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Enhanced Anomalous Hall Effect of Pt on an Antiferromagnetic Insulator with
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We report a significantly enhanced anomalous Hall effect (AHE) of Pt on antiferromagnetic insulator thin film

(3-unit-cell La0.7Sr0.3MnO3, abbreviated as LSMO), which is one order of magnitude larger than that of Pt on

other ferromagnetic (e.g. Y3Fe5O12) and antiferromagnetic (e.g. Cr2O3) insulator thin films. Our experiments

demonstrate that the antiferromagnetic La0.7Sr0.3MnO3 with fully compensated surface suppresses the positive

anomalous Hall resistivity induced by the magnetic proximity effect and facilitates the negative anomalous Hall

resistivity induced by the spin Hall effect. By changing the substrate’s temperature during Pt deposition, we

observed that the diffusion of Mn atoms into Pt layer can further enhance the AHE. The anomalous Hall resistivity

increases with increasing temperature and persists even well above the Neel temperature (𝑇N) of LSMO. The

Monte Carlo simulations manifest that the unusual rise of anomalous Hall resistivity above 𝑇N originates from

the thermal induced magnetization in the antiferromagnetic insulator.
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The anomalous Hall effect (AHE) often occurs in ferro-

magnetic materials with either intrinsic [1] or extrinsic [2,3]

physical origins, which can be understood within the scope

of momentum-space Berry curvatures. [4] Besides the con-

ventional AHE in bulk ferromagnets, interfacial AHE can

emerge in nonmagnetic/ferromagnetic metal (FMM) het-

erostructures due to interfacial scattering. [5–16] To sup-

press the contribution of bulk AHE from the FMM layer,

ferromagnetic insulator (FMI) has been used to replace the

conducting FMM layer and an AHE-like transverse contri-

bution due to the spin Hall effect (SHE) was found in a

Pt/Y3Fe5O12 (YIG) heterostructure. [17] Follow-up works

have revealed that both the magnetic proximity effect

(MPE) and the SHE contribute to AHE of Pt/YIG. [18–22]

The MPE induced anomalous Hall effect (MPE-AHE) is

pronounced at low temperature, while the SHE induced

anomalous Hall effect (SHE-AHE) dominates at elevated

temperature. The MPE-AHE and the SHE-AHE have op-

posite signs and opposite temperature dependences, lead-

ing to a sign reversal around 50K for the anomalous Hall

resistance of the Pt/YIG heterostructure, [18,19] as shown

in Fig. S1(b) in the Supplementary Information. Simi-

lar results have been reported in other systems, such as

Pt/Y3Fe5−𝑥Al𝑥O12,
[20] W/YIG, [21] and Pt/Tm3Fe5O12

(TmIG). [22]

To boost the SHE-AHE and thus the total anomalous

Hall resistivity at elevated temperatures, it would be ideal

to further suppress the MPE-AHE using antiferromagnetic

insulator (AFMI) instead of FMI. Attempts were made

using Cr2O3
[23] as the AFMI to interface with Pt but no

noticeable enhancement of total anomalous Hall resistivity

was observed compared to that of the Pt/YIG. [19,20] This

is not surprising considering the fact that the surface of

the AFMI Cr2O3 has an uncompensated spin structure. [24]

In this Letter, we use a 3-unit-cell (UC) La0.7Sr0.3MnO3

(LSMO) grown on SrTiO3(100) substrate, which is known

to have a fully compensated surface spin structure, [25–28]

as the AFMI layer to interface with Pt. Remarkably, the

anomalous Hall resistivity of Pt/3-UC LSMO is enhanced

by one order of magnitude compared to that of Pt/YIG

because the MPE-AHE is effectively suppressed. The to-

tal anomalous Hall resistivity is dominated by SHE-AHE
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and increases monotonically with temperature well above

the Neel temperature (𝑇N) of the 3-UC LSMO film. The

Monte Carlo simulations indicate that such unusual tem-

perature dependence of the anomalous Hall resistivity orig-

inates from the thermo-induced short-range magnetic or-

der in AFMI.

LSMO films were epitaxially grown on SrTiO3 sub-

strates using pulse laser deposition with an energy den-

sity of 2 J/cm2 (248 nm, 2Hz). [25,29] During the growth,

the substrate was held at 800 ∘C in an oxygen (8% ozone)

environment of 3.5 × 10−3 Torr. The thickness and the

growth quality of the films were monitored by reflection

high energy electron diffraction (RHEED). After that, the

LSMO films were transferred in situ into a molecular beam

epitaxy chamber with base pressure of 1 × 10−10 Torr for

the deposition of 2 nm Pt thin films at room tempera-

ture. The Pt/LSMO heterostructures were patterned into

the Hall-bar mesa geometry using photolithography and

Ar ion beam milling. The sample dimension is shown in

Fig. 1(a). The width 𝑤 of the Hall bar is 100µm and the

distance 𝑙 between two longitudinal pads is 600µm. Trans-

port and magnetic measurements were carried out using a

Quantum Design physical property measurement system

(PPMS) and a superconducting quantum interference de-

vice (SQUID), respectively. For transport measurements,

the charge current density 𝑗e was applied in the 𝑥-direction

along the Hall bar, where 𝑉𝑥𝑥 and 𝑉𝑥𝑦 are the voltages

along the 𝑥 and 𝑦 directions, respectively.

0.0
0 50 100 150 200 250 300

0.2

0.4

0.6

0.8

1.0

1.2

-2.0

-1.0

0.0

1.0

2.0(c)

0.0

2.0

4.0

6.0

8.0

(d)

(e) (f)

0

20

40

60

80

1.4

1.6

1.8

2.0

(a) (b)

M
 (

10
-

5  
em

u
)

M
 (
m

B
/M

n
)

A
M

R
 (

10
-

5 )

T (K)

0-1.0 -0.5 0.0 0.5 1.0 50 100 150 200 250 300
T (K)B (T)

0 50 100 150 200 250 300
T (K)

0 50 100 150 200 250 300
T (K)

r
x
x
 (

W
Sc

m
)

r
x
x
 (

10
-

5  
W
Sc

m
)

TC

Je
Vxy

dPt

WlVxx
-UC LSMO3
UC LSMO6-

-UC LSMO3
UC LSMO6-

-UC LSMO3
UC LSMO6-

-UC LSMO3
UC LSMO6-

2 nm Pt/
2 nm Pt/

-UC LSMO3
UC LSMO6-

2 nm Pt/
2 nm Pt/

Fig. 1. (a) Schematic of the Pt/LSMO Hall bar samples. (b) 𝑀–𝑇 curves of LSMO measured by SQUID. (c)

Hysteresis loops of 3-UC and 6-UC LSMO samples. (d) 𝜌–𝑇 curves of pure LSMO films measured by PPMS.

Both 3-UC and 6-UC LSMOs show insulator behavior. (e) 𝜌–𝑇 curves of Pt/LSMO heterostructure measured by

PPMS both show conductor behavior. (f) The temperature dependence of AMR of 2 nm Pt/3-UC LSMO and 2 nm

Pt/6-UC LSMO from 10K to 300K.

The magnetization versus temperature (𝑀–𝑇 ) curves

of 3-UC and 6-UC LSMO samples (without Pt) are shown

in Fig. 1(b) with a 500Oe magnetic field applied along

the surface normal. The 𝑀–𝑇 curve of the 6-UC LSMO

suggests a ferromagnetic behavior with curie temperature

(𝑇C) around 125K, and the hysteresis loop in Fig. 1(c)

gives a saturation magnetic moment of 2 𝜇B/Mn. The

𝑀–𝑇 curve of the 3-UC LSMO only has a small upturn

around 40K, which is consistent with the previous obser-

vation of an antiferromagnetic behavior based on exchange

bias measurements. [26] The resistivity versus temperature

(𝜌–𝑇 ) curves in Fig. 1(d) increase quickly with cooling, and

even beyond the limit of Keithley 2400 source meter at

low temperature, which indicates that both samples are

well defined insulators. In comparison, the resistivity of

the 2 nm Pt capped LSMO films [Fig. 1(e)] drops by 7 or-

ders of magnitude, which ensures that the electric current

flows within the Pt layer. Figure 1(f) shows the result of

anisotropic magneto resistance (AMR) measurement with

1.5T magnetic field, calculated by Δ𝜌𝑥𝑥/𝜌𝑥𝑥. According

to the AMR results, there is no MPE in the case of Pt/3-

UC LSMO, while MPE does exist in Pt/6-UC LSMO below

𝑇C (125K).

The field-dependent Hall resistivity can be calculated
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by 𝜌𝑥𝑦 = (𝑉𝑥𝑦/𝐼𝑥𝑥)𝑑Pt, where 𝑑Pt is the thickness of the

Pt layer; 𝜌𝑥𝑦 includes the ordinary Hall resistivity (𝜌
OHE

)

and the anomalous Hall resistivity (𝜌
AHE

) and can be ex-

pressed as 𝜌𝑥𝑦 = 𝜌
OHE

+ 𝜌
AHE

. After subtracting 𝜌
OHE

,

we plot magnetic-field-dependent 𝜌
AHE

of the Pt/3-UC

LSMO measured at various temperatures from 10K to

375K in Fig. 2(a). It is clear that the sign of 𝜌
AHE

remains

negative in this temperature range, unlike the sign reversal

of Pt/YIG at 50K. [18] Since the MPE in Pt/3-UC LSMO

is absent based on our AMR measurements in Fig. 1(f),

we may conclude that the measured 𝜌
AHE

mainly results

from the SHE-AHE. In fact, 𝜌
AHE

has negative sign even

at 10K, which is rescaled in Fig. 2(c) for a better view.
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Fig. 2. (a) and (b) Magnetic field dependence of 𝜌
AHE

, obtained from 10K to 375K with the magnetic field along

𝑧 direction from −3T to 3T of 2 nm Pt on 3-UC LSMO and 6-UC LSMO. (c) The field dependence of 𝜌
AHE

of

2 nm Pt/3-UC LSMO and 2 nm Pt/6-UC LSMO at 10K, which clearly show the sign reversal. (d) The temperature

dependence of 𝜌
AHE

of 2 nm Pt/3-UC LSMO and 2 nm Pt/6-UC LSMO from 10K to 375K.

Strikingly, as shown in Fig. 2(a), 𝜌
AHE

of the Pt/3-UC

LSMO increases with temperature even above 𝑇N, and fi-

nally saturates around 375K. While such kind of temper-

ature dependence is opposite to that of Pt/YIG, [30] simi-

lar behavior was also observed in Pt/Cr2O3,
[23] implying

that the interfacial AHE in Pt/AFMI may have a different

physical origin. This is especially true considering the fact

that the net magnetization of AFMI becomes vanishingly

small above 𝑇N as in the case of the present 3-UC LSMO

system. For the 6-UC LSMO, although the global physi-

cal behavior is similar to that of an FMI, it has a more

complicated magnetic configuration than the pure FMI

state in YIG. According to our previous studies for 6-UC

LSMO, [25] the bottom 3-UC LSMO is in the pure AFMI

phase, while the topmost 3-UC is phase separated FMM

domains inside an AFMI matrix. As shown in Fig. 2(c),

the positive sign of 𝜌
AHE

and the none zero coercivity

field at 10K clearly indicate the existence of MPE in Pt/6-

UC LSMO, similar to that of Pt/YIG below 50K. [18] The

𝜌
AHE

at 50K in Fig. 2(b) displays a butterfly-like behavior

as a result of the competition between the SHE-AHE and

the MPE-AHE. Further increasing temperature to 100K

(near 𝑇c), the MPE is vanishingly small and the total AHE

is dominated by the SHE-AHE with a negative sign. Be-

yond 150K, the 𝜌
AHE

curves show a pronounced upturn at

the saturation field, which appears to originate from the

topological Hall effect (THE) due to the thermally driven

spin chirality fluctuation near the domain boundary of the

AFM phase and the FM phase in the 6-UC LSMO. Similar

THE has also been observed in Pt on systems with complex

magnetic configurations above their ordering temperature,

such as Pt/TmIG [31] and Pt/Cr2O3.
[23]

Figure 2(d) shows the saturated 𝜌
AHE

deduced from

Figs. 2(a) and 2(b) under a magnetic field of 3T as a

function of temperature for Pt on the 3-UC and 6-UC

LSMO films. With the increase of temperature, the mag-

nitude of 𝜌
AHE

of the Pt/3-UC LSMO sample increases

from 1.0 × 10−3 µΩ·cm at 10K to 1.8 × 10−2 µΩ·cm at

375K, which is one order of magnitude larger than that

of the Pt/YIG. [19,20] For the Pt/6-UC LSMO sample,

𝜌
AHE

changes from about 2.1 × 10−4 µΩ·cm at 10K to

−1.2× 10−2 µΩ·cm at 375K with a sign reversal. To show

the enhancement, the Hall resistance and anomalous Hall

resistance of Pt/YIG and Pt/LSMO are compared side by

side in Fig. S1 in the Supplementary Information.

To better understand the nature of the interfacial AHE

in the Pt/LSMO system, we carried out several controlled

experiments. Figures 3(a) and 3(b) show the 𝜌
AHE

ver-

sus temperature for Pt grown at 75K, 300K and 370K on

the 3-UC and the 6-UC LSMO films, respectively. In gen-

eral, higher growth temperature of Pt tends to generate

more intermixing between Mn and Pt, which should affect

the SHE-AHE accordingly. For both cases, 𝜌
AHE

is larger

when Pt is grown at higher temperature. For example,

𝜌
AHE

of Pt deposited at 370K is one order of magnitude

larger than that of Pt deposited at 75K for the measur-
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ing temperature of 375K. This evidently indicates that the

SHE-AHE is enhanced by the intermixing between Mn and

Pt atoms. Figure 3(c) shows the Pt thickness dependence

of 𝜌
AHE

for Pt grown on the 3-UC LSMO. The 𝜌
AHE

value

decreases with increasing Pt thickness, confirming that the

interfacial effect plays the key role. Indeed, insertion of a

2 nm Cu layer between Pt and 6-UC LSMO completely di-

minishes the AHE, with only ordinary Hall effect left as

shown in Fig. 3(d). For comparison, the Hall resistivity 𝜌𝑥𝑦
of 2 nm Pt/6-UC LSMO without the subtraction of 𝜌

OHE

is also shown in Fig. 3(d), which exhibits the same linear

slope. Results of these controlled experiments all prove

that the AHE in the present Pt/LSMO systems originates

from the interface of Pt/LSMO. To investigate the role

of Mn impurities in Pt, we measured the Hall resistivity

of 2 nm Pt100Mn1/SrTiO3(001). As shown in Fig. S2(a)

in the Supplementary Information, AHE is almost unvis-

itable, which proves that only the diluted Mn impurities in

Pt at the interface are not sufficient to exhibit AHE, and it

needs the help of underlying LSMO through the exchange

interaction.
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Fig. 3. (a) and (b) Temperature dependence of 𝜌
AHE

for 2 nm Pt/3-UC LSMO and 2 nm Pt/6-UC LSMO grown

at substrate temperatures of 75K, 300K, and 370K, respectively. (c) Temperature dependence of 𝜌
AHE

of 1 nm,

2 nm and 3 nm Pt on 3-UC LSMO grown at 300K. (d) Magnetic field dependence of 𝜌𝑥𝑦 (without the subtraction

of 𝜌
OHE

) of 2 nm Pt/6-UC LSMO and 2 nm Pt/2 nm Cu/6-UC LSMO deposited and measured at 300K.

Another puzzle is the origin of AHE above 𝑇N in our

system. For finite size AFM systems such as nanoparticles,

it has been reported that thermal fluctuation can induce

a net magnetization. [32] The two spin sublattices in AFM

nanoparticles exhibit asymmetric moment canting under

an external magnetic field, resulting in a nonzero magneti-

zation as sketched in Fig. 4(a). Thermal fluctuation in fact

turns to increase the canting asymmetries and produces

net moment in AFM systems. Such a thermal induced

magnetization is shown to increase linearly with tempera-

ture. As a matter of fact, the existence short-range mag-

netic order in AFM manganites has been observed at tem-

peratures as high as 530K, which is 4.5 times higher than

their 𝑇N.
[33] To further prove this argument, we measured

the Hall resistivity of 2 nm Pt/2 nm Mn/SrTiO3(001). As

shown in Fig. S2(b) in the Supplementary Information, al-

though 𝑇N of bulk Mn is 95K, AHE clearly appears at

100K and gets significantly enhanced at 300K, which is

the evidence of the existence of short-range magnetic or-

der above 𝑇N.

For the same reason, nonzero magnetization can be in-

duced by the thermal fluctuation in the AFM LSMO layer

in our samples. Such a thermal induced magnetization

may modulate the AHE through two mechanisms. Firstly,

the spin current reflection at the interface is enhanced,

resulting in stronger SHE-AHE with increasing temper-

ature. Secondly, there are diffused Mn atoms in the Pt

layers near the interface region. The magnetic moments of

these Mn impurities can be pinned through the exchange

interaction with the underlying LSMO, producing extra

berry-phase contribution toward the anomalous Hall re-

sistivity. To demonstrate this, we performed systematic

Monte Carlo (MC) simulations.

Our MC simulations are based on a classical Heisen-

berg model described by the following Hamiltonian:

𝐻 = −1

2

∑︁
𝑖𝑗

𝐽𝑖𝑗𝑆𝑖 · 𝑆𝑗 −𝐾
∑︁
𝑖

(𝑆𝑧
𝑖 )

2 + 𝑔𝜇B𝐵 · 𝑆𝑧
𝑖 ,

where 𝐽ij represents exchange interactions, 𝐾 is the single-

ion magnetic anisotropy, 𝑔 = 2 is the electron spin 𝑔 fac-

tor, 𝜇B is the Bohr magneton, and 𝐵 is the external mag-

netic field. The model of Pt/LSMO interface is shown

in Fig. 4(b), which contains 3-UC AFM LSMO and one

layer of Mn impurities. Each layer of LSMO has 30 × 30

spins represented by a unit vector 𝑆𝑖, and the Mn impurity

layer consists of evenly distributed 10× 10 spins. To cap-

ture the C-AFM nature of the LSMO layer, its inter-layer

exchange interaction was set to the corresponding bulk
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value, 𝐽⊥ = 22.5meV (FM), while the intra-layer exchange

interaction was set to 𝐽‖ = −10meV (AFM). The ex-

change interaction 𝐽int between Mn in Pt and Mn in LSMO

was assumed to be 20meV. For the single-ion magnetic

anisotropy of Mn in LSMO, we adopted a typical value of

𝐾 = 0.1meV. An external magnetic field of 𝐵 = 3T was

applied to lift the degeneracy. We used 104 MC steps per

site to equilibrate the system, and 105 MC steps per site

for statistical averaging.

(a) (b)

(c)

Mn Mn
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M
z 
(m

B
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n
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Fig. 4. (a) Schematic illustration of the two uniform pre-

cession modes exited by thermal fluctuations in AFM ma-

terials. The red and blue arrows are magnetization vectors

of the sublattices, and the black arrow is the net magneti-

zation. The two modes are degenerated without external

magnetic fields. (b) Schematic model of our Monte Carlo

simulations. (c) Magnetization of Mn in LSMO and Mn

impurities in Pt as a function of temperature.

The simulated magnetization as a function of temper-

ature is shown in Fig. 4(c), in which the blue and red

lines represent net magnetic moments of Mn in LSMO and

Mn in Pt, respectively. At zero temperature, the mag-

netic moments of both LSMO layer and Mn impurities

are zero. When the temperature increases, a finite mag-

netization emerges and increases with temperature up to

𝑇N. This thermally induced magnetic moment decreases

very slowly above 𝑇N, which may explain why the AHE of

Pt/Cr2O3
[23] and Pt/LSMO survive well above ordering

temperature. Through the exchange interaction between

Mn atoms across the interface, Mn-impurities embedded in

Pt show larger magnetic moments, about 2.7 times higher

compared to the largest magnetic moment of Mn atoms

in the AFM LSMO layer. Obviously, the interdiffusion of

Mn is another important factor that enhances the AHE of

Pt/LSMO as observed in our experiments.

In summary, a 3-UC LSMO/STO (100) thin film with

fully compensated surface allows the observation of a pure

SHE-AHE when interfaced with Pt. In addition, the diffu-

sion of Mn atoms into the Pt layers near the interface can

further enhance the SHE-AHE. These two effects make the

anomalous Hall resistivity of Pt/3-UC LSMO one order of

magnitude larger than that of Pt/YIG. Interestingly, the

anomalous Hall resistivity increases with increasing tem-

perature even beyond 𝑇N. Based on our Monte Carlo

simulation, the temperature dependence is attributed to

thermally induced magnetization in AFMI LSMO and ad-

jacent Mn atoms. The significantly enhanced AHE at in-

terfaces of heavy metal and AFMI above room tempera-

ture is highly valuable for applications of antiferromagnetic

spintronics. [34]
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The field dependence and the temperature dependence of Hall resistance RH and 

anomalous Hall resistance RAHE of Pt/YIG and Pt/LSMO are compared side by side in 

Fig. S1. The sign reversal around 50 K for the anomalous Hall resistance RAHE of the 

10 nm Pt/YIG heterostructure is clearly seen in Fig. S1 (b), while RAHE of the 2 nm 

Pt/3UC LSMO remains negative at all measured temperatures in Fig. S1 (d). The 

RAHE value of the 10 nm Pt/YIG at 300 K is one order of magnitude smaller than the 

ordinary Hall resistance 𝑅OHE . Without the subtraction of 𝑅OHE , the contribution of 

RAHE at 300 K is almost invisible in Fig. S1 (a). In stark contrast, the RAHE value of the 

2 nm Pt/3UC LSMO at 300K is almost 3 times larger than the 𝑅OHE  value as shown 

in Fig. S1 (c) and (d).   

 

 
Fig. S1 (a) Field dependence of Hall resistance RH at different temperatures for 10 nm 

Pt/YIG (copied from Ref. [1]). (b) The anomalous Hall resistance RAHE as a function 

of the temperature for 10 nm Pt/YIG (copied from Ref. [1]). The inset shows RAHE as 

a function of magnetic field. (c) Field dependence of RH at different temperatures for 



2 nm Pt/3UC LSMO. (d) RAHE as a function of the temperature for 2 nm Pt/3UC 

LSMO. The inset shows RAHE as a function of magnetic field. 

 

The diffusion of Mn into the Pt at the Pt/LSMO interface is important, but the 

diffusion of Mn itself can’t yield sizable AHE. As reported by Ning An et al. [2], the 

Mn1−xPtx epitaxial films can show large AHE, but only at the composition of Mn3Pt, 

which is known as a noncollinear antiferromagnet in L12 structure. It is deposited 

under the optimized sputtering power of Mn target to make sure the right Mn3Pt 

stoichiometry and annealed at 600°C to make sure the right L12 structure. These 

critical conditions don’t fit in our case, where the Mn impurities in the Pt are diluted. 

To know the role of the interdiffusion of Mn, we measured the Hall resistivity of 2 nm 

Pt100Mn1/SrTiO3(001). As shown in the Fig. S2 (a), AHE is almost unvisitable. It 

proves that only the diluted Mn impurities in Pt at the interface are not sufficient to 

exhibit AHE, and it needs the help of underlying LSMO through the exchange 

interaction. 

In addition, we have measured the Hall resistivity of 2 nm Pt/2 nm Mn/SrTiO3(001). 

As shown in the Fig. S2 (b), although TN of bulk Mn is 95 K, AHE clearly appears at 

100K and gets significantly enhanced at 300 K. Since both Mn and Pt layers are 

conducting, the contribution of AHE from Mn layer and Pt layer are mixed. However, 

by comparing the magnitude of ρAHE of 2 nm Pt/2 nm Mn sample (1.5×10
-1

 μΩ∙cm) 

and 2nm Pt/3 UC LSMO sample (1.8×10
-2

 μΩ∙cm) at 300K, we can conclude AHE is 

mainly from the Mn layer due to the short-range order above TN. 

 

 

Fig. S2 (a) Field dependence of Hall resistivity at different temperatures for 2 nm 

Pt100Mn1/SrTiO3(001). (b) Field dependence of Hall resistivity at different 

temperatures for 2 nm Pt/2 nm Mn/SrTiO3(001). 
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