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Complex anomalous Hall effect of CoGd alloy near the magnetization compensation temperature
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In this article, the temperature-dependent complex Hall effect near the magnetization compensation tempera-
ture of CoGd alloy films is systematically studied. We find anomalies of Hall loops with characteristics similar
to the topological Hall effect (THE), which is usually considered to indicate the occurrence of topological spin
texture. However, the THE is ruled out by detailed magnetic and transport measurements on CoGd alloy films
with different composition ratios. After considering the influence of the spin-flop effect and the inhomogeneity
of the components naturally formed in the ferrimagnetic CoGd alloy, we constructed a phenomenological model
that can explain the complex Hall effect near the magnetization compensation point without relying on the
THE. The main result is helpful for explaining the microscopic magnetic properties and transport properties of

rare-earth transition metal ferrimagnetic alloys near the compensation point.
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I. INTRODUCTION

In rare-earth (RE) transition-metal (TM) ferrimagnetic al-
loys TMjpo_xREyx, the atomic magnetic moments of TM
and RE exhibit antiferromagnetic exchange coupling. The
magnitude of the net magnetization M (angular momentum
J) can be adjusted over a wide range by varying the tem-
perature and component ratio, and this parameter can reach
zero at the compensation temperature Ty (75) or compen-
sation concentration Xy (Xa) [1-15]. Because the magnetic
properties of ferrimagnets are similar to those of antiferro-
magnets, but their magnetic states can easily be detected at the
magnetization compensation point [14], TM-RE alloys show
excellent application value in recent studies. For instance, the
spin-orbit torque (SOT) effective field and the efficiency of
magnetization switching driven by SOT are maximized at Ty
and Xy [3,5-8,11-13], which makes these materials good
candidates for SOT applications. In addition, the speed of
current-induced domain-wall movement and that of the SOT
driving its magnetization switching can break the theoretical
limit of traditional ferromagnets and reach a large value at
Ty or Xa [9,10,15], which improves the energy efficiency and
operating speed of the system and promotes the realization of
ultrafast and energy-saving spintronic devices.

In addition, the topological Hall effect (THE), the fin-
gerprint of topological spin texture, was found near 7y in
TM-RE alloys [9,16,17], which drew more attention to TM-
RE alloy films. The THE means that the Hall resistivity has
an extra term because of the appearance of topological spin
texture, which can be indicated by an extra hump in the
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Hall curve [18,19]. The THE has been widely observed in
magnetic perovskites [20], Heusler alloys [21], and multi-
layer structures with strong interface Dzyaloshinskii—-Moriya
interactions (DMlIs) [22,23]. Nevertheless, for TM-RE alloys,
the extra hump only appears near Ty; and at specific concen-
trations, according to previous reports [17], and there is a
lack of corresponding characterization such as spin-resolved
scanning tunneling microscopy, neutron scattering in momen-
tum space, Lorentz electron microscopy techniques in real
space [24], or any direct proof. Therefore, the origin of the
extra hump is still ambiguous. In addition, the inhomogeneous
components due to the oxidation of RE [25,26], the reversed
polarity of the anomalous Hall effect (AHE) loop [6,7] and
the reduced spin-flop field around 7y [27] all also contribute
to complex behaviors in the Hall curve.

To clarify the origin of the complex Hall curve around Ty,
we systematically studied the change in the Hall loop with re-
spect to temperature in CoGd alloys with different component
ratios. Then, we found aberrant humps that appeared in all of
our samples around Ty;. However, precise magnetic transport
measurements eliminated the contribution of the THE. Based
on the models proposed by Kan et al. for STRuO; [28], we
established an extended model to qualitatively explain the
emergence of aberrant humps after considering the inhomo-
geneity of the sample components.

II. SAMPLE FABRICATION AND MEASUREMENT

In our experiment, we deposited stacks of
Ta(1nm)/Co;p9—x Gdx (20nm)/Pt(Snm) by dc magnetron
sputtering on Si/SiO; substrates, where X is the percentage of
Gd atoms in the CoGd alloy. The Ta (1 nm) in the lower layer
and Pt (5 nm) in the upper layer formed buffer and protective
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FIG. 1. (a) The Hall loops of Co797Gd, 3 at different temperatures, which are shifted longitudinally for convenience. The positions of the
spin-flop field H; are indicated by the red arrows. The abnormal humps indicated by the black arrows are observed at 240, 256, and 280 K,
and we call them the type-I humps. The inset shows a locally enlarged loop at 256 K, where the humps marked by the blue arrows are defined
as the type-II hump. (b) Temperature-dependent Hy for Cos97Gdyg 3. The black line is a guide for the eye, and the type-I hump appears in the
temperature range marked by the gray shaded area. The cross-reference of M-H loop and the Hall loop for Co797Gdy3 at (¢) 100 K and (d)
280 K. The loop at 100 K is reversed for comparison. The magnetic moment states within the corresponding magnetic field range are shown
in dashed boxes, where the red, blue, and purple arrows represent gy, Rco» and ML, TESPEctively.

layers, which reduced the influence of substrate roughness on
the film and prevented the film from being oxidized. The base
pressure of the main chamber was better than 2 x 10~ Torr,
and the Ar pressure was maintained at 5 x 1073 Torr during
sputtering. The CoGd layer was deposited by cosputtering,
the sputtering power density of the Gd sources was fixed,
and the concentration ratio of Gd atoms to Co atoms was
adjusted by changing the power density of the Co sources.
The component ratio of the samples was characterized by a
plasma emission spectrometer. The testing platform based
on VersalLab was used to measure the hysteresis loop. The
Hall loops were measured using a self-built transport testing
system with a Cryogenic-J4440 cryofree vector magnet.

III. MEASUREMENT OF HALL LOOP IN
A LARGE MAGNETIC FIELD

Temperature-dependent Hall loop measurements were per-
formed in the range of 50 to 380 K, and the maximum applied
magnetic field was 80 kOe. Figure 1(a) shows the results of
Co79.7Gdyg 3. The polarity of the Hall loop reverses between
240 and 280 K, indicating that the net magnetic moment .

changes from the phase dominated by the atomic magnetic
moment of Gd, pgy (240 K), to that dominated by Co, ¢,
(280 K), and Ty is within this range [6,7]. The reverse of the
Hall loop exhibits a gradational transition, where an aberrant
Hall signal can be observed. Taking the curve at 280 K as an
example, aberrant humps are indicated by the black arrow in
the figure. The Hall voltage V,, is approximately zero under
zero field, rapidly increases and reaches its maximum value
under a small field, and then decreases with increasing exter-
nal magnetic field. At 240 K, the curve shows similar features
but with the opposite polarity. Note that the aberrant humps
in the Hall loop are similar to the THE caused by the non-
coplanar spin texture in antiferromagnetic and ferrimagnetic
insulators, which was studied by Cheng, Shao, et al. [29-32].
Moreover, a similar hump can be observed in Cogy7Gd19 3 and
Co79.1Gdy0.9, as shown in the Supplemental Material S1 [33].
We think that the type of hump observed in our experiments
is not caused by topological spin texture, since the polarity
of the humps reverses with that of the AHE loop from the
Gd-dominated phase (240 K) to the Co-dominated phase (280
K). The polarity of the hump caused by the THE is only de-
termined by the topological charge of net magnetic moment in
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the topological spin texture [34], which should not be reversed
with temperature.

It is known that a ferrimagnet undergoes a spin-flop tran-
sition if the magnetic field reaches the critical value Hy,
where pc, and pgq change from collinear to noncollinear
[27]. When the magnetic anisotropy is weak, the spin-flop
field H; ~ ngr|Mt — MR|, where ngr is the intersublattice
exchange field parameter and Mt (My) is the magnetization of
the TM (RE) sublattice [35]. As shown in Fig. 1(a), Hy can be
clearly observed in the curves of 100 and 320 K, as indicated
by red arrows. We summarize the temperature-dependent Hy
in Fig. 1(b), which suggests that the values of H; approach
zero in the vicinity of 7. Since the hump only appears around
Ty, we believe that the hump is just a consequence of the
spin-flop when H; approaches a zero field.

To prove this conjecture, we compare the out-of-plane
hysteresis loop (M-H) with the Hall loop for Coy97Gdy 3.
Since the M-H loop depends on the out-of-plane component
of p,.; and the Hall loop only depends on that of uc,, the
divergence in between indicates spin-flop (or noncollinearity
between Gd and Co). As shown in Fig. 1(c), the magnetization
M and Hall voltage V,, show the same variation tendencies
as H, at 100 K, which is far from Ty, suggesting that pc,,
IGq> and p. are collinear. At 280 K, near Ty, the Hall loop
becomes completely different from the M — H, loop. The
magnetization increases monotonically with increasing H,
but V,, increases and then decreases with H;, which indicates
that spin-flop occurs with a very small applied magnetic field.
The insets in Figs. 1(c) and 1(d) show schematic diagrams of
magnetic moment states with different magnetic fields, where
the red, blue, and purple arrows represent gy, fco, and R,
respectively. According to the above analysis, this hump is
caused by the noncollinear pgq and p, due to the appearance
of spin-flop under a very small magnetic field. The data for
C079.1Gdy.9 are shown in the Supplemental Material S2 [33]
and support the same conclusion.

IV. MEASUREMENT OF HALL LOOP IN SMALL
MAGNETIC FIELD

Another kind of aberrant hump can be observed on the
Hall loop at 256 K, as shown in the locally enlarged inset of
Fig. 1(a). The fundamental difference of this type of hump is
the hysteretic dependence. Then, we define the aberrant hump
discussed earlier as the type-I hump and the hump here as the
type-II hump. To obtain more detailed features, we measure
the Hall loops with a smaller temperature interval close to Ty,
and the results of Co797Gd,p3 and Cogp7Gd; 93 are shown
in Figs. 2(a) and 2(b), respectively. Taking the data of 254
K in Fig. 2(a) as an example, a maximum occurs when H,
decreases from a positive field to —2.6 kOe and a minimum
appears when H; increases from negative field to 2.6 kOe. The
shape of the overall Hall loop shows inverse symmetry with
respect to H,. In Fig. 2(b), the Hall loop of Cogy7Gd 193 in the
range of 202 to 208 K shows similar characteristics, but the
polarity of the humps is opposite. Note that the tilt background
of the loop is caused by spin-flop rather than the ordinary Hall
effect, which is absent for the loops far from 7y, such as the
curves of 50 and 350 K.

(a) (b)

Cogy7Gdyo3

300 300

-5

0 5
H, (kOe)

FIG. 2. The Hall lOOpS of (a) CO79‘7Gd2043 and (b) C030‘7Gd1943
at different temperatures, which are shifted longitudinally for con-
venience. The red and blue dotted lines with arrows represent the
direction of the magnetic field scan. The definitions of Vi, Viump,
Hiump, and He are indicated.

The main features of the type-II hump observed here are
quite similar to that of the THE caused by the topological spin
texture reported for MnGe, FeGe, and MnSi with an asym-
metric crystal structure [36-38], Heusler alloys [21,39,40],
SrIrO3/SrRuO; thin films [41], CoTb alloys [17], etc. If we
arbitrarily declare that the type-II hump results from the THE,
then the DMI in Cogg 7Gd 9 3/Pt and Co79 7Gdyg 3/Pt would be
opposite. According to previous reports, the adjacent heavy-
metal layer with strong spin-orbit coupling [29,30,32,34] and
the transverse gradient of the component distribution [26]
introduce DMI and stabilize the topological spin texture in
ferrimagnetic films. However, it is hard to explain why a 1%
increase in Gd concentration results in opposite DMI in the
two samples.

To analyze the cause of the type-II hump, we summarize
their main characteristics. We define Hyump as the field at
which the hump is positioned in the positive field and Viump
as the amplitude of the humps, as indicated in Fig. 2(a). For
Co079.7Gdyg 3 (Cogp.7Gd19.3), the hump only appears within the
temperature range of 248-266 K (190-210 K). In this range,
Hyump decreases (increases) with increasing temperature, and
the value of Vjump is negative (positive) and shows a minimum
(maximum) at approximately 254 K (203 K), as shown in
Figs. 3(a)-3(d). In addition, the values of the anomalous Hall
voltage Vi are plotted in Figs. 3(c) and 3(d) for comparison.
Note that we define Vi as [V (40) — V(—0)]/2 around Ty
rather than the saturated Hall voltage in the positive field
because of the occurrence of spin-flop. We find that, for all
the samples, the maximum amplitude of Vyump always appears
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FIG. 3. Temperature-dependent Hyymp of (a) Co797Gdy3 and
(b) Cogo7Gdi93. Temperature-dependent Viump and Vg of (c)
Co0797Gdjo3 and (d) Cogy7Gd;g3. The insets show Vjy versus tem-
perature within larger temperature range. (¢) The dependence of
magnetization compensation temperature 7y; on Gd atom concentra-
tion X. The black line is a linear fit of the data.

at the temperature at which Vyj is zero. In other words, if we
still declare that the type-II hump results from the THE, the
number of skyrmions only shows a maximum at Ty; values
of the films with different compositions. However, the ap-
pearance of skyrmions is a complex accordance between the
energy of anisotropy, DMI, exchange, and the Zeeman effect.
Therefore, it is unlikely that these two phenomena (Vg = 0
and the appearance of skyrmions) occur at the same time,
considering that there is a 270 K difference in 7y when X
changes from 17.3 to 22.6, as shown in Fig. 3(e).

In addition, we measure the minor Hall loop of
Co79.7Gdyo3 at 254 K to study the hysteresis characteristics
of the hump, as shown in Fig. 4. When the minor loop is
measured, the magnetic field starts with an 8 kOe decrease to
H,_nax and then returns to 8 kOe. The humps are essentially
hysteretic, and their emergence in the positive field seems to
depend on whether H;,_,x surpasses the magnetic field -2.6
kOe, at which the other hump exhibits a maximum. However,
this hysteresis dependency cannot be the same as the concept
of the skyrmion formation leading to the THE [28]. As a
result of the many doubts raised above, we believe that the
formation of the type-II hump is not caused by the existence
of the topological spin texture in the CoGd thin film.

V. A MODEL BASED ON INHOMOGENEOUS
COMPOSITION

In the following, we explain the above experimental results
based on a simple model inspired by the model proposed

C0797Gdy 3

120

FIG. 4. The minor loops of Co797Gdyg 3 at 254 K. The maximum
positive magnetic field is fixed at 8.0 kOe and the maximum negative
magnetic field H,_,x changes from 1.5 to 8.0 kOe.

by Kan ef al. for SrRuO; [28], in which we only introduce
an inhomogeneous composition in the CoGd films and do
not consider the topological spin textures. Considering the
temperature-dependent coercivity determined from the exper-
iment, all the characteristics of the humps can be clearly
understood.

First, assuming that a CoGd alloy has an average Gd atom
concentration Xg and average magnetization compensation
temperature Ty_s, the concentration distribution of Gd fol-
lows a Gaussian function. When T < Ty—s (T > Ty—s), the
magnetization is dominated by Gd (Co), which is indicated
by the red (blue) regions in Figs. 5(a) and 5(e), and the corre-
sponding Hall loop has negative (positive) polarity. Around
Tv—s, the Gd- and Co-dominant phases coexist due to the
concentration distribution, and the proportion of the Gd- (Co-)
dominant phase gradually decreases (increases) with increas-
ing temperature due to increasing Xy, as shown in Figs. 5(a)—
5(e). For each phase, the magnitude of the AHE resistivity
basically does not change with temperature [6,7,42], and the
AHE voltage in the Gd-dominant phase V¢ and that in the
Co-dominant phase V,$° only depend on their proportions.
Therefore, the temperature-dependent AHE voltage for each
phase can be qualitatively depicted, as in Figs. 5(f) and 5(i).

Another important parameter in our model is the coerciv-
ity of each phase. Based on the experimental data shown in
Fig. 6 and previous reports [2,7,11,43-48], the coercivity
of the Gd- (Co-) dominant phase HCGd (HCCO) increases (de-
creases) with temperature, and its gradient changes with
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FIG. 5. Schematic diagram of a model based on inhomogeneous
composition. (a)—(e) The relative variation in the proportions of the
two phases with increasing temperature for a sample with average
concentration Xs. Model A and Model B correspond to the cases of
C079.1Gdyg 9 and Cogg7Gd 93, respectively.

temperature differ for samples with different proportions
of components. Note that the relative values and gradient
changes with temperature of HS and HE® are critical for
determining the characteristics of the type-II humps. From
Fig. 6, we obtain that HSY < H (HS! > H°) and that
HSY (HS°) has smaller gradient changes with temperature for
CO79_]Gd2(),9 (C080,7Gd19,3) around TM—S- We Simplify these
relationships to be linear, as shown in the bottom panels of
Figs. 5(f) and 5(i).

Based on the above considerations, we believe that the
total AHE loop exhibited by the sample with a concentration
distribution is a linear superposition of the contributions of
two individual phases. We draw out the rectangular AHE

(a) 4F Co0797,Gdy 3 I'
_ 3B T2k \
S )
% 2 Gd-dominant /'& Co-dominant
:Q ) :__o-/.//
L
Ok ] 1 ] 1
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FIG. 6. Temperature-dependent Hc of (a) Co797Gdy3 and (b)
Cog9.7Gd 19 3. The red and blue lines are to guide the eyes.

loops of the two phases and their linear superpositions,
as shown in Figs. 5(g) and 5(j). Clearly, the type-II hump
appears only in the magnetic-field range between two
individual switches of each phase. The calculated curves
are highly consistent with our experiments, except for the
influence of spin-flop, which results in a tilt background.
Moreover, the characteristics of the humps can be clearly
understood with the model as follows:

(1) The hump appears only near Ty_s for the sample,
and its polarity depends on the relative values of the co-
ercivity of the two phases. When HS? < HS® (HS? > HE°),
the polarity of the hump is negative (positive), independent
of the polarity of the total AHE in the sample. The ampli-
tude of the hump is [Vhumpl = [V° — Vi$¢ — [V$° 4+ Vi§4|.
The temperature-dependent Vhymp is predicted, as shown in
Figs. 5(h) and 5(k), which always show extreme values at Ty;.

(2) The field position of the hump, Hymp =
(HSY + HS)/2, and the trend of Hyymp With temperature
are determined by the rate of the temperature-dependent
HCGd + HCC", as shown in Figs. 5(h) and 5(k).

(3) The rectangular loop between two humps is the total
AHE voltage, whose value Vg = Vi€ + V,$¢ changes from
negative to positive with increasing temperature, and Vi = 0
at Ty1—s, as shown in Figs. 5(h) and 5(k).

In conclusion, the schematic loops in Figs. 5(g) and
5(j) are consistent with the presented experimental data
of Co797Gdao3 and Cogp7Gdi93. For Cogy4Gdi76 and
Cog;.6Gd 3.4, the case is the same; see the Supplemental Ma-
terial S3 [33] for details. Note that the rectangular AHE loops
used in Figs. 5(g) and 5(j) are not necessary for the appearance
of the hump in our model. For Co7g¢Gd>; 4 and Co77.4Gd2o 6,
with weak perpendicular magnetic anisotropy and in-plane
anisotropy, respectively, similar humps have been observed,
which are caused by the difference in saturation magnetization
(equivalent demagnetization) of two phases [4,7,11,45,48],
see Supplemental Material S4 [33] for details. The appear-
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ance of the hump in films without PMA is further support
for our exclusion of the THE since PMA is crucial for the
formation of skyrmions [9,22,34]. Finally, we demonstrate
that the type-II hump mainly comes from the inhomogeneity
of the composition of our samples, and its emergence does not
definitely indicate the formation of topological spin texture.
We notice that the similar anomalies of AHE caused by in-
homogeneity have been recently reported not only in STRuOj3
[28,49-52], but also in Co/Pd multilayers [53,54].

Moreover, the inhomogeneity of the Gd composition can
be evaluated by our model. As shown in Fig. 3(e), Ty changes
by approximately 50 K when the concentration of Gd changes
by one percent. On the other hand, the type-II hump ap-
pears in the temperature range of 20 K for Co797Gdyg 3 and
Cog07Gd93, so we can roughly estimate that the inhomo-
geneity of Gd is approximately 0.4 percentage points.

VI. CONCLUSIONS

In the study of the temperature-dependent Hall loop of
CoGd alloys with different component ratios, two types
of aberrant humps were observed near the magnetization-
compensation temperature. The type-I hump occurs under a
large magnetic field and is caused by decreasing spin-flop
field near the compensation point. The type-II hump appears
in a small magnetic field with hysteresis features and exhibits

characteristics similar to the THE introduced by topological
spin texture. We exclude the THE through detailed exper-
imental analysis and then construct a model based on the
fact that composition inhomogeneity occurs in CoGd alloy
films. This model can qualitatively explain all the character-
istics of the type-II hump, at least for the samples with Ty
in the range of 90 to 360 K in our experiment. Therefore,
in TM-RE ferrimagnetic alloys, the additional hump in the
Hall loop must be carefully considered, and one should avoid
excessive attribution to the THE. The main result is helpful for
extending our knowledge of the micromagnetism and com-
plex transport properties of TM-RE ferromagnetic alloy films
near the magnetization compensation point. Moreover, since
inhomogeneity is inevitable in the fabrication of multielement
materials, more attention should be paid to abnormal surprises
at the critical points, especially in thin films.
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