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This paper studies the room-temperature exchange-spring magnetic behavior of amorphous TbFe films
subjected to an applied strain. The cross-sectional composition measurement of the sputter-deposited TbFe
film shows a compositional gradient through the thickness. The gradient is near the compensation
composition of amorphous TbFe film producing a Tb-dominant region and a Fe-dominant region. The
as-deposited film shows a two-step switching behavior with a negative coercive field, while an applied
compressive (or tensile) strain eliminates (or enhances) the two-step switching behavior. The strain
influence is attributed to the TbFe composition gradient and relatively large magnetoelastic property of the
Tb-dominant region as compared to the Fe-dominant one.
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I. INTRODUCTION

Voltage-induced strain modulation of magnetic materials
is receiving considerable attention due to its potential
for producing extremely energy-efficient spintronic
memory devices [1–4]. While several research studies have
been conducted on various material systems such as
Ni=PMN-PT (or PZT), Co-Fe-B=PMN-PT (or PZT), and
Fe-Ga-B=PZT [2,5–8], the voltage-induced strain approach
typically rotates the magnetization by only 90° rather than
180° desired in magnetic memory bits. To overcome this
restriction, different geometries and operating approaches
have been investigated [7,9–11], but these result in larger bit
layouts or dynamic timing that poses problems. Here, we
experimentally demonstrate a magnetic reversal approach
using exchange-spring magnetic (ESM) behavior that prom-
isesa180°switchingusingvoltage-inducedmechanical strain.
Exchange-spring magnets containing negatively coupled

soft and hard magnetic phases have been extensively
studied due to their abnormal magnetic behavior and high
potential in spintronic applications. Most ESM systems
have a major shortcoming that limits them to an immo-
vable magnetic response (e.g., coercivity and remanence).
Therefore, new ESM studies focusing on controlling in situ
magnetic properties are needed. In this work, a composi-
tionally graded amorphous TbFe film near the compensa-
tion composition shows the room-temperature ESM
response modulated with an applied mechanical strain.
Several ESM studies have evaluated a variety of

materials displaying distinct switching steps and negative
coercivity values. For example, experimental evaluation
of DyFe2=YFe2 superlattices [12–18], Fe=Sm-Co [19],

Ni80Fe20=Sm-CoðSm-FeÞ [20,21], or Gd-Fe=Tb-Fe [22,23]
bilayers have been used to understand and explain the
physical origins of exchange-spring magnets but all at
low temperature. In these studies, the ESM properties
are modified by changing the layer’s thickness ratio or
selecting a material with a different magnetocrystalline
anisotropy. This selection produces ESM materials whose
magnetic response is fixed and cannot be modified once
fabricated. On the other hand, several studies have evalu-
ated Tb-FeðCoÞ thin films and bulk Tb-Fe material proper-
ties near the compensation composition [24–29]. These
studies show the magnetostriction coefficients (λs) are
strongly dependent on the composition, with Tb-dominant
compositions producing much higher λs than Fe-dominant
compositions [24]. This λs difference provides an oppor-
tunity to control an ESM material using the induced
magnetoelastic anisotropy.
In this paper, we demonstrate a room-temperature

ESM behavior in a compositionally graded TbFe thin film
near the compensation composition. The Tb-dominant and
Fe-dominant phases formed by the composition gradient
in TbFe film act as hard and soft magnetic layers in ESM
structure. The M-H behavior of this ESM structure is
explained using the major and minor spins present in the
respective phases and their coupling states. When subjected
to a mechanical load, the film’s separated switching steps
and negative coercive behavior are modulated and elimi-
nated due to the higher magnetostriction present in the
Tb-dominant layer.

II. EXPERIMENTAL DETAILS

Amorphous TbFe films are deposited on 4-in-diameter
Si(100) substrates using a dc-sputtering technique.*carman@seas.ucla.edu
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A TbFe2 alloy target is mounted in the sputtering systems,
and the sputtering parameters of base pressure below
2 × 10−6 Torr, 3 × 10−3 Torr Ar gas pressure, 248-W
sputtering power, and a rotating substrate stage are used
for the deposition. Cross-sectional transmission-electron-
microscopy samples are prepared by the in situ lift-
out method using an FEI Nova 600 DualBeam micro-
scope. Compositional analysis is conducted using an
Oxford X-Max 80T EDS (energy-dispersive x-ray spec-
troscopy) equipped within an FEI Titan 80-300 scanning-
transmission-electron microscope (STEM). EDS line
profiles are obtained with annular-dark-field STEM mode,
and the relative atomic composition profiles along the film
thickness is determined by the Cliff-Lorimer method [30],
which is implemented in Oxford AZTEC software. The
film’s amorphous state is confirmed with a Bruker D8
DISCOVER x-ray diffractometer showing the absence of
any peaks in a range of 2θ from 15° to 60°.
SQUID (superconducting-quantum-interference device)

and MOKE (magneto-optic Kerr effect) systems are used to
measure the magnetic hysteresis curves of the film. Room-
temperature SQUID measurements provide magnetization
and coercive field values under 2-T fields. MOKEmagnetic
hysteresis loops in the longitudinal mode are measured
in the presence of mechanical strain. For this test, a
2.5 × 0.5 cm2 sample is diced from the TbFe film on a
4-in Si wafer and placed in a four-point bending jig capable
of applying tensile or compressive strains depending upon
the film orientation (see the insets of Fig. 3) [31]. Strain
gauges attached to the backside of the sample measure the
applied strain.

III. RESULTS AND DISCUSSION

Figure 1 shows the variation of Tb and Fe atomic percent
as a function of film thickness. The 0.09-μm location
represents the TbFe=Si substrate interface, while the
0.38 μm represents the Pt=TbFe interface. The spurious

data at distances <0.09 or >0.38 μm are quantification
errors due to the negligible Tb and Fe x-ray counts from the
Si substrate or Pt capping. For the TbFe alloy film, the Tb
atomic percent decreases from 29.1 at. % (bottom) to 24.9
at. % (top), while the Fe increases from 70.9 at. % (bottom)
to 75.1 at. % (top) in a fairly linear fashion. The compo-
sition variation is caused by target heating during deposi-
tion producing different sputtering yields for each atomic
component [32].
Figure 2 shows SQUID data for magnetizationM versus

magnetic field H measured along the in-plane direction of
the film. Figure 2(a) represents truncated hysteresis cycles
(�1200 Oe) for measurements between �2 T with arrows
representing decreasing H values or the “sweep-down”
curve. The magnetization at 2 T, while not shown, is
108 emu=cc. The smaller magnetization value 50 emu=cc
at 1200 Oe is attributed to the relatively large high-field
susceptibility of amorphous TbFe [33]. Figure 2(a)
clearly shows two-step switching for decreasing H values

FIG. 1. Atomic composition variation of Tb and Fe as a
function of film thickness. Amorphous TbFe film ranges from
0.09 μm (bottom) to 0.38 μm (top). A dashed vertical line marks
the compensation composition of TbFe film, and arrow sche-
matics represent the Tb- and Fe-dominated regions based on the
compensation composition.

FIG. 2. M-H curves for TbFe film. (a) H field is swept between
�2 T but truncated to show �1200 Oe. Two switching steps (S1
and S2) are marked on a sweep-down curve. Arrow schematics
show the Tb and Fe spin configuration at the corresponding
points (P1–P3) in a sweep-down curve. (b) Sweep-up curves
from four different H fields (−200, −400, −700, and −900 Oe)
of minor loops. Sweep-down curves, which are identical to the
one in (a), are not shown. Thicker and thinner arrows are marked
to show different trajectories. (Inset) M-H loop of the TbFe thin
film with a magnetic field applied normal to the film plane.
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(sweep-down) as well as increasing values (sweep-up).
During sweep-down, the first switching (marked as S1)
occurs at þ90 Oe producing a negative coercivity of
−80 Oe and negative remanence of −9 emu=cc. The
second switching (marked as S2) occurs at −750 Oe.
When the sweeping direction is reversed from negative
saturation (i.e., −2 T), similar two steps are observed
including negative coercive field and negative remanence
values.
The physics producing the two-step switching and

negative coercive behavior are discussed with the use of
Fig. 1. TbFe is a rare-earth–transition-metal (R-M) ferri-
magnetic material with two antiparallel aligned Tb and Fe
spins. The alloy’s composition, as well as the operating
temperature, dictates the effective magnetic moment. The
compensation composition represented by the alloy’s net
magnetic moment vanishing is depicted by a dashed
vertical line (28 Tb at. %) in Fig. 1[24]. The corresponding
magnetic property variation across this vertical line is
relatively sharp creating two separate regions with either
Tb-dominant or Fe-dominant magnetic moments. This
gradient-induced separation is contrasted with conventional
systems where the magnetic properties change across an
atomically sharp interface [12–18]. The illustrations in
Fig. 1 show two regions magnetically dominated by either
the Tb or Fe spins. The Tb atomic magnetic moment is
represented with a darker arrow compared to the Fe moment,
and the arrow’s length identifies the Fe-dominated region
(adjacent to Pt) or the Tb-dominated region (adjacent to Si).
These two regions produce the magnetic response observed
in Fig. 2(a).
The two-step switching and negative coercive field

shown in Fig. 2(a) is caused by the presence of both the
Fe- and Tb-dominated regions as well as the exchange
coupling between them. The interface exchange coupling
for three points (P1-P3) along the sweep-down portion of
the M-H curve is illustrated with arrows in the schematics
of Fig. 2(a). The exchange coupling at the interface derives
from ferromagnetic Fe-Fe spin interaction between the
Fe- and Tb-dominant regions [34]. When a magnetic field
is applied to the material, the exchange coupling between
the Tb-dominant region and the Fe-dominant region has
competition with the applied magnetic field energy.
Specifically, The Tb spin in the Tb-dominant region, as
well as the Fe in the Fe-dominant region, tend to align with
the magnetic field which is in direct competition with the
Fe-Fe spin interaction between the two regions. All the
schematic spin arrows [Fig. 2(a)] represent in-plane ori-
entations with any deviations from the horizontal, signify-
ing in-plane canting angles of interface spins. At P1 in
Fig. 2(a), the spins farthest from the interface (i.e., either
Tb or Fe dominant) wind to align towards the magnetic
field direction. However, the interface spins in the Tb- and
Fe-dominant layers cant (i.e., in plane of the film) to
accommodate the competition between the magnetic field

aligning the net magnetic moment and the ferromagnetic
Fe-Fe spin interaction. This competition creates a transition
region between the canted spins and wound spins. The
transition region thickness in the Fe-dominant region is
larger than the Tb-dominant one due to the magnetically
softer Fe-dominant region properties as compared to the
Tb-dominant region. As the magnetic field is decreased
from P1 toward P2, the Fe-dominant transition region
grows, and at 90 Oe (S1), all the Fe spins (see P2
illustration) in the Fe-dominated region flip. This point
represents where the exchange-coupling energy dominates
the applied H-field energy resulting in a complete reversal
of the Fe spins in the Fe-dominated region. At H ¼ 0, the
flipped Fe spins produce a negative remanence value. As
the field approaches P3, the Tb-dominant region flips in the
presence of a sufficiently large negative field which
overcomes the intrinsic magnetic anisotropy of the Tb-
dominated region. At P3, the magnetic moments are 180°
out of phase with spin orientations illustrated by P1. This
process represents an exchange-spring magnet with anti-
ferromagnetic exchange coupling as described in previous
ferrimagnetic multilayers [12–18].
Generally, there are other mechanisms that can produce

a negative coercive field such as an exchange bias and/or
dual magnetic anisotropy. However, these possibilities are
ruled out with experimental tests conducted on the
sample. First, in some cases, high magnetic fields can
cause the exchange-bias field to change directions [35].
This directional change may result in an apparent negative
coercive field in a symmetric manner. Figure 2(b) shows
minor sweep-up M-H curves for the same film presented
in Fig. 2(a). The minor curves are measured by first
saturating the film to þ2 T and then reducing the field
(i.e., sweep-down) to one of four values (i.e., −200, −400,
−700, and −900 Oe), while not shown in the figure.
The M-H curves in Fig. 2(b) show data for the increasing
H field from one of these four values, i.e., sweep-up
curves. As can be seen, three of these minor loops (i.e.,
−200, −400, and −700 Oe thicker arrows) overlap and
follow the path of the sweep-down curve presented in
Fig. 2(a). These overlaps arise due to the reversible
rotation of Fe moments in the Fe-dominant region after
passing through S1. On the other hand, the Fig. 2(b)
sweep-up curve from −900 Oe shows an entirely different
trajectory (marked with thinner arrows) from the other
curves. This difference is produced by the irreversible
flip of the hard magnetic Tb-dominant region at S2.
The reversible minor loop behavior for −200, −400,
and −700 Oe while absent for −900 Oe (i.e., before
reaching a hard magnetic phase switching) ensures that
the first switching reflects the unwinding of the spins in
the Fe-dominant region by exchange coupling [36]. This
reversible behavior at relatively small applied magnetic
fields rules out the possibility that the observed negative
coercive response is an exchange-bias mechanism.
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One must also consider the possibility that two different
anisotropies may be present to produce an apparent
negative coercive field [37]. This is a concern because
some studies report a perpendicular magnetic anisotropy in
amorphous TbFe films which is attributed to deposition
parameters [38,39]. To eliminate the dual magnetic
anisotropy from consideration, M-H loops in different
in-plane directions as well as the out-of-plane direction
are measured. All in-plane M-H measurements show
similar results presented in Fig. 2(a) revealing that the
film is magnetically isotropic in plane. The M-H loop
measured out of plane presented in the inset of Fig. 2(b)
shows a linear hard axis curve without hysteresis, clearly
indicating the magnetic moments are all in plane.
Therefore, the dual magnetic anisotropy explanation is
ruled out for the negative coercive field. This experimental
verification leads us to conclude with reasonable certainty
that the origin of negative coercive field is the exchange
coupling between Fe- and Tb-dominant regions which can
be controlled with an applied mechanical strain.
Figure 3 presents MOKE M-H loops (i.e., in-plane

measurements) measured at three different mechanical
strains, i.e., 0, −820, and þ540 μϵ (microstrain). Since
the TbFe 290-nm film is much thinner than 500-μm Si
substrate, the film’s strain is essentially uniform through the
thickness. All strain values are discussed in terms of the
film’s strain rather than the Si substrate’s strain. Figure 3(a)

measured at 0 μϵ resembles the SQUID results shown in
Fig. 2(a) including the two-step and negative coercive
behavior. The small differences in switching field values
are caused by the MOKE measurement’s limited sampling
area as well as penetration depth. The Fig. 3(b) M-H loop
measured at −820 μϵ (i.e., compressive strain) eliminates
the two-step switching and the negative coercive field.
Figure 3(c) measured at þ540 μϵ (i.e., tensile strain),
slightly enhances the two-step switching with absolute
magnitudes of switching fields increasing by 28% (for S1)
and 3% (for S2) compared to Fig. 3(a).
Figure 3(d) plots the first and second switching fields

[see HS1 and HS2 in Fig. 3(a)] as a function of mechanical
strain. As the applied compressive strain increases from
zero, the HS1 value becomes less negative and switches to
positive (−32 to þ10 Oe) values. On the other hand, HS2
becomes less positive, i.e., linearly decreases from 913 to
784 Oe. For increasing tensile strain values, HS1 becomes
more negative (−32 to −45 Oe), while HS2 becomes more
positive (913 to 941 Oe). The functional dependence ofHS1
and HS2 on strain is attributed to the induced magnetoe-
lastic anisotropy. The strain-induced magnetic anisotropy is
defined to be K ¼ 3

2
λsEϵ, where E is Young’s modulus,

λs is the magnetostriction coefficient, and ϵ is the strain
applied. The λs values are a function of the relative Tb=Fe
composition [24] with the Tb-dominant (Tb > 28 at. %
shown in Fig. 1) region 2 orders of magnitude larger than
the Fe-dominant (Tb < 28 at. %) region. Therefore, the
applied strains significantly change the magnetic
anisotropy of the Tb-dominant region, while the Fe-
dominant region remains relatively unchanged. Thus, an
applied strain increases (or decreases) HS2 under tensile
(compressive) strain. The three schematics on the left,
middle, and right sides in Fig. 3(d) illustrate the magnetic
spin states at P1 of Fig. 2(a) under applied compressive,
zero, and tensile strains, respectively. All arrows in these
drawings represent in-plane orientations with off-horizontal
interface spin arrows representing in-plane canting. As a
tensile strain is applied to this system (schematic right), the
Tb-dominant canting region is essentially eliminated, while
the Fe-dominant region size substantially increases com-
pared to without a strain (schematic middle). This feature
is caused by the large magnetostriction present in the
Tb-dominant region. In general, the smaller the canting
angle of the Tb-dominant phase, the broader the transition
region in the Fe-dominant region. For compressive strains,
the canting angle in the Tb-dominant region increases,
while the size of the transition in the Fe-dominant region
decreases, i.e., exactly converse to an applied positive
strain. These applied strains produce larger negative HS1
values under a tensile strain, while smaller negative or even
positive HS1 under a compressive strain.
This sign change of coercive field and remanent mag-

netization represents a potential for the magnetic reversal
up to 180° using the applied strain. This strain-applied

FIG. 3. MOKE M-H curves measured at three different
mechanical strains, 0, −820, and þ540 μϵ (a)–(c). Insets in
(b) and (c) indicate the four-point bending fixture used to apply
mechanical strain. The first and second switching-field [see HS1
and HS2 marked in (a)] variations as a function of mechanical
strain (d). The arrow illustrations show the change of the
exchange-coupling state depending on mechanical strain.
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ESM switching mechanism can be used in future memory
devices if more studies are conducted to overcome some
practical problems such as stability of a switched state.
For these later devices, a voltage-induced strain would be
implemented as suggested by other researchers [3–10].

IV. CONCLUSION

In conclusion, exchange-spring magnetic behavior has
been experimentally observed in a compositionally graded
amorphous TbFe thin film at room temperature. The
gradient through the TbFe film thickness produces
Tb- and Fe-dominant regions, and their exchange coupling
at the interface creates an exchange-spring magnetic
behavior. By applying a mechanical strain to the film, a
two-step switching with the negative coercive field is both
modulated and eliminated showing the promise of 180°
switching. The modulation is caused by the relatively
higher magnetostriction coefficient in the Tb-dominant
region compared to the Fe-dominant region, producing
larger changes in magnetic anisotropy as the strain is
applied. This reversal character, via exchange coupling,
is directly applicable to a range of spintronic devices
including memory elements due to its directional switching
with extremely low energy consumption.
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