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We demonstrate a nanoscale materials design path that allows us to bypass universality in thin
ferromagnetic films and enables us to tune the critical exponents of ferromagnetic phase transitions in a
very wide parameter range, while at the same time preserving scaling in an extended phase space near the
Curie temperature. Our detailed magnetometry results reveal that single crystal CoRu alloy films, in which
the predefined depth dependent exchange coupling strength follows a V-shaped profile, exhibit critical
scaling behavior over many orders of magnitude. Their critical exponents, however, can be designed and
controlled by modifying their specific nanoscale structures, thus demonstrating full tunability of critical
behavior. The reason for this tunability and the disappearance of universality is shown to be the competing
relevance of collective versus interface propagating progression of ferromagnetic phase transitions, whose
balance we find to be dependent on the specifics of the underlying exchange coupling strength profile.
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The paramagnetic (PM) to ferromagnetic (FM) phase
transition at a sample specific Curie temperature 7 - is one of
the best-known examples of spontaneous symmetry break-
ing. Its scientific exploration has been instrumental for the
derivation of theories, which successfully revealed that
the observable critical behavior is solely dependent on the
dimensionality of both the system and the order parameter
[1-3]. Accordingly, Y;FesO, [4], Lay;Sry3MnOj5 [5], and
Ni [6], for instance, exhibit a single set of critical exponents
associated with their symmetry class despite having different
material characteristics, including the specific exchange
interaction mechanism causing their ferromagnetic ground
state. Most relevantly, universality enabled the description of
rather complex physical systems by means of simple models,
in particular local spin models, and still derive quantitatively
accurate information about their phase transitions [7-8].
On the flip side of this enormous scientific success of
achieving a unified description of phase transitions, univer-
sality implied that the PM-FM phase transition and asso-
ciated critical exponents cannot be relevantly impacted by
materials design as opposed to T, values, for instance,
which do depend on microscopic details. This in turn
severely limits materials design capabilities towards the
onset of FM order.

The only seeming exception to universality are phase
transitions at surfaces of three-dimensional (3D) systems
with Ising model character [9-10], for which the surface
critical exponent /5 of the magnetization can be changed by
modifying the surface exchange coupling strength Jg
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relative to its bulk counterpart Jy, [11]. However, this
strategy is very limited in its utility since only few
individual fg values are possible, namely, g =~ 0.125 for
JS/Jbulk > 1.55 and ﬂS ~ (.78 for JS/Jbulk < 1.55 [11]
They are furthermore very difficult to access, given that Jg
tuning in a single atomic layer cannot be easily achieved in
real materials [12]. Also, universality is not truly broken,
because at the critical Jg threshold, the dimensionality of
the magnetic state changes from a 3D surface state for
Js/Jpuk < 1.55 to a 2D thin film state for Jg/Jyy > 1.55.

Therefore, it is not clear whether universality of PM-FM
phase transitions can be circumvented by means of adapted
materials design and it is this very question that we are
addressing here. For this purpose, we devised a material
design with a nanoscale V-shaped J depth profile, as
depicted in Fig. 1(a). The ferromagnetic state is expected
to form at 7'¢ initially in the sample center [13-15], i.e.,
near z = 0. This generates a rather localized magnetization
profile [16,17], which can be considered as a generalized
version of the above-mentioned surface phase transition
scenario. As we will demonstrate, such predefined depth
modifications of J allow for the generation of tunable
critical exponents f in a very wide parameter range and
therefore circumvent universality.

To explore the case of V-shaped exchange strength
gradients, we chose Co;_,Ru, alloy layers as a model
system, since their magnetic properties can be easily tuned
by changing x [18-22]. A modification of J along the
thickness z is achieved by varying the Ru content during the
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FIG. 1. (a) Depth profile of Ru content for our CoRu graded

film samples, which are part of an overall layer growth sequence
to facilitate epitaxy (layer thickness in nm); (b) linear relationship
between ¢ and 1/s, which reflects our experimental strategy. The
(blue) double arrow indicates the (1/s, ¢) range explored in this
work. (¢)—(g) Temperature dependence of the normalized easy-
axis magnetization m = M/M(T /T = 0.5) for a Cog ¢75Ru 325
homogeneous film (c), and graded structures for s = 7.4% (d),
3.7% (e), 1.4% (f), and 0.5% nm~! (g). The data were measured
while cooling each sample from 7' =300 to 7 = 50 K in the
presence of an applied field yoH = 4 mT.

growth. The resulting Co;_,;)Ru,(,) modulation scheme
is shown on Fig. 1(a), with x(z) varying linearly from
Xmax = 0.37 at the bottom and top to x,;, = 0.325 at the
center, which translates into a J profile that is described by

J(2) = Jo[1 = (slz])’]. (1)

with J, being the maximum value in the center (z = 0)
and ¢ = 1. The slope s > 0 of the J profiles is defined
as (1-7@in/Tmax)/(¢/2), with 10 <7 <150 nm being
the thickness of the CoRu layer, and 7%" and 72
being the T values of homogeneous Coj¢;Rug3; and
Cog.¢75RUy 305 reference samples, respectively. Since T'¢ is
proportional to J for uniform magnetic systems, s deter-
mines the rate at which J varies along the z axis. Its values
are quantified as the J reduction (in percent of J,) per nm
[21]. The absolute difference between x,,, and x.;, and
consequently the ratio 7%"/7%% are kept fixed in our
experiments to ensure that the samples and measurements
were performed under stable conditions. The correspond-
ing experimental strategy is shown in Fig. 1(b), in which

our sample series represents a line in the (¢, 1/s) plane with
the (blue) arrows indicating the here explored #-s range.
Moreover, to ensure that only a depth dependence of the
magnetization occurs in our graded magnetic films, all
samples are grown epitaxially, following the layer sequence
shown in Fig. 1(a), so that they exhibit uniaxial magneto-
crystalline anisotropy with the easy axis (EA) of magneti-
zation oriented in the film plane. This suppresses the
magnetostatic energy and leads to a lateral magnetic
behavior that is very accurately described by a macrospin
model [22-24]. For comparison purposes, homogeneous
Co;_,Ru, (x =0.325, 0.347, 0.37) samples were fabri-
cated using an identical underlayer sequence. X-ray
diffraction measurements confirmed the epitaxial nature
of all samples [24], while magnetometry data verified
the in-plane uniaxial anisotropy, with the magnetization
vector being homogeneous within each plane and collinear
everywhere [23,24].

The M vs T behavior was measured from 7" = 300 K
down to T = 50 K for all samples in the presence of an in-
plane magnetic field, which was applied along the EA to
select only one of the two possible ferromagnetic states in
our uniaxial samples. The field magnitude was kept small
to avoid the magnetization onset to be smeared out
substantially [24]. Exemplary datasets are plotted in
Figs. 1(c)-1(g). For a side-by-side visual comparison,
the magnetization is normalized to its respective value at
T = 0.5T. The resulting temperature dependence for a
homogeneous sample, displayed in Fig. 1(c), shows the
expected sharp magnetization onset at 7. Similar char-
acteristics are found in the graded structure with the largest
s value, Fig. 1(d), even though M and J depth profiles
are both present in this sample. This suggests that the
resulting magnetic state along the depth of the film is
strongly correlated, just as in conventional magnetic
films. The effect of materials design by means of J grading
becomes increasingly significant upon decreasing s
[Figs. 1(e)-1(g)], where the phase transition exhibits first
a weaker curvature for s = 3.7% nm~!, becomes almost
linear for s = 1.4% nm™!, and finally even acquires a
convex characteristic for s = 0.5% nm™".

To provide an accurate quantitative analysis of the
critical behavior, a scaling approach based on the Arrott-
Noakes equation of state [25] was applied to M(T,H)
datasets for different s. Typically, to determine the critical
exponents by means of such a scaling approach, magnetic
isotherms are measured in evenly spaced temperature steps
and in a temperature range close to the critical temperature.
However, it is fundamentally equivalent and practically
easier to achieve an improved temperature resolution, if one
measures a series of M(T) curves for different applied field
strengths, which we have done for four applied field values,
namely, uoH =4, 5, 10, 20 mT. For each sample we fit
simultaneously four M(T) curves in the temperature range
—02 <7=(T/T¢c—1) <0.2 to the scaling relation:
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Hereby, the critical exponents f and y, T, and the
scaling factors M| and 7| were utilized as fit parameters.
Figures 2(a)-2(e) show the excellent agreement between
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FIG. 2. (a)-(e) Temperature dependence of the normalized
easy-axis magnetization Mo =M /M(t=T/T—1=—0.2) mea-
sured for four different magnetic field strengths ugH = 4, 5, 10,
20 mT for a Cogg75Ruq 3,5 homogeneous (a), and graded films
with s = 7.4% (b), 2.5% (c), 1.2% (d), and 0.5% nm~! (e). The
(red) lines show least-squares fit to Eq. (2). (f)—(j) scaling plots of
the easy-axis magnetization for the same homogeneous (f) and
graded films (g)—(j).

the least-squares fitting results (red solid lines) and the data
for the Cog475Ru305 homogeneous sample (a), and for
exemplary cases of graded samples representing s = 7.4%
(b), 2.5% (c), 1.2% (d), and 0.5% nm~' (e) [24]. The
validity of this approach has been verified by the scaling
plots in Figs. 2(f)-2(j), in which the scaled magnetization
M/|z|P is plotted as a function of the scaled magnetic
field poH/|t|P*7. Figure 2(f) shows the results for the
Cog 675RUg 3p5 homogeneous sample. Excellent scaling is
observed over at least 5 orders of magnitude in the
renormalized field within the critical temperature range
by displaying a collapse of all data onto two independent
branches, one for the ferromagnetic (7' < T) and one for
the paramagnetic (7" > T ) state. Likewise, the resulting
plots for the graded systems [Figs. 2(g)-2(j)] demonstrate
excellent scaling, which is preserved in a wide parameter
range in the vicinity of 7. using a single value for the
critical exponents in each sample. This alone is a nontrivial
observation, since it was a priori not clear whether systems
that encompass complex magnetization profiles, which
contain internal PM-FM quasi-interfaces [13,16,17,23],
could still be represented by a single set of critical
exponents over an extended temperature and phase space
region. For the two extremes cases we find that f (s =
7.4% nm~') is very close to the value for the homogeneous
sample, whereas 8 (s = 0.5% nm™") is far larger and even
far larger than the expected value for the surface phase
transition of a 3D system.

The entire set of extracted S values, together with their
estimated confidence intervals, are plotted in Fig. 3(a)
as a function of 1/s, along with the critical exponents
for homogeneous systems, their average value f,,, and
Prom + 1. The corresponding R? coefficients of the multi-
field fitting are displayed as (red) triangles, showing values
better than R? > 0.995 values in all cases [24]. The values
of 3, however, are very different depending on the specific
gradient structure, covering an extremely broad range from
the bulk system value f,, for large s to asymptotically
approaching f,,m + 1 upon decreasing s, seemingly vio-
lating universality. In contrast to 3, the values of y are rather
constant and show only a modest systematic increase with
1/s [24]. To properly interpret Fig. 3(a), one has to keep in
mind that in our study AJ = Jy — J i, 1S constant, and thus
a variation of s is always associated with a change in ¢ as
well, as illustrated in Fig. 1(b). Thus, if one chooses AJ
differently, the exact numerical values for § vs 1/s change,
given that they now correspond to different # values [24].
However, the association of £ with s is the most mean-
ingful, because without any gradient structure, the observed
anomalous critical behavior would not occur. To properly
understand the underlying physics of the evaluated f
values, one should consider how the material orders
magnetically in the vicinity of its 7. As the samples have
a V-shaped depth profile with the largest J in its center,
the ferromagnetic state at T forms in the samples center
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FIG. 3. (a) 1/s dependence of the extracted critical exponent 3

(black circles) together with the confidence interval of each least-
square fit, shown as error bars [25], and the corresponding R?
coefficients (red triangles). The dotted (red) line displays R> = 1.
The (pink) dashed line indicates the average measured f value
(the highlighted region corresponds +1 standard deviation) for
the homogeneous systems investigated in this work, shown on
the right side of (a), while the solid (green) line indicates this
value +1. (b) and (c) Schematics of the temperature evolution
of the magnetization depth profile for a system with low-s and
high-s values, respectively.

first [13,16]. Hereby, it will not be limited to the central
layer only but will result in a broadened magnetization
structure on the nm scale, since the central layer induces a
nonvanishing magnetization into adjacent layers via inter-
layer exchange coupling [16,17]. However, the induced
magnetization falls off exponentially in the top and bottom
segments, so that the ferromagnetically ordered film thick-
ness is considerably smaller than the total thickness for
small s and correspondingly large 7 samples, as depicted in
Fig. 3(b). If the temperature is now lowered, the magneti-
zation in the central profile region increases its magnitude
and at the same time widens its profile [16]. This occurs
because the ferromagnetic state becomes stable over an
ever-larger segment of the film, as shown by the schematics
for T = 0.96T - and 0.94T - and highlighted by the dark
(red) arrows. Thus, upon lowering the temperature, the
magnetic profile is extending further and further into the
3rd dimension of the film, but its width stays smaller than
the film thickness for a significant temperature range. As a
result, the critical exponent becomes a combination of the
one representing the homogeneous system and the power
law that describes the J-depth structure, specifically near its

center, where the phase transition first materializes. In
contrast, for high s samples, the 3rd dimension is already
relevantly populated at T'¢, as depicted in Fig. 3(c), since
for such large gradients the total thickness ¢ is comparable
to the internal magnetic profile width at the first occurrence
of ferromagnetic order. Therefore, a collective ferromag-
netic behavior develops in the entire film, showing a
conventional critical exponent with the magnetization
increasing its magnitude but not its spatial extent upon
lowering the temperature.

To advance our understanding of this behavior, we
calculated the limiting B behavior for small s systems
following a J profile according to Eq. (1) and arbitrary ¢
[24]. Given that in the low s case, the magnetic profile
transition width in the vicinity of internal PM-FM quasi-
interfaces is small compared to the length scale of the
film itself, we can utilize a purely local phase transition
scenario, in which a “local” Curie temperature is propor-
tional to the local exchange coupling constant, so that

m(z,T) = D[T¢ — T¢(s|z])? — T)Pronm
for T < T¢[1 — (s)z])?], (3)

m(z,T) =0 for T > Tc[1— (sz])?], (4)

with D being a material specific constant and 7'~ being the
dimensionless global Curie temperature [21], which is
proportional to J,. Utilizing Eq. (3) and (4), we calculate
the sample magnetization M (T) by averaging m(z, T) over
z.For T > T, M(T) = 0, given that no part of the sample
has yet transitioned to the ferromagnetic state. For T < T,
however, a fraction of the sample has become ferromag-
netic, namely, the portion —[(T¢—T)/T¢s?]/? <z <
[(T¢ —T)/Tcs?]V/?. Correspondingly, for T < T we find

Lemye
M(T):‘/O et de{D[Tc—Tc(s]z|)? =T)Prn},  (5)

which can be rewritten, by using the hypergeometric

function f that has values of the order of 1 in the interval
[0,1] for positive fpom < 1 [24], so that

2Df
M(T) = —75(Te = T)PentV/4 - for T < T¢, (6)
tsT -
M(T)=0 forT>T¢, (7)

with the temperature dependence of the sample magneti-
zation M(T) exhibiting the anomalous critical exponent
B = (Bpom + 1/¢) for s = 0, so that f = fuom + 1 in the
s — 0 limit for our experimental case. For very flat profiles
in the center of such films, which are characterized by a
very high ¢, f approaches its homogeneous value, which is
the appropriate limiting behavior [26]. Thus, the local
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superposition model [24] explains the limiting behavior for
s — 0 and it aids our understanding of the anomalous
critical f# values for this limit as being driven by the
synchronous magnetization profile growth in height and
width. As such, it illustrates the underlying physics, but it
does not aim at providing a full theoretical description for
all s values. Therefore, our calculations by themselves do
not prove that any intermediate s-value system would be
well described by a single critical exponent. However, our
experimental data [Figs. 2 and 3(a)] demonstrate that a
single intermediate f-value properly characterizes the
measured behavior while a theoretical verification of this
fact is beyond the scope of this work.

In summary, we demonstrate a nanoscale materials
design path towards the tuning of M(T) critical behavior
and exponent f with a large degree of freedom, namely,
from Brom O Prom + 1, While preserving critical scaling
near 7. Correspondingly, we observe that such nanoscale
designed materials can bypass the universality of continu-
ous phase transition, and instead make £ a quantity that can
be tuned in an extremely wide range upon altering the
nanoscale materials design. We achieved this M(T) tuna-
bility for a single ferromagnetic nanoscale material, which
we accomplished to fabricate in single crystal form. This
makes our approach not comparable to a simplistic macro-
scopic mixing of different ferromagnets, which can also
modify the M(T) dependence but only on a macroscopic
ensemble average rather than within one ferromagnetic
nanoscale entity. Given the generality of our observations
and calculations, we expect that our findings will extend to
different magnetic material systems [27-29]. Finally, our
innovative concept, combining standard magnetic materials
with predefined compositional architectures, offers a
broadly available platform to promote nanoscale-based
designs for the purpose of critical behavior management.
Such an approach could be used to realize performance
advances in a wide variety of applications that rely on
thermally assisted processes [30—34], which to date are all
lacking this capability.
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