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ABSTRACT

The spin reorientation in rare-earth intermetallics involves distinctive magnetic morphologies commencing with spontaneous skyrmion
textures without an external magnetic field. Here, we present the sputtering growth of CaCus-type NdCos_,Cu, thin films on MgO (110)
substrates. Our films exhibit two successive spin reorientation transitions between the ab-plane and the c-axis, close to the room temperature,
apart from the non-uniaxial behavior below 150 K. The corresponding modulations of magnetocrystalline anisotropy at reorientation tem-
peratures lead to the large topological Hall effect, which can be maintained up to 250 K with a maximum Hall resistivity of 210 nQ cm. These
results of robust topological signals will provide platforms for realizing room-temperature topological magnetic textures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128572

The Berry curvature of topological magnetic textures results in
the distinctive transverse Hall current stemming from the interaction
of the magnetic order and intrinsic band structure or scattering," The
intrinsic anomalous Hall effect (AHE)”~ and the topological Hall
effect (THE)® are two physical phenomena routed to such topological
origins. THE is driven by the pseudo magnetic field emerging in the
magnetic domains. It is commonly considered as a benchmark for the
existence of topological and/or nonlinear magnetic textures™ such as
skyrmions. Magnetic skyrmions are nanometric bubble domains with
a unit integer topological charge, anticipated as a generation of high
density, high speed, and low energy consumption information storage
units.’ Room-temperature, zero magnetic field stabilizing skyrmions
are particularly favorable for applications in future devices, owing to
their reduced complication and energy consumption.'' Nonetheless,
ground-state stripe domains in most chiral ferromagnetic materials
with Dzyaloshinskii-Moriya interactions (DMIs)'* "' inhibit the stabi-
lization of the skyrmion texture in the absence of a magnetic field and/
or extrinsic factors.'* "’

However, recent results have been reported by Zuo et al. demon-
strating direct imaging of spontaneous skyrmion type textures in the
absence of an external field over a wide range of temperatures up to
280 K in rare-earth NdCos alloys.”’ These key observations have been
attributed to two successive spin reorientation transitions (SRTs) near

room temperature, known as (1) the “easy-plane” to “easy-cone” tran-
sition at Tsg; ~ 240K and (2) the easy-cone to “easy-axis” transition
at Tspo~280K.”"** The associated underlying physical principle
has been primarily developed by Moon et al”’ They have proposed
that the perpendicular magnetic anisotropy (PMA) to the in-plane-
magnetic-anisotropy (IMA) transition at SRTs can maintain the
perpendicular magnetization under very weak DMI, resulting in
the formation of spontaneous skyrmion textures in the in-plane-
magnetization system. Such characteristic SRTs are widely observed
for rare earth-cobalt intermetallics arising from the competing mag-
netic anisotropies of the rare earth sublattice and the Co sublattice.
Thus, the recent discovery of spontaneous skyrmions in NdCos has
motivated the exploration of various topological spin textures in rare-
earth intermetallics.

Nevertheless, in spite of the unique characteristics related to
SRTs, thin film engineering of NdCos intermetallics has remained
scarcely explored thus far. Following the early studies of Sm- or
Nd-included rare-earth intermetallics,”*”” high-energy sputtering
techniques have been commonly employed for the sole fabrication of
amorphous NdCos solids, which generally exhibit strong PMA but
weak SRT natures.”””” Bulk SRT characteristics have been observed
for epitaxial NdCos thin films by Seifert et al. using the pulsed
laser deposition (PLD) technique.”**” However, investigations of
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topological magnetic domains and related physics have been barely
reported so far.

In this Letter, we present the development of a magnetron sput-
tering technique for the fabrication of NdCos intermetallics, which
reproduce distinctive SRTs of bulk nature. The presence of a topologi-
cal Hall effect (THE) associated with SRTs is demonstrated through-
out magneto-transport measurements. Fractional substitutions of Co
sites by Cu atoms in CaCus-type NdCos are adopted to improve the
crystallinity of thin film samples, enabling robust THE maintained at a
wide temperature range. We further observe non-uniaxial magneto-
crystalline anisotropy (MCA) at lower temperature, where additional
Hall signals phenomenologically increase due to the shape effect of
thin films.

NdCos_,Cu, thin films (10-50 nm) were grown on MgO (110)
substrates with a 10 nm thick Cr buffer layer using dc magnetron co-
sputtering from Nd, Co, and Cu targets. The MgO substrates were
annealed at 600 °C for 1h, and a Cr buffer was sputtered on the sur-
face at 400°C. Subsequently, NdCos_,Cu, films were sputtered at
600-800°C prior to adding a capping layer of 5nm thick Ta.
Stoichiometry of the resulting NdCos_,Cu, films was evaluated as
x=0.0, 0.6, 1.3, and 2.0 using x-ray fluorescence analysis (XRF,
Rigaku). The crystal structures of the NdCos_,Cu, films were charac-
terized using x-ray diffraction (XRD, Rigaku) with a Cu-Ko source
(A=1.5406 A). Magnetization measurements were performed by a
vibrating sample magnetometry technique using a magnetic property
measurement system (MPMS, Quantum Design). The transport prop-
erties were measured for the 20-40 um width Hall bars by a four-
probe method using a physical property measurement system (PPMS,
Quantum Design).

The NdCos hexagonal crystal forms a CaCus-type structure, classi-
fied in the space group P6/mmm, no. 191. The XRD profiles of
NdCos_,Cu, films shown in Fig. 1(a) confirm the formation of an Nd-Co
phase with an orientation of the c-axis parallel to the MgO (001) direction
in agreement with former studies of PLD deposited NdCos systems.”
Sharpe NdCos (1010) and (2020) peaks are observed at 20 positions of
20.8° and 42.7° for Cu-free NdCos sputtered films onto the crystallized Cr
buffer layer along the (211) orientation. The texture relation is summa-
rized as NdCos (1010)[0001] || Cr(211)[011] || MgO(110)[001].

By increasing the Cu content in the NdCos_,Cu, films from
x=0.0 to x=2.0, a decrease in the width of the (1010) and (2020)
peaks is observed, accompanied by the emergence of the (3030) and
(4040) higher peaks at 20 = 63.7° and 89.5°. This reveals a notable
improvement in the crystallinity of sputtered films by substituting Co
sites with small amounts of Cu. The FWHM of a rocking curve of m-
scans at (2020) peaks for different Cu contents is plotted in Fig. 1(b).
The width decreases linearly with increasing Cu content for lower
temperature sputtering at 600 °C. For higher temperature sputtering at
800 °C, the FWHM notably decreases from x=0.0 to x=0.4, and it
reaches to Aw < 1° for higher Cu contents. Such distinctive improve-
ment of the sputtered films can be attributed to the high solubility of
Cu atoms in the CaCus-type crystal, which has been discovered ear-
lier.”” Note that Cu substitutions also affect MCA assigned to a
decrease in the net magnetic moment at each Cu site. The c-axis MCA
constant K for lower temperature sputtering is plotted in Fig. 1(b).
MCA shows a monotonic decrease with increasing Cu contents,
indicating higher Cu substitution will degrade the original magnetic
properties of the CaCus-type NdCos crystal. For balancing the high
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FIG. 1. Structural characterization of the NdCos _,Cu, sputtered thin films. (a) X-ray
diffraction patterns of a 25nm NdCos_,Cu, thin film. Different Cu contents with
x=0, 0.6, and 1.3 are plotted with black, red, and green colors, respectively. The
texture relation with the MgO substrate is depicted in the inset. (b) The full width at
half maximum of the NdCo5 (2020) peak (black open and closed symbols) and the
c-axis magnetocrystalline anisotropy constant K (red symbols) for different Cu con-
tents. Values of K are investigated for 600 °C annealed films at 400 °C.

crystallinity and large MCA, we would focus on NdCo,4Cuygg
(x=10.6) samples for subsequent discussions.

The temperature dependencies of the magnetization process for
NdCo, 4Cuy ¢ thin films are presented in Fig. 2(a). The zero-field cool-
ing process exhibits an abrupt decrease in the magnetization along the
c-axis around T'= 275K, reflecting to the easy-axis to easy-cone transi-
tion labeled as Tgr,. The magnetization is completely diminished
around T= 230K, which corresponds to the rotation of the easy axis
to the ab-plane, referred to as the easy-cone to easy-plane transition at
Tsr1- These successive reorientation processes are also observed at the
same temperatures for the zero-field heating process. This indicates
that SRTs, unique to CaCus-type NdCos, are plausibly reproduced for
our sputtered thin films. It is worth noting that these SRTs, observed
in our texture relation, correspond to the PMA to IMA transition
applicable for spontaneous skyrmions formations.””*’

Further details regarding the magnetization process related to
SRTs can be discussed from the hysteresis loops along the three
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FIG. 2. Magnetic property of 25nm thick NdCo,4Cugg films. (a) Temperature
dependencies of the magnetic moment M for the zero-field cooling (black) and the
zero-field heating (red) processes. The sample magnetization is once saturated by
an external 6 T field along the MgO (001) (cooling) or (110) (heating) directions. (b)
Hysteresis loops along the MgO (001) (black), (110) (red), and (110) (green) direc-
tions for the easy-axis phase (T=300K, top), easy-cone phase (250K, second),
easy-plane phase (200K, third), and biaxial ab-plane phase (125K, bottom).
Schematics of the MCA axis at each phase are depicted in the insets.

crystalline orientations shown in Fig. 2(b). For the easy-axis phase at
300K, the square-shaped hysteresis loop is obtained only along the
MgO (001) direction. Meanwhile, the hard-axis behaviors are observed
along the MgO (110) and (110) directions, indicating that the uniaxial
MCA axis is along the c-axis. At 250K, the square hysteresis is once
diminished, and soft magnetization loops along the MgO (001) and
(110) directions are obtained. These results reproduce the easy-cone

scitation.org/journal/apl

phase, where the MCA axis is intermediately tilted from the c-axis
direction toward the ab-plane. Note that only the magnetization
process along the MgO (110) direction shows the strong hard-axis
behavior due to the large demagnetization field characteristic of
nanometer-scale thickness films. For the easy-plane phase at 200K,
the easy-axis hysteresis is obtained along the MgO (110) direction,
showing a rotation of the MCA axis from the c-axis direction to the
ab-plane. These three distinctive MCA rotations are inherited in
CaCus-type NdCos.

Meanwhile, the unique hysteretic behaviors start to appear once
the temperature decreases below 150 K. At 125K, the magnetization
processes along both MgO (110) and (110) directions exhibit step-like
hysteretic behaviors. These results can be regarded as the “biaxial ab-
plane” MCA rather than a simple “uniaxial” MCA rotation unique to
CaCus-type NdCos. Such a complex MCA is considered in association
with the enhanced PMA component at low temperatures and/or
effects of the mixed crystal with the Nd-rich solids as discussed in
Fig. 4. Stabilizations of multi-domains and/or nonlinear magnetic tex-
tures within the ab-plane are conceivable from the hysteresis shapes at
this temperature range. The sign of this additional “biaxial” phase is
also observed as a small kink at T~ 150K at the zero-field heating
curve, labeled as Tsgy;r where magnetization exhibits a slight increase
from the easy-plane phase. These three distinctive SRT's also affect lon-
gitudinal and transport properties in Figs. 3(a) and 3(b). The two tiny
kinks appear around 260 and 160 K. The former allocates between
Tsro and Teg;, and the latter lies in the vicinity of Tsr, corresponding
to SRT temperatures in Fig. 2(a).

Magneto-transport properties in NdCo,4Cuge sputtered films
are discussed by measuring the Hall resistivity at each reorientation
phase. The total Hall resistivity p,, can be described from contribu-
tions of the ordinary Hall effect (OHE), AHE, and THE, as
Py = p,?yHE + pfc\},HE + pME The resistivity of OHE is linearly propor-
tional to the external field H, described as p?HE = RyH, with a Hall
coefficient Ry. The modern understanding of AHE includes intrinsic
and side-jump scattering contributions."”" Thus, the resistivity could
be expressed as p'* ~ Sxp7 M using a scaling coefficient Sy, longi-
tudinal resistivity p,., and the magnetization M. The remaining resis-
tivity of THE can be simplified as follows:

pI;IE = Py — RoH — SApixM.

Figure 4 exhibits the field dependencies of p,, p,?},HE + p,‘;,HE, and
pIyHE for a 25 nm thick NdCo, 4Cug ¢ sample at different reorientation
phases, as the easy-axis (T=300K), easy-cone (250K), easy-plane
(200K), and biaxial ab-plane phases below Tsryr (125 K). The values
of Ry and Rg are estimated at the uniformly saturated condition under
H=4 T. When the NdCo,,Cug¢ film shows an easy-axis MCA at
300K, the difference between p,,(H) and pO/' (H) + p3'* (H) curve
is almost negligible. This indicates the negligible topological contribu-
tion onto magnetization here. Once the temperature decreases below
Tsgo to 250K, the NdCoy 4Cug ¢ film shifts to an easy-cone phase, as
confirmed in Fig. 2(a), and the PMA to IMA transition affects the
underlying magnetic textures. As expected, the p,,(H) curve shows a
clear difference from pSyHE (H)+ p?},HE (H) at zero-field vicinity
|[H| < 1T, and an apparent nonzero topological contribution is
detected. p'* shows a symmetric behavior against zero field and is
maximized at H=*0.3T up to p'*|,,. ~88 nQ cm. The obtained
topological signal scale and its external field evolution show a good
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FIG. 3. Temperature dependence of the (a) longitudinal resistivity p,, and (b) trans-
verse resistivity p,, of 25 nm thick NdCo, 4Cuq films. The spin reorientation tem-
peratures Tsry, Tsr1, and Tsro obtained from Fig. 2 are marked by closed or open
triangles.

consistency with direct imaging results by TEM observations reported
in Ref. 20. According to this report, the spontaneous enclosed in-plane
domains (EIPDs) and stripe domains are stabilized as magnetic ground
states in the absence of an external field. These domains transform into
biskyrmions”” under a small field range of 0.2-0.3 T, leading to a finite
THE. Under a higher external field, such biskyrmions are swept away,
resulting in a “hump-like” shape in the THE field dependencies
observed in Fig. 4. The emergence of such a distinctive topological Hall
signal is also observed for the easy-plane phase at 200 K, where the max-
imum signal amplitude and the peak field positions remain almost con-
stant from the easy-cone phase at 250 K. These results imply that EIPDs
and/or biskyrmions are stabilized in the wide temperature range from
easy-cone to easy-plane phases (150 K < T'< 250 K).

At a further low temperature (125 K), the biaxial MCA behavior
results in an increment of the topological contribution up to p™HE|
~162 nQ cm at the peak positions of H=*0.5T. In adydition,
Py curves indicate small hysteretic behaviors between the different
field sweep directions. These lower temperature characteristics are
unique to thin film samples, implying a stabilization of other types of
nonlinear magnetic textures. As is apparent in results of 125K in Fig.
2(b), thin film samples exhibit a finite PMA component involved for
stabilizing conventional PMA skyrmions’*** and/or magnetic vorti-
ces.”” PMA skyrmions and/or vortices possess constant topological
charges at zero-field vicinity, resulting in unique two-block shapes in

scitation.org/journal/apl
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FIG. 4. Hall resistivities of 25 nm NdCo, 4Cuq films under the out-of-plane mag-
netic field for the easy-axis (T=300K, top panel), easy-cone (250K, second),
easy-plane (200K, third), and biaxial ab-plane phases (125K, bottom). Total resis-
tivities p,y, the sum of ordinary and anomalous Hall resistivities p3= + pA™%, and
topological Hall resistivities pj/'= are plotted by black, red, and green symbols,
respectively.

their hysteresis loops.”” " The quenched-shaped magnetization curve
at 125K (approximated by p0™ + p2™) in Fig. 4 shows certain analo-
gies with a feature of such two-block shape hysteresis loops, inferring
stabilization of these chiral magnetic textures. On the other hand, it is
difficult to exclude multicarrier effects attributed to the non-CaCus-type
Nd intermetallics. Nd-rich Ce,Ni;-type Nd,Co, shows good lattice
matches with CaCus-type NdCos in hexagonal lattice constant

a=b=502 A with c=4.06 A (NdCos) and c=24.36 A (Nd,Co,)****
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and difficult to be identified from XRD measurements in Fig. 1(a). The
phase mixture with Nd-rich crystals might affect low temperature trans-
ports there.

The temperature evolution of THE, measured every 25K, is
shown as the contour maps of pIHF in Fig. 5. The results of positive
field sweep directions from —4 to +4T and from +4 to —4T are
shown in Figs. 5(a) and 5(b), respectively. A finite THE starts to
appear when NdCo, 4Cug ¢ shows the easy-cone phase below Tgg,. At
this temperature range, pg{E increases by decreasing temperature and
takes the local maximum around the easy-plane phase at Tsg;. In the
range of Tspyr < T < Tspy, the amplitude of THE remains almost con-
stant as pIyHE ~100 nQ cm with negligible difference between two dif-
ferent field sweep directions. Moreover, the peak positions of p,"*(H)
remain consistent as |H| = 0.3-0.4 T by implying the EIPD to biskyr-
mion transitions at zero field vicinity, as observed in the direct imaging
results in Ref. 20. These behaviors are distinctively changed at the biax-
ial ab-plane phase below Tgry'. The clear differences observed between
field sweep directions indicate that the remanent THE after field
switching [ie, H>0 in Fig. 5(a) or H<0 in Fig. 5(b)] is notably
larger. Further studies of micromagnetic and microstructure analyses
will be required to discuss the details of THE origins at this tempera-
ture range.

In summary, we explored the magnetron sputtering fabrication
of the CaCus-type NdCos_,Cu, thin films and observed a large THE
at successive spin reorientations from the easy-plane, easy-cone, to
easy-axis transitions. The obtained THE at 150 K < T <250 K shows
good consistency with the results of the early report on bulk NdCos,
indicating stabilization of spontaneous EIPD and/or skyrmion textures
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FIG. 5. Temperature and field evolutions of the topological Hall resistivity p;€ of
25nm NdCoy 4Cuy ¢ films for (a) the positive field direction from —4 to +4 T and (b)
the negative field direction from +4 to —4 T. The spin reorientation temperatures

Tsr1', Tsr1, and Tsgo are guided with blue lines.
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at zero field vicinity. The additional biaxial ab-plane MCA behavior
appears below 150 K, associated with the nontrivial magnetic textures
and transport properties at the lower temperature range. These obser-
vations of near-room temperature topological signals in thin films
with the low-cost fabrication process will be an incremental step
toward further development of spintronic devices using rare-earth
intermetallics.
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