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Positive exchange bias and inverted hysteresis loop in Y3Fe;0,,/Gd;Gas0q;
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We present evidence of an unprecedented room temperature positive exchange bias (EB) and hysteresis loop
inversion in monolithic Y;FesOy, films grown epitaxially on a (111)-oriented Gd;GasO, crystal. The growth-
induced interfacial Gd;FesO;, layer couples antiparallel to the Y;FesO,, layer and leads to positive EB and
in-turn loop inversion. An exchange shift as large as Hgp ~ 30H( is realized at 300 K. We observe a critical field
value of Hcr ~ 600 Oe, above which the hysteresis loop inversion takes place. Our findings may have strong

implication for spintronics device applications.

DOI: 10.1103/PhysRevB.103.064421

I. INTRODUCTION

Y3FesO; (YIG) with extremely low precessional damping
(e ~7 x 107%) [1] is a potential candidate for the emerging
field of spintronics and magnonics [2—11]. Coupling YIG with
heavy metals gives birth to diverse spin-dependent phenom-
ena such as spin pumping [3], the spin Seebeck effect [4],
spin Hall magnetoresistance [7], the photo-spin-voltaic effect
[8], etc. The magneto-optical activity and magnetocrystalline
anisotropy can also be improved with bismuth or cerium
doping [9-11]. Additionally, the magnetic properties change
significantly with the tuning of thin film growth [1,6,9,12,13].
It has also been observed that the high growth and anneal-
ing temperature required for crystallization of YIG on top
of lattice-matched Gd3;GasO;, (GGG) leads to the forma-
tion of a thin interfacial Gd;FesO;, (GdIG) ferrimagnetic
layer [14,15]. The interfaces in thin-film hybrids are known
to trigger a wide range of intriguing phenomena such as
interfacial superconductivity [16], two-dimensional electron
gases [17], interfacial magnetism [18], and exchange bias
(EB) [19-22]. A recent report on the YIG/GGG system with
a growth-induced interfacial GdIG layer demonstrated an all-
insulating equivalent of a synthetic antiferromagnet [15]. The
YIG-GdIG heterostructure fabricated out of a monolithic YIG
thin film has not been explored much, and a detailed magne-
tization study may engender fascinating interfacial magnetic
functionalities.

EB is an interface-governed phenomenon and holds im-
mense importance in the design and operation of many
magnetic devices and sensors [23-26]. EB induces a hys-
teresis loop shift of a ferromagnetic (FM) layer in a specific
direction depending on the interfacial exchange coupling with
an adjacent antiferromagnetic (AFM) layer [27,28]. However,
this effect has not been constrained to FM-AFM interfaces;
coupled soft and hard FM layers could also give rise to
this phenomenon [29-31]. A monolithic thin film with a
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growth-induced bilayer consisting of FM-AFM [19-21] or
hard-soft FM [15,22] interfaces is of great interest for EB
realization due to the ease of fabrication and sharp inter-
faces with high structural quality [15,19-22]. The interfaces
may also lead to the occurrence of the very rare and in-
teresting phenomenon of an inverted hysteresis loop (IHL),
exhibiting negative coercivity Hc and remanence My values
[20,21].

In this paper, we demonstrate room temperature positive
EB and hysteresis loop inversion in a monolithic YIG thin
film by virtue of AFM exchange coupling between YIG and
the growth-induced interfacial GdIG layer. A detailed mag-
netization study reveals the critical field value mandatory
for hysteresis loop inversion. Low-temperature magnetiza-
tion measurement was employed to observe the variation
in AFM coupling strength as the system crosses the GdIG
layer compensation temperature. These findings in a YIG
thin film enhance its application potential further for modern
approaches to spintronics.

II. EXPERIMENTAL METHODS

YIG thin films were grown epitaxially on a (111)-oriented
GGG substrate using a KrF Excimer laser (Lambda Physik
COMPex Pro, & =248 nm) with a 20-ns pulse width. The sub-
strates were in situ annealed at 800 °C in the presence of 4.0 x
10~2 mbar oxygen pressure for 120 min to get atomically
flat surfaces. The laser was fired on a solid-state synthesized
Y;FesO;, target placed 50 mm away from the substrates at
a repetition frequency of 10 Hz. The actual deposition was
done after sufficient preablation of the YIG target to get a
steady-state target surface. The YIG thin film was grown at
room temperature and ex situ postannealed at 800 °C for 10 h
in ambient air. X-ray diffraction (XRD) and X-ray reflectiv-
ity (XRR) were performed using a PANalytical X Pert PRO
four-circle diffractometer equipped with a Cu Koy source
(A = 1.54059 A). The hysteresis loops were traced using a
superconducting quantum interface device (SQUID) based
magnetometer (Quantum Design SQUID vibrating-sample
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magnetometer). Utmost care was taken to avoid any contribu-
tion due to residual field. The magnet was demagnetized in an
oscillation mode before each measurement. Also, a standard
Pd sample was used as a reference material for calibration
(residual field ~—1 Oe).

III. RESULTS AND DISCUSSION

Figure 1 summarizes the structural analysis on a YIG thin
film. The 6#-26 scan in Fig. 1(a) shows a (444) reflection
of YIG and GGG. We observed a broad humplike feature
beneath the YIG and GGG peaks. This broad feature appears
due to the formation of a thin interfacial layer at the YIG-GGG
interface. An expanded version [Fig. 1(b)] shows prominent
trails of Laue oscillations, defining high structural quality.
Further, high crystallinity is defined by very narrow full width
at half maximum (FWHM) values (0.052° and 0.013° for YIG
and GGG, respectively) obtained from the w scan [Fig. 1(c)].
The formation of an interfacial layer due to the diffusion of el-
ements at the interface is quite complex. Jakubisova et al. [14]
suggested that the interface is more like GdIG, which couples
antiferromagnetically with the rest of the YIG layer. Later,
a report considered the interface consisting of a Gd and Gd-
doped YIG layer which suppresses the net YIG magnetization
[32]. A recent report by Gomez-Perez et al. [15] unambigu-
ously confirmed the formation of a well-defined GdIG layer at
the YIG-GGG interface. The study suggests that the magnetic
moments of the interfacial hard GdIG layer couples strongly
with the magnetic moments of the top soft YIG layer in an
antiparallel manner. Figure 1(d) shows the XRR measurement
on the YIG film. A perfect fit was achieved by considering
two garnet layers with different elemental compositions, i.e.,
YIG and GdIG as the top bulk layer and thin interfacial layer,
respectively. The XRR fitting gives 64.3-nm-thick YIG and
5.1-nm-thick GdIG layers. The 8-260 XRD simulations around
the (444) reflection match perfectly with the experimental
pattern [Figs. 1(a) and 1(b), red: YIG, black: GdIG], and the
thicknesses calculated for YIG and GdIG agree with the XRR
fit.

Room temperature in-plane magnetization loops of the
YIG/GdIG/GGG(111) sample are shown in Fig. 2, where
the paramagnetic contribution from GGG was subtracted. Fig-
ure 2(a) shows series of M(H) loops measured for different
field ranges Hpg from £10 to £0.1 kOe in a sequence. The de-
scending and ascending branches are shown by black and gray
data points, respectively. For each &Hpg, the data were traced
in the following sequence: +Hpg — 0 — —Hppg (descending
branch) - —Hpg — 0 — +Hppg (ascending branch). We ob-
served a critical field Hcr above which the THL is realized
[21,33]. The left panel in Fig. 2(b) displays coercivity values
for descending (ng“) and ascending (HE*) branches along
with the net coercivity (He = HE — ngsc) as a function of
Hrg. The HE®® and H®° branches cross each other at certain
field value, leading to a sign change of the net Hc. The He
sign switches from positive to negative as Hrg increases and
reveals a critical field, Hcr ~ 600 Oe [a zoomed-in version is
shown in the right panel of Fig. 2(b)].

The observed THL due to AFM exchange coupling between
soft YIG and hard GdIG is explained as follows. The magne-
tization of the hard layer can be aligned only by applying an
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FIG. 1. (a) XRD 0-26 scan on a YIG/GGG(111) sample with
a growth-induced interfacial GdIG layer. (b) Laue oscillations [ex-
panded version of (a)] and (c) an w scan with narrow FWHM of
YIG and GGG(444) reflections are the signature of high crystallinity.
(d) XRR measurement on the YIG/GGG(111) sample with an inter-
facial GdIG layer.

external field above Hcp. This indicates that the Hep value
extracted from Fig. 2(b) is the measure of anisotropy field
associated with the hard magnetic layer. For the case Hrg <
Hcr, the external field is sufficient to switch the magnetization
of only the soft YIG layer, and hence, conventional loops are
observed for Hpp below 0.5 kOe [Fig. 2(a)]. However, the
AFM exchange coupling between soft and hard layers causes
positive EB, leading to little loop shift. In positive EB, the
M (H) loop shifts in the direction of the initial scanning field;
that is, for =Hpg and FHFg (Where Hpr < Hcr), the hystere-
sis loop shift occurs in the positive and negative directions,
respectively. The progressive decrease of Hpg induces mis-
alignment of the magnetic moments in the hard layer, due to
which the loop shift at and below H¢p is not very prominent.
Another magnetization measurement protocol is followed to
observe the maximum positive EB shift, where the sample is
first saturated at the +10 (—10) kOe field and then the hys-
teresis loop is measured for a field range of £0.1 (0.1 kOe);
shown by red and black data in Fig. 2(c), respectively. The
loop shift measured is quite large, Hgp ~ £30 Oe, compared
to the coercivity, Hc =~ 1 Oe. The loops shown in Fig. 2(c)
for positive and negative saturation fields almost coincide
with the descending and ascending branches of IHL. measured
for Hrg = £10 kOe [shown in Fig. 2(a)], respectively. For
the case Hpg > Hcr, the applied field is sufficient to switch
the magnetization of both soft and hard layers in the same
direction. At a field value higher than Hcr, magnetization of
both the layers switches and gets aligned along the direction of
the applied field, as shown in step M of the schematic drawn
in Fig. 2(d). The loop tracing begins from the initial field value
shown by step M, in Fig. 2(d) by decreasing the applied field.
As the field approaches Hcp and becomes lower than that,
the magnetization of the soft layer starts to reverse gradually
with the field direction, while the hard layer’s magnetization
remains aligned in the direction of the initial applied field.
Since the AFM coupling between soft and hard layers is
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FIG. 2. Room temperature magnetization measurements on the YIG/GdIG/GGG(111) sample. (a) A series of M (H ) loops for different
scanning field ranges from +10 to £0.1 kOe. The descending and ascending branches are represented by black and gray data points,
respectively. (b) HE°, H®¢, and Hc are plotted against Hyx: Coercivity changes from a positive to negative value with varying field (left
panel). A zoomed-in version shows a critical field value for normal to inverted loop crossover (right panel). (c) Positive EB is realized by
applying a saturation field of +10 (—10) kOe, and then the M (H) loop is traced for a scanning field range of +0.1 kQOe, in red (0.1 kOe, in
black). (d) Schematic representation of AFM exchange coupling between YIG and GdIG leading to IHL.

favorable, the soft-layer magnetization reversal is also favor-
able for energy minimization [21,33]. The AFM coupling
leads to the soft-layer magnetization reversal at a lower en-
ergy; the descending branch falls in the positive quadrant
with the moment arrangement shown by step M, in Fig. 2(d).
Further application of high field in the negative direction to
complete the tracing of the descending branch leads to the
switching of the hard-layer magnetization. After the applica-
tion of sufficient negative field, the magnetizations of both the
soft and hard layers get aligned in the negative direction [step
M35 in Fig. 2(d)]. Similarly, starting from negative saturation,
the ascending branch falls in the negative quadrant [step M4
in Fig. 2(d)], completing the M (H) loop with negative My
and He.

To further substantiate the interfacial AFM coupling, we
measured the temperature-dependent remnant magnetization
| Mg | of a YIG-GAIG heterostructure [shown in Fig. 3(a)].
The sample was subjected to a positive field (410 kOe) to
saturate the magnetization of both the layers in the same
direction. The remnant magnetization was extracted from the
M (H ) loops measured at different temperature in a field range
of £10 kOe. YIG consists of three sublattices, two magnetic
due to Fe** and one nonmagnetic due to Y3* [34]. The net
magnetization in YIG appears due to AFM alignment of two
iron sublattices, three tetrahedral and two octahedral Fe’*
ions per formula unit at d and a sites, respectively [34].

The three dodecahedral c sites per formula unit are occupied
by Y ions with no contribution to the net magnetization.
However, in GdIG, the Y37 is replaced by the Gd*+ ions,
contributing to the net magnetization of GdIG. In GdIG the
c-Gd** sublattice aligns ferromagnetically to a-Fe’* and an-
tiferromagnetically to d-Fe’* [35]. The ¢-Gd*' sublattices
show strong temperature-dependent magnetization variation
where the magnetization increases below room temperature
[36,37]. The enhanced magnetization of the c-Gd** sublattice
at a certain temperature Tcomp along with the a-Fe3T sublattice
becomes equal to the magnetization of the d-Fe’* sublat-
tice and nullifies the net magnetization in GdIG, making it
a compensated ferrimagnet [36,37]. Teomp may vary signif-
icantly depending on the film thickness, state of strain, and
improper stoichiometry [36,37]. These factors may lead to a
GdIG system which is not fully compensated. There will be
a definite amount of magnetization at Teomp. Below Toomp, the
net magnetization is driven by the FM coupling of c-Gd** and
a-Fe3T sublattices. Figure 3(b) consists of schematic repre-
sentations of different magnetic and nonmagnetic sublattices
in YIG and GdIG and the AFM coupling between YIG and
GdIG for temperatures above (top panel) and below (bottom
panel) Teomp of GdIG. For an applied field value below Hcr,
the magnetization in both the layers is aligned antiparallelly.
Above Teomp, the GdIG layer magnetization suppresses the to-
tal magnetization weakly. However, the suppression is strong
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FIG. 3. (a) Remnant magnetization vs temperature showing the
total magnetization suppression in AFM exchange coupled YIG and
GdIG. The Tiomp region for GdIG is shown by gray shading. (b) Dif-
ferent sublattices in YIG and GdIG and the AFM alignment between
YIG and GdIG for applied field H < Hcp. Top: above Tiomp; bottom:
below Teomp-

below Teomp as the magnetization of the GdIG sublattice is
enhanced significantly. The room temperature magnetization
of the YIG-GdIG bilayer system is ~110 emu cm™>, which
is less than the value for a relatively thicker YIG film, ~130
emu cm > [12]. The AFM exchange coupling at the interface
is responsible for the reduction of net magnetization in the
YIG-GdIG bilayer system. The magnetization increases as the
temperature decreases and attains a maximum value of ~128
emu cm > at ~150 K, the shaded region in Fig. 3(a). It is
important to note that the magnetization near T.omp increases
but not much and can be understood by considering the fact
that the interfacial GdIG layer is extremely thin (~5 nm)
and highly strained due to lattice distortion, which leads to
a decrement in Teomp from ~288 K [36-38] to ~150 K. It
is intuitive that the GdIG layer is not fully compensated and
possesses magnetization near Teomp. The YIG and GdIG layers
are still coupled antiferromagnetically. Further decrement in
the temperature leads to rapid suppression of the total remnant
magnetization as the GdIG layers magnetization increases
drastically. This behavior can be understood only by consid-
ering an AFM coupling of the interfacial GdIG layer with
the top YIG layer. The cartoons in Fig. 3(a) represent the
change in AFM exchange coupling between YIG-GdIG as the

temperature decreases. The net magnetization of GdIG layer
decreases as the temperature decreases from 380 to 200 K and
reaches the minimum within the compensation region. The
magnetization of GdIG increases strongly after passing the
Teomp Tegion, resulting in the decrement of total magnetiza-
tion due to AFM coupling between YIG and GdIG. A rough
estimation of the hard-layer magnetization Mg can be made
by considering Myaq = (M1 + M3)/2, where M| and M, are
defined in Fig. 2(d). Mp,q of an ~5.1 nm GdIG layer calcu-
lated from the room temperature M (H) loop, measured for
Hpr = +10 kOe, comes out to be 2234 emu cm 3, consistent
with the values reported in the literature [36,38].

IV. CONCLUSIONS

In summary, an unconventional room temperature positive
EB and hysteresis loop inversion were observed in an epitax-
ially grown monolithic YIG thin film. The growth process
leads to the formation of an interfacial GdIG layer, pro-
viding an all-insulating ferrimagnetic garnet heterostructure
developed from a monolithic YIG thin film. A series of mag-
netization measurements performed using different protocols
revealed a critical field Hcp &~ 600 Oe above which the loop
inversion takes place. The presence of positive EB, where the
loop shift occurs in the direction of the applied saturation
field, supports an AFM coupling between magnetically hard
GdIG and soft YIG layers. This was further probed using
a low-temperature remnant magnetization measurement, and
the outcomes corroborate the fact that the bilayer system
does possess AFM exchange coupling at the interface. Our
work adds a striking feature to this technologically important
insulating ferrimagnetic material.
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