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Ferrimagnetic materials composed of rare earth (RE) and transition metals (TM) are of great interest
for spintronic devices due to their tunable net moments and magnetic transport behaviors. Here we exper-
imentally study the Dzyaloshinskii-Moriya interaction (DMI) in Co-Gd ferrimagnets and find that the
DMI strength increases substantially as the temperature approaches its moment compensation point. By
subtracting the contribution of Heisenberg exchange coupled Co-Co moments mediated by Pt from the
total DMI strength, we observe a relationship Dc,_ga ~ M%?2%%_ The lower order indicates the weaker
Heisenberg exchange compared with Co-Co moments in Co-Gd alloys. Our results reveal the intrinsic
physics of DMI in RE-TM alloys by separating the different contributions of TM-TM and RE-TM sub-
lattice moments from the total DMI and show the promising prospect for the fabrication of skyrmions in

RE-TM ferrimagnets near the compensation point.

DOL: 10.1103/PhysRevApplied.19.044037

I. INTRODUCTION

Rare-earth and transition-metal (RE-TM) ferrimagnetic
(FIM) alloys, such as Co-Tb [1], Co-Gd [2-5], and
Gd-Fe-Co [6], possess a strong negative exchange interac-
tion and tunable net magnetization. Because of the com-
petition between magnetic moments of the RE and TM
sublattices, the net magnetization of RE-TM alloys can be
tuned by either temperature or composition. Thus, there
could be critical points where the magnetization or angu-
lar momentum is fully compensated. Previous work has
experimentally realized 10-nm small-size skyrmions near
the compensation point in Pt/Gd-Co/Ta [7] and reduced
skyrmion Hall angle in Pt/Gd-Fe-Co/MgO heterostruc-
tures [8], indicating the suppression of skyrmion Hall effect
in RE-TM alloys. The interfacial Dzyaloshinskii-Moriya
interaction (DMI) in the heavy metal (HM) and FIM het-
erostructures is crucial to the stabilization of the skyrmions
[9,10] and chiral Neél domain walls [11,12], and attract the
attention both theoretically [13] and experimentally [14].

explored, and the correlation between the DMI strength
(D) and saturation magnetization M; is revealed
[15—18]. By using the Green function theory and correct-
ing the single-ion anisotropy in the system, one expects
the D oc M? [15]. Zhou et al. observed D oc M!36+0-16 i
Pt/CoFeB, which is similar to the scaling of exchange stiff-
ness [16]; while D oc M*£07 in [Pt/Co/Cu];s [17] and
D o« M?>23%%3 in Pt/Co [18] were also reported experi-
mentally. Despite the controversy, the scaling of D as a
function of M, gives a viable route to analyze the DMI
in HM/FM [18]. However, the scaling of D versus M; in
HM/FIM bilayers is barely explored. Rahul Mishra et al.
presented the D of Co-Gd alloys with different compo-
sitions [2] without any further analysis. The systematical
study of the D in HM/FIM bilayers, especially near its
compensation, would lead to a proper and deeper under-
standing of the interfacial DMI in a RE-TM ferrimagnet.
In this study, we perform measurements of effec-
tive DMI strength in Pt/Co-Gd alloys as the tempera-
ture approaches the compensation. The electric transport

The interfacial DMI in the conventional HM/
ferromagnetic heterostructures has been intensively measurements are performed to extract the DMI effec-
tive fields (Hpw) at different temperatures. The effective
DMI strength acquired with D* = ug AHpyiM, reveals an
increasing behavior as the temperature approaches the
compensation point. By considering the additive DMI
*na.lei@buaa.edu.cn Co-Co and Co-Gd moments with Pt at the interface, the
fdhwei@semi.ac.cn correlation D¢, . gq MSO'ZiO'%, is observed. These results
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reveal the intrinsic physics of the increasing D with the
temperature in Pt/Co-Gd heterostructures by separating
the different contributions of Co-Co and Co-Gd—Co-Gd
sublattice moments to the total DMI and show encouraging
prospects in the application of ferrimagnetic skyrmion-
based spintronics devices.

II. SAMPLE PREPARATION AND
CHARACTERIZATION

As shown by the inset in Fig. I(a), the stack of
Ta buffer(2) /Pt(3)/Co,_,Gd,(4.6)/Al(6.7) are deposited
on thermally oxidized Si substrates by using magnetron
sputtering with a base pressure of 5 x 1078 Torr, all thick-
nesses are in nm. The 4.6-nm Co;_,Gd, amorphous alloys
are co-sputtered with the Co and Gd targets. The chem-
ical composition of Co;_,Gd, alloy is Coy7Gdg3, which
is calculated from the precalibrated deposition rates ver-
sus the sputtering power and further confirmed by the
energy-dispersive x-ray spectroscopy measurements (see
the Supplemental Material [19]). The bottom Ta and the
top Al acts as the buffer and capping layers, respec-
tively. The film stack is patterned into Hall cross devices
with a width of 15 um by using photolithography and
ion milling, and the schematic illustrations of the device
and transport measurement setup are shown in Fig. 1(a).
Note that long-range order is not expected for the sput-
tered Co-Gd alloy via the measurement of high-resolution

transmission electron microscopy (see the Supplemental
Material [20]). The morphology of the deposited film has
also been measured via atomic force microscopy with a
root-mean-square roughness of 0.97 nm (see the Supple-
mental Material [21]).

Measurements of anomalous Hall effect (AHE) are per-
formed to characterize the magnetic properties. Typical
hysteresis loops of the anomalous Hall resistance (Rap)
for the sample are shown in Fig. 1(b), the perpendicular
magnetic anisotropy can be achieved at all temperatures
from 160 to 300 K. The positive Ry can be clearly seen at
temperatures above 238 K indicating Co dominance in the
net magnetization; while the negative Rpy appears at tem-
peratures below 227 K as Gd dominant. The Ray changes
sign across the critical temperature of magnetization com-
pensation (7)), while the moments of the Co sublattice
reverse between the Co- and Gd-dominant cases. Similar
results are obtained in previous works, showing that the
anomalous Hall effect is derived from the spin-dependent
scattering of the TM sublattice [22].

The coercivity field (H¢) significantly increases up to
2 kOe as the temperatures approach T),, due to the smaller
and net magnetization M, [23]. The M; versus tempera-
ture measured by a superconducting quantum interference
device with a 2-kOe out-of-plane field applied, is shown in
Fig. 1(c). The T), of the stack can be precisely determined
as the minimum of M, at 233 K, indicated by the vertical
dashed line.
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(a) Schematic illustrations of the sample structure and transport measurement setup on a Hall-bar device. (b) The anomalous

Hall resistance of the stack with Cog7Gdy 3 at different temperatures. (c) The net magnetization plotted with the temperature of the
stack with an out-of-plane field of 2 kOe, confirms that the T, of the stack is around 233 K.
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III. RESULTS AND DISCUSSION

We then perform the measurement of the Dzyaloshinskii-
Moriya interaction effective field (Hpyp) by using the
method reported by Kim et al. in 2017 [24]. For a mag-
netic droplet with perpendicular magnetic anisotropy, the
nucleation field (H,) versus the in-plane field (H,) exhibits
a threshold, which reveals the effect of DMI. As depicted
in the inset figure of Fig. 2(b), the AHE is measured with
the external magnetic field (H ) applied at different angles
6 with respect to the z axis. Figure 2(a) shows the repre-
sentative anomalous Hall resistance switching from down
to up at 160 K with a series of different 6. The switching
fields (Hy) are extracted from AHE hysteresis loops for
each 6 and plotted in Fig. 2(b), which are fitted well with
H = Hc(0 =0)/cosf for small angles (0° < 6 < 60°) as
the red solid line. The bubble domain expands under an
out-of-plane magnetic field, which enables us to extract
H pyp through the expansion of the domain according to the
Kondorsky model [25]. However, for larger 6 the fitting is
invalid since the domain-wall propagation is derived from
the magnetic droplet model, as indicated by the dashed
red line in Fig. 2(b). Switching of magnetization under
H,, implies the process of the reversed-domain nucleation
and the domain-wall propagation. Therefore, the z com-
ponent H, = Hg,cosf acts as the nucleation field, while
the x component H, = H ,sinf acts as the in-plane field.

@ o2
80 60 50 30 3deg
b '
0.1
e
S
0.0
2 ]
< o1 dowtr:up
01l |
023016 12 08 04
H,, (kOe)
(c)
_osp t
3
= 04r ! ——300K
5 ——278K
T 03
T>233K
02|, , , ,
00 05 10 15 20
Hy (kOe)
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Figures 2(c) and 2(d) show the measured H, with respect
to H, at various temperatures above and below the T,
respectively. The tendency of H,, with respect to H, is con-
sistent with results reported elsewhere [6], and Hpyy is
extracted as the threshold value of H, marked by the black
arrows at each temperature. The detailed results at other
temperatures (see the Supplemental Material [26]).

As shown by the top panel in Fig. 3(a), Hpyr gradually
increases as the temperature approaches the compensa-
tion point. It is difficult to accurately extract the Hpy
near the compensation temperatures from 160 to 278 K
when the ferrimagnet is close to its compensation. As
shown in Fig. 1(b), the serrated AHE loops from 216
to 273 K are due to the formation of multidomains as
competition between demagnetization energy and domain-
wall energy in the temperature range near 7, [27]. As a
result, the mechanism of domain-wall motion no longer
fits the bubble-domain expansion, and Kim’s method is
not available. Samples with different Gd compensations
are prepared and Hpyy increases with the Gd compensa-
tion, which is consistent with the temperature dependence
of Hpwm (see the Supplemental Material [28]).

Then we focus on the behavior of effective DMI strength
(D") at different temperatures. The effective DMI strength
is given by D" = yg AHpyiM;, where yo is the vacuum
permeability, A = \/A/Kx 1s the domain width, and 4
is the exchange stiffness constant [29]. K.y = HxM,/2
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(a) The anomalous Hall resistance of the stack under different angles 6 at 160. (b) H, plots with respect to the angle 6 at

160 K. The red line is the fitting curve of Hg,= Hc(6 = 0)/cosf, according to the Kondorsky model. The in-plane field is applied at
different angles 6, with respect to the z axis, as shown in the inset of (b). (c),(d) The nucleation field as a function of the in-plane field
extracted from angle-dependent AHE loops of the stack at various temperatures above (c) and below (d) the Ty, respectively. The

black arrows denote the value of Hppy.
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FIG. 3. (a) Hpm and Hg plotted with the temperature of the stack. (b) The anomalous Hall resistance of the stack is measured with

the in-plane magnetic field at 160 K, which is used to extract the effective anisotropy field Hy. (c) The DMI strength D" increases as

the temperature approach its compensation point 7j,.

is the effective perpendicular magnetic anisotropy energy
density [30]. Hx is extracted from Ray measured with
the in-plane field shown in Fig. 3(b) and plotted in the
bottom panel of Fig. 3(a). D" is calculated with the mea-
sured Hy, M;, and 4, taken as A(T) o« M8 [15,31] with
1 x 107" J/m at 300 K [2]. Note that the demagnetiza-
tion effect has been included in the K¢ of the magnetic thin
film. As depicted in Fig. 3(c), we observe that the effective
DMI strength of Pt/Co-Gd heterostructure (D) increases
as the temperature approaches its compensation point.

It has been reported that in the HM/FM heterostructures,
DMI strength is proportional to M*9*%7 in [Pt/Co/Cu];s
thin-film heterostructures [17], M>**%03 in Pt/Co bilay-
ers [18], where the higher order indicating DMI is
more sensitive to thermal fluctuations than bulk mag-
netic properties [18] and M]-6*016 in a multilayer
of Ta/Pt/Co-Fe-B/Ru/Pt/Co-Fe-B/Ru/Pt, in which the
exchange stiffness constant is manipulated by the Ru space
layer [16].

However, the intrinsic physics of DMI in HM/FIM het-
erostructure has rarely been investigated. As shown in
Fig. 4(b), the effective DMI strength D" decreases with
the net magnetization of Co-Gd alloy and fitted with
D*(T) o« M723%%1the negative power exponent is differ-
ent from that of HM/FM heterostructures, in which DMI
shares the same physics with the Heisenberg exchange as
temperature changes [15,16]. As the result, the intrinsic
mechanism of the effective DMI strength in Co-Gd alloy

cannot be simply analyzed by the relationship between
D" and net magnetization. Previous work has shown that
in Co-Gd alloys, the Heisenberg exchange integral J of
Co-Co is 12.7 times larger than Co-Gd, meanwhile, J
of RE-TM is 4.4 times larger than Gd-Gd [32], which
indicates that ferromagnetically coupled Co-Co sublattice
moments and antiferromagnetically coupled Co-Gd sublat-
tice moments are co-existed in Co-Gd alloys, as shown in
Fig. 4(a). Co-Co (Co-Gd) moments are parallelly (antipar-
allelly) coupled first because of large Heisenberg exchange
interaction strength then interact with Pt. In order to ana-
lyze the intrinsic DMI of the magnetic heterostructures,
the three-site model is widely utilized in previous studies
[33,34]. Further, Kent et al. have taken both the Co-Co
bond and Co-Gd bond in their calculation process of DMI
in the Pt/Gd-Co/X (X = Ta, W, Ir ) material system
[35]. However, previous work suggests that DMI in the
bulk-symmetry broken Fe-Gd alloy is not expected [36],
and compared with 54 metal Pt, SOC from the 4f rare-
earth Gd cannot establish DMI, therefore, the role of SOC
induced by Gd to generate DMI is not expected. As a
result, moments located on the sublattices in RE-TM alloy
mediated by the Pt atom in a Fert-Levy triangle are taken
into consideration. According to the Fert-Levy model [37],
three-site triangles of Pt — Co — Co and Pt — Co — Gd
contribute to the total DMI strength by neglecting the
contribution of Pt — Gd — Gd due to its weak interaction
[32,37,38]. The total DMI strength can be calculated by
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FIG. 4. (a) Illustration of sublattice moments and the Fert-Levy triangles in Co-Gd alloy. (b) The effective DMI strength D* plots
with the saturation magnetization M; of Co-Gd alloy and indicates a negative correlation. (c) D¢, versus M ¢, extracted from Chai et
al. [18] (open squares, left) are fitted with D¢, o< M, where m =2 [15],4.9 [17], and 5.25 [18], respectively. Open circles on the right
are D, plotted with the nominal magnetization of Co in the Coy7Gdy 3 alloy at different temperatures, with m =2 [15], 4.9 [17], and
5.25 [18] respectively. (d) Dc, - Gq subtracted from D* = &p,_ coM2 + Do - ga plotted with M; and fitted with D¢, - Gq o M™above
and below Ty, respectively. (e) The effective DMI strength (D”) is plotted with temperature and fitted with D(T) = &p,. C(,M&)25 (7 +

Ept-co- Gde)'26(7). The fitting line reveals an increasing behavior as temperature approach 7).

the following formula [37]:

D= Dy(Ri;, Ry, Ri). (1)
!

To simplify, the DMI strength can be depicted as
D(T) = a1Dco(T) + a2 Do - ga(T) in Co-Gd alloy where
o1 and «, are parameters that describe the proportion of
the two Heisenberg exchanged magnetic moments in the
DMI of Co-Gd alloy.

Due to difficulties in separating the magnetization of
Co in the Co-Gd alloy, we calculate the nominal Co
thickness in our Cog;Gdg3 is approximately 2.3 nm from
the precalibrated deposition rates and evaluate M, as
1.512 x 10% A/m at 300 K. M, is plotted with Mc, =
Mco(0)(1 — (T/T, > here the deviation of 2.06 from
the expected Bloch 7%/ law is attributed to the granular
nature of sputtered films [39]. Chai et al. [ 18] have reported
Dco(T) x Méo25 in Pt/Co bilayer and have been extracted
as shown in open squares of Fig. 4(c). By fitting the data
with different order m in the D¢o(T) o< M, which have
been reported previously, we acquire D¢, as a function of
M ¢, for our system, Pt/Cog7Gdy 3 heterostructure, at dif-
ferent temperatures from 100 to 300 K with m =2 [15], 4.9
[17], and 5.25 [18], respectively, as shown in open circles
of Fig. 4(c).

The value of D¢, .q is given by subtracting D¢, from
the D”. For each m, we find positive correlations with the
parameter n between D¢, .Gq and net magnetic moments,
Dco - Ga(T) o< M as shown in Table I. In comparison with
m =2, which is calculated with mean-field approxima-
tion theoretically [15], the higher order, 4.9 and 5.25,
are related to the localized magnetic moment in the Pt
layer and the 3d-5d orbital interactions at the interface
[17,40] reveal more about the two-dimensional nature of
the HM/FM interface than three-dimensional magnetic
properties [18]. Pt/Co-Gd in this work is similar to the
material system of Pt/Co used in Chai et al. [18], thus,
we find the fit for m =5.25 and D¢, . Gga ~ Mso.zio.oq

As Nembach et al. have suggested, DMI and Heisen-
berg exchange interaction share the same physics [41], and
the corresponding expression for the exchange stiffness
constant 4;; oc D;; M /(2g) (where M is the total magnetic

TABLE I. The extracted parameter n from D¢, -ga(7T) o< M
for each m in the D¢, (T) o< M, respectively.

m n (T > 233 K) n (T <233 K)
2[15] 0.14+0.06 0.1£0.09
4.9 [17] 0.2+0.07 0.2+0.07
5.25[18] 0.2+0.06 0.2+0.06
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moment and g is the Landé factor) has been derived by
Liechtenstein et al. [42] with the theory of nonrelativis-
tic multiple scattering. We suggest that compared with the
higher-power component observed in HM/FM heterostruc-
tures, the lower component, for instance, n = 0.2 4= 0.06 for
the Dco-ga(T) oc M extracted from m =5.25, is derived
from the weaker Heisenberg interaction of Co-Gd sublat-
tice moments compared with ferromagnetically coupled
Co-Co moments.

The calculated DMI strength is defined as D(7) =
Epi- coMC P (T) + Ept- co- aMX*(T), where the parame-
ters &py. co-co and Epy_ o - gq are extracted from Figs. 4(c)
and 4(d). As shown in Fig. 4(e), the effective D" is fitted
with the D(T) as a function of the temperature. An increas-
ing behavior of D(T) versus temperature is observed near
Ty, indicating that in the HM/FIM interface, both the
ferromagnetically coupled TM-TM sublattice moments
and antiferromagnetically coupled RETM-RETM sublat-
tice moments contribute to the total DMI strength.

IV. SUMMARY

In conclusion, we experimentally study the effective
DMI strength with temperature in ferrimagnet Co-Gd
alloys. The Hpy increases as the temperature approaches
its magnetization compensation temperature. D" increases
as the temperature approach Tj, and the relationship
D*(T) o« M723%%1 is observed. Further, by considering
the contribution of Fert-Levy triangles of Pt — Co —
Co and Pt — Co — Gd to the D", Dco_gq is subtracted
from the D" and reveals a positive correlation with the
net magnetization of Co-Gd. The fit for Dc¢,.gq(T)
MO2+096 i5 observed. The smaller power component is
attributed to the weaker Heisenberg exchange of Co-Gd
sublattice moments compared with Co-Co. The calcu-
lated DMI strength D defined as D(T) = &p. coM32(T) +
Epy - Co- gaM 2 (T) is increasing as temperature approaches
compensation, which is consistent with D*. Despite the
limitations of the measurement based on the magnetic
droplet nucleation model, the methods including static
domain spacing analysis and Brillouin light scattering
could be candidates to investigate the DMI strength near
Ty Our results raise questions about the specific contribu-
tion of the temperature dependence of DMI in Pt/Co-Gd
alloy, the relation of DMI to the exchange constant for
the RE-TM and TM-TM sublattice moments in HM/FIM
bilayers, respectively, and the modulation of DMI by
changing the contribution rate of TM-TM and RE-TM in
ferrimagnetic alloys with different compensations. Owing
to the strong temperature dependence of DMI, the sta-
bilization of small-size skyrmions near the compensation
point is excepted, which is encouraging for device appli-
cations.
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