PHYSICAL REVIEW APPLIED 16, 034038 (2021)

Suppression of Coercivity in Nanoscale Graded Magnetic Materials
Lorenzo Fallarino ,1 Mikel Quintana ,1 Eva López Rojo ,1,2 and Andreas Berger

1

1

2

CIC nanoGUNE BRTA, E-20018 Donostia - San Sebastián, Spain
Faculty of Science, University of Valladolid, E-47011 Valladolid, Spain

(Received 17 June 2021; accepted 6 August 2021; published 22 September 2021)
We investigate temperature-dependent magnetization reversal of CoRu graded ﬁlms, in which a predeﬁned depth-dependent exchange-coupling strength J follows a V-shaped proﬁle. Magnetometry reveals an
extended temperature range below the Curie temperature TC where the reversal of the magnetization M
is not accompanied by the conventionally occurring hysteresis, in stark contrast with homogeneous CoRu
reference ﬁlms. This is caused by the temperature-driven paramagnetic (PM)-ferromagnetic (FM) phase
transition, which does not occur in the entirety of the graded material but only in well-deﬁned nanoscopic
regions at any given temperature, enabling the creation of two internal PM/FM interfaces that assist the
external magnetic ﬁeld in reversing the magnetization of the FM graded sample region. Hysteretic reversal
is recovered at suﬃciently low sample temperatures or by using graded structures with very steep J gradients, so that no PM/FM interfaces form inside the exchange-coupled layer material that could inﬂuence
the magnetization reversal process. Our ﬁndings open interesting material design options, and we envision
wide application potential, since we succeed in engineering a temperature gap between the temperature
dependent magnetization and hysteresis onsets, a capability of interest for any technology beneﬁtting from
ﬁeld-free magnetization switching.
DOI: 10.1103/PhysRevApplied.16.034038

The continuous demands of technologies for advancing speciﬁc aspects of magnetic materials properties to
overcome technical challenges have made magnetization
reversal a core area of active research during the last several decades [1–6]. The fundamental process corresponds
to the change in magnetization (M ) direction caused by
applying an opposite magnetic ﬁeld (H ) [7] and can occur
via domain formation [8,9], or magnetization rotation or
switching [10]. The latter process is generally associated
with a discontinuous jump in the corresponding M (H )
curve, which is related to the ﬁrst order phase transition
that ferromagnets undergo below their Curie temperature
(TC ) upon magnetic ﬁeld inversion. Owing to the existence of multiple energy minima, which can be populated
within a temperature-dependent magnetic ﬁeld range, such
magnetization reversal is typically hysteretic. The width of
the hysteresis along the magnetic ﬁeld axis, whose upper
limit is set by the anisotropy ﬁeld HK , is most commonly
characterized by coercive ﬁelds HC < HK [11], determines
the utility and application range of magnetic materials. Its
manipulation has now become an important challenge in
order to make major technological progress.
In this regard, the magnetocaloric eﬀect (MCE), which
is of great interest for disruptive solid-state-based refrigeration technology, is one particular application where
the proper tuning of hysteresis properties is crucial. In
fact, MCE materials are typically used near TC , but the
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developing hysteresis below TC leads to problems in terms
of data evaluation, as well as the overall magnetocaloric
performance and eﬃcient energy conversion due to energy
losses [6,12]. Hard disk drives are another example where
hysteresis tuning is of substantial relevance. In fact, the
growing importance of increasing the areal bit density
has encouraged considerable eﬀorts to manipulate HC by
using electric ﬁelds [13,14], by ferromagnetic (FM) resonance [15–17], by temporarily heating the media during
the recording process [18,19], or by using spin-polarized
currents [20–25].
Although a high level of reﬁnement has been achieved,
researchers have yet to ﬁnd pathways to expand the range
of accessible strategies to manipulate the hysteresis characteristics by further adapting materials’ properties [26].
In this respect, exchange-spring ferromagnets have been
demonstrated to be an interesting material type. They are
formed from soft and hard magnetic layers that are ferromagnetically exchange coupled at their interface [27–29].
Here, the strong susceptibility (χ ) of the soft material
enhances the external ﬁeld eﬀect on the whole exchangecoupled structure, promoting χ as an additional means to
manipulate and control hysteretic behavior. In this regard,
it is worthwhile to realize that the paramagnetic (PM)
states of ferromagnets exhibit properties of purely PM
materials, in particular the linear dependence of the magnetization with an applied ﬁeld. Intriguingly, in the vicinity
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of TC , they exhibit extremely high χ values, much larger
than in pure paramagnets due to the still active ordering force. Therefore, if appropriately coupled, the PM
states of ferromagnets should be able to greatly inﬂuence
the magnetization reversal of adjacent ferromagnets with
higher TC .
Recently, works on rationally designed exchangecoupling proﬁled samples have demonstrated that although
ferromagnetism is a long-range collective phenomenon,
the local magnetic properties of graded magnetic materials are dominated by the corresponding local material
properties down to distances of a few nanometers [30–
35]. Even at this scale, they behave almost as if they
are composed of virtually independent layers, each with
its own “local” Curie temperature (T̂C ). However, from
a thermodynamic perspective, such an exchange-coupled
system does not truly exhibit multiple phase transitions,
but instead only one, with a “global” Curie temperature
TC = T̂Cmax . Therefore, exchange graded structures allow
the creation of materials that are ferromagnetically coupled throughout and at the same time have a certain section
of the sample that is always at the respective T̂C (locally
acquiring very high χ values) within a designed temperature window. Thus, the main motivation of this work is
to investigate whether and how exchange graded materials
can actually impact and speciﬁcally reduce coercivities in
a relevant temperature range below TC . This would oﬀer
interesting material design options that could be important for multiple technical applications pursuing low-ﬁeld
or ﬁeld-free magnetization switching [36–41].
In this Letter, we consider the temperature-dependent
magnetization reversal properties of V-shaped CoRu
graded samples. To generate reliable results, in which
only a depth dependence of the magnetization occurs, our
graded magnetic ﬁlms are grown epitaxially, following
the speciﬁc layer sequence shown in Fig. 1(a) [10,42–44].
Underlayers of (110) Ag and (211) Cr are deposited on the
Si substrates to promote highly oriented (211) Cr0.71 Ru0.29
layers, which in turn serve as a template for the epitaxial
growth of a (101̄0) Co1−x(z) Rux(z) compositionally graded
layer. The samples are ﬁnally capped with a 10-nm-thick
protective SiO2 layer. By linearly varying the Ru content,
from xmin = 0.325 at the center to xmax = 0.37 at the bottom
and top, we achieve a depth-dependent exchange-coupling
strength J (and thus T̂C ) that is described by
J (z) = J0 (1 − s|z|),

(1)

with J0 (T̂Cmax ) being the maximum value in the
center (z = 0). The slope s > 0 is deﬁned as (1 −
T̂Cmin /T̂Cmax )/(t/2), with 10 nm ≤ t ≤ 150 nm being the
CoRu thickness, and T̂Cmin and T̂Cmax referring to the TC values of homogenous Co0.63 Ru0.37 and Co0.675 Ru0.325 samples [10,44], respectively. It is worthwhile mentioning that
T̂Cmin and T̂Cmax in our structures are diﬀerent from the T̂C
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FIG. 1. (a) Schematic of the layer growth sequence. (b) Ru
content and the associated eﬀective Curie temperature T̂C depth
proﬁle for the two extreme cases of graded Co1-x(z) Rux(z) layers
10 nm (s = 7.4%) and 150 nm (s = 0.5%) thick. (c) XRD θ /2θ
scans for samples with diﬀerent s. Each scan is normalized to the
intensity of its Ag (220) peaks and vertically oﬀset by a constant
value to permit comparison.

values of our homogenous Co0.63 Ru0.37 and Co0.675 Ru0.325
reference samples when t becomes suﬃciently small due
to the ﬁnite-thickness eﬀect [45]. However, given that
the thickness dependence of TC for homogenous ﬁlms is
universal for identical lattice structures and surface orientations, the ratio T̂Cmin /T̂Cmax , which is part of the deﬁnition
of s, should not be greatly aﬀected by varying t. Thus, the
quantity s and its values represent a meaningful description of our samples by quantifying the J reduction (as
a percentage of J0 ) per nanometer [45], and furthermore
serve as an indicator of the compositional gradient in
our structures that is associated with the corresponding
exchange-coupling strength J and relative T̂C proﬁles. We
explore nine diﬀerent slopes s of the J proﬁle while keeping J = J0 − J min ﬁxed, with the largest and smallest
s samples schematically depicted in Fig. 1(b). Cu Kα Xray diﬀractometry conﬁrms the epitaxial growth quality, as
shown in Fig. 1(c). Well-deﬁned peaks are observed corresponding to Si (220), Ag (220), Cr (211), CrRu (211),
and CoRu (101̄0) crystal planes [10,30]. For comparison
purposes, homogeneous epitaxial Co0.653 Ru0.347 samples,
having the average Ru content of the graded structures, are
fabricated using an identical underlayer sequence.
The temperature-dependent easy-axis magnetization
reversal M (H ) is measured in steps of 2 K in the temperature range from 80 to 300 K using a superconducting

034038-2

SUPPRESSION OF COERCIVITY IN. . .
(a)

(c)

(e)

PHYS. REV. APPLIED 16, 034038 (2021)

(b)

(a)

(d)

(d)

(b)

(e)

(f)

(c)

(f)

FIG. 2. (a) and (b) M (H ) measurements along the easy axes
for two diﬀerent samples with s = 7.4% (a) and s = 1.2% (b),
both measured at T/TC (s) = 0.85. Here, the M data are normalized to their values at µ0 H = 40 mT. (c) and (d) coercive ﬁeld
HC versus temperature for s = 7.4% (c) and s = 1.2% (d). (e) and
(f) temperature dependence of the magnetization M for samples
with s = 7.4% (e) and s = 1.2% (f). The M (T) data are measured
in the presence of an applied ﬁeld µ0 H = 4 mT along the easy
magnetization axis.

quantum interference device (SQUID) magnetometer.
Figures 2(a) and 2(b) show the results for two graded samples with s = 7.4% (a) and s = 1.2% (b), both measured at
a temperature corresponding to 85% of their global TC (s).
In Fig. 2(a) the data show that the magnetization saturates
above a suﬃciently high (positive or negative) magnetic
ﬁeld and by decreasing its magnitude to zero, the magnetization shows a remanent value very close to saturation. If
the ﬁeld is further decreased, M is inverted and changes to
negative values at a nonzero HC value. In contrast to this
rather conventional behavior, the sample with s = 1.2%
exhibits negligible hysteretic behavior, with the reversal
of the magnetization occurring at values of HC smaller
than our experimental resolution of µ0 H = 0.2 mT, even
though it still shows full saturation and remanent magnetization values. Figures 2(c) and 2(d) display the extracted
HC values as a function of temperature in direct comparison with the M (T) characteristics (measured in the
presence of µ0 H = 4 mT) that are plotted in Figs. 2(e) and
2(f) for graded samples with s = 7.4% [Figs. 2(c) and 2(e)]
and s = 1.2% [Figs. 2(d) and 2(f)]. For the sample with
s = 7.4% both the onset of FM order and the onset of hysteresis coincide at TC , marked by the vertical red dashed
line, as in any conventional ferromagnet. In contrast, the

FIG. 3. Temperature dependence of the coercive ﬁeld µ0 HC
for Co0.653 Ru0.347 homogeneous (a), and graded samples with
s = 7.4% (b), 3.7% (c), 1.8% (d), 0.8% (e), and 0.5% (f). The
highlighted light green regions correspond to the temperature
range where the samples are paramagnetic, whereas the yellow
and green dashed vertical lines in (d)–(f) deﬁne the T range of
anhysteretic behavior below TC .

two onset points for M (T) and HC (T) are very clearly
separated for the s = 1.2% sample, with the temperature
range of virtually ﬁeld-free magnetization reversal extending far below the sample TC . These data clearly show
that the degree of the continuous depth modiﬁcation of J
has a profound impact on the hysteretic behavior of such
nanoscale materials.
Figures 3(a)–3(f) show six exemplary HC (T) data sets.
For a visual comparison, the temperature axes are normalized to each sample’s TC . The resulting temperature dependence of the coercive ﬁeld for the Co0.653 Ru0.347 sample,
displayed in Fig. 3(a), exhibits the expected sharp coercive
ﬁeld onset at TC . Similar characteristics are found in the
graded structure with s = 7.4% in Fig. 3(b), and s = 3.7%
in Fig. 3(c), even though both M and J depth proﬁles
are present in these samples, conﬁrming that the resulting
magnetic state along the ﬁlm’s depth is strongly correlated,
just as it is in a conventional magnetic system. The eﬀect
of materials design by means of J grading becomes significant upon decreasing s further, Figs. 3(d)–3(f), where the
HC (T) data show the existence of a temperature gap (T)
between TC and TH , with the latter temperature deﬁned as
the temperature below which a relevant coercivity larger
than zero can be measured.
The actual TC values for our graded samples are shown
in Fig. 4(a) as a function of s, together with the TC
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values of Co0.675 Ru0.325 and Co0.63 Ru0.37 uniform samples. As expected, the TC values of our graded structures
exhibit a noticeable reduction with thickness in agreement
with our previous ﬁndings [45], and similar to what has
been observed for homogenous ﬁlms in the past [46]. We
determine TH by ﬁtting the experimental HC (T) data to a
power law function multiplied by θ(TH − T), which is the
Heaviside function. The resulting T = (TC − TH ) values,
normalized to each sample’s TC , are shown in Fig. 4(b) as
a function of s and are very diﬀerent depending on the speciﬁc gradient structure. T ≈ 0 for the uniform and high-s
value graded samples indicate that the occurrence of FM
order and hysteresis are strongly correlated. However, by
decreasing s, it is clearly possible to separate the onset of
FM order from the hysteresis onset to a relevant degree,
namely by at least 18% of the corresponding TC values. It
should be also taken into consideration that in our study
J is constant, and thus a variation of s is always associated with a change in t [44]. Therefore, if one would
choose a diﬀerent J , the exact numerical T vs s values
may change, given that they now correspond to diﬀerent t
values [44]. However, the association of T with s is the
most meaningful, because without any gradient structure,
the observed behavior would not occur.
In order to properly understand the underlying physics
of the evaluated T values, one should consider how the
V-shaped graded material orders magnetically close to TC
[30,31,35,42,45,46]. For the case of high s samples, the
magnetization along the depth dimension is already largely
populated at TC , as depicted in inset I of Fig. 4, since for
such large gradients the total thickness is comparable with
the internal magnetic proﬁle width at TC [30,31,35,42,44–
46]. Therefore, even in the presence of a magnetization
depth proﬁle, a collective FM behavior develops in the
entire ﬁlm with the absence of PM-like portion that could
signiﬁcantly aid the magnetization reversal, and thus result
in a conventional HC (T) behavior. On the contrary, for low
s samples, the FM state at TC forms in the sample’s center
ﬁrst, resulting in a magnetization proﬁle whose thickness
is considerably smaller than the total material thickness
[30,31,35,42,44–46]. This FM region is delimited by two
PM regions on its top and bottom, as depicted in inset II
of Fig. 4, developing a sort of PM/FM/PM trilayer. At this
point, when a magnetic ﬁeld is applied opposite to the magnetization of the central FM region, the PM regions build
up a magnetic moment proportional to their susceptibility χ . Such induced moments die out exponentially with
the distance away from the PM/FM interfaces, since χ follows a speciﬁc depth proﬁle with its maximum exactly at
these interfaces, as depicted in inset II of Fig. 4. This is
a consequence of the T̂C distribution that follows the Vshaped J proﬁle [30,31,35,42,44–46], so that for a range of
sample temperatures, the PM/FM interfaces are located at
the very position where the local T̂C is identical to the
sample’s temperature, and correspondingly χ is maximum
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FIG. 4. (a) TC values of our graded structures as a function of
s, together with the TC values of the Co0.675 Ru0.325 (blue dashed
line) and Co0.63 Ru0.37 (gold dashed line) uniform samples. (b)
s dependence of the T/TC temperature range. Inset I schematically shows the magnetization depth proﬁle below TC for systems
with high s values, whereas inset II illustrates the magnetization depth proﬁle with the two characteristic PM sample regions
that form below TC for samples with low s. Inset III displays an
exemplar µ0 HC (T) for s ≤ 2.5% and the corresponding temperature ranges where the graded samples adopt the magnetization
proﬁles shown in I (low temperature region) and in II (high
temperature region).

at that very location (inset II of Fig. 4). In this state,
the magnetization of the FM region is antiparallel to
the induced PM magnetization upon applying a magnetic
ﬁeld. Thus, this conﬁguration is energetically unfavorable
because it increases the FM interlayer exchange energy,
which is proportional to the exchange coupling at the
PM/FM interface. Consequently, the FM layer reversal is
assisted by an interface energy term proportional to the
exchange at the PM/FM interfaces that reduces the coercive ﬁeld, since it favors the parallel alignment of M (PM)
and M (FM). As a result, the interface energy term aids
magnetization reversal if M (FM) and H are opposite to
each other.
Upon lowering the temperature below the global TC in
such samples, the magnetization in the central FM region
increases its magnitude and widens its proﬁle, pushing
the PM/FM interfaces towards the top and bottom of the
graded CoRu material. Thus, upon lowering the temperature, the magnetic proﬁle extends further and further into
the ﬁlm depth dimension. However, for a signiﬁcant temperature range, its width is smaller than the actual ﬁlm
thickness, so that PM/FM interfaces continue to exist and

034038-4

SUPPRESSION OF COERCIVITY IN. . .

PHYS. REV. APPLIED 16, 034038 (2021)

accordingly HC stays very small due to the exchange
ﬁelds at such internal interfaces. Finally, when the sample crosses TH , as indicated in inset III of Fig. 4, HC
increases as in a conventional ferromagnet. This is because
the exchange ﬁelds at the PM/FM interfaces have become
either negligible or have vanished due to having been
moved all the way to the natural material CrRu/CoRu
and CoRu/SiO2 interfaces that lack FM exchange coupling
in CrRu or SiO2 . Therefore, by controlling the sample
temperature, nonhysteretic magnetization switching can be
deterministically promoted or suppressed, and the transition temperature TH can be designed and controlled by the
speciﬁcally chosen nanoscale structures.
In summary, graded materials can be harnessed to engineer a gap between the magnetization onset and the hysteresis onset, and this oﬀers broadly applicable technological potential beyond the reach of existing materials
technologies. This is due to the interface geometry type
phase transition that occurs in materials with a V-shaped
exchange-coupling strength proﬁle and that we are able
to achieve by properly designing our graded magnetic
materials [30,31,35,42,44–46]. Correspondingly, we can
disentangle the occurrence of hysteresis from the occurrence of ferromagnetism at TC , and make T a quantity
that can be tuned by altering the nanoscale material characteristics. For large s values the samples behave similarly to
homogenous systems, where the occurrence of FM order
and hysteresis are strongly correlated at TC and T ≈ 0.
In contrast, for suﬃciently small s values, the magnetic
state has both FM and PM phases present in the same
structure for a predesigned temperature range. As a result,
such a “mixed” conﬁguration signiﬁcantly impacts the
magnetization reversal behavior, which is driven by the
hysteresis-free paramagnetic M (H ) relationship of the PM
segments, and substantially reduces HC values smaller than
µ0 H = 0.2 mT within a broad temperature range extending
far below TC . The explored graded structures are designed
to be FM below room temperature just to take full advantage of the sensitivity of SQUID measurements, but the
physics should apply to any temperature range that may
be desired. Finally, our results demonstrate that predeﬁned
compositional nanostructure design can be utilized to realize performance advances in any application relying on
strong thermomagnetic response in low magnetic ﬁelds
[13–26]. In addition, similar graded structures have shown
high MCE values over a large and tunable temperature
range, leading to an improved cooling capacity [47]. Following our experimental results, this approach could thus
be utilized to tailor the MCE to achieve major advances in
applications such as magnetic refrigeration.
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