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Universal scaling of the magnetic anisotropy in two-dimensional rare-earth layers
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Unraveling the influence that low dimensionality has upon the spin’s stability in two-dimensional (2D) systems
is instrumental for the efficient engineering of energy barriers in ultrathin magnetic layers. Taking rare-earth-based
ultrathin multilayered nanostructures as a model system, we have investigated the dissimilar impact that low
dimensionality and finite-size effects have upon the magnetic anisotropy energy (MAE) at the nanoscale. We
conclusively show that the reduced dimensionality of the spin’s system in 2D ferromagnetic layers imprints on
the MAE constants a universal temperature decay as a quadratic power law of the reduced magnetization. This
result is in agreement with predictions, although in marked contrast to the rank-dependent, thereby faster, decay
of the MAE constants observed in three-dimensional nanostructures.
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The reliability of spintronics devices [1] crucially resides
upon preserving a finely engineered spin structure [2] by opti-
mizing energy barriers [3], which ensures the spin stability and,
ultimately, influences decisively device performance [4]. It is
thereby unsurprising that the magnetic anisotropy energy [5]
(MAE), which determines the magnetic moment orientation
[6], defines coercivity and magnetic domain patterns [7], and
plays an essential part in spin dynamics [8], has gathered
huge interest [9,10], being in the spotlight of countless studies
aiming to explore and gain control over the MAE of nanometer-
sized matter [11].

The relentless trend for miniaturization imposes the shrink-
ing of the device size down to the nanoscale, which entails
the arising of dominating surface/interface [12] contributions
into MAE. In this way, the symmetry breaking of the lattice
potential at the nanosystem boundaries gives rise to huge
energy barriers [13,14], which are predominantly contributed
by perimeter-edge ions [15]. On the contrary, as layer thickness
becomes comparable to the spin-spin exchange range, the mag-
netic ordering temperatures [16—18] are shifted towards lower
ones and the spin polarization [19] diminishes faster than in
bulk systems as temperature increases. These two facts reflect
in the enhancing efficacy of thermally activated spin waves [20]
to annihilate long-range magnetic order [21] at the nanoscale.

Newly engineered magnetic two-dimensional (2D) hybrid
systems [22] have opened up an exciting new route for
faster, more power-efficient spintronics [23], albeit they are
not exempt from fundamental challenges. Thus, the reduced
dimensionality of the crystal field in transition-metal-based
nanosystems is well known to revive orbital moments, which
contributes to stabilize the magnetic order in nanometer-sized
matter [13,24]. However, the impact that the spin’s low
dimensionality has upon their thermal stability and, therefore,
its crucial role in determining their magnetic response, is
still poorly understood. The thermal stability of 2D magnets
could be elucidated by measuring the temperature scaling of
the model-independent MAE in ultrathin layers; nevertheless,
such an experimental test has remained elusive upon until now.
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The Callen and Callen (CC) theory [25] provides a
suitable framework within which to analytically model the
temperature dependence of the MAE by making use of a
single parameter, the reduced magnetization m, through which
the annihilation of long-range magnetic order is modeled
by means of introducing thermally induced spin-wave (SW)
excitations. The CC theory has proven immensely successful
in a diverse variety of materials, ranging from complex oxides
[26], L1-type FePt alloys [27], up to magnetic semiconductors
[28], in addition to rare-earth (RE) metals [29-31], forming
part of the highly demanded alloys [32].

Here we report on the distinctive way in which finite-size
and the spin’s dimensionality effects determine the MAE in
ultrathin layers. Taking RE superlattices (SLs) as a model
system [33], which is featured by the precise modeling of their
MAE [29,30], we demonstrate that the two dimensionality of
the spin system in ultrathin RE layers imprints a universal,
rank-independent temperature scaling on the MAE constant
as a quadratic power law of the reduced magnetization, in
agreement with early predictions [34].

We have investigated two ultrathin strain-alike RE-based
SLS, mainly, [DyE;i]/SCSil]SO and [HOgi]/LU|3iz]75, here-
after referred to as Dy/Sc and Ho/Lu SLs, where the subindexes
indicate the number of monolayers (MLs) in each layer, and
50 and 75 refer to the number of repetitions of the Dy/Sc
and Ho/Lu bilayers, respectively. Both SLs were grown by
a molecular beam epitaxy technique in a Balzers UMS630
facility, with a base pressure of better than 2 x 10~'° mbar and
deposited onto epi-polished (1120)-oriented Al,Os substrates,
following well-established growth techniques [35,36]. This
procedure ensures that the Dy, Sc, Ho, and Lu metallic species,
which all crystallize in the hexagonal-closed-packed (hcp)
structure [30], grow with the ¢ direction of the hcp lattice
structure normal to the deposition plane [35,36], forming
high-quality single crystals [37,38].

Magnetic torque measurements were carried out in a vector
vibrating sample magnetometer [39]. Data recorded by this
apparatus have significantly contributed to a better under-
standing of the influence that strain-induced magnetoelastic
(MEL) terms [29,38,40] have upon the MAE in nanosystems
and to demonstrate the anisotropy of the magnetization
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FIG. 1. (Color online) For the Dyg/Scs superlattice (SL):
(a) A high-resolution transmission electron microscopy image [38],
where dark and light contrast corresponds to the Dy and Sc layers,
respectively. (b) Hysteresis loops M — H, where the applied magnetic
field H is along the a axis. (c) Coercive field H, vs t'/2. The line is
a fit of the experimental data according to the relationship H, =
H.(0)(1 — t'/2) [43], where t = T/ T¢,y is the reduced temperature
and T¢ y is the Curie or Neél ordering temperature, as appropriate.
The graph in the inset shows the ratio between the remanence and
saturation magnetization M, /M, vs t. (d) Reduced spontaneous
magnetization m; = M,/ M;(0) vs t for bulk Dy (squares) and the
Dy/Sc SL (circles). The lines correspond to a fit of the experimental
data according to a pseudo Bloch-T*? law, m, = (1 — k,Ct>/?) [49],
where ks and kpy refer to the prefactor k; obtained for the Dy/Sc
SL and bulk Dy, respectively. For the Hog/Lu;g SL: (e) m vs t, for
bulk Ho (red line) and the Ho/Lu SL (black dots). The graph in
the set shows the zero-field-cooled magnetization vs temperature for
moH = 30 mT applied along the b axis. () M — H loops, where H
is along the b axis. See text for further details.

vector [41]. Experimental details on sample rotation and
torque experiments can be found elsewhere [29,38,39,41]. The
magnetic torque L reads as Ly = —M (¢)H [29], where H
is the applied magnetic field, M is the transversal component
with respect to H of the total magnetization M, and ¢ is
the crystal angle, which is also obtained from the M in-plane
components [39]. Ly is typically investigated for a field range
of uoH = 1.5-2 T, for which a forced ferromagnetic (FM)
state is formed.

High-resolution x-ray diffraction (XRD) experiments in-
dicate that the Ho/Lu [36,37] and Dy/Sc [38] SLs are good
single crystals. XRD data analysis shows that in the former, the
coherent length A along the growth direction is about ~150 nm,
the Ho layer develops an out-of-plane strain of ~0.6%, and
the Ho layer thickness ny, is ~8 MLs. In the latter, A turns out
to be shorter, i.e., ~59 nm, the Dy layer out-of-plane strain
is larger, which is ~1.15%, and the Dy layer thickness npy is
also ~8 MLs. Complementarily, high-resolution transmission
electron microscopy images of the Dy/Sc [38] SL showed that
the Dy/Sc bilayer thickness is ~4.4 nm, the Dy-Sc interface
roughness o amounts to &1 ML, and that npy is ~8 ML [see
Fig. 1(a)], fully consistent with XRD data [38].

Neutron and magnetization studies in Dy/Sc [42] and Ho/Lu
[37] SLs indicate that the magnetic moments are rigidly
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confined to the basal plane (BP) in the hcp lattice, as occurs
in the bulk counterparts [30,31]. Furthermore, prior studies
[38,42] in Dy/Sc SL indicated that the magnetic coherent
length A,, ~ npy, which means that adjacent Dy layers are
magnetically decoupled through the Sc ones. Consistently,
the magnetic response of the noninteracting Dy layers in the
Dy/Sc SL is clearly reflected in the hysteresis loops, which
exhibit a characteristic shape [38], resulting in a maximum
ratio between remanence and saturation magnetization close
to 0.5, and in the variation of the coercive field H, with
temperature, which follows a well-established relationship
H. = H*(1 —t'/?) [43], where t = T/T¢ y is the reduced
temperature and ¢ y is the Curie or Neél ordering tempera-
ture, as appropriate [see Figs. 1(b) and 1(c)]. In contrast, in
the ultrathin-alike Ho/Lu SL, A,, is ~35 nm [37], spanning
over at least five Ho/Lu bilayers, which denotes that adjacent
Ho layers are strongly coupled through the Lu ones. In RE/Sc
SLs [42,44] the interlayer exchange coupling appears to be
singular. Thus, the absence of long-range coherence of the
ordered Ho moments over the Sc layers in Ho/Sc SLs might
be accounted for by considering the structural properties, the
strain-induced modifications on the electronic band structure,
and the influence of dipolar forces, as earlier noted [44].

As aresult of the epitaxial strain [45], T¢ is shifted towards
higher temperature in both SLs, which is T¢ = 143 K in the
Dy/Sc [38] SL and T¢ = 35 K in the Ho/Lu SL [see Fig. 1(e)],
when compared to T¢c = 89 K [46] and 18 K [47] in Dy and
Ho bulk, respectively. Additionally, the spin-spiral antiferro-
magnetic (AFM) phase is completely suppressed in the Dy/Sc
[38], whereas that in the Ho/Lu SL is Ty = 115 K, reaching
a lower AFM ordering temperature than in bulk Ho [47] as a
direct consequence of the finite size of the Ho layers [18].

Equally revealing is the temperature decay of the
spontaneous reduced magnetization m; in the Dy/Sc SL. It is
found that m(T) is well modeled by a modified spin-wave
theory [48] [see Fig. 1(d)], which predicts a decay of a
surface, or two-dimensional-like, M (T') according to a pseudo
Bloch-T%/? power law with a prefactor k; which ranges from 3
to 5.4 [49]. The best-fit prefactor in the Dy/Sc SL is kg;, = 3.5,
which produces an excellent accord between experiment
and theory for r < 0.5. We note that in obtaining ks we
took into account the energy gap [50] created in the magnon
spectra by the MAE—the same applies to the case of bulk
Dy. Importantly, the fact that ks; = 3.5 indicates a notable
softening of the indirect-exchange coupling transversal to the
interfaces [49] in the Dy/Sc SL, as a result of the finite size
of the noninteracting Dy layers. An essential feature of RE
magnetism is a long spin-spin exchange coupling length &
which is at least of ~40 MLs [51]. Therefore, bearing in mind
that £ > npy = 8 MLs, it is not surprising that the Dy layers
in the Dy/Sc SL behave as a collection of noninteracting two-
dimensional ferromagnetic layers. This fact is fully consistent
with a dimensional crossover transition from 3D to 2D in
ultrathin RE layers, which is featured by a critical thickness
of 15 MLs [52]. In turn, the ultrathin- and strained-alike
Ho/Lu SL behaves as a 3D magnetic nanostructure [37],
forming a coherent FM phase below T < T¢, as suggested
by the squareness of the M — H loops, and the onset of a
coherent spin-spiral phase for T > T¢, as pointed by the
negligible remanence magnetization and the slope changes
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FIG. 2. (Color online) Magnetic torque L, as a function of the
crystal angle ¢, where the applied magnetic field, uoH =2 T,
is in the ¢ plane of the hcp lattice of the Dyg/Scg SL (left-side
panels) and Hog/Lug SL (right-side panels). The continuous lines
are a fitting of the experimental data (circles) by utilizing the
relationship L, = 2K5' sin2¢ + 6K:"® sin 6(¢ + ¢,) [38], where K5
and Kgf‘(’ are the in-plane effective uniaxial and sixfold magnetic
anisotropy constants, so that the best-fitting parameters are (a) K$' =
100 kIm™> and K" =102kIm~?, and (b) K§f=352kIim™>
and Kgf‘(’ =49kIm™, so that ¢y =5° at both temperatures;
() K&*=02MIm™? and (d) K& =1.18 kim~>, where K5 =0
and ¢y is null in the case of the Hog/Lu,g SL. For further details, see
text.

(critical fields) manifested by the M — H loop at T = 80 K
[see Fig. 1(f)], which are typical of spin-spiral magnets [53].
Additionally, m; in the Ho/Lu SL varies with temperature
slightly faster, albeit similar to that in bulk Ho [see Fig. 1(e)].

Due to the localized nature of the 4f electrons [30] in
lanthanides, in RE-based SLs the MAE is primarily modified
by epitaxial strains [29,38]. We thereby opted to investigate
strained-alike Dy/Sc and Ho/Lu SLs, wherein the Dy and Ho
layers behave as 2D and 3D systems, respectively, because
this particular setting enabled us to disentangle the distinctive
way in which the finite size and the spin’s low dimensionality
[34] modify MAE, benefiting from the absence of thickness-
dependent in- and out-of-plane spin reorientations (where the
critical thickness is also temperature dependent), contrary
to what occurs in 3d ultrathin layers [54,55]. Additionally,
the appearance of high-rank MAE constants—up to sixth
order—in RE metals [30], alongside the emergence of low-
symmetry strain-induced MAE constants [38] in RE-based
ultrathin layers, offers a unique testing ground in order to
explore theoretical predictions [34].

At a glance, two main aspects stand out from inspecting
the measured Ly: First, it is visible that in the Dy/Sc SL [see
Figs. 2(a) and 2(b)], L, shows the coexistence of twofold and
sixfold symmetries, whereas in the Ho/Lu SL, L; only shows
the characteristic sixfold symmetry manifested by RE metals
[see Figs. 2(c) and 2(d)]; second, L; appears to decay faster
with temperature in the Ho/Lu SL than in the Dy/Sc one.
In both cases, L; is well fitted by employing the following
relationship [38],

Li(¢) = 2K sin 2¢p + 6K "0 sin 6( + ¢o), 1)
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where K5' and Kgf’6 are the in-plane effective uniaxial and
sixfold magnetic anisotropy constants, and ¢q is the shift
angle between the uniaxial direction and the hexagonal lattice.
For the Dy/Sc SL, the best fit is attained when K;f > Kgf'6
and ¢9 = 5° [38], whereas the best fit in the Ho/Lu SL
is achieved by inserting K$' = 0(¢y = 0) and Kgf’6 #0 in
Eq. (1) (see Fig. 2 for the resulting best-fit parameters). A
recent study [38] has showed that K zef = —&y1 M}%z, where Mfz
is a MEL constant associated with the y strictions in hexagonal
symmetry [56], so that Mﬁz ~ 1 GPa in the Dy/Sc SL, and

gyl ™~ 10~* is the epitaxial orthorhombiclike strain, whose
origin resides in the in-plane anisotropic strain relaxation
process between the buffer and seed bottom layers [38] in
the superstructure. Considering that &,; may equally emerge
in the Ho/Lu SL, and assuming this attains a similar order of
magnitude, we ascribe the infeasibility of determining K Sf in
the Ho/Lu SL to the arising of a smaller symmetry-breaking
MEL constant, i.e., M]%z < 0.1 GPa [57], when compared to
M, in the Dy/Sc SL.

Here, L; shows a shearlike dependence on ¢ in the
Ho/Lu SL at T = 20 K, given that the anisotropy field is
large compared to H [41] [see Fig. 2(c)]. In this case, the
field-independent Kgf’6 is obtained employing a graphical
method, so that Kgf’é in Eq. (1) is chosen to match the
slope of L; around the easy axis. For higher temperatures,
the field-independent MAE constants have been obtained
following well-established methods [38]. The temperature
dependence of the MAE constants is not only a fingerprint of its
microscopic origin [25,29], but also is markedly reflected in the
spin’s dimensionality [34]. Overall, the CC theory [25] predicts
a notably faster decay for K §f and K gf’6 in the Dy/Sc SL than
that experimentally observed. This discrepancy is particularly
striking for K, gf’6, but less pronounced in the case of K<'; even
so, notice that K5 is underestimated by as much as 20%-25%
when compared to the CC model [see Fig. 3(a)]. By contrast,
the CC theory [25] models very well Kg’ef in the Ho/Lu SL,
provided magnetostrictive [29] and strain-induced [29,38]
MEL terms are considered, so that the best-fit parameters
are KO =—03MIm™> and K{™ =0.55MIm™ [see
Fig. 3(b)]. We notice that these values do not fit with an
earlier study [29] of the MAE in a set of Ho/Lu SLs. To
account for that, we should consider that in RE-based SLs, the
interface magnetic anisotropy term appears to be very small
[29]. This is so because the symmetry of the crystal lattice is
preserved across the Ho-Lu interfaces and the redistribution
of the conduction electron density that might take place at
and across the interfaces, resulting from the electronic band
mismatch, would originate a small change in the screening of
the localized 4 f electron densities, resulting in a second-order
modification of the magnetocrystalline anisotropy. In addition,
the mixing at the interfaces, visualized in the Ho/Lu system
as the forming of an 2.5 ML thick Ho-Lu alloy layer [36],
is expected to negligibly modify the crystal field [58] acting
on the 4 f moments, leading to that the magnetocrystalline
anisotropy of the Ho atomic layers is homogeneous across
the layer. We therefore assign the reduced value obtained for
Kg""e, compared to that measured across the previous Ho/Lu
series [29], to be the result of the appearance of an ¢,,;. If this
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FIG. 3. (Color online) (a) Temperature dependence of the
uniaxial (circles), K¢, and hexagonal (squares), Kgf‘f’, magnetic
anisotropy constants for the Dy/Sc SL. The black lines are a fit accord-
ing to the relationship K = K (0)M? [34], where m = M(T)/M(0)
and M is the total magnetization, so that the best-fit parameters
are K5'(0) = 226 kim~> and K¢"°(0) = 12.8 kI m . The blue lines
correspond to a fitting functlon according to the smgle -ion model [25],
which is K" = K5 (0)Isa[i] and K¢ = K§(0)T13pli], where
1<2z+1>/2[m] for! = 2,6 are the normalized hyperbohc Bessel functions
and m = L7 '[m(T)], where L' is the inverse Langevin function.
(b) Temperature variation of K cof.6 (circles) and m? (dashed-dotted
line) for the [Hog/Lugl;s SL. The contlnuoue line is a fit accord-
ing to the relationship Ket 6 K6 o I|3/2[m] + K WIS/Z[m]Ig/z[m]
[29], so that the best-fit parameters are Kg_,',',’f(O) —03MJm™?
and KJ™(0) = 0.55 MIm~>. The graph in the inset displays the
measured [37] (squares) out-of-plane strain &,, and the estimated
one (triangles) according to an elastic model [29] tested in a set of
Ho/Lu superlattices vs the Ho layer thickness ny,.

is the case, the y-striction-related MEL terms —M_ 2 M;‘2 /cy
and M M 42 /¢, , which contribute to K 6me and K omd [56],

6,mc
respectlvely, w111 become strain dependent where ¢, is the

symmetric elastic constant. Thus, assuming a linear approx-
imation for small strains [38], we obtain that Mi(zﬂ)(eyl) i~

as 2(4) 24) 24)
M_54)(0) + N1, Where Nosqyy = M 50 /96y,
that terms such as —(M 2(4)N 4 s M

contribute to K" (Kg ) posing an almost indistinguish-
able temperature variation as to those unstrained terms [56],
provided ¢, slowly varies with temperature, such as occurs
[38]. The strain state of the ultrathin Ho layers is complex to be
determined with high precision [38], turning highly anisotropic
[see the inset in Fig. 3(b)], and this might favor the appearance
of &,1, as occurs in Dy/Sc SLs [38] and contrary to Ho/Lu SLs
with a larger ny, [29].

An extension of the CC theory [34] to ultrathin magnetic
layers predicts that, in the case of 2D magnets, a generic MAE
constant K/, scales with temperature as follows:

KL~ KL(0Om®“(T), 2)

=0 SO
2( ))ayl/cy w111 now
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where K’(O) is the extrapolated value at T =0 K, m =
M(T)/M(0) and M is the magnetization of the 2D spin
system, and the exponent takes the values o = [ at very
low temperatures, which is for m >~ 1, and o = 2 for high
temperatures, i.e., for m < 1. Despite the fact that theory does
not predict a unique dependence on m, we however observe
that a fitting function according to Eq. (2) with « = 2 produces
an excellent agreement between the experiment and theory,
so that the best-fit parameters are Kg’f(O) =226 kim™> and
KH0) = 12.8 KIm~3,

Here, 3d metal ultrathin layers also develop high-rank
MAE constants [55,59], which significantly contribute to spin
reorientations. Huge efforts were devoted to explore the MAE
of ultrathin layers; however, clear evidence regarding the
universal temperature scaling of the MAE constants in 2D
magnetic layers [55,59,60] was not conclusively obtained upon
until now. Thus, the most compelling studies focused on layers
thicker than 5 ML, which behave as 3D nanostructures [61],
whereas those studies performed on thinner layers centered
on testing K, and utilized a model-dependent approach and
researched a narrow temperature range.

In ultrathin films, the diminishing of the MAE with
temperature is driven by magnon excitations [62]. Thus, SW
dynamics in multilayers [63] notably differ from bulk metals,
and this divergence grows wider in the case of ultrathin
films [64]. Studies on Dy-based SLs [65] have shown that,
if the Dy layers are decoupled, the SW energy dispersion
relation turns discontinuous with discrete excitations. In the
case of the Dy/Sc SL, the SW excitations will experience
the quantization of the wave-vector transversal to the film
plane, g., which will eventually lead to the appearance of
a gap in the SW energy spectrum [66] with a minimum
wave vector qm‘“ ~ 0.13, given in units of 2dpy /2w, where

dpy = 2.846 A [38] is the interatomic spacing along the
hexagonal axis. Thus, the thermally driven SW excitations
propagating along the ¢ axis for temperatures up to T¢ =
143 K, which correspond to an energy of hwsw ~ KgT <
1.3 meV, where ws is the SW frequency, will be completely
inaccessible [65]. The enhanced thermal stability of the spins
in 2D magnets stems from the quantum confinement of
the spin’s fluttering driven by thermally induced quasi-2D
magnons.

In conclusion, we have shown that the magnetic anisotropy
in 2D ferromagnets scales with temperature as a univer-
sal quadratic power law of the reduced magnetization, in
agreement with predictions, albeit in marked contrast to
the rank-dependent, thereby faster, temperature decay of the
MAE constants predicted by the single-ion theory in 3D
nanostructures.
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