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We report an investigation of anomalous-Hall resistance (AHR) and spin-Hall magnetoresistance

(SMR) in Pt/Ir20Mn80/Y3Fe5O12 (Pt/IrMn/YIG) heterostructures. The AHR of Pt/IrMn/YIG hetero-

structures with an antiferromagnetic inserted layer is dramatically enhanced as compared to that

of the Pt/YIG bilayer. The temperature dependent AHR behavior is nontrivial, while the IrMn

thickness dependent AHR displays a peak at an IrMn thickness of 3 nm. The observed SMR in the

temperature range of 10–300 K indicates that the spin current generated in the Pt layer can pene-

trate the IrMn layer (�3 nm) to interact with the ferromagnetic YIG layer. The lack of conventional

anisotropic magnetoresistance (AMR) implies that the insertion of the IrMn layer between Pt and

YIG could efficiently suppress the magnetic proximity effect (MPE) on induced Pt moments by

YIG. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964114]

I. INTRODUCTION

Antiferromagnets (AFMs) are promising candidates for

spintronic applications.1 Compared to ferromagnetic (FM)

materials, the AFMs exhibit unique advantages, e.g., zero

net magnetization, insensitivity to the external magnetic per-

turbation, lack of stray field, and access to extremely high

frequency. Recently, the generation and transmission of spin

current in AFMs have attracted great attention. The spin

pumping and spin Seebeck effect studies on (Pt, Ta)/(NiO,

CoO)/Y3Fe5O12 (YIG) heterostructures demonstrate that the

spin current generated in YIG layer can pass through the

antiferromagnetic (AFM) insulator NiO or CoO layer and

can be detected in the Pt or Ta layer by the inverse spin-Hall

effect (ISHE).2–6 Similar results were also revealed in

(Pt, Ta)/IrMn/CoFeB or Pt/NiO/FeNi heterostructures by the

spin-torque ferromagnetic resonance (ST-FMR) technique,

where the spin current generated by the spin-Hall effect

(SHE) in the Pt or Ta layer can propagate through the IrMn

or NiO layer and change the FMR linewidth.7–9 The spin

current generated by the spin pumping or spin Seebeck effect

was also observed in IrMn/YIG, Cr/YIG, and XMn/Py

(X¼ Fe, Pd, Ir, and Pt) bilayers through the ISHE.10–14

Moreover, the Pt/Cr2O3 and Pt/MnF2 bilayers exhibit a large

ISHE voltage, implying that the AFMs can be both the spin-

current detector and generator.15,16 These investigations

open up new opportunities in developing the AFM-based

spin-current devices.

The IrMn alloy, which has been widely used to pin an

adjacent FM layer in spin-valve devices via the exchange

bias effect,17 demonstrates a large ISHE voltage when in con-

tacts with YIG.10 Recently, a large SHE and an anomalous-

Hall effect (AHE) have been theoretically proposed in Cr,

FeMn, and IrMn AFMs owing to their large spin-orbit cou-

pling (SOC) or Berry phase of the non-collinear spin tex-

tures.18–20 The experimental investigation of the AHE and

SHE on the AFMs could be helpful from both fundamental

and practical viewpoints for AFM spintronics. In this work,

we investigate the AHE and SHE in Pt/Ir20Mn80/Y3Fe5O12

(Pt/IrMn/YIG) heterostructures by measuring the anomalous-

Hall resistance (AHR) and spin-Hall magnetoresistance

(SMR). Our findings suggest that the AHR can be dramati-

cally enhanced by inserting an IrMn layer between Pt and

YIG, and the spin current generated in the Pt layer can pene-

trate the IrMn layer to interact with the YIG layer.

II. EXPERIMENTAL METHODS

The Pt/IrMn/YIG heterostructures were prepared on

(111)-orientated Gd3Ga5O12 (GGG) substrates in a combined

ultra-high vacuum (10�9 Torr) pulse laser deposition (PLD)

and sputter system. The high quality epitaxial YIG films

were deposited via the PLD technique as described else-

where.21,22 The IrMn and Pt films were subsequently sput-

tered in an in situ process in a 4 mTorr argon atmosphere at

room temperature. The thickness and crystal structure of the

prepared films were characterized by a Bruker D8 Discover

high-resolution x-ray diffractometer (HRXRD). The surface

topography of the films was measured in a Bruker Icon
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atomic force microscope. The FMR was measured by electron

spin resonance spectrometers. The measurements of transverse-

Hall resistance, longitudinal resistance, and magnetization were

carried out in a Quantum Design physical properties measure-

ment system (PPMS) with a rotation option and magnetic prop-

erties measurement system (MPMS), respectively.

III. RESULTS AND DISCUSSION

Figure 1(a) plots a representative room-temperature

XRD patterns for an epitaxial YIG/GGG film near the (444)

reflections. As shown in Fig. 1(b), no indication of impurities

or misorientation was detected in the range of 20�–80�.
Clear Laue oscillations indicate a good flatness and unifor-

mity of the prepared film. In this study, the thicknesses of

YIG and Pt films, determined by the simulation of x-ray

reflectivity (XRR) spectra, are approximately 60 and 3 nm,

respectively, while the IrMn thickness ranges from 0 to

8 nm. The atomic force microscope surface topography of

the Pt/IrMn(3)/YIG heterostructure over an area of 5 lm

� 5 lm in Fig. 1(c) reveals a root-mean-square surface

roughness of 0.18 nm, indicating that the prepared films are

atomically flat (The number in the brackets represents the

thickness of the IrMn layer in nm). A representative FMR

derivative absorption spectrum of the YIG film shown in

Fig. 1(d) exhibits a peak-to-peak value of DH¼ 8 Oe, which

was measured at a radio frequency of 9.39 GHz and a power

of 0.1 mW with an in-plane magnetic field at room tempera-

ture. The estimated damping constant a¼ 2.1� 10�3 is com-

parable with the previously reported value.23

As shown in the top panel of Fig. 2, in order to measure

the transverse-Hall and longitudinal resistance, all the

Pt/IrMn/YIG heterostructures were patterned into the Hall-

bar configuration (central area: 0.3 mm � 10 mm; electrode

0.3 mm � 1 mm) by using a shadow mask during the growth.

The transverse-Hall resistance Rxy was measured in the tem-

perature range of 10–300 K with perpendicular magnetic

field ranging from �70 to 70 kOe. The AHR is obtained by

subtracting the ordinary-Hall resistance (OHR) from the

measured Rxy up to high field, i.e., RAHR¼Rxy�ROHR

� l0H. Figures 2(d) and 2(e) present the resulting RAHR as a

function of magnetic field for Pt/YIG and Pt/IrMn(1)/YIG,

respectively. It is noted that the nonmagnetic Pt becomes

magnetic when in contacts with the FM YIG due to its prox-

imity to the Stoner FM instability, i.e., magnetic proximity

effect (MPE), as previously shown experimentally by x-ray

magnetic circular dichroism (XMCD) and theoretically by

first principles calculation.24,25 The magnetized Pt shares

some common features as the magnetic YIG film, e.g., mag-

netic anisotropy.21 Thus, when the magnetic field approaches

zero, the magnetic field dependent RAHR exhibits an

M-shaped behavior close to zero field. However, for Pt/IrMn/

YIG, the RAHR continuously decreases as approaching zero

field, implying that both interfaces of Pt/IrMn and IrMn/YIG

are free of MPE, which is consistent with the absence of con-

ventional anisotropic magnetoresistance (AMR) (see below).

The derived anomalous-Hall resistivity qAHR is summarized

as functions of temperature [Fig. 2(f)] and IrMn thickness

(tIrMn) [Fig. 2(g)], respectively. The qAHR for all the Pt/IrMn/

YIG exhibits complicated temperature dependence. Both the

magnitude and sign are highly non-trivial, which were also

found in Pt/LaCoO3 bilayers.26 The qAHR changes its sign

near the temperature of 50 K that is almost independent of the

IrMn thickness. Moreover, as increasing the tIrMn, the qAHR

FIG. 1. The representative 2h-x XRD

patterns for a YIG/GGG film (a) near

the (444) reflections and (b) from 20�

to 80�. (c) Atomic force microscope

surface topography of the Pt/IrMn(3)/

YIG heterostructure over an area of

5 lm� 5 lm. (d) A FMR derivative

absorption spectrum of a 60 nm YIG

film.
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increases and reaches a maximum around tIrMn¼ 3 nm, which

excludes the interfacial MPE origin of the observed AHR.

The AMR for Pt/IrMn/YIG was also measured down to

low temperatures. As an example, the AMR of Pt/YIG and

Pt/IrMn(1)/YIG for three different field scans is presented in

Fig. 3. When the magnetic field scans within the xy plane

[Figs. 3(a) and 3(d)], both the conventional AMR and SMR

contribute to the total AMR; for the xz scan [Figs. 3(b) and

3(e)], the resistance changes are attributed to the MPE-

induced conventional AMR; for the yz scan [Figs. 3(c) and

3(f)], the conventional AMR is zero, and only the SMR is

expected.27,28 As shown in Fig. 3(e), the resistance is almost

independent of hxz, indicating an extremely weak MPE at the

interfaces of Pt/IrMn or IrMn/YIG. In contrast, the MPE is

significant at the Pt/YIG interface [see Fig. 3(b)]: the maxi-

mum amplitude of conventional AMR is around 2.2� 10�4,

which is comparable to that of SMR. Since the conventional

AMR is negligible in Pt/IrMn(1)/YIG, the SMR dominates

the AMR when the magnetic field is varied within the xy

plane, the amplitudes of the hxy scan are almost identical to

those of the hyz scan. While for Pt/YIG, due to the MPE-

induced conventional AMR, none of the amplitudes is identi-

cal to each other. The AMR amplitudes for hxy, hxz, and hyz

scans are summarized as a function of temperature in Figs.

3(g) and 3(h) for Pt/YIG and Pt/IrMn(1)/YIG, respectively.

Upon decreasing the temperature, the SMR persists down to

10 K, with the amplitudes monotonically decreasing from

7.5� 10�5 (300 K) to 3.0� 10�5 (10 K) in Pt/IrMn(1)/YIG.

Due to the smaller spin-Hall angle, the shorter spin diffusion

length, and the larger electrical resistivity of IrMn, the SMR

amplitudes of Pt/IrMn/YIG are almost an order smaller than

that of Pt/YIG.10,13,27 The temperature dependence of SMR

amplitudes for Pt/IrMn/YIG is significantly different from

the Pt/YIG or Pd/YIG bilayers, where the SMR amplitudes

exhibit a nonmonotonic temperature dependence and acquire

a maximum around 100 K.29,30 For Pt/YIG, the temperature

dependence of SMR can be described by a single spin-

relaxation mechanism.29 The spin diffusion length is defined

as k ¼
ffiffiffiffiffiffiffiffiffi

Dssf

p
, where D and ssf are the diffusion constant and

the spin-flip relaxation time, respectively. Within the Elliot-

Yafet spin-orbit scattering model, both D and ssf are

inversely proportional to the resistivity.31,32 In the Pt metal,

the electrical resistivity mainly originates from the phonon-

electron scattering (q / T) at high temperature, then k /
1/T. However, when the extra magnetic-electron scattering

needs to be considered in Pt/IrMn/YIG heterostructures, the

assumption of k / 1/T is no longer valid. Moreover, the spin

diffusion length of IrMn is comparable to the electron mean

free path; thus, the Elliot-Yafet mechanism is likely no lon-

ger available. On the other hand, as suggested by the theoret-

ical calculation, the spin current propagates in AFMs in

terms of diffusive thermal magnon.33 The magnon thermal

number decreases with decreasing temperature, which may

provide the explanation of the temperature dependence of

the SMR shown in Fig. 3(h). It is noted that the Pt/IrMn(3)/

YIG also exhibits a SMR with the amplitude of 6.8� 10�5

at room temperature, while there is no SMR signal in

Pt/IrMn(5)/YIG, implying that the spin current generated in

FIG. 2. (a)–(c) Schematic plots of the

longitudinal and transverse Hall resis-

tance measurements. The magnetic

field orientations hxy, hxz, and hyz are

with respect to the y-, z-, and z-axes,

respectively. The electric current is

applied along the x-axis. Anomalous-

Hall resistance RAHR for (d) Pt/YIG

and (e) Pt/IrMn(1)/YIG as a function

of magnetic field at different tempera-

tures. (f) Temperature dependence of

the qAHR for Pt/IrMn/YIG with various

IrMn thicknesses. The qAHR is replot-

ted versus IrMn thickness at various

temperatures in (g). All qAHR values

are averaged by [qAHR (70 kOe)-qAHR

(�70 kOe)]/2.
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the Pt can penetrate the IrMn layer (�3 nm) to interact with

the FM YIG layer.

The magnetic ordering temperature for a very thin AFM

film is expected to be well below the corresponding transi-

tion temperature of bulk forms. In order to track the mag-

netic ordering temperature of IrMn, we measured the

exchange bias field He for Pt/IrMn/YIG heterostructures. As

an example, the typical normalized magnetic hysteresis loops

M/Ms for Pt/IrMn(1)/YIG at different temperatures are pre-

sented in Fig. 4(a). The derived He versus temperature is

summarized in Fig. 4(b). The onset of exchange bias field He

is defined as the blocking temperature, as indicated in Fig.

4(b). The estimated Tb for 1, 3, and 5 nm IrMn are approxi-

mately around 180, 200, and 230 K, respectively. It is noted

FIG. 3. Anisotropic magnetoresistance

at various temperatures for (a)–(c) Pt/

YIG and (d)–(f) Pt/IrMn(1)/YIG with

magnetic field varied within xy, xz,

and yz planes. Temperature depen-

dence of AMR amplitudes for Pt/YIG

and Pt/IrMn(1)/YIG heterostructures

are plotted in (g) and (h), respectively.

The cubic, circle, and triangle symbols

stand for the hxy, hxz, and hyz scans,

respectively.

FIG. 4. (a) Normalized hysteresis

loops for Pt/IrMn(1)/YIG at various

temperatures. (b) Temperature depen-

dent He for Pt/IrMn/YIG heterostruc-

tures with different IrMn thicknesses.
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that the exchange bias field does not monotonically increase

with the IrMn thickness and shows the largest value with

3 nm IrMn, which was previously found in other IrMn-based

bias systems.34,35

Based on the above experimental results, we discuss the

origins of the significant AHR in Pt/IrMn/YIG heterostruc-

tures. There are at least four contributions to the observed

AHR in Pt/IrMn/YIG: the MPE, the spin-Hall based SMR,

the spin-dependent interface scattering, and the intrinsic

properties of the IrMn metal. In contrast to the Pt/YIG, the

absence of conventional AMR in Pt/IrMn/YIG indicates

the negligible MPE at Pt/IrMn or IrMn/YIG interfaces. The

SMR model also predicts an anomalous-Hall-like resis-

tance,27 whose magnitude and sign are determined by the

spin diffusion length and spin-Hall angle of the metal and

the imaginary part of the spin mixing conductance, respec-

tively. Though the SMR model can describe the thickness

dependence of AHR in Pt/IrMn/YIG, it fails to explain the

temperature dependent AHR by the following reasons: (i)

An arbitrary temperature dependence of the imaginary part

of the spin mixing conductance parameter is required to

qualitatively describe the temperature dependent AHR

including the sign change; (ii) According to the spin pump-

ing studies, both the spin-Hall angle and the spin diffusion

length of IrMn are smaller than those of Pt, which cannot

explain the enhancement of AHR with increasing the IrMn

thickness.10,13,14 The spin-dependent scattering at the inter-

face, combined with the conventional skew-scattering and

side-jump mechanisms, can also contribute to the AHR.36

However, the enhancement of AHR with IrMn thickness

excludes the interfacial origin. Finally, the large AHE and

SHE in the IrMn metal predicted by the previous theoretical

calculations are attributed not only to the large SOC of heavy

Ir atoms but also to the Berry phase of the non-collinear

spin structures of IrMn.18–20 Such AHR induced by the

non-collinear magnetism could be related to the magnon dif-

fusion length of IrMn, which may exhibit a maximum value

when the IrMn thickness is comparable to its magnon diffu-

sion length. In order to qualitatively explain this nontrivial

temperature dependent behavior, further theoretical and

experimental investigations are highly desirable.

Now we discuss the possible interplay between the AFM

order and the spin transport properties, including the SMR

and AHR. As shown in Figs. 2 and 3, there is no clear dis-

crete change in AHR or SMR near the blocking temperatures

of the IrMn layer, implying a weak relationship between the

AHE or SHE and the AFM order in IrMn. Similar results

were also observed in Cr/YIG bilayers, where both the ISHE

voltage and AHR are independent of the AFM ordering tem-

perature.12 According to our magnetic characterizations (Fig.

4), the AFM ordering temperatures of IrMn films are well

below room temperature. However, the enhancement of AHR

in Pt/IrMn/YIG as compared to that in Pt/YIG happens in the

whole studied temperature range [see Fig. 2(g)]. There are

two possible reasons for such a phenomenon. The AHE and

SHE due to the non-collinear magnetism happen in a length

scale of nanometer, which is a local property and is indepen-

dent of the long range magnetic order, as reported previously

in the Mn5Si3 film.37 Another reason is that the strength of

SOC is independent of the AFM order in the IrMn metal,

which is mainly contributed from the heavy Ir atoms.

IV. CONCLUSION

In summary, we report an investigation of the AHE and

SHE by measuring the AHR and SMR in Pt/IrMn/YIG heter-

ostructures. The significantly enhanced AHR in Pt/IrMn/YIG

is likely associated with the strong SOC and non-collinear

magnetic structure of IrMn, and the sizable SMR indicates

that the spin current can transport through IrMn. The

observed non-trivial temperature dependence of AHR cannot

be consistently explained by the existing theories, which

demands further theoretical and experimental investigations.
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