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ABSTRACT

The interlayer antiferromagnetic (AFM) coupling between thin films plays a significant role in the application of spintronics and magnetic
memory devices. Previously, we observed AFM coupling phenomenon at low temperatures in rare-earth iron garnet bilayers epitaxially
grown on Y3Als0;, substrates. Here, we report a detailed study on the impacts of various factors, including temperature, crystallographic ori-
entation, and layer thickness, on the AMF coupling and magnetization reversal behavior of such a bilayer system. A simple energy model
qualitatively described the coupling behavior of the two layers during the magnetization reversal process. The interlayer coupling strength
was calculated by measuring the minor magnetic hysteresis loops. The current results can serve as a reminder for future research on inter-
layer AFM coupling phenomena and highlight the potential of manipulating the magnetic properties in rare-earth garnet bilayers for spin-

tronics studies and other applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0157882

Yttrium iron garnet (Y;FesO1,, YIG) is an extensively studied fer-
rimagnetic insulator with low Gilbert damping constant’ and long
spin-wave propagation lifetime,” which make it an important candi-
date for various spintronics devices. For example, YIG/heavy metal
interfaces are reported to demonstrate spin transport behavior, such as
spin pumping,” spin Hall magnetoresistance,” spin Seebeck effect,”
and many others.”

In various spintronics applications, the engineering of interfa-
cial magnetic coupling allows us to enhance functionalities. A
notable example is the antiferromagnetic (AFM) coupling, which
can be used for manipulating the magnetic configurations and
magnetization reversal processes.” In some cases, AFM coupling
can lead to a negative remanent magnetization, manifested with an
inverted magnetic hysteresis loop (IHL).” '’ For a normal mag-
netic hysteresis (M-H) loop, a negative external field is needed to
bring the magnetization to zero (assuming that it is saturated with
a positive field at the beginning), while for IHL the magnetization
reduces to zero during the demagnetization process when the field
is still positive.”

Iron garnet-based multilayers have recently attracted attention
for the studies of magnon valves,"' and it is legitimate to question
about the possibility of magnetic coupling among such structures. To
date, the most studied iron garnet-based multilayer systems are YIG/
ferromagnetic metal bilayers, such as YIG/Permalloy'* and YIG/Co,"’
but the magnetic coupling between YIG and other rare-earth iron gar-
nets (REIG) remains to be explored. There are recent reports'* dem-
onstrating that YIG epitaxially grown on Gd;GasO;, (GGG)
substrates can present an AFM coupling, due to the growth-induced
Gd;FesO;, (GdIG) layer at the film/substrate interface. Similarly,
AFM coupling was observed in Tb;FesO;, (TbIG)/YIG bilayers at low
temperatures in our previous study."”

For THL phenomenon, it has been observed in either particles
and thin films forms.'” Most of these IHL-related reports are based on
metallic ferromagnetic films,””'”'* and reports involving oxides insu-
lators are limited. Furthermore, there is a lack of research in exploring
the influencing factors for AFM coupling effect on garnet bilayers.

In this report, we conduct an in-depth study of the factors that
influence the interlayer AFM coupling in TbIG/YIG bilayers deposited
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on Y;AlsO;, (YAG) substrates, based on preliminary observations in
our previous study.” A simple model is constructed to provide a quali-
tative depiction of how the individual garnet layers respond upon the
presence of interlayer AFM coupling. Concurrently, the effects of vari-
ous factors on the strength of the interlayer coupling (J5r) are evaluated
utilizing the measurement of minor M-H loops. AFM coupling
between YIG and TbIG is detected at low temperatures of 10K, and
this manifests as an IHL phenomenon when there is an appropriate
combination of layer thicknesses. The strength of the AFM coupling is
highly dependent on temperature. Furthermore, the crystallographic
orientations also have a significant influence, with samples deposited on
(100)-oriented substrates exhibiting a stronger AFM coupling strength.

Epitaxial TbIG(d1p16)/YIG (dyig) (Where drpig and dy;g refer to
the thickness of the corresponding layers in nanometers) were depos-
ited on YAG single crystal substrates by pulsed laser deposition (PLD).
Detailed film deposition conditions and characterization methods can
be found in Ref. 15. The temperature dependence of magnetization
was studied on TbIG (7)/YIG (23)/YAG (100) samples. The crystallo-
graphic orientation effect was studied on TbIG (7)/YIG (23) bilayers
deposited on YAG substrates with (100), (110), and (111) orientations.
Finally, the thickness effect was studied on TbIG (drpig)/YIG
(23) bilayers (drpic=4, 7, 10, or 15nm) on (110)-orientated YAG
substrates.

Figure 1(a) presents the XRD pattern of TbIG (7)/YIG (23)
bilayer on YAG (100) substrate. Only one main peak of the bilayer
film alongside the (400) peak of the substrate can be identified.

(a) L 400¢ o YAG
10

10°

Intensity (a.u.)

L L L YAG
26 27 28 29 30 31

2 Theta (deg.) S

pubs.aip.org/aip/apl

The peaks of YIG and TbIG are merged into one main peak due to the
similar lattice constants of YIG and TbIG and the small thickness of
the TbIG layer. The strong oscillation near the main peak indicates the
excellent quality of the sample.

The corresponding high-angle annular-dark-field (HAADF)
scanning transmission electron microscopy (STEM) cross section
images of the bilayer sample are displayed in Figs. 1(b)-1(d). Figure
1(b) illustrates the high uniformity of the bilayer sample with no
observable defects. Sharp interfaces between TbIG/YIG and YIG/YAG
are identified, and the thickness of each layer is close to our design.
The STEM images of the interfaces of TbIG/YIG and YIG/YAG with
atomic resolution are shown in Figs. 1(c) and 1(d), respectively, con-
firming the excellent epitaxial growth of the bilayer. The energy-
dispersive x-ray spectroscopy (EDX) profile in Fig. 1(e) was used to
probe the element diffusion, with an ~2nm of interdiffusion length,
no obvious interdiffusion between layers is observed, and this result is
similar to other reports."’

Figure 2(a) shows the M-H loops at 10K of TbIG (7)/YIG (23)
bilayer on YAG (100) substrate, with in-plane magnetic field (H)
applied along the [001] direction. The loop shows double coercivity
due to the difference of anisotropy constant between TbIG (Krpig
~ —7.98 x 10* J/m?) and YIG (Kyi ~ —2.48 x 10> J/m?).”" Notably,
IHL phenomenon can be clearly identified. With increasing tempera-
ture, the double coercivity phenomenon gradually weakens and disap-
pears at around 80 K. The IHL returns to the normal state when the
temperature is higher than 70 K [Fig. 2(b)].

FIG. 1. (a) XRD 20 scan of TbIG (7)/YIG
(23) bilayer on YAG (100) substrate. (b)
Corresponding  cross-sectional HAADF-
STEM image. Interface images of TbIG/
YIG (c) and YIG/YAG (d) with high magni-
fication. (¢) EDX mapping of Tb, Fe, Y, Al,
and O.
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FIG. 2. (a) In-plane M—H loops of ThIG (7)/

YIG (23) bilayer on YAG (100) substrate at
different temperatures, with the magnified

view of the low-field region shown in (b).

M (pemu)

The field sweeping directions are indicated

by arrows. (c) The magnetic schematic

A schematic diagram in Fig. 2(c) further illustrates the AFM-
coupled TbIG/YIG bilayer system. YIG has A-site (octahedral-
sites) Fe>™ (M,) and D-site (tetrahedral-sites) Fe*™ (M) ions
arranged in an anti-parallel manner, with the net magnetization
dominated by the D-site Fe’*.”' Compared with YIG, TbIG has
additional magnetization contribution from the C-site (dodecahe-
dral-sites) Tb>" (M.) ions, which dominate the overall magnetiza-
tion of TbIG at low temperatures.”” As mentioned before, the
drastic difference between Krypg and Kyig results in the non-
synchronous rotation of YIG (Myg) and TbIG (Mryp;g) magnetiza-
tions. When H is reduced from positive saturation, the YIG layer
first reverses before H reaches zero, while the TbIG layer remains
unchanged. In the absence of coupling between two magnetic layers,
one should expect the YIG to be switched only after H turns nega-
tive. To explain the YIG reversal at a positive external field upon
decreasing H (i.e., a positive coercive field), as well as the IHL, AFM
coupling is invoked as discussed in the following.

The AFM coupling between YIG and TbIG can be represented
with a coupling constant J,p, and the total energy (per unit area) of
the bilayer system (based on Stoner-Wohlfarth model) can be
expressed as follows:”

E = Kyigdvyigsin®Oyig + Krpigdroigsin®Orvic
— MyigdyigHcos(0yi — Ou)
— MrpigdrsicHeos(Otpig — On) — Jarcos(Oyic — Omwig)- (1)

In Eq. (1), K corresponds to the anisotropy constant, d is the layer
thickness, 0 is the angle between the magnetization M and the easy
axis of the layer, and 0y is the angle of the applied magnetic field. The
anisotropy energies of each layer are expressed in the first two terms of
Eq. (1), followed by the Zeeman energy in each layer. The last term
corresponds to the magnetic coupling between the two layers. At the
minimum energy state of the bilayer system, OE/d0yig=OE/
001pi6 =0. Therefore, four solutions can be obtained [Fig. 3(a)]:

53 p oo model of the bilayer system, with the sym-
| —— . bols defined in the text.
SOF 70k | i

0 >
50— | ; .
50 F sox ,7-—_—'

0 —
-50 = n . .

-2 -1 0 1
H (kOe)

(i) Oyig= Orbic =0, (ii) Oyig= 7, Orpic =0, (iii) Oyic =0, Omig=T1,
and (iv) Oyig = Ompic= 7.

Through Eq. (1), the IHL phenomenon of the TbIG/YIG bilayer
system can be described as follows. First, state (i) is the most stable situa-
tion with large and positive H, at which My and My, both point
along H. When H is gradually reduced, the stable state becomes either
state (ii) or (iii), depending on the energy associated with the magnetic
configurations. Considering Ky greater than Kyig, Myig is reversed at
H,,, where H,, is a critical field at which the increased Zeeman energy
compensates for the reduced AFM coupling energy due to the reversal
of YIG layer. A reversal at positive H can, therefore, be observed. As the
overall magnetization of the YIG layer is larger than that of the TbIG
layer, THL can be observed. Subsequently, when H arrives at H, the
magnetization of TbIG flips from state (i) to state (iv).

To further verify the AFM coupling effect, Fig. 3(b) shows the
minor loops measurements at 10 K of TbIG (7)/YIG (23) bilayer on
YAG (100). The magnetic field is swept from either positive
(+30kOe) and negative (—30kOe) saturation and returning to the
starting field at some intermediate fields (—3 and +3kOe, respec-
tively) of opposite polarities. As demonstrated in Fig. 3(b), a horizontal
shift (Hey, <1300 Oe) of the YIG loop reminiscent of an exchange bias
field is observed, which is consistent with the schematic model in Fig.
3(a), and the shift of the YIG loop also testifies the presence of AFM
coupling. Therefore, /55 can be calculated according to the following
equation:”"*

Jar = HexdyicMyig. (2)

The minor loops measured from 20 to 80K can refer to the supple-
mentary material (Fig. S2). The calculated J4r value at 10K is about
—0.57 mJ/m?, which is comparable with other report (—0.16 mJ/m? in
the Co/Cu/Co system and —0.6 mJ/m” in the Fe/Mn/Fe system).”””"
With increasing temperatures to 80 K, Jar gradually decreases to about
—0.059 mJ/m? as evidenced from the decrease in corresponding He, of
YIG loops.
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FIG. 4. Enlarged M-H minor loops at 10K of ThIG (7)/YIG (23) samples on (a) YAG (100) substrate, (b) YAG (110) substrate, and (c) YAG (111) substrate.

TbIG thin films grown on substrates with different orientations
can acquire different anisotropy values.”” Here, we attempt to establish
the link between crystallographic orientation and the AFM coupling
(Fig. 4). Figures 4(a)-4(c) show the enlarged in-plane M-H minor
loops at 10K of TbIG (7)/YIG (23) bilayers on YAG substrate with
(100), (110), and (111) orientations, respectively. When the magnetic
field decreases from a large enough positive value to —3 kOe, the YIG
layer finishes its reversal [i.e., stage (ii) of Fig. 3(a)]. Thus, the AFM cou-
pling effect as well as the IHL phenomenon can be observed for all sam-
ples. However, the H,, shows a great difference for samples grown on
different substrates, as He of the (100)-orientated bilayer is much stronger
compared with the nearly identical H values in (110) and (111)-
orientated samples. The calculated Jzr values of TbIG (7)/YIG (23)
bilayers with different crystallographic orientations are different. Among
the samples, Jar (100) presents the largest value (—0.57 mJ/m?) at 10K,
while Jap.10) and Japqiy are about —021 and —0.17 mJ/m?,
respectively.

To investigate the TbIG thickness effect, four bilayer samples of
TbIG (d)/YIG (23) (d=4, 7, 10, and 15 nm) were deposited on YAG
(110) substrates. XRD 20 scans of these samples (Fig. S3) show a shift
of YIG/TbIG peak to lower angles when TbIG layer thickness
increases, indicating the gradually increased signal from TbIG layer.
Both of YIG and TbIG peaks are on the left-side of YAG (110) due to
the in-plane compressive strain presented in the bilayer samples.

Figure 5(a) shows the in-plane M-H loops at 10 K of the bilayers.
The M of the samples, as well as double coercivity phenomenon, are

enhanced by the increase in the TbIG layer thickness. Figure 5(b) is
the enlarged low field region marked in Fig. 5(a). With increasing
TbIG thickness, the M-H loop first shifts to the inverted state and
then back to the normal state, indicating the layer thickness has a
strong influence on the interlayer AFM coupling behavior.”* Detailed
minor loops of these four samples are illustrated in Fig. 6.

For TbIG (4)/YIG (23) bilayer [Fig. 6(a)], Hx is about 90 Oe and
the corresponding calculated /5 is only about —0.04 mJ/m?. The M of
bilayer is dominated by the YIG layer and appears like a normal M-H
loop. When dqy,; increases to about 7 nm [Fig. 6(b)], He increase to
about 470 Oe and the Jup is around —0.21 mJ/m’ However, with

(a) 180 [ —TwiGUyvIGER3) (b) so[icemicey | ———+
——— THIG(T)YIG(23) 0
120 | — TIGA0YYIGE3) so———"
TRIGASHVIGES) 50 'r:‘l(;ﬂ;\l(;(.:h

S0 —=
g
280 Frnicaovices)
=

T
o |

L N

o a
. 00— |
-20 -10 0 10 20 600 300 0 300 600
H (kOe) H (Oe)

FIG. 5. (a) In-plane M-H loops of TbIG(d)/YIG (23) samples (d=4, 7, 10, and
15nm) at 10K. (b) Highlighted low fields regions of the M-H loops.
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continue increase in dyyig, Hex and Jar begin to decrease to about
440 Oe and —0.19 mJ/m?, respectively [Fig. 6(c)]. For TbIG (15)/YIG
(23) bilayer, the H,, and Jar continue decrease to about 380 Oe and
—0.16 mJ/m?, respectively [Fig. 6(d)].

In the current study, the AFM coupling in TbIG/YIG bilayers
was systematically studied, and a simple model was established to illus-
trate such coupling during demagnetization process. Non-
synchronous reversal of magnetization can be observed in form of
double coercivity phenomenon, thanks to the large difference of
anisotropy in TbIG and YIG.”” In addition, when the M values of the
two layers differ greatly, the IHL phenomenon can be induced under
certain conditions (such as low temperature or certain film thickness
combinations).””” The strength of AFM coupling can be influenced
by temperature, crystallographic orientation, and film thickness.

In summary, our study explored the AFM coupling of TbIG/YIG
bilayer systems as well as the corresponding influencing factors. The
AFM coupling strength of the bilayers were calculated by extracting the
He, from minor M-H loops. The temperature, crystallographic orienta-
tion, and film thickness showed obvious effect on the coupling strength.
The findings provide different strategies for modifying the interlayer
coupling of rare-earth garnet bilayer systems, which are particularly rele-
vant to the research on antiferromagnetic spintronic devices.

See the supplementary material for microstructural and epitaxial
characterization of TbIG (7)/YIG (23) bilayer sample and the corre-
sponding minor loops measured from 20 to 80 K.
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