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ABSTRACT

Ferrimagnets with magnetic compensation temperature (T¢,,,) around room temperature are desirable due to their potential applications in
low-energy consuming and high-frequency spintronic devices. In this study, the Tc,,,, of ferrimagnetic Mn, ;;RuggsGa (MRG) is tuned to
near room temperature by strain. Moreover, we observed unconventional magnetoresistance behaviors for MRG-based Hall bar devices near
Teomp- First-principles calculations suggest two kinds of Mn moments, which lead to two anomalous Hall channels with opposite signs and
consequently correspond to the peak structure and triple loops of the anomalous Hall effect loops. The unconventional temperature depen-
dence of longitudinal resistivity is caused by the combined effects of two types of Mn moments and the anisotropic magnetoresistance of the
MRG film. Interestingly, the spontaneous Hall angle of the MRG film is calculated to be ~2.2%, which is one order of magnitude larger than
those of other 3d ferromagnets. Therefore, our study demonstrates MRG to be a ferrimagnet with the T, near room temperature, which

enables its potential applications in spintronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0123392

As one branch of the spintronic materials, ferrimagnetic Heusler
alloys have attracted increasing attention due to their high spin
polarization and low Gilbert damping. * There are also many other
advantages as well, including high-frequency, low power consumption,
and high stability of their antiferromagnetic configuration." Recently,
Kurt et al. have grown a Heusler alloy Mn,RuysGa film by co-
sputtering and realized the compensated ferrimagnetic half-metal
(CFHM) with ordered spin states and zero net magnetic moment.” In
contrast to standard ferromagnetic metals, CFHMs have no stray mag-
netic field, which is beneficial to high storage density. Simultaneously,
compared to antiferromagnets, CFHMs allow magnetic recording at
low power consumption since their magnetic states can be easily
switched and detected at the magnetization compensation point.”
Finley et al. have demonstrated that a nearly compensated ferrimagnet
(Mn,Ruy ¢3Ga) can be switched as easily as a conventional ferromag-
net.” Furthermore, the speed of domain wall motion and spin-orbit
torque driven magnetization switching can break the theoretical limits

of conventional ferromagnets and reach large values at the compensa-
tion temperature or compensation concentration.”” Therefore, the fer-
rimagnets with magnetic compensation temperature (7¢,,) around
room temperature have potential applications as a fast-flipping free
layer in the magnetic recording devices. It has also been reported that
Teomp is sensitive to the band structure of materials, which makes it
possible to tune T,,, by adjusting the composition and substrate-
induced strain state.” Therefore, it is necessary to explore room tem-
perature CFHM s for spintronic applications.

To accelerate the applications of the compensated ferrimagnets
in ultrafast and energy-efficient spintronic devices, we report a Ty
approaching room temperature in the Mn,, RuggsGa (MRG) film.
Furthermore, we have systematically investigated the anomalous Hall
effect (AHE), longitudinal resistivity, and anisotropic magnetoresis-
tance (AMR) of the MRG/Pt heterostructure near the T;,,,,. In order
to qualitatively explain the unconventional AHE, we performed first-
principles calculations based on the density functional theory (DFT)
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to reveal the electronics structures and magnetic moment configura-
tion of MRG. In addition, we studied the angle and temperature
dependence of the longitudinal resistivity.

MRG films with different thicknesses were grown on MgO (001)
substrates by DC co-sputtering of Mn,Ga and Ru targets. The back-
ground pressure was better than 3 x 10~ °Pa. During the sputtering
process, the Ar pressure and growth temperature were kept at 0.63 Pa
and 500 °C, respectively. The films were annealed in situ at 500 °C for
40 min. After cooling to room temperature, Pt (4) or HfO, (2) was
deposited to protect the MRG films from oxidizing. The surface mor-
phology of the as-deposited MRG films was examined by atomic force
microscopy (AFM, BRUKER icon). The crystal structure and thickness
of the samples were determined by x-ray diffraction (XRD) and x-ray
reflectivity (XRR) on a BRUKER D8 diffractometer, respectively. The
hysteresis loops of the samples were measured by a vibrating sample
magnetometer (VSM, Quantum Design Versalab). The stacking struc-
ture and measurement scheme are illustrated in Fig. 1(a). The AHE,
AMR, and longitudinal resistivity were all measured in the physical
property measurement system (PPMS, Quantum Design Dyna Cool).

First-principles calculations were performed to achieve optimized
geometrical structures and magnetic properties by spin-polarized DFT
based Vienna ab initio simulation package (VASP) with the projector
augmented wave (PAW).” "' The generalized gradient approximation
(GGA) exchange-correlation functional with Perdew-Burke-Ernzerhof
(PBE) format parameter was adopted. A supercell of Mn;sRu;3Ga; ¢ was
constructed via substituting three Ru atoms with three Mn atoms in a
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2x2x1 Mn,RuGa supercell. The kinetic energy cutoff was set to
350 eV. I'-centered 9 x 9 x 9 and 5 x 5 x 9 k-points grids were applied
for Brillouin zone sampling for the Mn,RuGa unit cell and
Mnj;sRu,3Gay 6 supercell, respectively. The convergency criteria for total
energy and atomic force were set to 10~ eV and 0.01 eV/A, respectively.
To consider the effect of the lattice strain from the substrate, the lattice
constants along x and y axes were constrained, and the lattice constant
along the z-axis and all atomic position were fully relaxed. The strain
along x and y axes was fixed from —0.02% to 0.03%.

The stoichiometry of as-deposited films is decided to
Mn;, 5;Rup86Ga (MRG) by an inductively coupled plasma mass spec-
trometer. As a full Heusler alloy, the excess Mn atoms will occupy the
Ru site in the MRG films."”” Accordingly, the configuration of
Mn;sRu3Gage (Mny19Rugg1Ga) is constructed by substituting three
Ru sites with Mn atoms, which is close to the experimental stoichiom-
etry of Mn,,;RupgsGa. Then the configuration is optimized by
first-principles calculations based on DFT, as shown in Fig. 1(b). The
crystal structure of the MRG films with different thicknesses was char-
acterized by XRD. As shown in Fig. 1(c), all the films have obvious
(002) and (004) diffraction peaks. The peak position shifted slightly to
the right with the thickness. The lattice parameter ¢ shrinks from
0.6086 to 0.6065 nm, as shown in the inset of Fig. 1(d). On MgO (001)
substrates (v/2a = 0.5956 nm), the MRG films suffer a compress strain
due to the lattice mismatch, resulting in a tetragonal distortion.”"” As
the film thickness increases, the lattice strain will release, and the lattice
parameter ¢ decreases toward a cubic crystal structure.”’” To verify
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16 28
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FIG. 1. (a) Schematic illustration of the Hall bar structure and the measurement geometry. (b) The configuration of the MnssRu13Gasg supercell. (c) XRD patterns of the MRG
films with different thicknesses. (d) XRR pattern of the MRG (28) film together with fitting data. The inset shows the lattice parameter ¢ vs the thickness.
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the effect of strain on the lattice parameters, we simulated the lattice
parameters variation vs the lattice strain by first-principles calcula-
tions. As shown in Fig. S1, the out-of-plane lattice parameter ¢
increases gradually with the strain changing from tensile stress to com-
pressive stress, which is consistent with the XRD results. By fitting the
XRR data shown in Fig. 1(d), the thicknesses of the films can be deter-
mined as 15, 20, 25, and 28 nm. The surface roughness of the MRG
(28) film is shown in Fig. S2.

The hysteresis loops of the MRG films with different thicknesses
are also shown in Fig. S3. The AHE loops of MRG (t)/Pt (4) hetero-
structures with different thicknesses were measured at different tem-
peratures. As shown in Figs. 2(a)-2(d), the coercive field (yoH)
increases first and then gradually decreases with increasing tempera-
ture for each MRG thickness. Meanwhile, the sign of R,, reverses at
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the largest pyH. within the experimental temperature region.
According to previous studies, the total magnetic moment of a ferri-
magnet usually reduces near Ty, and the ferrimagnet requires a
large magnetic field to compensate for the magnetic anisotropy energy
by obtaining sufficient Zeeman energy.'* As a result, the ferrimagnet
has the largest 1ioH, at Twmp.“’ls Therefore, T,y can be defined in
the temperature region with the largest 1yH,. and a reversed sign of
R,y. As summarized in Fig. 2(e), the Ti,,, range can be decided
according to the AHE loops of the MRG films shown in Fig. 2. It can
be found that with the increased thickness, the degree of tetragonal
distortion decreases and T, increases gradually. According to the
first-principles calculations as shown in Fig. 2(f), the total magnetic
moments (My) of Mns,Ru;6Gag and MnssRu;3Gag are 17 and 13
U, respectively. In other words, the My decreases 4 15 by substituting
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FIG. 2. (a)(d) The Hall resistance loops of the MRG (t)/Pt (4) heterostructures at different temperatures. (e) Tcom, dependence on the thickness of the MRG (t)/Pt (4) hetero-
structures. (f) The comparison of the magnetic moments of MnRu46Gass (Mn,RuGa) and MnzsRu13Gaqe (Mng 19RUg g1Ga).
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three Ru sites with Mn atoms. This indicates that occupying of excess
Mn atoms in Ru sites will compensate for the M. At the same time,
strain can also compensate for the My (supplementary material Fig.
S4). Therefore, the excess Mn atoms and lattice strain are both benefi-
cial to the magnetic compensation. Moreover, the simulation repre-
sents the situation at 0K, and increasing temperature will also
facilitate the compensation of magnetic moments.

According to the T, region for different MRG thicknesses, we
chose the MRG (28) film to study the magnetic compensation proper-
ties in detail. Figure 3(a) presents the AHE loops measured between
305 and 315K. The temperature-dependent AR,, and u,H. are
extracted from the AHE loops and shown in Figs. 3(b) and 3(c). Due
to ARy, =~ 0 and p,H, divergence, the T, of MRG (28) is estimated
to be about 308 K.'®"” Notably, the AHE loops of the MRG film have
the peak structure and triple loops near T,,,,,. Generally, this phenom-
enon might be caused by two-channel AHE or topological Hall effect
(THE)."® However, the THE can be excluded for the following reasons.
Above all, the 1, H, of the MRG films has a maximum at T¢,,,,,, which
is different from the monotonous o H, for a typical THE system.'’ >’
In addition, the AHE loops of MRG (28)/HfO, (2) also have the peak
structure and triple loops, and the humps only appear closer to Ty
in Fig. S5. However, the humps for the THE exist in a large tempera-
ture range.””**”’ Therefore, we can exclude the contribution of the
THE due to noncoplanar spin textures in the interface between
the large spin-orbit coupling element Pt and MRG films. Moreover,
the appearance of humps in films without perpendicular magnetic

scitation.org/journal/apl

anisotropy (PMA) further rules out the THE contribution since PMA
is essential for the formation of skyrmions (supplementary material
Fig. $6),1624-26

According to the magnetic moments shown in Fig. 2(f), Mn
atoms have a magnetic moment of about —2 pz in 4a and 4d posi-
tions, while have a magnetic moment of about 3 15 in the 4c position.
Therefore, the Mn atoms can be classified into Mn' and Mn" sites
with the magnetic moments of —2 and 3 pp, respectively. Based on the
calculation results, a schematic model was built to explain the peak
structure and triple loops of the MRG (28) sample, as shown in Fig.
3(d). It is reported that the Mn** magnetization decreases linearly with
the increased temperature, and the Mn* magnetization remains
almost constant.” Because the magnitude of AHE is proportional to
magnetization,”” the AHE of Mn"" dominates below Teomp at which
temperature the moments and magnetization of Mn'" outweigh that of
Mn'® As shown in Fig. 3(d), the blue (red) loops represent the AHE
loops of Mn" (Mn"), correspondingly to clockwise (anticlockwise)
polarity. As the temperature increases, the moments and magnetiza-
tion of Mn"" gradually weaken, accompanied by the reduced AHE sig-
nal. The Mn' and Mn" reach equilibrium at T' = T, and ARy,
approaches zero by the linear superposition of the two AHE loops. At
T > Teomp> the moments and magnetization of Mn" decrease continu-
ously. As a result, the Hall resistance of Mn' is larger than that of Mn".
Combining the contributions of Mn" and Mn", the total AHE loops
take on the peak structure and triple loops near T,,. Therefore, the
unconventional AHE evolution with temperature originated from the
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FIG. 3. (a) The AHE loops of the MRG (28)/Pt (4) heterostructure between 305 and 315 K. Temperature dependence of (b) ARy, [ARy, = (R + R;’;’W"IZ)] and (c) the coer-
cive field (ugHe). (d) lllustration of the peak structure and triple loops by superimposing the AHE channels of two types of Mn moments.
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linear superposition of the two AHE loops corresponds to the two
sub-lattices with opposite magnetic moments.'*'”

The longitudinal resistivity can reflect a magnetization state,
which is related to T,,,. The temperature dependence of the longitu-
dinal resistivity Ap,.(poH)/po(tteH = 0) was measured using the
MRG (28)/Pt (4) heterostructure as presented in Fig. 4(a). As sweeping
the magnetic field, the longitudinal resistivity exhibits bowtie shape
loops at T'< T¢opp. A similar phenomenon can also be observed in the
MRG (28)/HfO, (2) heterostructure (supplementary material Fig. S7).
Figure 4(b) compares the Ap,, from 0 to 9T measured at different
temperatures. It can be observed that Ap,, changes from negative to
positive with the increased temperature. At the same time, Ap,, is
close to zero within the range of magnetic field at T = Teopp.
The slopes of Ap,,, — 1,H at various temperatures are summarized in
Fig. 4(c). The absolute value of the slope decreases with the tempera-
ture below Ty, As for a normal magnon magnetoresistance (MMR),
the slope should be suppressed due to the reduced magnon number at
low temperatures.”” *’ Accordingly, MMR is not the main contribu-
tion to the longitudinal resistivity. At the same time, we plot the evolu-
tion of spontaneous Hall angle (SHA) with temperature in Fig. 4(d).
The SHA increases with temperature and reaches ~2.2% at room
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temperature, which is about one order of magnitude higher than those
of other 3d ferromagnets (0.2%-0.3%).”" Figure 4(e) shows the
Ap,./py as a function of the magnetic field at T=285K and depicts
the possible variation of the total magnetic moment with the magnetic
field. The Mn" moment is dominant below Teomp 50 the direction of
My is consistent with that of the Mn". Under a magnetic field of +9 T
along the z-axis, the Mn'" moments point to the 4z direction.””
Therefore, the My is parallel to the +z direction. When the magnetic
field is further swept to the negative direction, the M starts to reverse
but not completely.”” Further increasing the magnetic field over u,H,,
the M is reversed completely and aligns in the —z direction.” A simi-
lar process occurs when the magnetic field sweeps from —9 to +9T,
and the My also reverses at 1i,H,.

Considering that the AMR has a significant contribution to
the longitudinal resistivity, we also studied the AMR of the MRG
(28)/Pt (4) heterostructure. As shown in Fig. 5(b), the AMR gradu-
ally transforms from positive to negative values with the gradually
increasing temperature. To explain the longitudinal resistivity, we
exploited Eq. (1) to quantify the AMR contribution, which is based
on the mechanism proposed by Park for the study of the
ferrimagnet”’
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FIG. 4. (a) The variation in Ap,, as a function of the magnetic field for various temperatures for the MRG (28)/Pt (4) heterostructures. (b) Field-dependent resistivity at different
temperatures extracted from (a). (c) The slope of Ap,, — uyH extracted from (b). (The solid circle symbols represent the slope. The hollow circle symbols denote the absolute
value of the slope for T < Tgom,.) (d) The magnitude of the SHA (| Bl pxx|) of the MRG (28)/Pt (4) heterostructures as a function of temperature. () The variation in Ap,, as

a function of the magnetic field at 285K for the MRG (28)/Pt (4) heterostructures.
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FIG. 5. (a) Schematic diagram of the AMR measurement. (b) AMR curves of the MRG (28)/Pt (4) heterostructures measured under a magnetic field of 9T at different

temperatures.
OpAMR _ <mMnI> omir\ s <m Mn11> " "
OpoH, z OuoH, z OuH, [’
where mﬁ/”‘l (mﬂ”””) is the z component of the magnetization unit vec-

tor of the random Mn' (Mn") site and A (B) represents the magnitude
and the sign of AMR of Mn' (Mn"). For T > Teomp (T < Teomp), the
Mn' (Mn") sub-lattice dominates the total AMR, and the AMR is
measured to be negative (positive), from which we can deduce A <0
and B> 0. The Mn' (Mn") moments are antiparallel (parallel) to

Bmﬁ’["l
OpoH:

ftoH; for T < Typps”” thus, mM" < 0 and mM" > 0. Since >0

omdi! . .
and "> 0, we can conclude 222¥R () which means a negative
OpoH, OugH,

slope of Ap,./uyH for T < T,opy as shown in Fig. 4(c). Meanwhile,
the larger slope of Ap,./1oH at lower temperatures can be explained

by the AMR evolution with temperature.* Similarly, mQ””’ > 0 and
mﬁ’”‘" < 0 for T > Ty thus, the slope of Ap,. /u,H is positive.
Therefore, both Mn' and Mn" moments dominate the transport prop-
erties of the MRG films, including AHE, AMR, and longitudinal
resistivity.

Antiferromagnets are immune to the magnetic field, so the exper-
imental study of the antiferromagnetic spin dynamics is always diffi-
cult.” Our results suggest that MRG can serve as a versatile platform
to study nonequilibrium antiferromagnetic transport properties
through the interaction of two sub-lattices. In addition, MRG can be
tuned to have a T, around room temperature together with a large
SHA, which allows its applications in spintronic devices to achieve the
maximum speed of domain wall motion and spin-orbit torque-driven
magnetization switching.

In conclusion, the MRG film was optimized to have a room
temperature Top. The transport properties of the ferrimagnetic
MRG/Pt heterostructure were systemically studied around T,,,.
The MRG/Pt heterostructure shows an unconventional AHE
caused by the superposition of the two abnormal Hall channels
from two kinds of Mn sub-lattices with opposite signs around
Teomp» which is supported by the first-principles calculations
based on DFT. The temperature dependence of longitudinal resis-
tivity shows an inflection point at T,,,, and a bowtie-like hystere-
sis phenomenon below T.,,,, which can be attributed to the

combined effects of two types of Mn moments and the AMR of
the MRG film. Moreover, the MRG film is demonstrated to have a
large SHA of ~2.2%. Therefore, MRG is a promising ferrimag-
netic material with room temperature Tcoy,, which is desirable for
future high-frequency and low-energy consumption spintronic
devices.

See the supplementary material for more details on the surface
morphology, AHE loop, hysteresis loop, and longitudinal
resistivity.
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