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We devise nanoscale-designed ferromagnetic thin films with graded exchange-coupling (J ) profiles that
allow us to obtain constant coercivities over a very extended temperature range. The magnetic structure
designed here is composed of two ferromagnetic layers, which are separated by a spacer layer with a
linear exchange-graded profile. Our detailed magnetometry analysis on single-crystal Co-Ru alloy thin
films reveals a coercivity plateau with a relative change of less than 2% over a temperature range of 75 K,
whereas conventional films exhibit changes larger than 20%. This remarkable behavior is achieved by
means of a strongly temperature-dependent exchange bias between adjacent ferromagnetic portions of our
film structures, which are designed to fully compensate for the conventional temperature dependence of
the coercive field. This strongly temperature-dependent bias field is mediated by a paramagnetic interlayer
in our film design and can be adjusted by a suitable choice of both the spacer-layer composition profile
and thickness. Our particular design can be applied to a large variety of magnetic materials and adapted to
relevant temperature ranges that are needed to maintain stable coercive field values over a wide operation
range in real applications.
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I. INTRODUCTION

The design of ferromagnetic materials with unique mag-
netic properties is of central relevance, in both the con-
text of fundamental science and regarding applications
in industry [1–3]. In particular, magnetization-reversal
behavior, its detailed understanding, and its design mod-
ifications have been key areas of research during the
last decades [4,5]. Fundamentally, magnetization reversal
describes a change in the direction of magnetization vector,
M, and it is most commonly achieved by the application
of an external magnetic field, H. This process is associ-
ated with a first-order phase transition triggered by the
inversion of the magnetic field direction at temperatures,
T, below the Curie temperature, TC [6]. Due to the nature
of first-order phase transitions, the reversal described by
the M (H ) curve is typically hysteretic, and its width is
characterized by the coercive field, Hc, which, in turn, is a
core quantity to describe the magnetic properties of mate-
rials. Hereby, the manipulation of Hc by means of material
selection and design is a crucial field of research because
small Hc values (i.e., soft ferromagnetic materials) are
required for magnetocaloric [7–10] and energy-conversion
[11,12] applications, while larger Hc (semihard and hard
ferromagnets) are more commonly used for data storage
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[13–16] or green technology components, such as electric
motors [17,18].

Many of these applications, such as the write cycle
in data storage, rely on very specific magnetization
switching points, and thus, reliable Hc values and
associated narrow distributions are required to achieve
a stable operation point. This phenomenon is par-
ticularly relevant in magnetic-tunnel-junction- (MTJ)
based data-storage technologies [19,20]. For exam-
ple, in spin-orbit torque (SOT) and spin-transfer-torque
(STT) magnetic random-access memories (MRAM),
relatively high current densities have to be applied
to switch the magnetic free layer [21–23]. This, in
turn, can lead to relevant self-heating effects, includ-
ing in devices of ever-decreasing size [24–27], which
can subsequently lead to substantial modifications of
the device’s ferromagnetic properties, in particular, its
magnetization-reversal threshold. Moreover, these self-
heating effects are demostrated to cause difficulties
in keeping operation points stable, and thus, over-
all device reliability [28,29]. Furthermore, dependable
device operation requires the utilization of overdrive
margins to ensure the switching of devices over the
entire certified temperature range of operation, which
conventionally requires a substantial extra overdrive
margin due to temperature-dependent switching and
coercive fields [30].
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In general, coercivity in ferromagnets is a strongly
temperature-dependent quantity because it relies on ther-
mal activation processes that trigger the first-order phase
transition of magnetization reversal. In this context, many
approaches are considered to suppress, or at least reduce,
the Hc versus T dependence for applications that require
specific target values for operations, such as microstruc-
ture modifications via material substitutions [31–33] or
exchange-spring-media designs of multilayer systems [34–
38]. Still, most of these material designs rely on very
specific material choices that constrain their broad-based
applicability. Furthermore, achieving an actual plateau of
constant Hc in a specifically selected T range is extremely
difficult following any of these approaches. Thus, there
is still a very clear need for specifically functionalized
material designs, in which the temperature dependence of
coercivity can be limited or, in general, controlled at will
over a predefined temperature range and with very flexible
material choices. Here, we present a multilayer structure
for exactly this purpose that is fundamentally compati-
ble with layer sequences used in devices, with which we
can reduce or even suppress the Hc versus T dependence
of a ferromagnetic (FM) film over an extended T range.
Accordingly, our multilayers might prove to be extremely
useful for MRAM technology and, more generally, mag-
netic data storage and processing devices that rely on stable
operation points under variable application conditions.

As a starting point, we consider the fact that thin films
with compositionally graded profiles have arisen as a pow-
erful material design to tune magnetic states and their
magnetization reversal overall [39–41]. Hereby, recent
studies have demonstrated that such compositional gradi-
ents can be utilized to fabricate film structures, in which
the exchange energy is depth dependent [42–44]. This
approach has even demonstrated the ability to suppress
coercivity in anisotropic materials over significant temper-
ature ranges [45], which might be especially relevant in
the context of magneto-caloric applications [46]. There-
fore, these materials with exchange-graded profiles (EGPs)
should have the potential to control the temperature depen-
dence of coercivity upon using a suitable choice of material
profiles.

One of the key aspects of such EGPs from a thermo-
dynamics perspective is that their resulting temperature
dependent magnetization profiles can exhibit spatial vari-
ations down to the 1–2 nm length scale [43]. This means
that, despite the fact that ferromagnetism is a long-range
collective phenomenon at T < TC, an exchange-graded fer-
romagnet will behave at each depth as if its magnetic
properties were predominantly controlled by a “local”
Curie temperature, TC

loc, that is only proportional to the
local effective exchange energy. This remarkable phe-
nomenon can be extremely useful to accurately tune and
control magnetization profiles as a function of temperature
[44,46] and, correspondingly, it can be used to design films

that exhibit exchange-coupling everywhere, but form sep-
arate FM and quasiparamagnetic (PM) layered portions for
specific temperature ranges [44,47–49].

Here, we successfully show the viability of this
approach to construct materials that exhibit constant Hc
values over extended temperature ranges upon utilizing
a proper EGP material design. In Sec. II of this work,
we present core structural and magnetic properties of our
EGP-containing films and discuss key aspects of our sam-
ple fabrication. In Sec. III, we present magnetometry data
that demonstrate the viability of our approach and exhibit
very wide Hc versus T plateau regions. In Sec. IV, we
present a model that aids a quantitative understanding of
this magnetization-reversal behavior. In the last section,
we draw some general conclusions and provide an outlook
based on the accomplishments presented here.

II. MATERIAL DESIGN

Following the aforementioned strategy, we design mag-
netic films containing EGPs of the type schematically
shown in Fig. 1. Here, we display the TC

loc profile as a
function of film depth z. Our profile is composed of three
different segments. First, a base FM layer that has a large
and constant ordering temperature, TC

loc = TC
B. The second

layer consists of an EGP structure of thickness t, the TC
loc

of which decreases linearly from TC
B to TC

G < TC
B. Finally,

FIG. 1. Schematic of TC
loc as a function of depth z in a mul-

tilayer sequence composed of a base layer with high TC
B, a top

layer with intermediate TC
T, and an intermediate layer with an

exchange-graded profile. Solid portions of the horizontal colored
lines represent the regions of the film, in which a FM state can be
expected for three different temperatures T1, T2, and T3, while the
dashed lines symbolize presumed PM regions. On the right-hand
side of the main figure, schematics of the FM magnetization pro-
files are displayed for the three highlighted temperatures. Green
color grading represents the local exchange energy, and black-
dashed lines represent the expected PM/FM interfaces. Arrows
represent the portion of the film exhibiting a FM state.

054024-2



TEMPERATURE-INDEPENDENT COERCIVITY. . . PHYS. REV. APPLIED 18, 054024 (2022)

the structure has a top layer with a constant TC
loc = TC

T,
such that TC

G < TC
T < TC

B. Within the local Curie temper-
ature picture, we now expect, for temperatures T1 with
TC

T < T1 < TC
B, symbolized in red in Fig. 1, that only the

base FM and part of the graded structure will be in its
ferromagnetic phase. Accordingly, the magnetic behavior
of the film should show rather conventional FM behav-
ior and reversal [44,45]. At sufficiently low temperatures,
T3 < TC

G, shown in cyan in Fig. 1, the complete structure
should be in its ferromagnetic state and exhibit a collec-
tive magnetization reversal as well, even if the film has
a nonhomogeneous exchange profile, because T < TC

loc(z)
for all depths z. However, for intermediate temperatures,
TC

G < T2 < TC
T, shown in purple in Fig. 1, the film is

designed to exhibit two separated FM regions, the magneti-
zations of which could, in principle, switch independently
from each other.

The key strategy of this specifically designed EGP is that
the separated FM regions at T = T2 can, in principle, inter-
act with each other due to proximity effects. Hereby, the
interaction should strongly depend on the thickness and
properties of the PM spacer region, and thus, also on its
precise temperature [47,50,51]. Furthermore, the gradient
nature of TC

loc(z) should lead to a continuous temperature-
dependent change in the effective thickness of the PM por-
tion separating both FM phases. Thus, the influence of the
FM portions on each other can be expected to be strongly
temperature dependent. It is worthwhile mentioning that
it is far from clear if local variations of magnetization
on the 1–2-nm length scale are actually compatible with
current MRAM device designs, in which the magnetic lay-
ers themselves have total thicknesses of only about 1–2
nm. Nonetheless, our approach is far more likely to be
compatible with other recently proposed designs, such as
out-of-plane MTJ (pMTJ) MRAM devices, that rely on
thicker magnetic layers [52].

To fabricate samples with such TC
loc(z) profiles, we

employ epitaxial Co1−x(z)Rux(z) (1010) alloy films and
vary the concentration, x, of Ru along the growth direc-
tion, z. Preliminary studies on homogeneous Co-Ru (1010)

thin films show that TC decreases in a nearly linear fash-
ion as a function of x due to the corresponding decrease
in the effective exchange energy [53,54], which allows
us to accurately tailor the local magnetic properties of
graded films [44,46]. In Fig. 2(a), we show in blue the
specific x(z) pattern of Ru concentration as a function of
depth for the type of films that we fabricate and, in red,
the expected TC

loc versus z dependence associated with
our designed concentration profile, based on preliminary
studies of homogeneous Co-Ru alloys [52,53].

Hereby, we choose the base layer to exhibit a high
Curie temperature, TC

B = 600 K, such that its magnetic
state is fairly constant over the temperature range of
T = 100–300 K, in which the top portion of the film starts
to order magnetically, and the specific properties of this

particular EGP become relevant [55]. In addition, we fabri-
cate our films to have TC

T = 225 K and TC
G = 150 K, so that

the temperature evolution in the different magnetic regimes
can be well observed with our magnetometer.

The choice of epitaxial Co-Ru (1010) thin films is
associated with the strong in-plane uniaxial magnetic
anisotropy, which favors the formation of an easy mag-
netization axis (EA) along the [0001] direction within the
surface plane [52,53]. Under such conditions, magneto-
static interactions are essentially immaterial, and laterally
uniform magnetization states occur, which enable a quan-
titatively accurate interpretation of macroscopic magne-
tization properties [52,53,56,57]. In such epitaxial films
with strong in-plane uniaxial anisotropy, one commonly
observes abrupt magnetization reversals as a function of
the applied field in conventional magnetometer measure-
ments, which are triggered by the formation of nucleation
domains and progress subsequently via rapid domain-wall
propagation [58]. Given the specific alloy used for our
samples here, it is important to highlight that similar EGPs
can be fabricated with a wide variety of alloy combi-
nations, such as Ni-Cu [42] and Co-Cr [55] films, for
instance, and thus, our alloy choice merely represents an
example of such films and is meant to be an illustration of
their fundamental behavior and design capabilities [53].

Furthermore, it is relevant to consider that, in princi-
ple, unintended intermixing of Ru and Co atoms can occur
throughout the depth of the film, which would then lead to
substantial modifications of the expected TC

loc(z) profile. It
is therefore important to mention that we are using a room-
temperature deposition process to avoid such unintended
intermixing and that, by means of polarized neutron reflec-
tometry, we verify in samples, which are very similar to the
ones we fabricate here, the existing compositional depth
profiles are indeed the intended nominal profiles on the
relevant length scale, given that unintended intermixing is
limited to below 2 nm in depth [43,59]. Thus, while certain
intermixing can occur, it is limited to length scales that are
smaller than the magnetically relevant profile features of
our films.

In Fig. 2(b), we show a schematic of the specific
multilayer sequence employed for the growth of our
Co-Ru (1010) films. We fabricate our samples by means
of sputter deposition utilizing an UHV system (ATC
Series AJA International) with a base pressure better than
10−8 mTorr. On top of hydrofluoric-acid-etched, and thus,
oxide-removed Si (110) wafers, we deposit a specific
underlayer sequence composed of 75-nm Ag (110), 20-
nm Cr (211), and 20-nm Cr0.86Ru0.14 (211) films [53]
that allows for the high-quality epitaxial growth of mag-
netic Co1−x(z)Rux(z) (1010) film. 10-nm-thick SiO2 over-
coat layers are added at the end of the deposition process
to protect our Co1−x(z)Rux(z) films from oxidation. The
Co1−x(z)Rux(z) layers themselves are fabricated by cosput-
ter deposition of Co and Ru, in which the deposition
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(a) (b)

(c)

(d) (e)

FIG. 2. (a) Experimental Ru concentration as a function of
sample depth, z, employed in our multilayer structures (blue) and
associated TC

loc (red) profiles estimated from preliminary studies
of homogeneous films. (b) Schematic of the multilayer struc-
ture employed in our films to achieve epitaxial growth of the
Co1−x(z)Rux(z) (1010) layers. (c) XRD θ–2θ scans of our films
with graded coupling-layer thicknesses, t, ranging from 20 to
70 nm, and a reference sample without a top layer for t = 20 nm.
Observed XRD peaks are indexed. (d),(e) XRD azimuthal scans
at the 2θ poles of Si {004}, Ag {002}, Cr {110}, and Co-Ru {1011}
for the t = 20 and 40 nm samples, respectively.

rate of Co is adjusted during growth to facilitate the
growth profile shown in Fig. 2(a). In Fig 2(c), we show
x-ray diffraction (XRD) θ–2θ scans for each of our so-
fabricated films, representing different values of thickness,
t, for the graded coupling layer. We also fabricate a refer-
ence sample without a top magnetic layer and t = 20 nm
to elucidate the top layer’s role in the overall behavior

of our EGP films. In Fig. 2(c), we observe only diffrac-
tion peaks corresponding to the intended crystallographic
planes for each of the deposited layers. The presence of
the Co-Ru (2020) second-order peaks and the absence of
peaks corresponding to other crystallographic orientations
verify the high quality of our EGP film samples. The peaks
corresponding to Co-Ru (1010) and Co-Ru (2020) show
a certain level of broadening and/or splitting due to the
continuous alloy-composition-induced modification of the
lattice spacing along the depth of the film, which is another
good indication that epitaxy is maintained throughout the
entire depth. Given that the maximum and minimum Ru
concentrations are kept constant in all films, no relevant
shift is expected for these peaks as a function of t, which is
exactly what we observe.

Figures 2(d) and 2(e) show exemplarily two XRD
azimuthal φ scans for the samples with t = 20 and 40 nm,
respectively. These measurements are performed at crystal
planes that are not perpendicular to the film surface, which
provides information about the in-plane crystal structure
and relative orientations between layers in our films. In
Figs. 2(d) and 2(e), we show the x-ray intensity, normal-
ized to the maximum value in each corresponding mea-
surement. All our φ scans show two well-defined peaks
that are 180° apart with positions that match the stereo-
graphic projections of their nominal structure [55,60]. The
Si {004} and Ag {002} scans indicate a parallel alignment
of the Si and Ag [001] directions. At the same time, the
90° angular shift between the Ag and Cr/Cr-Ru peaks indi-
cates that the Cr [110] direction is parallel to the Ag [001]
direction, as intended. Finally, the Co-Ru peaks appear at
the same φ values as those for Cr {110}, confirming the in-
plane alignment of the Co-Ru [0001] direction, and thus,
unambiguously verifying the epitaxial nature of our films.

III. MAGNETIC CHARACTERIZATION

We conduct temperature-dependent magnetometry mea-
surements using a superconductive quantum-interference
device (SQUID) (Quantum Design MPMS SQUID-VSM)
for the purpose of measuring the hysteresis loops of
our EGP film samples in the temperature range of
T = 100–300 K. Specifically, we measure the magnetiza-
tion component parallel to the field, applied in-plane and
parallel to the magnetic easy axis of our samples. In Fig. 3,
we show three exemplary hysteresis loops at three differ-
ent temperatures for our full EGP sample with t = 20 nm.
In Figs. 3(a) and 3(c), we observe nearly perfect square-
like hysteresis loops at T = 100 and 280 K, respectively,
showing only a single abrupt magnetization reversal at
Hc, as one would expect for a conventional uniaxial mag-
netic film along its EA. In Fig. 3(a), the complete structure
exhibits a FM state at all depths because T < TC

G, which is
equivalent to the case of T3 in Fig. 1. On the other hand,
in Fig. 3(c), only the base layer and part of the graded
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(a) (b) (c)

FIG. 3. Exemplary normalized hysteresis loops measured for the t = 20 nm EGP sample at (a) 100 K, (b) 190 K, and (c) 280 K. Red
line in (b) represents a minor hysteresis loop, exhibiting a strong bias field, Hb

T, on the top layer.

coupling layer are in a FM state because TC
T < T < TC

B.
Therefore, the film shows typical single-film behavior for
these two different temperature regimes, even if TC

loc(z) is
not constant. We also observe a decrease of the total mag-
netic moment in Fig. 3(c) due to the fact that a large portion
of the film is not ferromagnetic at T = 280 K.

For intermediate temperatures, as shown in Fig. 3(b),
the abrupt reversal at Hc is still present, but, in addition,
we observe that the hysteresis loop exhibits a two-step
reversal process. This double step is due to the formation
of two separated FM regions at intermediate temperatures
that can switch independently, as explained in conjunction
with Fig. 1. The first small step corresponds to the reversal
of the top layer alone, which is ferromagnetically ordered
at this temperature. The contribution to the total moment of
this layer is smaller, given that this portion of the film has
a TC

loc close to T, whereas the larger step corresponds to the
reversal of the bottom FM layer and the adjacent part of the
graded coupling layer, which is ferromagnetically ordered
as well. To test for possible exchange coupling between
the two separate ferromagnetic segments of our EGP films
at intermediate temperatures, we measure minor hysteresis
loops of the top magnetic layer only, shown comparatively
in red in Fig. 3(b). For this purpose, we start at sufficiently
high positive magnetic fields and decrease the field down
to a value at which only the top FM layer has reversed
and, then, we increase the field again to observe the full
hysteretic behavior of the top FM layer. Here, we clearly
observe that the hysteresis loop of the top region is shifted
with respect to H = 0, which verifies the existence of a
significant ferromagnetic bias field, Hb

T, that is mediated
by the paramagnetic state of the interlayer in the vicin-
ity of the top layer. This behavior is in accordance with
the intended magnetic properties of this specific EGP film
structure explained by Fig. 1. It is important to also high-
light that reversal of the FM portion of the graded coupling
layer cannot be resolved on its own with our SQUID mag-
netometer, given that it forms a collective FM state jointly
with the bottom FM layer, in the very same way in which
the top layer forms a collective FM state with the rest of the

film at sufficiently low temperatures (T < TC
G), at which a

full depth correlation of the FM state is established.
To study the process of magnetization reversal in our

films in detail, we measure hysteresis loops every 2 K over
the full 100–300 K temperature range. In Fig. 4(a), we dis-
play the total moment, m, as a function of T and H for the
t = 20 nm film sample as a color-coded map, representing
the decreasing field branch of the hysteresis loop. Data are
obtained at each T value by decreasing the field from sat-
uration at H = 2 kOe. In this color map, we can identify
a nearly abrupt magnetization reversal at sufficiently large
negative field values for all temperatures, represented in
the color map by the narrow yellow regions, which cor-
respond to zero magnetization and separate the positive
(blue) and negative (red) moment values. For intermediate
temperatures, we also identify a blue-to-green transition,
which represents the second magnetization-reversal step
of the top layer, which is explained in conjunction with
Fig. 3(b). Thus, the green region of the map represents
the antiparallel alignment of the two FM regions of the
film. In this map, we also observe that the coercive field,
at which sample magnetization completely inverts to neg-
ative values, does not change monotonously but, instead,
contains a very significant temperature region, in which Hc
remains basically constant. Furthermore, this temperature
region of constant Hc fully coincides with the temperature
range over which we observe the double step reversal.

In Fig. 4(b), we explicitly plot the experimentally deter-
mined Hc versus T behavior, which one can already visu-
alize in Fig. 4(a) as a light-yellow line in the data map
for the t = 20 nm sample, in comparison to the behav-
ior of the reference sample without a top layer. Here, we
can clearly identify the very wide temperature “plateau”
of constant coercivity, in which relative coercivity changes
of less than 2% extend over a temperature range of 75 K,
as indicated by the vertical dashed lines in Fig. 4(b).
In contrast, measurements of our reference sample dis-
play very conventional behavior, exhibiting about 20%
coercivity change over the exact same temperature range,
as well as an overall monotonous Hc versus T characteristic
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(a)

(b)

FIG. 4. (a) Color-coded map of experimentally measured total
sample magnetization as a function of T and H for the EGP film
sample with t = 20 nm. Data are obtained for decreasing field
sequences, each for a fixed T value. Color bar on the right-hand
side represents the values of total moment. (b) Experimental Hc
versus T data normalized to their room-temperature values for
the t = 20 nm EGP film (black) and the reference film sample
without a top layer (red). Gray dashed vertical lines represent
the temperature range over which two separate FM entities coex-
ist, and light-blue dashed horizontal line represents the constant
coercivity over this specific temperature range.

at all temperatures. Also, it is important to notice that our
EGP sample exhibits a fairly conventional Hc versus T
behavior outside the plateau region, namely, at low and
high temperatures. These results verify that the observed
constant-coercivity plateau is due to the interaction of the
top FM layer with the bottom FM section of the film. This
behavior can be understood if one considers that the top
FM layer also induces a temperature-dependent bias onto
the bottom FM region in our EGP film, which counteracts
the conventional temperature increase of Hc upon lower-
ing T. Thus, we successfully design FM films from rather

conventional ferromagnetic alloy materials that exhibit
constant coercivity within a designed temperature range by
utilizing the EGP strategy.

Figure 5 displays the Hc(T) behavior for a series of sam-
ples, in which the thickness, t, of the graded layer segment
is varied. In all cases, we clearly observe three different
Hc regimes, corresponding to the three temperature ranges
defined in Fig. 1 and similar to the behavior observed for
the t = 20 nm case in Fig. 4. The central temperature range
has a significantly reduced Hc(T) dependence due to the
interaction with the top layer in all the cases explored here.
We also note that the overall observed Hc values decrease
in a rather monotonous manner with t because Hc is fun-
damentally related to the strong anisotropy in the base
layer, and this becomes a decreasing volume fraction of
our multilayer structure as t increases.

The influence of the top magnetic layer on the reversal
is most notable in the t = 20 nm film, as shown in Fig. 4.
Thus, while a temperature-dependent bias is observable in
all of the cases explored here, we obtain a plateau of con-
stant coercivity only in the t = 20 nm case because only in
this case is the bias impact of the top magnetic region suf-
ficiently large to fully compensate for the intrinsic Hc(T)
dependence of the bottom FM region. This observed t
dependence is consistent with our expectation that the
interlayer coupling is weaker for thicker paramagnetic
layers, which exist for larger t values.

IV. MODEL EXPLANATION

To achieve an in-depth understanding of the reversal
process and its temperature dependence in our EGP films,
we develop a basic model based on the crucial step of mag-
netic reversal nucleation within the bottom FM portion of
the film. Hereby, we assume that, when a sufficiently sta-
ble reversal domain has nucleated, the full magnetization
reversal of this layer proceeds rapidly on the timescale of
our experiments by means of domain-wall propagation,
leading to the observed sharp M versus H switch at Hc
[57]. The formation probability, P, of a stable nucleation
domain that triggers this magnetization reversal can be
written by means of an Arrhenius law of the form [61]

P = p0e−EB/kBT. (1)

Hereby, p0 is a temperature-independent material-specific
constant, EB is the activation-energy barrier, and kBT is the
thermal energy. The activation energy barrier in our sys-
tem describes the total energy required for the formation
of a sufficiently stable reversal nucleation domain of vol-
ume VB that will trigger the reversal. Hereby, EB can be
expressed as a sum of three energy terms as

EB = εDWADW − 2HMBVB − 2J (T)AN
MB

M S
B

MT

M S
T

. (2)
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(a) (b) (c)

FIG. 5. Experimental Hc data as a function of T (black dots) for samples with t = (a) 70, (b) 60, and (c) 40 nm. Red line represents
our model behavior, and dashed vertical lines represent the T range, in which minor hysteresis loops of the top layer are visible.
Orange-dashed lines represent model behavior at low temperatures. Insets represent the experimentally obtained Hb

B versus T behavior
determined from minor-loop measurements. Light-blue lines in the insets represent the linear fitting of these data.

The first term on the right-hand side is the nucleation
energy associated with the energy cost of having a domain
wall with energy density εDW and area ADW. The second
is the Zeeman energy gain of the nucleation domain in the
bottom portion of the film with magnetization MB. The last
term in Eq. (2) represents the energy contribution from the
interlayer exchange coupling between the two FM regions
in the film. Specifically, J (T) is the effective interlayer-
exchange-coupling energy density per unit area that is
mediated by the paramagnetic portion of the graded cou-
pling layer in the area, AN , of the nucleation domain. MT is
the magnetization of the top layer, and MB

S and MT
S are the

saturation magnetizations of the bottom and top portions
of the film, respectively. This third energy contribution
represents proximity effects in between the FM portions
of the film that are mediated by the interlayer. Near the
FM/PM interfaces, the magnetization profile inside the PM
interlayer exhibits an exponential fall off on the nanometer-
length scale [62], which ultimately results in a small, but
nonvanishing, interaction between the FM regions [63].
This proximity effect is actually present at both interfaces
at which the FM sample state borders a PM state, i.e., both
at the interface between the graded and top layer, as well
as within the graded segment at the very point at which
TC

loc is identical to the measurement temperature, T, and
with T–TC

loc defining the exponential decay length within
the PM region in either case [61,64].

In our films, J (T) is a nonlinear function that depends
on the effective thickness of the intermediate PM region,
and it is expected to vary with temperature. However, we
note that we can actually extract the information of this
interlayer energy term from our minor-loop measurements
of the top layer. This is because this energy term can be
described by an effective bias field, Hb

B, acting on MB, and
equivalently, Hb

T acting on MT as

J (T)AN
MB

M S
B

MT

M S
T

= H B
b MBVB = H T

b MTVT. (3)

Therefore, Eq. (3) gives us a relationship between Hb
B and

Hb
T that allows us to calculate the effective Hb

B from the
experimental Hb

T data, which we obtain from minor-loop
measurements of the top layer, as shown exemplary in
Fig. 3(b).

Using this model approach, we can consider that the
nucleation and domain-wall expansion that leads to mag-
netization reversal gets triggered at P = 1, meaning that
a domain with a reversed magnetization state forms and
expands. Thus, combining Eqs. (1)–(3), we obtain

Hc(T) = Hc(0) − αT − H B
b (T), (4)

where Hc(0) = ADWεDW/2MBVB and α = kBln(p0)/2MBVB.
Due to the fact that MB is only varying slowly in the
100–300 K temperature range, given that TC

B = 600 K, and
under the assumption that all geometric factors are only
weakly temperature dependent as well, the first two terms
in Eq. (4) predict an approximately linear decrease of Hc
as a function of T, which is basically the behavior observed
in our reference sample in Fig. 4(b), and the behavior of all
of our samples in the high-T and low-T regimes.

In the insets of Fig. 5, we show the Hb
B(T) data deter-

mined based on our minor-loop measurements. Here, we
clearly observe the existence of a bias field acting upon
the bottom portion of the film in the central tempera-
ture range in all our samples. Furthermore, these Hb

B(T)
curves have a strong temperature dependence that coun-
teracts the conventional Hc(T) behavior, as expected. The
light-blue lines represent linear least-squares fits to exper-
imental data, illustrating that Hb

B(T) behaves in an almost
linear fashion with a slope αb. For different samples, we
observe, as expected, that αb in the Hb

B(T) curves is larger
for smaller EGP thickness t, because the influence of the
top layer on the bottom portion of the film will be greater
for smaller thicknesses of the effective PM region. This
behavior verifies that one can compensate for the conven-
tional Hc versus T dependence at will by making a suitable
choice of the thickness of the graded coupling layer.
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TABLE I. Numerical results of the fitting procedures showing the Hc(T) behavior in our samples at low and high temperatures,
together with those of the Hb(T) behavior.

High T Bias Low T

t (nm) α (Oe/K) Hc(0) (K) αb (Oe/K) Hb
B(0) (K) α (Oe/K) Hc(0) (K)

20 −1.09 ± 0.06 748 ± 10 −1.08 ± 0.08 257 ± 10 −1.3 ± 0.10 711 ± 10
40 −0.77 ± 0.05 553 ± 10 −0.64 ± 0.06 150 ± 10 −1.3 ± 0.10 597 ± 10
60 −0.65 ± 0.04 498 ± 10 −0.39 ± 0.02 83 ± 3 −1.8 ± 0.20 616 ± 20
70 −0.49 ± 0.04 384 ± 10 −0.44 ± 0.04 101 ± 9 −1.31 ± 0.06 485 ± 6

In Fig. 5, the red lines show the model behavior of Eq.
(4). Here, we consider a linear expansion at high tempera-
tures, which represent the first two energy terms in Eq. (4).
In the T range, in which the minor loops can be observed,
and which is identified by means of the gray-dashed ver-
tical lines, we add the Hb

B(T) data, which represent the
third term in Eq. (4). We note that the model explains the
Hc(T) behavior very well for all of our samples in Fig. 5
over the temperature range at which minor loops are mea-
sured. The numerical results of these fits are shown in
Table I. Here, we show our fitting results of the low- and
high-temperature expansions, together with the linear fit-
ting of the Hb

B(T) curve. Here, we verify that αb increases
for decreasing thickness of the graded coupling layer, and
thus, we verify that our simple model captures the essence
of the experimentally observed behavior. Furthermore, we
observe that, at t = 20 nm, αb is basically identical to α at
high temperatures, which leads to the compensation effect
that creates the coercivity plateau. These results iden-
tify the interlayer exchange coupling via the paramagnetic
graded-layer portion as the key mechanism that facili-
tates the intended Hc(T) modification and explains, in a
quantitatively accurate manner, the overall magnetization-
reversal process. For the lowest temperatures, the complete
EGP structure exhibits a strongly coupled single FM phase,
leading to the reemergence of linear Hc(T) behavior, as
shown by the dashed orange lines in Fig. 5.

V. CONCLUSIONS

In this work, we study magnetization reversal in thin
films with specifically designed exchange-gradient pro-
files on the nanometer scale that enable the realization
of very wide temperature regions, in which such films
exhibit constant coercivities, in contrast to similar homo-
geneous alloy samples. We show that we can construct
films in which Hc changes less than 2% over a 75-K-
wide temperature plateau, while conventional films exhibit
coercivity changes of 20%. Our detailed magnetometry
study furthermore explains this behavior, in that the tem-
perature dependence of the effective PM spacer layer in
our design leads to strongly temperature-dependent bias
fields that oppose the conventionally occurring Hc changes
with temperature. While the temperature region of our

Hc plateau is chosen for experimental convenience, this
plateau region can be designed for any temperature range,
so that possible applications and devices that use a spe-
cific temperature range for their operation can be accom-
modated. Furthermore, our overall experimental results
demonstrate that a wide variety of different temperature
dependencies of Hc can be engineered by means of a
suitable choice of graded-layer thickness and the specific
TC

loc(z) profile.
In general, our work here constitutes a proof-of-concept

of the capabilities of specifically designed exchange-
graded ferromagnets for controlling temperature-dependent
bias fields, and thus, coercivity. However, there could be
a number of practical limitations to our particular sample
design and material choice. First, nonmagnetic impurities
generally lead to an increase of the Gilbert damping con-
stant, which is detrimental to the performance of devices
[65,66]. Nonetheless, proposals in the literature also pre-
dict an improved spin-wave channeling in graded materials
that can be beneficial for device designs [67].

Also, commercial MRAM devices generally employ
Co-Fe-B/MgO multilayers, in which the spin polarization
and magnetoresistance signals are larger. In this context,
it is important to mention that our methodology here is
general and can be utilized for many different kinds of fer-
romagnetic materials and applications, either with higher
or lower Hc values, and with a great deal of flexibility in
choosing the most relevant temperature-range target. Thus,
it could be interesting to explore, for example, the capa-
bilities of graded compositions of different materials on
the Co-Fe-B/MgO multilayers mentioned [63,68], which
could have a strong influence on the thermal stability and
reliability of next-generation devices.
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