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Unconventional magnetoresistance induced by sperimagnetism in GdFeCo
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We investigate the magnetoresistance of ferrimagnetic GdFeCo across the magnetization compensation tem-
perature 7y;. The magnetic field dependence of longitudinal resistivity (pxx) shows opposite trends below and
above Ty, and the variation of py, with B becomes more significant as the temperature decreases. The observed
unconventional magnetoresistance is attributed to the sperimagnetism of GdFeCo. Further investigations on
the transverse resistivity (py,) of GdFeCo unveils that, contrary to the recent reports that the transition metal
dominates transport of rare-earth transition-metal ferrimagnets, the Gd contribution to magnetoresistance is
comparable to the FeCo contribution, showing that the transport of GdFeCo is antiferromagnetic. Our results
therefore show that ferrimagnets are a convenient platform for studying antiferromagnetic spin transport and
also are potential materials that can enable antiferromagnetic spin devices.
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Recently, rare earth (RE)—transition metal (TM) ferrimag-
netic alloys, which have been studied for magneto-optical
recording traditionally [1], have been receiving a renewed
interest because of the unconventional spin dynamics phe-
nomenon which occurs at the magnetization compensation
temperature 7y or the angular momentum compensation tem-
perature T,. Recent experiments have shown that a fast
domain-wall motion can be achieved near the T, of ferri-
magnets due to the emergence of pure antiferromagnetic spin
dynamics at T, [2—-4]. The disappearance of the skyrmion
Hall effect, which was expected in antiferromagnets, has also
been reported at T of ferrimagnets [5,6]. Besides the mag-
netization dynamics, a highly efficient spin-orbit torque or
spin-transfer torque have been reported near the Ty or the Ty
[7-10], which makes ferrimagnets more promising candidates
for spintronic applications.

Contrary to the newly discovered spin dynamics phenom-
ena, the transports of RE-TM ferrimagnets have not been
updated for a long time. Despite the intensive studies on
the transport properties of ferrimagnets that were done sev-
eral decades ago [11-19,22-24], there remains a significant
number of open questions on their transport mechanisms. In
particular, it is a long-standing issue whether the transport
of RE-TM ferrimagnets is associated with solely either the
RE submoment [11,12] or the TM submoment [13-18], or
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with both submoments [19]. The early studies assigned a
dominant role to either one of two submoments [11-18] or
both submoments [19], but most recent works have assumed
that the TM plays a dominant role in the transport of ferri-
magnets [2,7,20,21]. However, there has been no universally
accepted consensus on this issue, mainly because of the lack
of an experimental scheme to identify the transport of RE-TM
ferrimagnets.

In this work, we tackle this long-standing problem by ex-
ploring longitudinal and transverse resistivities of GdFeCo.
The longitudinal resistivity pxx, which reflects the change of
anisotropic magnetoresistance (AMR), is found to depend on
the magnetic field B and temperature 7 in a distinct way:
the pxx increases with increasing B for T < Ty, while it
decreases for T > Ty, and the slope of pxx —B curve increases
as the temperature decreases. On the other hand, the transverse
resistivity pxy, which exhibits conventional anomalous Hall
effect (AHE), has little dependence on the external magnetic
field. The observed field and temperature dependence of the
magnetoresistance of GdFeCo qualitatively differs from those
of ferromagnetic transition metals.

These unconventional longitudinal and transverse magne-
toresistances can be explained by the antiferromagnetic nature
of the magnetic coupling and the ensuing sperimagnetism of
GdFeCo. Fe and Gd moments in GdFeCo are coupled antifer-
romagnetically but their directions are spatially dispersed due
to the weak exchange interactions [22-24] [Fig. 1(a)]. When
a magnetic field is applied to sperimagnetic GdFeCo, the
cone angle of each submoment either increases or decreases

©2021 American Physical Society
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FIG. 1. (a) The distribution of the magnetic moments in an amorphous GdFeCo alloy. The brown arrows represent the Gd magnetic
moments. The black and gray arrows denote the Fe and the Co respectively. (b) Schematic illustration of the sperimagnetic GdFeCo. The Gd
and Fe moments are distributed with cone angles of 654 and Og.. (¢) Schematic of the GdFeCo device with measurement geometry.

depending on the relative direction between the submagnetic
moment and the external field [Fig. 1(b)]. This field-induced
opposite change of the two cone angles can explain the ob-
served magnetoresistances as we will detail below. Our results
suggest that the unconventional resistance change of GdFeCo
is, contrary to the recent reports [2,7,20,21], caused by both
the RE and the TM submoments.

For this study, we prepared two 30-nm-thick GdFeCo films
deposited on a SizNy substrate by magnetron sputtering. Two
films have a slightly different composition: Gd3 sFegs.9Co9.6
for sample 1 and Gdy3Feg7.4Cog ¢ for sample 2. In the follow-
ing, we focus on sample 1, but we have confirmed that the
overall results of sample 2 are the same as those of sample
1. 5 nm of the Si3N, layer was capped at the top of the film
to prevent oxidization. The GdFeCo films have a perpendic-
ular magnetic anisotropy (PMA), in which Gd and FeCo are
coupled antiferromagnetically. The microscopic structure of
GdFeCo has been reported in other works [25,26], where the
typical size of grain was confirmed to be on the order of a
few nanometers. We note that Fe concentration is much larger
than Co in TM, so that the GdFeCo is more similar to the
GdPFe rather than the GdCo [22]. The film was then patterned
into a microwire with Hall bar by electron beam lithography
and Ar ion milling. The length and width of the microwire
are 40 and 10 pm, respectively. Ti (5 nm)/Au (100 nm) was
used as the electrode to measure the transport. A current
of 1 mA (of which current density is 3.3 x 10° A/m?) was
injected along the x direction and the longitudinal (Vi) and
transverse voltage (Vxy) were measured to determine oy, and
Pxy- The schematic illustration of our device and measurement
geometry are shown in Fig. 1(c).

We first measure the transverse resistance of GdFeCo
by sweeping a magnetic field at various temperatures. The
magnetic field is applied along the out-of-plane direction [z
direction in Fig. 1(c)] up to 2 T. Here we limit the maximum
magnetic field by 2 T because the GdFeCo shows spin-flop
transition above this field [27]. As shown in Fig. 2(a), the
transverse resistance exhibits a hysteresis loop which corre-
sponds to the AHE of GdFeCo. A clear square shape of the
loop indicates the PMA of patterned GdFeCo. The reversal of
the loop polarity as well as the large enhancement of coercive
field (B.) is observed between 150 and 170 K, suggesting that
the Ty exists between these temperatures [2,19]. Since the
loop polarity changes from positive to negative as we decrease
the temperature, we can determine the dominant submagnetic
moment at each temperature region [19]: FeCo is dominant
(with respect to the magnetization) for 7 > Ty, while Gd is

dominant for 7' < Ty. Figure 2(b) shows the anomalous Hall
resistivity, pg = (pyy + pf;?w“)/2, extracted from Fig. 2(a).
Here, ,025 is the transverse resistivity of a remnant state after
applying B = 2T, while ,OS;’W“ is the transverse resistivity of a
remnant state after applying B = —2T. The black and orange
symbols correspond to the FeCo—-moment-dominant and the
Gd-moment-dominant temperature regions, respectively, and
the open symbols represent the sign reversal of Hall resistivity.
The magnitude of the Hall resistivity slightly increases as the
temperature decreases, which may be due to the effect of the
variation of the longitudinal resistivity at low temperatures.
The value is about |py| = 11—13 12 cm which is consistent
with previous reports for GdFe alloys [28,29].

We next investigate the longitudinal resistivity pxx of
GdFeCo. Figure 3(a) shows the resistivity variation as a func-
tion of temperature. The pyx increases monotonically as the
temperature decreases, which may be due to the amorphous
nature of our GdFeCo sample where strong disorders localize
the electrons at low temperatures [28]. The value is about
235-245 u2 cm which is consistent with the previous reports
for GdFe [28,29]. We note that the slight temperature varia-
tion of pxx does not affect the unconventional MR which we
discuss later. Figure 3(b) shows the field-dependent resistivity
variation, A p.(B)/pxx (B = 0), for various temperatures. The
resistivity is found to either increase or decrease with the
magnetic field, and forms a bowtie shape. We attribute the
observed variation of the longitudinal resistivity to the com-
bined effect of AMR and sperimagnetic nature of GdFeCo as
follows. As stated above, GdFeCo is known as a sperimagnet
[22], because the directions of Fe moments are randomly
distributed and form a cone angle due to the weak Fe-Fe
exchange interaction. Furthermore, since the Gd-Fe antifer-
romagnetic exchange interaction is much stronger than the
Gd-Gd ferromagnetic exchange interaction [23,24], Gd mo-
ments are likely to be dispersed and form a cone angle, as
shown in Figs. 1(a) and 1(b). According to Ref. [22], the
GdFeCo exhibits sperimagnetism when the composition ratio
of the Co is less than 30%, which is the case in our GdFeCo
(9.6% of Co). Therefore, our GdFeCo can be considered as a
sperimagnet whose Gd and Fe moments form cone angles 6gq4
and O, respectively [Fig. 1(b)].

The sperimagnetic nature of GdFeCo can explain the
observed field-dependent resistivity variation. Figure 3(c)
shows the representative resistivity variation at 7 = 100K
with schematic illustration of two submoments. Since the
temperature is lower than the magnetization compensa-
tion temperature (7y = 150-170K), the Gd submoment
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FIG. 2. (a) The Hall resistance Ry, as a function of magnetic field measured from 10 to 300 K. Different colors correspond to the different
temperatures as denoted in the figure. (b) The anomalous Hall resistivity oy = (o,} + ,og’w“ )/2 extracted from (a). The black symbols represent
the py for T'> Ty and the orange symbols represent the py for T < Ty;. The open symbols denote the opposite sign of py.

dominates over the Fe submoment. If we apply +2 T along
the +z direction, then the Gd moments are directed to the
+z direction whereas the FeCo moments are aligned to the
—z direction, since they are antiferromagnetically coupled to
each other. At B; = +2T, the Gd (Fe) moments are paral-
lel (antiparallel) to the magnetic field, so their cone angles
are small (large) because the Zeeman interaction suppresses
(expands) the cone angle. When the strength of magnetic
field is reduced to zero, the cone angle of Gd (Fe) increases
(decreases) due to the release of the Zeeman energy. When
we further sweep the magnetic field to the negative value, the
cone angle of Gd (Fe) further increases (decreases) up to the
coercive field, because the Gd (Fe) moments are antiparallel
(parallel) to the magnetic field. At the coercive field, the Gd
(Fe) moments are abruptly switched to the —z (4z) direction
and becomes parallel (antiparallel) to the magnetic field. After
the switching, the Gd (Fe) moments are maintained parallel
(antiparallel) to the magnetic field, which reduces (increases)
the cone angle. When we further increase the magnetic field
to the negative value, then the cone angle of Gd (Fe) moments
decreases (increases) due to the Zeeman interaction. A similar
sequence is repeated for the field sweep from negative to
positive field. Since the AMR depends on the cone angle of
each submoment, as we will discuss later with more a detailed

(a) (b)

TM

model, the bowtie shape of the resistance can be obtained for
the field sweep experiment.

We note that the field-dependent resistivity variation is
similar with the magnon magnetoresistance (MMR) observed
in 3 d transition metals [30-32]. However, this possibility can
be excluded for the following reason. In Fig. 4(a), we select
data from Bz =+2T to Bz =0T from Fig. 3(b), where
the dominant submoment is aligned along the magnetic field
direction. It is clear that the pyy increases with B for T < Ty,
while it decreases with B for T > Ty. The slopes of pxx—B
in Fig. 4(a) are summarized in Fig. 4(b). The slope increases
with decreasing temperature with a sign reversal at Ty;. This
result is in opposition to what is expected for MMR, where
the field-induced resistivity variation comes from thermal
magnon excitations and thus should be suppressed at low tem-
peratures [30,32]. Therefore, the observed resistivity variation
cannot be explained in the frame of the magnon-mediated
model.

We model AMR (pamr = o — pt) of GdFeCo by
pavr = A((mF)’) + B(mS)’), where pl (pb) is the
resistivities when the average magnetization and cur-
rent are parallel (perpendicular), A and B represent the
magnitude and the sign of AMR of Fe and Gd, respectively, x
is the direction of the current, mf® (mS%) is the x component
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FIG. 3. (a) The resistivity p,x measured at various temperatures without external field. The black symbols represent the py for T > Ty; and
the orange symbols represent the py, for T < Ty. (b) The variation of py as a function of magnetic field for various temperature. Different
colors correspond to the different temperatures as denoted in the figure. (c) The extracted result for 7 = 100 K with schematic illustrations of

two submoments.
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FIG. 4. (a) The extracted field-dependent resistivity variation for B; = +2 T to O T from Fig. 3(b). (b) The slope of p,x — B extracted from
(a). The black symbols represent the slope A py/B for T > Ty, and the orange symbols represent the A py /B for T < Ty;. Open symbols denote

the opposite sign of Ap,, /B. (c) The slope of py,
the orange symbols represent the Ap,, /B for T < Ty.

of the magnetization unit vector of the random Fe (Gd) site,
and (X) is the average of the random value X. According to
Fig. 2 of Ref. [33], the Fe has positive AMR, that is A > 0.
On the other hand, the Gd has negative AMR, thatis B < 0, as
shown in Fig. 1 of Ref. [34]. Here we treat the contributions
of Fe and Gd independently, because the mean free path of
amorphous Gd alloys (which is a few A [35]) is much smaller
than the typical grain size of Gd and Fe in GdFeCo (which is a
few tens of A [25,26]). We assume that ((m)lfe )2) = ((mfe )2) =

(1-— ((mZFe)z))/Z = (sin’fg.)/2 and the same for Gd by as-
suming isotropy in spin xy space. Then, we have

avn A7)+ BlonS?)
PAMR = ) - ) . 1

Equation (1) indicates that the contributions from Fe and Gd
to AMR add up destructively because A > 0 and B < 0
[33,34] and thereby result in a small value of AMR of GdFeCo
compared to that of 3 d transition metals [21]. Next, we obtain
the variation of AMR by out-of-plane magnetic field,

a amFe amS4
PAMR _A<mFe) 2\ B(mGd> 2\ @
9B, < 0B, < 0B,
where the approximation is taken by assuming a small co-
. Then, for T > T);, where the Fe
(Gd) submoment is parallel (antiparallel) to the B;, mfe >0

variance of mZ and

. amre am%e
< 0. Smce > 0 and —z- > 0 at any tempera-

) > 0 and B(mGd om? ) > 0 and thus

Z’g’*—Mf‘ < 0, explaining the negative slope of the pxx—B curve
for T > Ty [see Fig. 4(a)]. Note that the contributions from Fe
and Gd to 3”9“‘ add up constructively, because they have the
same sign. ForZ'T < Ty, on the other hand, the Gd (Fe) submo-
ment is parallel (antiparallel) to the B,. Thus, we have mzFc <0

and m&¢

ture, we obtain A (mF" ~

S amre amS4
> (. Considering that 25 > 0 and w5 > 0, we ob-
tain A(m; @) < O0and B(m Sdag'; ) < 0 and thus apAMR > 0,
confirming the positive slope of the pxx—B curve for T < Ty
[see Fig. 4(a)]. The contributions from Fe and Gd to 3p. “LEE add
up constructively again. Therefore, the simple analysis based

on Egs. (1) and (2) well explains the qualitative features of
the observed pxx—B curve for all temperatures. Two remarks

and mzGd

— B extracted from Fig. 2(a). The black symbols represent the slope A p,, /B for T > Ty and

are in order. First, our model can explain the larger value
of p/B at low temperatures [Fig. 4(b)], because the AMR
of GdFeCo increases at low temperatures [21]. Second, the
contributions from Fe and Gd are destructive to pamr, While
they are constructive to agg“f“. This explains a large variation
in the pxx—B curve despite the small AMR of GdFeCo. In fact,
the AMR of GdFeCo is as small as 0.1% at 10 K [21], but the
AMR variation by magnetic field of 2 T is about 0.02% which
is 20% of the total AMR.

The situation is quite different for the transverse resistivity.
The AHE can be modeled by [36]

PAHE = C(Mfe> + D(MZGd>, 3)

where C > 0 and D < O represent the magnitude and the sign
of AHE of Fe and Gd, respectively [19,29,36], and M® (M5?)
is the magnetization of the Fe (Gd) sublattice. Equation (3)
indicates that the contributions from Fe and Gd to AHE add
up constructively because MFe and M; Gd are always directed
opposite in ferrimagnets and C>0andD <0 [19,29,36].
This results in a large value of AHE in GdFeCo [19]. Next, we
obtain the variation of AHE by out-of-plane magnetic field,

3 dMTe ams
PAHE _ C V4D Y 4)
0B, 0B, 0B,
aMFe M oM
Since W > (0 and —~ > ( at any temperatures, C 3 3} ) >

0 and D<W) < 0. Therefore, the contributions from Fe and

Gdto 8';% add up destructively. This implies that variation of
Pxy Of GdFeCo by a magnetic field can be small, although oy,
itself is large. In Fig. 4(c) we plot the slope of pxy,—B curve
extracted from Fig. 2(a). The result shows that the variation
of pyxy by magnetic field is merely 0.1-0.3% of the total AHE,
which is indeed very small.

Most recent works have assumed that the transport of
RE-TM ferrimagnet is dominated by the TM submoment
[2,7,8,20,21]. Let us assume that this is the case: the ob-
served resistivity variations in Figs. 4(b) and 4(c) induced
by the external field are caused by the field-induced change
of the TM cone angle 6g. only. Since pamr X ((mfe)z) =
sin%6g, and PAHE X €08 Og, we have, for small field-induced

changes of the Fe cone angle A6k, % (2 cot Oge) Abge

and % = (tan Op. ) Afr.. Note that we observed the large
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UNCONVENTIONAL MAGNETORESISTANCE INDUCED BY ...

PHYSICAL REVIEW B 103, 014421 (2021)

variation of pxx (20% of AMR) and the small variation of
Pxy (0.1-0.3% of AHE) by the application of the external
field of 2 T, and thus (S24%)/(2285 ) ~ 100. This experi-
mental observation and the aforementioned simple TM-only
analysis leads us to conclude that 6z, ~ 0 with no disper-
sion of magnetic moments, but this is contradictory to the
existing results on sperimagnetism of GdFeCo [22-24]. In-
stead, as we discussed, the observed resistivity variation can
be well explained by taking into account the contributions
from both 6. and 64 change. Therefore, the resistivity vari-
ations induced by sperimagnetism suggest that, contrary to
the recent reports [2,7,8,20,21], both the RE and the TM
submoments participate in the transport of RE-TM ferrimag-
nets and thus antiferromagnetic transport, where conduction
electrons interact with two or multiple antiferromagnetically
coupled submoments, takes place in RE-TM ferrimagnets.
Our result indicates that RE-TM ferrimagnets can serve as
versatile platform to study nonequilibrium antiferromagnetic
transport properties such as antiferromagnetic spin-transfer
torque and also the spin polarization compensation point
with zero spin polarization of conduction electrons. Further
research might enable us to achieve the pure antiferromag-
netic transport by tuning the relative composition of RE
and TM.

In summary, we investigated the transport properties of fer-
rimagnetic GdFeCo across the magnetization compensation
temperature. The longitudinal resistivity was found to in-
crease with magnetic field for T < T, while it decreased for

T > Ty. The transverse resistivity, on the other hand, had
little dependence on magnetic field. We attribute the un-
conventional resistivity variation to the combined effect of
anisotropic magnetoresistance and sperimagnetic nature of
GdFeCo. Based on the simple analysis, in which the con-
tributions from Gd and Fe to the resistivities are assumed
to be independent, we found that the Gd and Fe submo-
ments contribute to longitudinal resistivity constructively,
while they contribute to transverse resistivity destructively.
Our results therefore suggest that the resistance change of
GdFeCo occurs through both the RE and the TM submoments,
invalidating the conventional wisdom that its transport prop-
erties are dominantly governed by one of several constituent
elements.
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