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Determining the angular momentum compensation temperature of ferrimagnets is an important step towards
ferrimagnetic spintronics, but it is not generally easy to achieve it experimentally. We propose a way to estimate the
angular momentum compensation temperature of ferrimagnets without a dynamical characterization technique.
We derive a simple equation that relates the magnetization compensation temperature, the Curie temperature, and
the angular momentum compensation temperature based on the critical exponent approximation. We show that
the derived equation can explain our experimental results and can be used to estimate the angular momentum
compensation temperature from the temperature dependence of magnetization.
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I. INTRODUCTION

Antiferromagnets came into the spotlight in the last decade
[1–6] as a promising material for spintronics devices because
they exhibit fast magnetic dynamics and low susceptibility
to magnetic fields. These advantages originate from the an-
tiferromagnetic ordering in which the magnetic moments are
compensated on an atomic scale. This also implies that it
is difficult to efficiently manipulate antiferromagnets using
external magnetic fields, hindering the study of antiferro-
magnetic spin dynamics. However, recently, magnetic-field-
controlled antiferromagnetic spin dynamics has been achieved
using ferrimagnets [7]. Hence, ferrimagnets have become a
promising material in the emerging field of antiferromagnetic
spintronics.

Ferrimagnetic materials comprise rare-earth (RE) and
transition-metal (TM) compounds, wherein the spins of two
inequivalent sublattices are coupled antiferromagnetically
[8–10]. Because of the different Landé g factors of the RE and
TM elements, ferrimagnets exhibit compensation temperatures
of magnetization and angular momentum [11], at which the
magnetizations (angular momenta) of the RE and TM sublat-
tices have the same magnitude but opposite directions. Con-
sequently, the net magnetization (angular momentum) is com-
pensated. The compensation temperatures have been studied
experimentally and theoretically [7,12–23]. In particular, Kim
et al. recently observed fast field-driven domain wall (DW)
motion in the vicinity of the compensation temperature of the
angular momentum [7]. This observation reveals that ferrimag-
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nets exhibit antiferromagnetic dynamics because of the zero
net angular momentum at the compensation temperature of the
angular momentum, even though they have magnetic moments.
Although remarkable efforts have been made theoretically and
experimentally [7,12–23] in understanding the role of angular
momentum compensation in DW dynamics, it is difficult to
determine the angular momentum compensation temperature
because of the methodological complexities, impeding the
rapid development of this exciting research field as well as the
fundamental understanding of the compensation temperatures.

In this Rapid Communication, we report the correlation
between the angular momentum and magnetization compensa-
tion temperatures in ferrimagnetic GdFeCo alloys. It is experi-
mentally demonstrated that the angular momentum compensa-
tion temperature is directly related to the magnetization com-
pensation temperature, regardless of the sample structures. The
results show that there exists a strong correlation between the
two types of compensation temperatures. We theoretically veri-
fied the correlation on the basis of a simple modeling technique.
Moreover, the proposed approach is a different method of de-
termining the angular momentum compensation temperature.

II. SAMPLE FABRICATION AND EXPERIMENTAL SETUP

For this study, we prepared six types of amorphous fer-
rimagnet GdFeCo films. Table I lists the detailed sample
structures. The films were grown by cosputtering, and the
compositions were estimated from the relative deposition rates
of Gd and FeCo. The samples exhibit perpendicular magnetic
anisotropy (PMA) with circular domain expansion. As shown
in Fig. 1(a), an e-beam lithography technique was applied to
the structural devices with a Hall bar geometry in order to
detect the anomalous Hall resistance.
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TABLE I. Summary of the sample structures.

Sample structures

Sample I 5-nm SiN/20-nm Gd23.5Fe66.9Co9.6/100-nm SiN/Si substrate
Sample II 5-nm SiN/30-nm Gd23.5Fe66.9Co9.6/100-nm SiN/Si substrate
Sample III 5-nm SiN/1-nm Gd/5-nm Gd23Fe67.3Co9.7/1-nm Gd/100-nm SiN/Si substrate
Sample IV 5-nm SiN/30-nm Gd23Fe67.4Co9.6/5-nm Cu/5-nm SiN/Si substrate
Sample V 5-nm SiN/30-nm Gd23Fe67.4Co9.6/5-nm SiN/Si substrate
Sample VI 5-nm SiN/20-nm Gd23.5Fe66.9Co9.6/5-nm Pt/100-nm SiN/Si substrate

First, we characterized the magnetic properties of the
GdFeCo samples. Figure 1(b) shows the hysteresis loop of
the GdFeCo microstrip. The anomalous Hall resistance RH is
measured as a function of the perpendicular magnetic field
Hz at room temperature. The clear, square hysteresis loop
shows that the GdFeCo samples have strong PMA. The orange-
colored arrow represents the magnetization switching field,
which is referred to as the coercive field Hc.

To determine the magnetization compensation temperature
TM, we measured RH by sweeping Hz at each temperature
[7,18,20,23]. The magnetotransport properties are dominated
by the FeCo moment because the energy of the 4f shell of
Gd is located far below the Fermi energy level [23]. A sign
change in RH indicates a change in the direction of the FeCo
moment. Using RH as a function of Hz, we define the Hall
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FIG. 1. (a) Schematic of the GdFeCo microwire device, and (b)
anomalous Hall effect resistance RH as a function of the perpendicular
magnetic field μ0Hz at room temperature (300 K). The orange arrow
indicates the coercive field μ0Hc and the black up-down arrow
indicates the Hall resistance difference �RH ≡ RH(+μ0Hz,sat) −
RH(−μ0Hz,sat), where +μ0Hz,sat and −μ0Hz,sat are the saturation
fields with the condition μ0Hc < μ0Hz,sat .

resistance difference as �RH ≡ RH(+Hz,sat) − RH(−Hz,sat)
[see Fig. 1(b)]. Figure 2(a) shows the Hall resistance difference
�RH as a function of the temperature T for sample II, where
+Hz,sat and −Hz,sat are the saturation fields with the condition
Hc < Hz,sat [see the inset of Fig. 1(b)]. �RH to zero determines
TM = 160 K, indicated by a blue dot.

To determine TA, we measured the field-driven DW speed
as a function of the temperature, as proposed elsewhere [7].
We first applied a sufficiently strong magnetic field with a
magnitude of −200 mT (−Hz,sat) to saturate the magnetization
along the −z direction, and, subsequently, a constant Hz for
driving the DW. Hz is selected to be lower than Hc, to eliminate
the nucleation of the domain. Next, we applied a dc current Ix

along the wire to detect the Hall signal [see the red arrow in
Fig. 1(a)], where Ix is sufficiently small to prevent spin torques
and the Joule heating effect [24–26]. We then injected a current
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FIG. 2. (a) �RH as a function of the temperature T for sample II.
The blue dot indicates the magnetization compensation temperature
TM, and (b) DW speed v as a function of T for sample II at μ0Hz =
80 mT. The blue dot indicates the magnetization compensation tem-
perature TM, and the purple arrow indicates the angular momentum
compensation temperature TA.
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FIG. 3. (a) TA with respect to TM. The red line is the best linear
fit. (b) TA/TC with respect to TM/TC. The red line is the best linear fit.

pulse Iy (12 V, 100 ns) through the writing line [see the blue
arrow in Fig. 1(a)] to nucleate the reversed domain, thereby
creating two DWs in the wire. The created DW moves along
the wire because of the presence of Hz, and then passes through
the Hall bar; the DW arrival time can be detected by monitoring
the change in the Hall voltage using an oscilloscope. The DW
speed can be calculated from the arrival time and the distance
traveled between the writing line and the Hall bar (400 μm).

III. RESULTS AND DISCUSSION

Figure 2(b) shows the DW speed v as a function of the tem-
perature T at μ0Hz = 80 mT for sample II. This figure clearly
shows that v exhibits a peak at a certain temperature (indicated
by the purple arrow). This tendency of v with respect to T is
consistent with the results given elsewhere [7]. Accordingly,TA

can be determined as shown in Fig. 2(b). Here, the difference
between TA and TM is defined as �T (≡TA − TM), indicated
by the black double arrows.

For a quantitative comparison, the values of TA are directly
plotted with respect to TM for all the samples, as shown in
Fig. 3(a). It is interesting to note that all the values (TM,TA) lie
on a single curve with linearity. The red line represents the best
linear fit with a slope of 0.87 and a y-axis intercept of 101.1 K.
From this result, we experimentally found that there exists a
strong correlation between TM and TA for all the GdFeCo films.

To understand the correlation of (TM,TA), we employ a
theory based on a power-law criticality, given that the vari-
ation in the magnetization as a function of the temperature
can be reasonably well approximated [27–29]. This function

describes the temperature dependence of the magnetization,
which can be expressed as M(T ) ∼ (TC − T )β , where M is
the saturation magnetization, TC is the Curie temperature,
and β is the critical exponent. Accordingly, the temperature
dependencies of the magnetization for Gd and FeCo can be
written as MGd(T ) = MGd(0)(1 − T/TC)βGd and MFeCo(T ) =
MFeCo(0)(1 − T/TC)βFeCo , respectively, where βGd (or βFeCo)
is the critical exponents of Gd (or FeCo) and MGd(0) [or
MFeCo(0)] is the saturation magnetization of Gd (or FeCo)
at zero temperature, where βGd > βFeCo and MGd(0) >

MFeCo(0) [27,28]. The total saturation magnetization Mtotal

can be determined using the relation Mtotal(T ) = MFeCo(0)
(1 − T/TC)βFeCo − MGd(0)(1 − T/TC)βGd . As Mtotal = 0 at
T = TM, the following equation can be written,

TC − TM = TC[MGd(0)/MFeCo(0)]1/(βFeCo−βGd). (1)

Similarly, the total angular momentum Atotal(T ) can
be given as Atotal(T ) = [MFeCo(0)/γFeCo](1 − T/TC)βFeCo −
[MGd(0)/γGd](1 − T/TC)βGd , where γGd (or γFeCo) is the gyro-
magnetic ratio of Gd (or FeCo). The gyromagnetic ratio of Gd
(or FeCo) can be defined as γGd = gGd

μB

h̄
(or γFeCo = gFeCo

μB

h̄
),

where gGd (or gFeCo) is the Landé g factor of Gd (or FeCo), μB

is the Bohr magneton, and h̄ is the reduced Plank’s constant.
As Atotal = 0 at T = TA, the following equation is obtained,

TC − TA = TC{[MGd(0)gFeCo]/[MFeCo(0)gGd]} 1
(βFeCo−βGd) . (2)

By subtracting Eq. (1) from Eq. (2), we can write the
relationship between TA and TM as follows,

TA = TM + TC
[
1 − (gFeCo/gGd)

1
(βFeCo−βGd)

]

× [MGd(0)/MFeCo(0)]
1

(βFeCo−βGd) . (3)

Because of the spin-orbit coupling of FeCo and zero orbital
angular momentum of Gd, it is known that gFeCo (∼ 2.2) is
slightly greater than gGd (∼2) [30–32]. Consequently, we can
expect that TA > TM due to the condition of βGd > βFeCo,
MGd(0) > MFeCo(0), and gFeCo > gGd [27,28,30–32]. From
Eq. (3), the linearity of (TM,TA) can be easily understood. It is
noteworthy that TA depends on TC in Eq. (3), and therefore TC

affects �T . This results in a slight deviation from linearity.
A standard scaling treatment is employed to examine the
universal behaviors. By scaling Eq. (3) and dividing it by TC,
we can obtain the relation TA/TC = TM/TC + η, where

η ≡ [
1 − (gFeCo/gGd)

1
(βFeCo−βGd)

]
[MGd(0)/MFeCo(0)]

1
(βFeCo−βGd) .

(4)

Equation (4) shows that TA/TC is directly proportional to
TM/TC when η is constant.

To confirm the above theoretical prediction, we measured
TC for each sample, as listed in Table II by performing the
temperature dependence of the RH [33]. Figure 3(b) shows the
variation in TA/TC with respect to TM/TC. This relationship is
clearly linear. The slope and y-axis intercept of the best linear
fit are 0.99 ± 0.06 and 0.19 ± 0.02, respectively, implying that
η is approximately constant for the samples with different TC

and TA.
η for each sample can be calculated from the material

parameters gFeCo, gGd, MGd(0), MFeCo(0), βGd, and βFeCo. gFeCo
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TABLE II. Curie temperature TC for each sample (units: K).

Sample I Sample II Sample III Sample IV Sample V Sample VI

TC 475 ± 10 450 ± 10 355 ± 10 412 ± 10 412 ± 10 441 ± 10

and gGd can be referred to the literature [30–32], and the other
parameters can be estimated from the temperature dependence
of magnetization [7,27,28,34]. Here, we explain how to esti-
mate η from the temperature dependence of magnetization.
Figure 4(a) shows the total magnetization of GdFeCo film
(sample II) as a function of temperature T , indicating that the
magnetization compensation temperature TM locates at T =
189 K. Since the temperature dependence of the magnetization
can be expressed as a simple power-law criticality, the mag-
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FIG. 4. (a) Temperature T dependence of the total magnetization
Mnet . The solid red line indicates the best fitting based on Eq. (5). (b)
Temperature T dependence of the extracted sub-magnetic moments.
(c) η with respect to the sample number (the red dot indicates
η = 0.19).

netization of RE-TM elements can be expressed as MRE(T ) =
MRE(0)(1 − T/TC)βRE and MTM(T ) = MTM(0)(1 − T/TC)βTM ,
respectively. Here, βRE (or βTM) is the critical exponents of
the RE element (or TM element) and MRE(0) [or MTM(0)]
is the saturation magnetization of the RE element (or TM
element) at zero temperature. Then, the total magnetization
Mnet(T ) = MTM(T ) − MRE(T ) can be expressed as

Mnet(T ) = MTM(0)(1 − T/TC)βTM − MRE(0)(1 − T/TC)βRE .

(5)

The red line in Fig. 4(a) shows the fitting result based on
Eq. (5). By this procedure, we can decouple two submagnetic
moments. Figure 4(b) shows the extracted submagnetic mo-
ments. The overall trend of each magnetic moment is found to
be similar with that in the previous report [27,28]. Then, we
obtain MRE(0) = 0.63 MA/m, MTM(0) = 0.55 MA/m, βRE =
0.43, and βTM = 0.21. In the literature, we can also find the
Landé g factors of the RE and TM elements, gRE and gTM.
Thus, by using these parameters, we can obtain η from the
following equation,

η ≡ [
1 − (gTM/gRE)

1
(βTM−βRE)

]
[MRE(0)/MTM(0)]

1
(βTM−βRE) .

(6)

Figure 4(c) shows the calculation results of η for each sample
and confirms that η is almost invariant irrespective of the
samples.

Although we found the linear relation between TM and
TA in GdFeCo ferrimagnetic materials investigated in the
present study, this linearity would not be universal because
it needs constant η. However, it should be emphasized that
Eq. (3) still enables us to estimate TA for given materials
without a dynamical characterization technique, because TC,
TM, and η in Eq. (3) can be determined from the temperature
dependence of magnetization as shown in Figs. 4(a) and 4(b).
Figure 5 shows the relation between the measured angular
momentum compensation temperature TA and the estimated
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FIG. 5. T ∗
A with respect to TA. The red line is the linear fit with

slope = 1 and y-axis interception = 0.
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one from Eq. (3), T ∗
A. The solid line shows the relation of

T ∗
A = TA , indicating T ∗

A agrees with TA within experimental
errors. It should be noted that Eq. (3) is based on the critical
exponent approximation and therefore it cannot be applied to
materials with a relatively lower exchange constant between
the transition metal and rare earth, such as GdCoNi, in which
the critical exponent approximation is not valid [35].

IV. CONCLUSION

In conclusion, we investigate the correlation between TM

and TA in GdFeCo ferrimagnets. The results show a strong
correlation between TA and TM, which can be demonstrated
experimentally and theoretically. Moreover, a simple yet effi-
cient method was employed for estimating TA by measuring
TC and TM. Therefore, this observation will help in easily de-
termining the angular momentum compensation temperature.
Accordingly, the proposed scheme can be potentially applied
to ferrimagnet-based spintronics devices.
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