external magnetic field. At 0.5 T, however, in the region
of the GIG switching, a phase shift of almost 90◦ is observed,
indicating the perpendicular alignment of GIG magnetization
to the magnetic field in the switching region.

A complementing tool to investigate the magnetic proper-
ties of the bilayer system is the longitudinal spin Seebeck ef-
fect (SSE). The SSE can be used to investigate the magnetic
properties close to Tcomp,G at which SQUID measurements
cannot resolve the magnetization of the GIG layer. For the
SSE measurement, the sample is exposed to an out-of-plane
temperature gradient by sandwiching it between a tempera-
ture sensor and a resistive heater (see inset of Fig. 7 (a)). The
temperature gradient is estimated by monitoring the resistance
of sensor and heater. The external magnetic field is applied in
the sample plane, perpendicular to the temperature gradient.
Measuring the thermal excitation of spin waves in such a bi-
layer can potentially lead to superposing spin currents origi-
nating from YIG and GIG, measured as a voltage VISHE via
the inverse spin Hall effect (ISHE) in a heavy metal top layer
[22, 27]. The SSE of YIG(36)/GIG(30)/Pt(4) was measured at
different temperatures. As shown in Fig. 7, a hysteretic volt-
age signal VISHE is obtained by sweeping the magnetic field.
At the lowest temperature of 35 K, we observe a negative am-
plitude of the SSE as shown in Fig. 7(a). Going to 60 K, the
sign of the measured voltage changes its sign to positive (Fig.
7(b)). For 110 K, the shape of the SSE signal fundamentally
changes as seen in Fig. 7(c). At low magnetic fields, a nega-
tive switching is observed before the signal changes sign again
at around 40 mT. At 306 K, only one switching event is visible
at low magnetic fields, having a negative sign (Fig. 7(d)).

These features emphasize the SSE signal to have it’s ori-
gin in the GIG layer. We investigate these features in the fol-
lowing, by taking into account the magnetic properties of the
bilayer system determined by SQUID and the complex behav-
ior of SSE signal measured at pure GIG samples [22, 23]. For
temperatures below the compensation temperature of the bi-
layer Tcomp,B, we can compare the SSE measurement with the
m−H loop. In the SQUID measurement at 60 K (zone III), a
switching of YIG is expected at approximately 30 mT. How-
ever, we do not observe this feature at 30 mT in SSE mea-
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FIG. 7. VISHE −H loops of a GGG/YIG(36)/GIG(30)/Pt sample at
various temperatures (a) 35 K, (b) 60 K, (c) 110 K and (d) 306 K.
For (d) a larger field range is displayed. VISHE is normalized by the
estimated temperature gradient and a constant offset of the signal is
subtracted.

surements. Thus, a possible contribution to the spin current
originating from YIG seems to be damped in the GIG layer in
this sample. At temperatures above Tcomp,B and below Tcomp,G
(zone II), a segmented switching is observed. This is expected
for the GIG sensitive SSE measurement, as the GIG layer
switches at higher fields in this temperature range (thus the
second step in the field sweep). The sign change of the SSE
signal VISHE at low temperatures also suggests the GIG layer
to be the main spin current source. For even lower temper-
atures (T = 35 K), the SSE signal undergoes a sign change,
which can be explained by the change of spectral weight and
temperature dependence of occupied magnon modes in GIG
[22, 23]. For pure GIG, another sign change is observed at
compensation temperature Tcomp,G, because of the reversal of
the sublattice magnetization for a constant external applied
magnetic field [22]. As the SSE signal follows the GIG mag-
netization, we can investigate the orientation of the GIG at
higher temperatures. When changing the temperature from
below to above Tcomp,G, there is no sign change observed in
the YIG/GIG bilayer. For a coupling of YIG and GIG via the
net moment of each film, a reversal of the sign of VISHE would
be expected at Tcomp,G, which is not supported by our data.
This is in line with our claim, that the Fe sublattice moments
of YIG and GIG dominate the coupling, thus when changing
the temperature across Tcomp,G the GIG orientation stays the
same and no reversal of the sign of VISHE is observed.

IV. DISCUSSION

Together, our measurements indicate that we have robust
Fe-Fe exchange coupling between defined YIG and GIG lay-
ers. While SQUID gives a basis of the interpretation of the
magnetic behavior of the heterostructures, both SSE and SMR
selectively show the behavior of the top GIG layer only. Our
high quality thin films access a phase space of samples with

arbitrarily aligned magnetization of the bilayers, depending
of the relative thicknesses. Up to now, the exchange cou-
pling between YIG and GIG has only been described as an
interface effect in GGG/YIG samples [12–14]. The artificial
stacks grown here give much better control over the bilayer
properties and allow for fine tuning of these by choosing the
relative thickness of YIG and GIG. We identify three temper-
ature regions, where the samples have fundamentally differ-
ent responses to an external magnetic field. Above the GIG
compensation point Tcomp,G, the coupled net iron moments are
always parallel and show in the direction of the external mag-
netic field. Reducing the temperature below Tcomp,G, we still
observe ferromagnetic Fe-Fe coupling across the YIG/GIG in-
terface at low magnetic fields. Increasing the field, we break
this coupling across the interface and the Gd moment of the
GIG layer orients with the external field. Uniaxial SMR mea-
surements show the switching of the top GIG layer and rota-
tion measurements indicate a continuous rotation of the mag-
netic moments in the reorientation regime. Decreasing the
temperature further, we observe a second compensation point,
where the net GIG layer moment equals the YIG layer mo-
ment. We label this bilayer compensation point Tcomp,B. We
show that Tcomp,B can be tuned by choosing the relative thick-
ness of the YIG and GIG layers. This allows for devices with
controllable magnetization direction. Below Tcomp,B, we ob-
serve again a double switching in SQUID, indicating the re-
orientation of one of the layers. Both SMR and SSE measure-
ments do not show this switching, indicating that the bottom
YIG moment rotates, leaving the top GIG moment aligned
with the field. SSE measurements thereby prove to be sen-
sitive to the top GIG layer only, since the switching of the
bottom YIG spin current source is not observed in our mea-
surements. Moreover, SSE measurements show a change of
sign at certain temperature, which is not associated with the
direction of the net magnetic moment, but with the magnon
population as observed in pure GIG layers [22, 23]. Recently,
it was reported that magnon hybridization may occur in YIG-
GIG heterostructures leading to a reduction of the temperature
of the sign change. We note that here, the change of sign
occurs at around 35 K for a YIG(36 nm)/GIG(30 nm) sam-
ple. SSE measurements performed at pure GIG layers have
shown the sign change to occur at around 44 K to 72 K [22],
depending on several parameters like magnetic compensation
point, heavy metal material and GIG-heavy metal interface
quality. The here observed sign change temperature of 35 K
is remarkably low compared to these reports, which might in-
dicate magnon hybridization. However, a direct comparison
with literature values is difficult due to the strong dependence
on the surface quality of the samples. A simultaneous depo-
sition of the HM layer excludes a different GIG/HM interface
for different samples and will be target of futures studies.
For the interlayer coupling strength between YIG and GIG,
we assume that the coupling energy is equal to the gain of
Zeeman energy to align both YIG and GIG magnetization in
zones II and III. We calculate the energy at the low temper-
ature state of sample YIG(36 nm)/GIG(30 nm). From Fig.
5 (a) we extract the saturation field at 20 K, which is the
field at which Amp2 is reached as µ0H = 0.1 T. Rotating
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m(YIG) from antiparallel to parallel leads to a gain in Zee-
man energy by 2 ·m(YIG) ·H. m(YIG) is given by m(YIG)=
1
2 (Amp2− Amp1) ≈ 1.5× 10−7 Am2. Taking into account
the interface area of 0.25 cm2, we estimate an effective inter-
face coupling energy of 0.0012 J/m2. With 8 Fe atoms (d or a
site) on the surface of a (001) oriented unit cell this relates to
1.4 meV per Fe atom at the interface. Comparing this to the
dominant exchange parameter J1 in YIG, which is found to
be 6.8 meV [7] and J1 in GIG of 4.0 meV [14], we observe a
qualitative agreement, but the interlayer coupling strength ap-
pears to be smaller than the direct exchange coupling in pure
YIG and pure GIG but of the same order of magnitude as the
theoretical limits. For interfacial coupling of YIG-GIG at the
YIG/GGG interface, a coupling strength of 0.14 meV was dis-
cussed by Gomez et al. based on the c-Gd antiferromagnetic
interaction Jcd to d-Fe [14]. Our value is significantly larger
than this. This can be understood by the fact that they in-
vestigate an ultra-thin layer formed by interdiffusion with the
substrate. In our case, however, the Jcd interaction energy is
not a limiting factor as it needs to be integrated over the vol-
ume/thickness of the Gd layer and the resulting energy is then
much larger than the interfacial exchange coupling between
YIG and GIG layers that is limited by Fe-Fe interactions at
the interface. In reality, the competition between different
exchange interactions can easily lead to more complicated
spin structures than in our fully collinear toy model discussed
above and we see hints for this in the continuous rotation of
the magnetization observed in SMR measurements. Also in
our samples we have the YIG-GGG interface at the substrate
and therefore the coupling effects induced by intermixing with
the substrate should be present. However, as this interface is
ultrathin and contributes very little to the total sample magne-
tization it can be neglected to first order in our analysis and it
was only observed at very low temperatures by Gomez at al.
[14]. Traces of this intermixing GIG at the substrate interface
might be seen in the low amplitude SQUID curves shown in
Fig. 2, where the pure YIG as well as the bilayers with a thin
YIG layer appear slightly exchange-biased. In spite of the
limitations of the simplified toy model for the analysis we can
safely state that the largest interfacial coupling dominating the
properties of our bilayers stems from the upper YIG/GIG in-
terface.

V. CONCLUSION

YIG/GIG bilayers were fabricated by PLD and the mag-
netic coupling of the samples was investigated by SQUID,
SSE and SMR. It is found that the YIG/GIG bilayers show
ferrimagnetic features. The compensation temperature of the
bilayer system shifts to lower temperatures with increasing
thickness of the YIG layer, which originates from the effec-
tive ferromagnetic coupling of the iron magnetic sublattices
at the YIG-GIG interface, i.e. in the epitaxial bilayer, the iron
atoms spin subsystem on respective d-Fe and a-Fe sites is co-
herent over the boundary of the two materials in zero mag-
netic field. Below the compensation temperature of the GIG
layer, an external magnetic field can break the coupling, lead-
ing to a parallel magnetization of YIG and GIG layers at high
field. At low magnetic fields, the orientation of the YIG and
GIG magnetic moment depends on the temperature (Gd mo-
ment). SMR and SSE measurements reveal the behavior of
the top GIG layer, from which the temperature and field de-
pendence of alignment of YIG and GIG can be obtained. Our
results demonstrate that the magnetic coupling in insulating
YIG/GIG heterostructures can be manipulated analogously to
that of metallic spin valves and open the pathway to manipu-
late the magnon transport.
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