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We study the anomalous Hall-like effect (AHLE) and the effective anisotropic magnetoresistance (EAMR) in
antiferromagnetic y-IrMn3/Y3Fe501,(YIG) and Pt/YIG heterostructures. For y-IrMn3/YIG, the EAMR and the
AHLE resistivity change sign with temperature due to the competition between the spin Hall magnetoresistance
(SMR) and the magnetic proximity effect (MPE) induced by the interfacial antiferromagnetic uncompensated
magnetic moment. In contrast, for Pt/YIG the AHLE resistivity changes sign with temperature whereas no sign
change is observed in the EAMR. This is because the MPE and the SMR play a dominant role in the AHLE and
the EAMR, respectively. As new types of galvanomagnetic property, the AHLE and the EAMR have proved
vital in disentangling the MPE and the SMR in metal/insulating-ferromagnet heterostructures.

PACS numbers: 72.25.Mk,72.25.Ba,75.47.-m

Since the first observation of spin Hall effect (SHE) in
semiconductors, it has been studied extensively because of
intriguing physics and important applications in generation
and detection of pure spin currents [1-4]. The SHE in heavy
nonmagnetic metal (NM) strongly depends on the electronic
band structure and the spin orbit coupling (SOC) [3]. The
inverse spin Hall effect (ISHE) enables to electrically detect
the spin current [5]. In the spin pumping technique, for ex-
ample, the ISHE is employed to detect the spin current in a
NM layer when the magnetization precession of a neighbor-
ing ferromagnet (FM) layer is excited [6, 7].

In their pioneering work, Nakayama et al. proposed spin
Hall magnetoresistance (SMR) in NM/insulating-FM as a
way to study the SHE in heavy NM [8]. When a charge cur-
rent is applied in the NM layer, a spin current is produced
along the film normal direction due to the SHE and the re-
flected spin current is modified by the orientation of the un-
derlying FM magnetization with respect to the charge cur-
rent. Since the reflected spin current produces an additional
electric field through the ISHE, the measured resistivity of
the NM layer strongly depends on the orientation of the FM
magnetization [9, 10]. The longitudinal and the transverse
resistivity read [8]:

Pxx = Po+ P12, puy = —prmym; + pamy, (1

where m, is the component of the magnetization unit vec-
tor along the film normal direction, and the in-plane compo-
nents m; and m, are parallel to and perpendicular to the sens-
ing charge current, respectively. Being negative, parameters
p1 and p, refer to the spin Hall induced anisotropic mag-
netoresistance (SH AMR) and anomalous Hall effect (SH
AHE), respectively. However, Huang, Qu, Lu, and Lin et al
found that the magnetic proximity effect (MPE) may be in-
volved [11-16]. For the spin polarized NM layer, the magne-
toresistance (MR) effect occurs as observed in conventional

metallic FMs [17]:

Prx = PO+ APAMRMS, Pry = APAMRMM + PAEM,  (2)

where pagr and Apaypr correspond to the MPE induced
anomalous Hall effect (MPE AHE) and the MPE AMR,
respectively. The emerging MPE makes it complicated
to clarify the mechanism of either the MR phenomena in
NM/insulating-FM or the SHE in the NM layer [8—14].

With an external magnetic field H along the film normal
direction, the Hall resistivity in the NM layer exhibits a sim-
ilar magnetic field dependence for the AHE in bulk metal-
lic FMs, exhibiting the anomalous Hall-like effect (AHLE).
Since the MPE AHE and the SH AHE are of an interfa-
cial nature, unlike the bulk feature of the conventional AHE,
the AHLE is expected to bring new interesting information.
For Pt/Y3FesO1,>(YIG) and Pd/YIG, for example, the AHLE
resistivity pagre changes significantly with metallic layer
thickness [9, 12, 15]. Similarly, the effective AMR (EAMR)
can be defined when H is rotated in the xy plane.

In this Letter, we study AHLE and EAMR in v-
IrMn3(=IrMn)/YIG and Pt/YIG in order to separate the MPE
and the SMR, where IrMn and Pt layers are antiferromag-
netic and nearly ferromagnetic, respectively, exhibiting dif-
ferent magnetic attributes. With a strong SOC of heavy
Ir atoms, a sizable SMR effect is expected in IrMn/YIG.
Meanwhile, exchange bias(EB) can be established below the
blocking temperature 75 by a cooling procedure under an ex-
ternal magnetic field parallel to the film plane and uncom-
pensated magnetic moment may be induced [18], exhibiting
an effect similar to the MPE. Accordingly, the MPE occurs
at low 7T and disappears at high 7. For Pt/YIG, however,
the MPE exists at all 7. The different T dependencies of
the MPE in the two hybrid structures provide a new clue to
separate the SMR and the MPE in NM/insulating-FM het-
erostructures.

IrMn (2.5 nm)/YIG (20 nm) and Pt (2.5 nm)/YIG (20



FIG. 1: Measurement geometries of the MPE AMR (a) and the SH
AMR (b). In (a, b), the sensing electric current is applied along the
x axis. Angular dependent Ap /py in the xz (c, d) and yz(e, f) planes
at 5 K (c, e) and 300 K (d, f) for 'Mn/YIG. Here, the red and green
lines refer to the clockwise and counter clockwise rotations of the
external magnetic field H = 10 kOe, and Ap = pyx — Po.

—=—MPE AMR « @)

S

5
p1/p0 10 ApAMR/pO
1

8 L
S 4t i ; ‘ﬁ .
[«

‘_l‘ 0 1 1 1 1
\Q:10 [ EAMR.y ©
= —v—o+B W
< 5F H

%m 0 / y%
lno 5 |XM- 1 1 X’ J|
0 100 200 300
T (K)

FIG. 2: For IrMn/YIG, the T dependencies of Apayr/Po (),
—p1/po (b), and Apgarr/Po (c). The datain (a, b, ¢) were achieved
from measurements of angular dependence in xz, yz, and xy planes
under H = 10 kOe, respectively. In (c), the sum of —p;/py and

Apamr/po is also given.

nm) heterostructures were fabricated by pulsed laser depo-
sition and subsequent DC magnetron sputtering on (111)-
oriented, single crystalline Gd3;GasO1, substrates. Details of
microstructural, magnetic, and MR measurements were de-
scribed in supplementary materials [19].

When the magnetic field H is applied in the xz plane
in Fig. 1(a), the longitudinal resistivity (py,) approximately
shows the sin? o angular dependence at low T, i.e., Py ~
Po+Apamr sin® o, but it has no variation at high T', as shown
in Figs. 1(c) and 1(d). The oscillation amplitude Apsyr
decreases with increasing 7 and vanishes at high 7. With
m; =0 in the xz plane, the SH AMR is excluded and above re-
sults arise from the MPE AMR which is in turn accompanied
by EB at low T, as shown in supplementary materials [19].
Atomistic simulations[20] confirm the presence of an un-
compensated magnetic moment at the [rMn/FM interface, as
shown in supplementary materials [19]. Due to the structural

degradation induced by the lattice mismatch between IrMn
and YIG layers, Tp of 100 K in the ultrathin IrMn layer is
much lower than the Néel temperature (400-520 K) of bulk
IrMn [21]. When H is rotated in the yz plane in Fig. 1(b),
m; = 0, the MPE is excluded, and the results in Figs. 1(e)
and 1(f) correspond to the SH AMR. At high T, py, has the
sin® B angular dependence, i.e, px. = po + p1 sin® B, whereas
Pxx has no variation at low 7. That is to say, the oscillatory
amplitude |p; | increases with increasing 7.

Figure 2(a) shows that the ratio Apayr/po increases from
negative to positive and finally approaches zero as T changes
from 5 K to 300 K. This phenomenon stems from the mea-
surement strategy in which Apar is obtained by the angular
dependence of py, and contributed by three different mech-
anisms. Induced by the uncompensated magnetic moment,
the first effect, MPE AMR, appears at low 7 and vanishes
at T > Tp. The second effect is caused by the forced mag-
netization induced MR under high H. The uncompensated
magnetic moment at finite 7 favors alignment under high H,
leading to a negative MR. Near 7, the second one becomes
prominent and then vanishes at 7 > 7. Caused by the or-
dinary MR, the third term is always positive for all 7" and
becomes weak when the mean free path becomes short at
high T. Figure 2(b) shows that the ratio —p;/pp becomes
large in magnitude at high 7. Apparently, the SH AMR and
the MPE AMR become strong and weak with increasing 7',
respectively. Interestingly, Fig. 2(c) shows that Apgapmr/pPo
measured in the xy plane in which m,, =0 and m? + mf =1,
is approximately equal to the sum of Apayr/po and —p;/po.
As observed in Pd/YIG [15], one has the following equation
according to Egs. 1 and 2,

ApPEAMR = APamR — P1, (3)

In particular, Apgayr also changes sign with 7', indicating
the competition between the MPE and the SMR.

Figure 3(a) shows that the angular dependencies of the
Hall resistivity (pxy) in the xz and yz planes are identical,
in agreement with Eqs. 1 and 2. Since the ordinary Hall
effect (OHE) at H = 10 kOe might be reasonably large, it
is necessary to remove the OHE contribution from p, [10].
As shown in Fig. 3(b), for all samples the AHLE loops
were measured to rigorously achieve payrr. Here, pagre =
(Pxy+ — Pxy—)/2, where pyy and py,_ are extrapolated from
positive and negative saturations, respectively. As shown
in supplementary materials [19], only OHE exists in single
layer IrMn films. Significantly, the AHLE angle pagre/pPo
also changes sign near 7 = 100 K, as shown in Fig. 3(c).
Since p; is always negative [8], the sign change cannot be
explained only in terms of the SH AHE, and the MPE AHE
should also be considered according to the following equa-
tion:

PAHLE = PaHE + P2. 4)

It is revealing to analyze the physics behind the sign
changes of pagre and Apgayg in IrtMn/YIG. The EB is



established at T < Ty, as shown in supplementary materi-
als [19]. It is also evidenced by the rotational hysteresis
loss between clockwise and counter clockwise curves in
Figs. 1(c), 1(e), and 3(a). At low T, the AFM layer is
believed to consist of rotatable and non-rotatable grains,
in which AFM spins are rotated and fixed during the FM
magnetization reversal process, respectively [22]. Ac-
cordingly, the MPE AHE and the MPE AMR both arise
from the uncompensated magnetic moment in rotatable
AFM grains at T < Tp [18], and they disappear at T > Tp
because AFM spins in all grains are superparamagnetic,
leading to vanishing uncompensated magnetic moment.
This assumption was proved by atomistic calculations in
supplementary materials [19]. Meanwhile, the SH AHE and
the SH AMR, i.e., p and py, are small at low 7" and become
large in magnitude at high 7. Apparently, both psmrg and
Apeaymr are mainly contributed by the MPE at low 7" and the
SMR at high T, respectively. Since the signs of Apayr and
panE are opposite to those of —p; and p,, the sign changes
of pagre and Apgayr can therefore be easily understood.

Without the data of the spin diffusion length, it is hard
to separate pr and pagyg in I'Mn/YIG. At 5 K, however,
p2 = 0 is expected due to vanishing p; in Fig. 2(b), and
pane approximately equals the measured pagrg, i.e.,
PAHE = Papre = 2.0 X 1073 uQcm.  The anomalous
Hall conductivity (AHC) in the ultrathin IrMn layer is
oagc = —0.045 S/cm, much smaller than the calculated
results (200-400 S/cm) of bulk IrMn based on the model
of non-collinear antiferromagnetism [23]. Since psyr at
5 K decreases sharply with the IrMn layer thickness, as
shown in supplementary materials [19], the MPE AHE at
low T is proved to originate from the IrMn uncompen-
sated magnetic moment and other physical sources can be
excluded. Furthermore, near 7 = 300 K, the MPE AHE
disappears and p; thus equals the measured pagrg, i.e.,
P2 ~ papre = 1.76 x 1073 uQem.

Figure 4(a) shows pagre and py in Pt(2.5 nm)/YIG.
Here, p, was calculated in the frame of the SMR theory [8],
with the film thickness (2.5 nm) of Pt, the ratio of real
and imaginary parts of the spin mixing conductance at
Pt/YIG interface [10, 24], i.e., G;/G, = 0.03 and 0.06, the
spin diffusion length in the inset of Fig. 4(a) [25], and the
measured p; in Fig. 4(b). Since |p2| < |papre| at all T,
the sign change of psyrr cannot be explained in terms of
the SH AHE, and instead it is mainly caused by the MPE
AHE according to Eq. 4. At 5 K, one has c4y¢c = 2.0 S/cm.
It is noted that no sign change was observed in payrg for
nearly-ferromagnetic-Pd/YIG [26]. The AHLE behavior in
Pt/YIG is different from those of Pd/YIG [15, 26]. The T
dependence of psgrr in NM/insulating-FM hybrid structure
relies on the electronic band structures near the Fermi
level [3, 27]. Shimizu et al., for example, found that the
T dependence of the AHLE in Pt/YIG can be tuned by the
gate voltage [28]. With ab. initio calculation results [3, 27],
the magnetic moment of Pt atoms is evaluated to be as
small as 0.003 up with the measured c4c = 2.0 S/cm at
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FIG. 3: For Ir'Mn/YIG, the angular dependent p,y in the xz (black
line) and yz (red line) planes at 5 K and H = 10 kOe (a), the AHLE
loops at T =2 K, 100 K, and 300 K (b), and the AHLE angle
panLe/Po versus T (c). The insets in (c) schematically show the
IrMn spin structure below and above 7p.

5 K. Although the magnetic moment of Pt atoms depends
on the chemical state on the YIG surface and the orbital
hybridization of Fe and Pt atoms, it is generally smaller
than the resolution (~ 0.01 up) of x-ray magnetic circular
dichroism and hard to be accurately detected with this
technique [ 14, 29].

Figure 4(b) shows for PU/YIG, |[Apamr| < |Apeamr| and
thus |Apgamr| =~ |p1| for all T. Accordingly, Eq. 3 also holds
for this system [15]. Moreover, —p; and Apgaur, both being
positive, change non-monotonically with 7' in Fig. 4(b), as
observed in Pd/YIG and PdPt/YIG [15, 26]. This is because
the SH AMR changes non-monotonically with the spin
diffusion length which changes monotonically with 7 as
shown in the inset of Fig. 4(a) [25, 30]. Consequently, —p;
and Apeamr were also found to change non-monotonically
with the Pt layer thickness [10, 12, 13]. The results in
Fig. 4 unambiguously show the dominant role of the MPE
(SMR) in the AHLE (EAMR) in Pt/YIG. Therefore, we
have disentangled the MPE and the SMR in Pt/YIG [8-14].

It is significant to compare the SMR in IrMn/YIG and
Pt/YIG. Although Pt/YIG and IrMn/YIG exhibit similar 7
dependent AHLE, changing sign with 7, they arise from
different physical mechanisms. For Pt/YIG, the sign change
of the AHLE is mainly caused by the MPE AHE whereas
for IrMn/YIG it is caused by the competition of the SH AHE
and the MPE AHE. Moreover, the decay of the spin current
in Pt and IrMn is induced by different physical mechanisms,
i.e., the spin flip in Pt induced by the strong SOC and
the dephasing of the spin current transverse component in
IrMn [31], due to different magnetic attributes in Pt and
IrMn. Therefore, the magnitude of the spin diffusion length
and its 7" dependence may be different in IrMn and Pt. It is
shorter than 1.0 nm for IrMn and 0.5-3.4 nm for Pt at 300
K [32, 33]. Accordingly, p; in IrMn/YIG and PY/YIG ex-
hibits different variation trends with 7', as shown in Fig. 2(b)
and Fig. 4(b). With measured p; and p, at 300 K for
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FIG. 4: For P/YIG, the T dependencies of measured payrr and
calculated p> (a), and of Apgyr (MPE AMR), —p; (SH AMR),
and Apgayr (EAMR) measured by the angular dependence of Py
in the xz, yz, and xy planes under H = 10 kOe (b). In the inset of
(a), the spin flip length of Pt is taken from Ref. 25. For comparison,
the sum of Apayg and —py is also given in (b).

IrMn/YIG in Figs. 2(b) and 3(c), the ratio G;/G, is evaluated
to be 0.12, larger than that (0.03 and 0.06) of P/YIG [10, 24].
With G,(IrMn/YIG)/G,(Pt/YIG) = 0.43 [34], one can see
that G;(IrMn/YIG) is larger than that of G;(Pt/YIG) by a
factor of 1.7. Since the G; reflects the phase shift of the
reflection coefficients between spin-up and spin-down at the
interface, the larger G; in IrMn/YIG may come from the
tuning of AFM spin structure by the neighboring FM spins
through the interfacial exchange coupling [31]. Moreover,
the smaller G,(IrMn/YIG) might be caused by the less
channels in IrMn, compared with Pt [35, 36]. Finally, the
spin Hall angle at 300 K is reported to be about 0.028 for
IrMn, smaller than that of 0.056 for Pt [32, 34].

In summary, the SMR and the MPE are both experimen-
tally proved to be important in the mixed MR behavior. For
IrMn/Y1G, both pspgre and Apepayg change sign with T
due to the competition between the SMR and the MPE. For
Pt/YIG, the sign change is observed only in psyrr because
the SH AHE/SH AMR is much weaker/stronger than the
MPE AHE/MPE AMR. Moreover, the galvanomagnetic
properties in NM/insulating-FM strongly depend on the
magnetic attribute of metallic layers. The MPE in IrMn
can be switched on/off by tuning the temperature, which
is helpful for design and fabrication of state-of-the art
antiferromagnetic spintronic devices. Quite notably, the
AHLE and the EAMR will facilitate both full understanding
of the intricate MR in NM/insulating-FM and better charac-
terization of functionality and performance in spin current
devices.
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