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Spintronics offers promising routes for efficient memory, logic, and computing technologies. The
central challenge in spintronics is electrically manipulating and detecting magnetic states in devices.
The electrical control of magnetization via spin-orbit torques is effective in both conducting and
insulating magnetic layers. However, the electrical readout of magnetization in the latter is inherently
difficult, limiting their use in practical applications. Here, we show magnetoresistive detection of
perpendicular magnetization reversal in an electrically insulating ferrimagnet, terbium iron garnet
(TbIG). To do so,we use TbIG|Cu|TbCo,where TbCo is the reference conducting ferrimagnet andCu is
a nonmagnetic spacer. Current injection through Cu|TbCo allows us to detect the magnetization
reversal of TbIG with a simple resistance readout during an external magnetic field sweep. By
examining the effect of measurement temperature, TbCo composition, and Cu thickness on the sign
and amplitude of the magnetoresistance, we conclude that the spin-dependent electron scattering at
the TbIG|Cu interface is the underlying cause. Magnetoresistive detection of perpendicular switching
in a ferrimagnetic garnet may enable alternative insulating spintronic device concepts.

Ferrimagnetic garnets (FMGs) are ubiquitous in solid-state physics. They
host a wide variety of useful properties, such as ultralow damping, high
magnon density, tunable magnetic anisotropy and saturation magnetiza-
tion, and highly ordered single-crystal structures with sharp surfaces and
interfaces1. Furthermore, single-crystal epitaxial FMGs can be grown from a
few micrometers down to a few nanometers of thickness via physical and
chemical deposition techniques on suitable substrates and, yet, retain bulk-
like properties. As a result, FMGs have served as an excellent material
testbed for a multitude of spintronic phenomena in the past few years2–8.
More recently, there has been a growing effort in exploiting FMGs as active
components in magnonic integrated circuits9 and spintronic memory
devices10. Research into the latter has been particularly fruitful owing to the
development of ultrathin FMGs with perpendicular magnetic anisotropy
(PMA)11,12 and the highly efficient control of their magnetization vector by
current-induced spin-orbit torques8,10,13–17.

While the above advances are promising for the integration of FMGs in
future computing technologies, the electrical detection of magnetization in
this material family is still a critical challenge. The spin Seebeck, local and
non-local spin Hall magnetoresistance, and thermal spin drag effects have
been utilized for the electrical detection of magnetization in FMGs3–5,18.

However, all of these phenomena rely on voltages induced by inverse spin
Hall effect in an adjacent nonmagnetic metal, such as Pt, hence funda-
mentally limiting the output signal amplitudes and materials that can be
used for the purpose. Electrical detection of the perpendicular magnetiza-
tion vector in FMGs possessing PMA, crucial for domain wall and
skyrmion-based racetrack devices, and for downscaling the lateral size of
memory cells, is particularly strenuous. Thus far, the anomalous Hall effect
(AHE) driven by interfacial spin-dependent scattering4,19–21 is used as the
sole electricalmethod formagnetization vector detection inPMAFMGs10,22,
yieldingminute output signals, nonetheless in a technologically-prohibitive
four-contact Hall cross device geometry.

Magnetization vector detection in conventional spintronic devices is
realized by tunnel and giant magnetoresistances (GMR)23–26. The latter,
discovered in the 1980s, has led to miniaturized GMR sensors, revolutio-
nizing both the magnetic non-volatile data storage and field sensing
technologies27. What lies at the core of the GMR is the spin valve effect,
arising from the spin-dependent electron scattering at the bulk and inter-
faces of ferromagnetic materials28. GMR spin valves typically consist of
conducting magnetic layers separated by nonmagnetic metal spacers. The
electrical resistance of such systems exhibits a large asymmetry between the
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parallel and antiparallel alignment of the magnetizations of adjacent mag-
netic layers, which serve as the reference and free layers, respectively. GMR
can then be used to effectively probe the magnetization reversal or rotation
of the free layerwith respect to the reference, also in a current-in-plane (CIP)
geometry, leading to simple two-terminal devices. To date, FMGs have been
excluded from such device concepts even though theGMR-based sensing of
FMGs’magnetization vector would be highly desirable. Few earlier reports
have characterized the spin valve effect at other magnetic insulator|metal
interfaces, but these were limited to in-plane magnetization systems and
cryogenic temperature measurements29–31. While the presence of the spin
valve effect is allowed at an FMG|metal interface in principle, its experi-
mental observation remains elusive.

In thiswork,we showa robust spinvalve effect at the interface of a typical
FMG, terbium iron garnet (Tb3Fe5O12, TbIG), enabling us to detect 180°
perpendicular magnetization reversal via simple resistance measurements at
room temperature. We achieve such spin valve behavior in a TbIG|Cu|TbCo
trilayer (see Fig. 1a) where the TbIG is engineered to be the free layer whereas
TbCo acts as the reference magnetic layer. We observe abrupt longitudinal
resistance changes during a swept magnetic field upon crossing the coercive
fields of the respective layers, analogous to theCIP-GMR, albeitwith a smaller
amplitude with respect to a fully metallic stack. The effect of measurement
temperature, TbCo layer composition, and spacer layer thickness on the sign
and amplitude of the magnetoresistance collectively pinpoint the spin valve
effect at the TbIG|Cu interface as the predominant origin of the observed
phenomenon. Theoretical calculations based on layer-resolved Boltzmann
transport equations are in excellent agreementwith our experimentalfindings
and further consolidate the presumed origin of the magnetoresistance effect.
The efficient reading of the magnetization vector in FMGs in a two-terminal
CIP geometry reported here provides a new platform for spintronic device
concepts using magnetic insulators as active components.

Results and discussion
Layer composition and magnetic characterization
We deposited TbIG(25)|Cu(1-5)|TbxCo1-x(8)|Pt(3) (thicknesses in nm,
subscript x denotes atomic%) stacks and other reference layers bymeans of

magnetron sputtering, and patterned them into standard Hall bar devices
(seeFig. 1bandMethods).Here,TbIGandTbxCo1-x (TbCo for short,x = 0.3
unless specified otherwise) are used as the soft and hard magnetic layers,
respectively, due to the lower (higher) coercivity of the former (latter). We
preferred a Tb-based ferrimagnetic metallic alloy over an elemental tran-
sition metal such as Co, since the former exhibits a large and tunable bulk
PMA over a broad range of composition, thickness, and temperature,
independently of the under/over layer, thus eliminating the laborious
engineering of the interfacial PMA in the latter32–34. The thickness of the Cu
spacer is varied between 1 and 5 nm and Cu is chosen due to its high spin
conductivitywhen interfacedwith FMGs andTbCo35,36. Finally, Pt is used as
capping to avoid oxidation of TbCo and it has no active role in the spin
transport experiments reported in this paper, therefore will not be men-
tioned in the remainder of the text.We note that no significant difference is
obtainedwhen changing the capping layer to anothermetal, for example Ti.

The magnetization behavior of TbIG and TbCo were examined by
polar magneto-optic Kerr effect (MOKE, Fig. 1c) and AHE (Fig. 1d) mea-
surementswith a swept out-of-planefield (Hz). In the former, we observed a
clear hysteresis loop typical of PMA systems with 100% remanence, and
large coercivity Hc ~ 35mT. A closer look-up to the lower field region
reveals minor signal jumps at ~±10mT. The inner loop measurement
focusing on this region (see inset – dark green curve) indicates a second
magnetic signal with a much lower amplitude, superimposed to the larger
hysteresis loop. The Hc value of this inner loop corresponds to the one
measured for TbIG prior to the Cu|TbCo deposition (see inset - light green
curve), hence this signal corresponds to TbIG. The similar coercivity of the
TbIG before and after deposition of the Cu|TbCo indicates negligible
exchange coupling between the two magnetic layers. The Hall resistance
(RH) measurement shows the hysteresis loop originating from the AHE in
TbCo with Hc ~ 35mT, consistent with the MOKE result. However, an
inner loop measurement similar to Fig. 1c—inset does not show any signal
related to the TbIG reversal. Because of the absence of current flow through
TbIG, the AHE signal cannot be generated in this layer and the interfacial
AHE is also inoperative due to the negligible spin Hall effect in Cu. These
measurements clearly demonstrate that themagnetization vector ofTbIG in

Fig. 1 | Illustration of the spin valve effect in TbIG|
Cu|TbCo, device schematics, and optical and
electrical characterization. a Schematic repre-
sentation of the spin valve structure in the high and
low resistance states at room temperature. The red
and blue arrows indicate the direction of the mag-
netization (M) and corresponding spins of the
majority and minority carriers. Cyan spheres
represent conduction electrons undergoing lower
and higher scattering events in the parallel and
antiparallel magnetic configurations, respectively.
b Schematic representation of the device with the
geometry used for the electrical measurements.
c Plot of the polar magneto-optic Kerr effect
(MOKE) signal of TbIG|Cu|TbCo. The inset shows
the minor loops corresponding to the switching of
TbIG prior (light green) and after (dark green) the
deposition of TbCo. d Transverse Hall resistance
(RH) in TbIG|Cu|TbCo as a function of out-of-plane
field (HZ), corresponding to the anomalous Hall
effect (AHE) in TbCo. No fingerprints of TbIG
switching are observed in the inner loop (gray).
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the above stack can only be probed optically but not electrically with stan-
dard Hall measurements.

Magnetoresistive detection of perpendicular switching
Wethen examine the longitudinal resistance behavior of the above stack and
compare it with reference material systems. The GMR in magnetic
transition-metalmultilayers is known to originate from the spin-dependent
scattering in the spin-split d bands37,38, typically leading to an increase of the
resistance when the magnetization (M) of consecutive layers is antiparallel
compared to the parallel case. Figure 2a shows the resistance behavior of a
fully metallic Co|Cu|TbCo PMA spin valve device during anHz sweep. We
observe two reversal events at low and high fields, corresponding to the
switching of Co and TbCo, respectively, resulting in two distinct resistance
levels in the parallel and antiparallel configurations, expectedly of the CIP-
GMR. The magnitude of the GMR is 4.9%, comparable to previous reports
on similar systems36,39. Next, we measure Cu/TbCo deposited on a non-
magnetic gadoliniumgalliumgarnet (Gd3Ga5O12,GGG) substrate (Fig. 2b).
Here, the spin valve behavior is not observed. Instead, the resistance displays
afield-dependent variation resembling a bowtie shape. This unconventional
resistance behavior was previously reported and attributed to the magnon
magnetoresistance40 and/or magnetoresistance due to the sperimagnetism
of TbCo41. This effect requires a conducting magnetic layer and exhibits a
quasi-linear positive or negative slope depending on the relative direction of
M and Hz.

Figure 2c shows the magnetoresistance of the TbIG|Cu|TbCo tri-
layer. The resistance clearly undergoes four distinct switching events
corresponding to the perpendicular switching of TbIG and TbCo,
superimposed to the quasi-linear background magnetoresistance
described above. Initially, at large positive fields, the magnetizations of
TbIG and TbCo are parallel and aligned withHz. Upon reducingHz, the
resistance increases linearly until ~−10 mT at which field the magne-
tization of TbIG reverses from up to down and a sudden resistance

increase occurs. As Hz is reduced further, the resistance increase con-
tinues, until the coercivity of TbCo is reached at ~−35 mT, where the
resistance drops sharply, followed by further gradual Hz-dependent
decrease. A reciprocal sequence is observed when Hz is swept from the
negative to positive direction. To better illustrate theGMR-like behavior,
in Fig. 2d, we plot the magnetoresistance after subtraction of the back-
ground due to the unusual magnetoresistance of TbCo not related to the
GMR effect. Finally, Fig. 2e shows theminor loops, corresponding to the
reversal ofM of TbIG, when the TbCo layer is pre-set in the up (+z) and
down (−z) direction. In these measurements, we observe the hysteretic
resistance behavior in both caseswith an opposite sign due to the reversal
of the reference layer. Based on the amplitude of the jump in Fig. 2e, we
estimate the relative change of resistance ΔR/R0 = 1.4 × 10−5, where R0 is
the resistance at zero applied field.

The signals reported in Fig. 2c–e are consistent with a positive GMR in
TbIG|Cu|TbCo. The sign of the GMR in all-metallic systems is dictated by
the spin-dependent scattering asymmetry at the bulk and interfaces of the
magnetic layers. In TbCo, the spin-polarized conduction is mostly domi-
nated by the s-d electrons of Co, hence the Co magnetization dictates the
bulk and interface contribution to the GMR as well as the sign of the AHE.
The positive AHE in Fig. 1d and the positive GMR in Fig. 2a establish that
the net magnetization in TbCo is parallel to the Co sublattice in the TbIG|
Cu|TbCo stack. Likewise, independent measurements reported in our ear-
lier study (see ref. 12) and Supplementary Note 1 show that the net mag-
netization inTbIG is Fe sublattice dominated. SinceTbIG is an insulator, we
expect only the TbIG/Cu interface to contribute to the GMR.We tested this
by measuring the GMR in 7nm-thick TbIG film, which shows comparable
ΔR/R0 with respect to 25 nm-thick TbIG (see Supplementary Note 2).
Therefore, the positive GMR in TbIG|Cu|TbCo demonstrates that the sign
of the spin-dependent scattering asymmetry at both the TbIG|Cu and Cu|
TbCo interfaces is the same and positive with respect to the standard
convention.
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Fig. 2 | Magnetoresistance in TbIG|Cu|TbCo and other reference layers.
a Resistance (R) as a function of the out-of-plane field (HZ) in an all-metallic Co(1)|
Cu(2)|TbCo(8) trilayer. b In Subs.|Cu(2)|TbCo(8) and c In TbIG(25)|Cu(2)|
TbCo(8). The latter clearly shows a spin valve signal similar to the one observed in
the all-metallic trilayer. d Plot of the resistance from panel c after removal of the

unconventional magnetoresistance contribution from TbCo. The red and blue
arrows indicate the direction of M in TbIG and TbCo, respectively. e Inner loops
showing the switching of TbIG when the direction of TbCo is fixed up (red) or down
(blue) with respect to the film normal.
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Temperature-dependence of the magnetoresistance
To examine further the effect of the relative orientation of the ferrimagnetic
sublattices on the sign, and the influence of the measurement temperature
on the amplitude of ΔR/R0, we studied the magnetoresistance in TbIG|Cu|
TbCo as a function of temperature (T), across the magnetic compensation
temperature (TM)ofTbIG. InFig. 3a,weplot representativedataduring aHz

sweep measured at T = 225 K and 175 K, i.e., above and below the TM of
TbIG, respectively. We found TM of TbIG ~200 K for this specific sample
(see Supplementary Note 1). Because of the linear magnetoresistance
background fromTbCo the overall shape of the signal becomes intricate for
T ≤ 200 K.Nevertheless, we observe that the resistance changes due toTbIG
reversal (marked with black arrows) are upward for T = 225 K and down-
ward for T = 175 K, indicating a clear sign change of ΔR/R0. This is further
highlighted in Fig. 3b with the minor loopmeasurements corresponding to
the magnetization reversal of TbIG when the TbCo layer is fixed along the
up (+z) direction. Above TM (T = 225 K) we observe a negative hysteresis
loop (similar to the room temperature measurement reported in Fig. 2e)
whereas below TM (T = 175K) the loop becomes positive.

In Fig. 3c we plot ΔR/R0 in the entire temperature range tested in this
study. The sign reversal of ΔR/R0 at TM of TbIG confirms that the spin-
dependent reflection at the TbIG|Cu interface, similarly to the interfacial
AHE42, is not governed by the net magnetization, but instead, by the
orientation of the Fe sublattice. In spite of the sign change at T ~ 200 K, the
absolute value of ΔR/R0 increases smoothly and monotonically (open dots
in Fig. 3c) with the decreasing temperature. This is expected from the strong
temperature dependence of the GMR effect due to the increased spin
conductivity of Cu at lower temperatures43.

TbCo composition and Cu spacer thickness dependence
The amplitude and sign of the GMR can be modulated by the TbCo
composition and Cu spacer thickness. To investigate the former, we mea-
suredΔR/R0 in TbIG|Cu(2)|TbxCo1−x(8 nm) layers with x ranging between
0.3 and 0.65 and plotted in Fig. 4a. We note that for x < 0.3 the films were
magnetized in-plane and for x > 0.65 they were paramagnetic (see Supple-
mentary Note 3). We find that ΔR/R0 strongly depends on the Tb content,
displaying a rapid decrease going from x = 0.3 to 0.5. When the Tb amount
reaches x = 0.55, the magnetization becomes Tb sublattice dominated and
ΔR/R0 becomes negative (i.e., R is lower when the magnetization of TbIG
and TbxCo1−x are antiparallel). This is analogous to the sign reversal
observed upon crossing the TM of TbIG reported in Fig. 3c, but obtained at
room temperature with amodification of the TbxCo1-x composition instead
(see also Supplementary Note 4). Overall, |ΔR/R0| undergoes a ~ 22-fold
decrease when the Tb concentration is increased from 0.3 to 0.6, and finally
vanishes at x = 0.65. This result indicates the essential role played by Co in
the spin-polarized current generation and spin-dependent scattering in the
bulk and interfaces of TbCo.

Figure 4b reports the effect of the Cu spacer thickness (t) on ΔR/R0 in
TbIG|Cu(t)|TbCo layers. The largest effect is found for Cu(2 nm), plots of
the R as a function ofHZ for all the Cu spacer thickness are reported in the
Supplementary Note 5. Increasing t results in a decrease of ΔR/R0, as

expected due to the increased current shunting and reduced spin
coherence43. On the other hand, for a Cu thickness of 1 nm, a slightly lower
ΔR/R0 is observed with respect to Cu(2 nm), whereas the effect is, in prin-
ciple, expected to be enhanced. Atomic force microscopy analysis of the Cu
films shows a root mean square roughness of ~0.7 nm, which is similar to
the lowest Cu thickness used (see Supplementary Note 6). Therefore, the
lower uniformity and larger interface/volume ratio of 1 nm-thick Cu cause
additional resistance, that does not participate in themagnetoresistance and
negatively affects the spin-dependent properties and interface quality with
the TbCo layer. Indeed, we observe a correlation between the Cu thickness
and the coercivity and PMA of TbCo, indicating a sharper interface when
the Cu thickness is increased, promoting a higher quality TbCo. This might
be the reason why the magnetoresistance is still substantial despite larger
current shunting when the Cu spacer is increased to 5 nm. The strong
dependence of the magnetic properties of TbCo alloys on the underlayer
material, thickness and interface quality is well known44. Additionally, dis-
crepancies in the spin-dependent properties of the TbIG|Cu interface for
TbIG grown on different dates on different substrates could influence the
data presented in Fig. 4b. Although the essential features and trends
expected of the thickness dependence of ΔR/R0 are observed, the data in
Fig. 4b cannot reflect a universal behavior. Therefore, we believe that amore
systematic study of the influence of the spacer layer thickness on ΔR/R0
should be conducted by continuously varying the Cu thickness on a single
substrate to ensure theuniformityof theTbIGproperties,which falls outside
our technical capabilities. Finally, to confirm the relevance of the spacer
layer with low spin-orbit coupling (high spin conductivity) on the magne-
toresistance, we replaced Cuwith 2 nm of Pt which exhibits large spin-orbit
coupling. We did not detect any spin valve effect within our experimental
detection limit. This negative result is anticipated due to the very short spin
diffusion length of Pt (typically <2 nm), dephasing nearly the entire spin
current generated in the TbCo and at the Pt/TbCo interface36. Furthermore,
the absence of spin valve signal with the Pt spacer excludes the magnetic
proximity effect at the TbIG|metal interface as the potential origin of the
magnetoresistance, since Pt is much more susceptible to proximity mag-
netism than Cu.We note thatΔR/R0 values of all the materials examined in
this work can be found in Supplementary Table 1.

Boltzmann transport calculations
We calculated the magnetization-dependent resistivity of TbIG|Cu|TbCo
trilayer by solving the following linearized Boltzmann transport equation
with a layer-by-layer approach38,45:

vz
∂g
∂z

� eE
m

∂f 0
∂vx

¼ � g
τ

ð1Þ

Here m and τ are the effective mass and momentum relaxation time
andmass of conduction electrons, f 0 is the equilibriumelectron distribution
function, gðv; zÞ is the deviation from f0 induced by the external electricfield
with amplitude E applied along x. Full translation symmetry is assumed in
the x-y plane (i.e., the layer plane) so that the spatial dependence of g only

Fig. 3 | Temperature dependence of the magne-
toresistance in TbIG|Cu|TbCo. a Plot of the resis-
tance (R) as a function of out-of-plane field (HZ) for
two selected temperatures above (red) and below
(blue) the compensation temperature (TM) of TbIG.
The black arrows indicate the resistance jump cor-
responding to TbIGmagnetization reversal. b Plot of
the inner loops showing the switching of TbIG when
M of TbCo is fixed out-of-plane for two selected
temperatures above (red) and below (blue) TM. The
linear background has been subtracted. c Plot of the
temperature (T) dependence of the magnetoresis-
tance (close dots) and its absolute value (open dots).
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occurs in the thickness direction parallel to the z-axis. To further simplify
our calculations, we assumed the same effective mass, relaxation time, and
Fermi energy εF for the conducting Cu and TbCo layers, which would be
sufficient for the purpose of an order of magnitude estimation of the ΔR/R0
ratio of the trilayer system. The calculation can be extended straightfor-
wardly to involve different values of the above-mentioned materials para-
meters without essential change to the formulation.

In order to capture the interfacial spin-dependent scattering, we divide
g into four additive components depending on the orientation of an elec-
tron’s spin moment with respect to the magnetization of a magnetic layer
and the sign of vz (i.e., the z-component of the electronic group velocity).
The general solutions of Eq. (1) can be written as

g ±"ð#Þ v; zð Þ ¼ eEτ
m

∂f 0
∂vx

1þ C ±"ð#Þ exp
∓z
τ vz
�
�
�
�

 !" #

ð2Þ

where the “þ” and “�” signs denote electrons with vz being positive and
negative, respectively, the arrow " ð#Þ characterizes orientation of spin
parallel (antiparallel) to the local magnetization of the magnetic layer in
question. The general solutions take the same form for electrons in the Cu
and TbCo layers, except for the coefficients, C ±"ð#Þ; which need to be
determined by boundary conditions.

To calculate the ΔR/R0 ratio, scatterings at three interfaces of the tri-
layer need to be taken into account through the boundary conditions,
namely, 1) the spin-dependent reflection at the out surface of the TbCo
layer, 2) the specular transmission and reflection at the interface between the
metallicTbCo|Cu interface, and3) the spin-dependent specular reflection at
the Cu|TbIG interface. In addition, when the magnetizations of the TbCo
andTbIG layers are antiparallel, we also take into account the change of spin
quantization axis in the middle of the Cu layer. It is reasonable to assume
specular reflection at themetallic interface is negligible and scattering at the
outer surface of the TbCo layer is completely diffusive. And near the
magnetic interface between the Cu and TbIG layer, the portions of electron
fluxes that are specularly reflected from the interface are, in principle, also
spin dependent21, as “spin-up” and “spin-down” electrons see different
energy barriers effectively due to the exchange coupling (Jex) between them
and the magnetization of the TbIG layer even though the magnetic layer is
insulating.

By inserting the general solutions of g ±"ð#Þ for each layer into the above
boundary conditions, the unknowns in Eq. (2) can be determined, allowing
us to further evaluate the spatially-averaged longitudinal conductivity of the
i layer via σðiÞ ¼ 1

diE

R

dz
R

d3vvxðg" þ g#Þ, where di is the thickness of the
ith layer. The total resistivities for parallel and antiparallel magnetization
configurations, denoted by ρ"" and ρ"# respectively, are obtained by
inverting the corresponding conductivity tensors. Finally, theΔR/R0 ratio is

evaluated via ΔR=R0 ¼ ρ"# � ρ""
� �

=ρ"". For the TbCo|Cu interface, the

transmission coefficients are taken to be T" ¼ 0:5 and T# ¼ 0:95. Note

that the roughness of the interface can be characterizedphenomenologically
by the spin-dependent diffusive scattering parameter defined as
D"ð#Þ ¼ 1� T"ð#Þ

45. For Jex ∼ 0:01 eV and the averaged energy barrier of
the insulator Vb ∼ 12 eV2,21, the reflection coefficients are estimated to be
R" ¼ 0:4995 and R# ¼ 0:5005. Note that both transmission and reflection
coefficients implicitly include the spin transparency of the interfaces gov-
erned by the spin mixing conductance. This spin asymmetry of electron
scatterings at the two magnetic interfaces gives rise to a ΔR/R0 ratio of
6.2 × 10−5, close to the experimental value of 7.0 × 10−5 measured at 10 K.
Detailed calculations are provided in the Supplementary Note 7.

Conclusions
In summary, we demonstrate a simple magnetoresistive detection of per-
pendicular magnetization reversal in an insulating ferrimagnetic material
TbIG, by using the spin valve effect. The detection relies on current-in-plane
magnetoresistance measurements in a TbIG|Cu|TbCo trilayer system
where the conducting ferrimagnet TbCo is used as a reference magnetic
layer and spin polarizer. The material and temperature dependence of the
magnetoresistance and theoretical calculations collectively pinpoint the
spin-valve effect at the TbIG|Cu interface as the underlying cause of the
observed phenomenon. To the best of our knowledge, this work constitutes
the first demonstration of the spin valve effect using ferrimagnetic garnets,
which are currently under the spotlight in spintronics research. While the
effect is relatively small for any microelectronic applications as of yet, it can
be enhanced by orders of magnitude by materials and device engineering,
and support from theory.

On the materials side, ferromagnetic materials with higher spin
polarization such as Heusler alloys with an optimized thickness could
provide a pathway to increase the magnetoresistance. To obtain even larger
gains, the spacer layer can be chosen from those having a very long spin
coherence length and promoting better spin mixing conductance with the
insulating and conducting magnetic layers forming the device. Potential
candidates include two-dimensional materials such as graphene, transition
metal dichalcogenides (TiSe2, MoS2, etc.), conducting oxides (SrVO3, etc.)
andother lightmetals (Cr,Mn, etc.).Ourworkwill also stimulate theoretical
efforts, as themost suitablematerials could be determined by using relevant
first-principles calculations.

On the device side, the magnetoresistive reading reported here will
enable non-volatile binary memory cells where a magnetic insulator could
be used as an active component instead of conventional magnetic con-
ductors. In such devices, using a magnetic insulator would bring about a
series of advantages such as higher structural stability, broader magnetic
tunability, ultrafast switching times, and low power consumption, among
others. It is also possible to use themagnetoresistance output to identify and
characterize the skyrmions and domain walls in an insulating racetrack
memory and study their field/current-driven dynamics in real time. Insu-
lating domain wall- and skyrmion-based devices enabled by magnetor-
esistive reading could pave the way for alternative analog-like memory
concepts that can be used in neuromorphic computing.

Fig. 4 | Amplitude of the magnetoresistance as a
function of TbxCo1−x composition and Cu spacer
thickness. a Plot of the amplitude of the magne-
toresistance (ΔR/R0) in TbIG(25)|Cu(2)|
TbxCo1-x(8) alloy as a function of Tb content (x)
from 0.3 to 0.65. We note that ΔR/R0 undergoes a
sign change for x > 0.5 and it is below our detection
limit for x = 0.65. The dotted lines represent the
absolute value of the giant magnetoresistance
(GMR) amplitude for visual illustration of the
monotonic decay of ΔR/R0. b Plot of ΔR/R0 in
TbIG(25)|Cu(t)|Tb0.3Co0.7(8) as a function of Cu
spacer thickness (t) from 1 to 5 nm.
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Methods
Samples preparation
25 nm-thick TbIG thin films were deposited on GGG(111) substrates by
radio frequency sputtering at 800 °C from a stoichiometric target. The
deposition rate was∼0.4 nm/min at the applied power of 150W in 3mTorr
of a mixture of Ar and O2 with a ratio of 30:2 and the base pressure in the
chamber was below 7 × 10−8 Torr. Detailed characterization and optimi-
zation procedures of our TbIGfilms are described in ref. 12. To fabricate the
six-terminal Hall bar devices, the continuous TbIG films were covered in
photoresist and patterned by laser-writer optical lithography. Finally, the
metallic stack described further below was deposited and lift-off was per-
formed. The Hall bar dimensions are l = 30–90 μm for the current line
length, l/4 its width and l/10 the Hall branch width.

The metallic stack consisted of M(t)|TbxCo1−x(8 nm)|Pt(3 nm) and
M(t)|TbxCo1−x(8 nm)|Ti(3 nm) multilayers deposited by d.c. magnetron
sputtering at room temperature in 3mTorr Ar. The TbxCo1−x alloys were
obtained by co-sputtering pure Co and Tb targets and the relative atomic
concentration of the two elements was controlled by the relative sputtering
power. The thickness t of the metal (M) spacer layer varied between 1 and
5 nm. The deposition rates were as follows: 0.13514 nm/s at 100W for Cu,
0.104 nm/s at 200W for Co, 0.082 nm/s t 50W for Tb, 0.186 nm/s at 50W
forPt and 0.057 nm/s at 200W forTi. The following reference sampleswere
also prepared: Cu(2 nm)|Tb0.3Co0.7(8 nm)|Pt(3 nm) on GGG(111) sub-
strate, Ti(3 nm)|Pt(3 nm)|Co(1 nm)|Cu(2 nm)|Tb0.3Co0.7(8 nm)|Pt(3 nm)
on Si, Ti(3 nm)|Pt(3 nm)|Co(1 nm)|Cu(2 nm)|Tb0.65Co0.35(8 nm)|Pt(3
nm) on Si and Pt(1.5 nm)|Cu(1.5 nm)|Tb0.3Co0.7(8 nm)|Pt(3 nm) onTbIG.

Magnetic and electrical characterization
The magnetic hysteresis and anisotropy axis of the films were examined
using a home-built MOKE setup in a polar geometry with a 532 nm
wavelength green laser. The room temperature magnetoresistance mea-
surementswere performedby recording the resistance (R) as a functionofH
between the extremes of the current line using a Keithley DMM6500 digital
multimeter and DC test current of 1mA. For the temperature dependence
of the magnetoresistance, selected samples were inserted inside a physical
propertymeasurement system andmeasured in the range of 10–300 Kwith
an AC probing current of 1mA (root mean square) and frequency
ω=2π = 999Hz. The Hall effect measurements were performed at room
temperature using a Zurich Instruments MFLI digital lock-in amplifier. An
AC probing current of amplitude 0.5–1mA (root mean square) and fre-
quency ω=2π = 1092Hz was sent across the current line and the first har-
monic voltage (RH) was measured across the Hall arms.

Data availability
All the data supporting the findings of this study are available upon request
from the corresponding author.

Code availability
The computer code used for data analysis is available upon request from the
corresponding author.
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