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Abstract 

Magnetic proximity effect has only been conclusively observed in ferromagnet-based systems. 

We report the observation of anomalous Hall effect and angular-dependent anisotropic 

magnetoresistance in Pt on antiferromagnetic α-Fe2O3(0001) epitaxial films at 10 K, which 

provide evidence for the magnetic proximity effect.  The Néel order of α-Fe2O3 and the induced 

magnetization in Pt show a unique angular dependent magnetoresistance compared with all other 

ferromagnetic and antiferromagnetic systems. A macrospin response model is established and 

can explain the antiferromagnetic spin configuration and all main magnetoresistance features in 

the Pt/α-Fe2O3 bilayers.  
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Introduction. Antiferromagnets (AF) have recently generated significant excitements in 

spintronics due to their terahertz response, high speed, low energy cost, and abundance of 

materials [1-17]. Magnetic proximity effect (MPE) is an important phenomenon in spintronics 

with great potential for application, such as spin logic devices, modulating spin currents in 

graphene, and realizing high temperature quantum anomalous Hall effect in topological 

insulators [17-26]. 

To date, MPE has only been conclusively observed in nonmagnetic heavy metals (HM) 

on ferromagnets (FMs) [17-26]. An intriguing question is whether MPE exists in HM/AF 

systems.  In principle, because MPE in HM/FMs originates from the surface magnetic moments, 

AFs with uncompensated surface moment should also be able to induce MPE.  Kosub, et al. [27] 

reported that MPE might exist in Pt/Cr2O3 bilayers evidenced by the anomalous Hall effect 

(AHE), which is not conclusive (see Supplementary Materials [28] and references [29-48] 

therein). We report the evidence of MPE in Pt/α-Fe2O3 bilayers which exhibit both the AHE and 

anisotropic magnetoresistance (AMR). We explain our data by modeling the Néel order in α-

Fe2O3 and MPE-induced moment in Pt, and the competition between the spin-flop transition and 

the anisotropies in α-Fe2O3.  

Experimental Results.  Epitaxial α-Fe2O3(30 nm) films are grown on Al2O3(0001) substrates 

using off-axis sputtering [49-51] at a substrate temperature of 500°C, followed by the in-situ 

deposition of a 2-nm Pt layer on α-Fe2O3 at room temperature. The quality of the films is first 

examined by X-ray diffraction (XRD). Figure 1(a) shows a 2θ/ω XRD scan for a Pt(2 nm)/α-

Fe2O3(30 nm) bilayer, where the clear Laue oscillations (right inset) and narrow rocking curve 

with a full-width-at-half-maximum (FWHM) of 0.043° (left insert) indicate high crystalline 

quality.  X-ray reflectometry scan (see Supplementary Materials [28]) for the 30-nm α-Fe2O3 
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film gives a roughness of 0.2 nm. The smooth surface of the α-Fe2O3 film is confirmed by atomic 

force microscopy (AFM) as shown in Fig. 1(b), which gives a roughness of 0.1 nm.  Figures 1(c) 

and 1(d) show cross-sectional scanning transmission electron microscopy (STEM) images of the 

α-Fe2O3/Al2O3 and Pt/α-Fe2O3 interfaces, respectively, which reveal clean interfaces.   

The Pt(2 nm)/α-Fe2O3(30 nm) bilayer is patterned into a 100 μm wide Hall bar.  Figure 

2(a) shows the Hall loops at 10 and 100 K in an out-of-plane field H. Hall resistance (Rxy) 

generally includes the ordinary Hall effect (OHE) and anomalous Hall effect (AHE).  The OHE 

is linearly proportional to H while the AHE is typically seen in FMs and proportional to its out-

of-plane magnetization [52].  In Fig. 2(a), a clear AHE signal emerges at 10 K, but disappears at 

100 K.  

To probe the origin of the observed AHE at 10 K and the spin configuration in α-Fe2O3, 

we measure the angular dependent magnetoresistance (ADMR) Δߩ௫௫/ߩ଴  for the Pt(2 nm)/α-

Fe2O3(30 nm) bilayer, where ߩ଴ is the longitudinal resistivity at zero field.  Figure 2(b) shows the 

schematics of the Hall bar with angle α, β, and γ defined between H and the x, z, and z axes in the 

xy, yz, and zx planes, respectively, where the current I is along the x-axis.  Figure 2(c) shows the 

γ-scan magnetoresistance (MR) at 10 K, where a sharp peak is observed when H ⊥ film (γ = 0° 

and 180°) at µ0H = 1-14 T.  The peak becomes narrower as H increases, while the peak 

magnitude remains essentially the same.  In Fig. 2(c), at µ0H ≥ 7 T, the MR exhibits local 

maxima at γ = 90° and 270°, which is a signature for the AMR [53-56].  The AMR saturates with 

a magnitude of ~0.01% at 7 T, which is consistent with the Hall loop at 10 K in Fig. 2(a).  To 

explore its temperature dependence, we measure the γ-scans at 14 T for the sample at 10 and 300 

K, which display opposite angular dependencies as shown in Fig. 2(d) (ignore the sharp peaks 

for now).  
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We next make two control samples (more discussions in the section below), a 2 nm Pt 

layer and a Pt(8 nm)/α-Fe2O3(30 nm) bilayer on Al2O3(0001) for the same measurement at 10 K, 

as shown in Figs. 2(e) and 2(f).  Both samples have sin  ଶ dependence, as expected from theߛ

ordinary magnetoresistance (OMR).  The OMR in Pt(2 nm)/Al2O3 is understood.  The Pt(8 

nm)/α-Fe2O3 result will be discussed in the next section.  Another interesting feature is that the 

sharp peak near γ =180° observed in the Pt(2 nm)/α-Fe2O3 bilayer also appears in the Pt(8 nm)/α-

Fe2O3, which cannot be explained by AMR. Below we use β- and α-scan MR to uncover its 

mechanism. 

Figure 3(a) shows the β-scans for the Pt/α-Fe2O3 bilayer at 10 K. Sharp peaks are also 

observed near β = 0° and 180°, but opposite to those in the γ-scans.  At µ0H = 1 T, the β-scan has 

local maxima at β = 90° and 270° with a magnitude of ~0.01%, which has been reported before 

in YIG/NiO/Pt [57, 58] and attributed to the Néel order n ⊥ H.  Consequently, the β-scans show 

a negative spin Hall magnetoresistance (SMR) that has a 90° phase shift compared with the 

positive SMR in Pt/FM bilayers.  As H increases, the β-scans become flat and eventually have 

local minima at β = 90° and 270° at 14 T due to the dominant OMR over the negative SMR at 

high fields.  By comparing the 14-T β-scans at 10 and 300 K in Fig. 3(b) and the OMR-only 14-

T β-scan of Pt(2 nm)/Al2O3 at 10 K in Fig. 3(c), it is clear that the β-scans in Fig. 3(a) are due to 

the competition between the OMR that dominates at high fields, and the negative SMR that 

dominates at low fields.  

Figure 3(d) shows the α-scans for the Pt/α-Fe2O3 bilayer at 10 K, which exhibit three 

notable features.  First, no sharp peak is observed, but the magnitude of ADMR of ~0.1% is 

comparable to that of the sharp peaks in the β- and γ-scans.  Second, at µ0H ≥ 0.3 T, the α-scans 

remain unchanged and can be well fit by sinଶߙ with maxima at α = 90° and 270°, which is a 
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signature of negative SMR, indicating that n is perpendicular to the in-plane field due to the 

spin-flop transition.  Third, for a small field of 0.1 T, the α-scan deviates from sinଶߙ, suggesting 

that n is in a multi-domain state (below the spin-flop field).  Such a small spin-flop field of <0.3 

T in epitaxial α-Fe2O3 films is 20× smaller than the ~6 T in bulk α-Fe2O3 [59].  

Figure 3(e) shows two α-scans at 14 T, where the MR at 300 K is 50% larger than that at 

10 K.  As a comparison, the OMR in a Pt(2 nm)/Al2O3 control sample exhibits no ߙ-dependence 

[Fig. 3(f)].  The 300 K α-scan in Fig. 3(e) is due to pure SMR while the 10 K data is dominated 

by SMR, but with an opposite contribution from AMR.  This is because SMR has a weak 

temperature dependence and AMR vanishes at 300 K. For the SMR, ߩ߂௫௫/ߩ଴ ൌ SHଶߠ ఒௗ ሺ2ܩߣtanhଶ ௗଶఒሻ/ሺଵఘ ൅ cothܩߣ2 ௗఒሻ, where ܩ  d, ρ are the spin mixing ,ߣ ,SHߠ ,

conductance, spin Hall angle, spin diffusion length, thickness, and resistivity of Pt, respectively 

[60, 61].  Using ߩ߂௫௫/ߩ଴ ൌ 0.15% at 300 K and 14 T in the α-scans, ߠSH = 0.086, 1.2 = ߣ nm 

[62], d = 2 nm, and 10-7 × 2.5 = ߩ Ω⋅m, we obtain 1015 × 5.5 = ܩ Ω-1⋅m-2, which is an order of 

magnitude higher than other AFs [17, 63, 64].  

Discussion.  In this section, we provide likely explanations for our experimental results.  First, 

the Hall loops at 10 and 100 K shown in Fig. 2(a) suggest that our AHE signal likely arises from 

the MPE-induced magnetization in Pt due to the interfacial exchange interaction, which is 

suppressed by thermal fluctuations at higher temperatures [53, 54].  An alternative origin is the 

spin-Hall-induced AHE in Pt/α-Fe2O3 [60].  However, in that case, the AHE should survive even 

at 300 K because of the weak temperature dependence of the spin Hall effect and the high Néel 

temperature (TN = 955 K) of α-Fe2O3 [65].  Second, previous studies of Pt/FM bilayers show that 

the existence of AMR can be used to probe the MPE.  From our ADMR measurements on Pt/α-

Fe2O3, AMR is observed in the γ-scan at 10 K with a saturation magnitude of ~0.01% as shown 
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in Fig. 2(c), which is close to the MPE-induced AMR in Pt/CoFe2O4 [53]. In addition, Fig. 2(d) 

shows the opposite angular dependencies (excluding the sharp peaks) of MR between 10 and 300 

K, indicating that the OMR, which has the same physical origin as OHE and has an opposite 

angular dependence to AMR, should dominate at 300 K. The disappearance of AMR at 300 K is 

expected if the AMR is induced by the MPE which is known to decrease at higher temperatures, 

consistent with the Hall data. Third, in our control measurements shown in Figs. 2(e) and 2(f), 

the Pt(8 nm)/α-Fe2O3 bilayer exhibits no AMR signal. This rules out the possibility that the Pt 

magnetization is due to the formation of magnetic FePt alloy by interdiffusion, demonstrating 

that the induced magnetization in Pt is an interfacial effect.  For the Pt(8 nm)/α-Fe2O3, the AMR 

is overwhelmed by the OMR in Pt, while for the Pt(2 nm)/α-Fe2O3, the AMR dominates OMR.  

Thus, the AMR in Pt(2 nm)/α-Fe2O3 is likely due to the MPE-induced magnetization in Pt. 

To explain the SMR features in the α-, γ-, and β-scans, we use a macrospin response 

model (see Supplementary Materials [28]) to describe the AF spins based on the free energy [66, 

ሻ࢔ሺܧ  ,[67 ൌ ࢔௞ଵሺܪ · ොሻ૛ࢠ ൅ ௞ଶܪ cosሾ6ሺ߮ே െ ሻሿߜ ൅ ு૛ଶு೐ ሺࢎ ·    ,ሻ૛࢔

 (1) 

where n is the unit vector of Néel order, ߮ே is the in-plane angle between n and the x-axis, and δ 

is the phase angle that defines the orientations of the easy axes.  ܪ௞ଵ and ܪ௞ଶ are the easy-plane 

and in-plane easy-axis anisotropy, respectively, both of which are positive, indicating in-plane 

Néel order with three easy-axes that are 60° apart.  h is the unit vector of the applied field and ܪ௘ 

is the exchange field between the AF spins.  The last term corresponds to the AF spin-flop 

transition, which prefers h ⊥ n.  By minimizing ܧሺ࢔ሻ, we extract the Néel order in response to H.  

Figure 4(a) shows the schematics of n in three regimes: ߠH ~ 90°, ߠH ൌ  0° , and in 
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between, where ߠH is the angle between H and the z-axis, I || x-axis, and H lies in the yz-plane.  

Due to the strong easy-plane anisotropy ܪ௞ଵ, n always stays in-plane.  The competition between ܪ௞ଶ and the spin-flop term determines ߮ே.  The three kinds of MR are then given by [17, 53],  ߩ௫௫AMR ן  ሺ݉௫P୲ሻଶ ן ݄௫ଶ ן sinଶ ௫௫SMRߩ ,Hߠ ן  െ݊௬ଶ ൌ െሺ1 െ ݊௫ଶሻ ן െ sinଶ ߮ே,      (2) ߩ௫௫OMR ן  െ݄௫ଶ ן െ sinଶ  H, (H in either the yz- or the zx-plane)ߠ

where ߩ௫௫AMR is assumed to be induced by the magnetization in Pt.  To fit the MR data, we choose ܪ௞ଵ ൌ 2 T, ܪ௞ଶ ൌ 2 G, ܪ௘ ൌ 50 T, and ߜ ൌ െ2.5° (a small non-zero ߜ to lift degeneracy) to first 

obtain the ߠH-dependence of ߮ே, as shown in Fig. 4(b).  As ߠH is close to 90° [left, Fig. 4(a)], ߮ே approaches 0°, indicating that the spin-flop term dominates and n ⊥ H.  As ߠH rotates toward 0° [middle, Fig. 4(a)], the spin-flop term decreases and n rotates towards one of the three easy-

axes.  For small field like 1 T, the rotation of n is gradual.  For µ0H ≥ 10 T, the in-plane 

component of H at ߠு ൒  5° is large enough to align n along the x-axis (߮ே  = 0°), and at ߠH ൏  5°, ߮ே increases dramatically.  At ߠH ൌ 0° [right, Fig. 4(a)], the spin-flop term is 0 and n 

has equal probability to align along any of the three easy axes, forming multi-domains.  

This mechanism can simultaneously explain the sharp peaks in the γ- and β-scans, the 

small negative SMR in the β-scans, and the large negative SMR in the α-scans.  For the γ-scans 

away from 0° or 180°, the in-plane component of H is large enough to induce the spin-flop 

transition and the α-Fe2O3 film is a single domain with n || y-axis.  As γ approaches 0° or 180°, 

the in-plane component of H drops below the spin-flop field and the α-Fe2O3 film forms multi-

domains with a significant nx, resulting in a sharp increase in the SMR.  Meanwhile, in the β-

scans, as β approaches 0° or 180°, the α-Fe2O3 film enters the multi-domain regime and n rotates 

away from the x-axis, resulting in a sudden decrease in SMR.  The peaks are sharper at higher 



8 
 

fields because of the constant in-plane spin-flop field and sharper change of ߮ே [see Fig. 4(b)]  

In Fig. 3(d), at µ0H = 0.1 T, the α-scan deviates from sinଶߙ, indicating the AF is in multi-

domains.  An in-plane µ0H ≥ 0.3 T overcomes ܪ௞ଶ and induces the spin-flop transition to form a 

single domain, which corresponds to 1.2° off the z-axis at 14 T.  The magnitude of AMR in the 

α-scans is similar to that in the γ-scans, which is ~10× smaller than the SMR with opposite 

angular dependence.  Using ܪ௞ଵ ൌ 2 T, ܪ௞ଶ ൌ 2 G, ܪ௘ ൌ 50 T, and ߜ ൌ െ2.5°, we show the 

fitting of the γ- and β-scans in Figs. 4(c) and 4(d), respectively.  The fitting reproduces all the 

key features discussed above, including the whole angular and field range of the ADMR scans. 

To further understand the implied MPE in the Pt/α-Fe2O3 bilayers, we use density 

functional theory (DFT) to calculate the induced magnetization in Pt on Fe2O3 assuming an 

atomic flat (0001) surface with ferromagnetically aligned AF spins (see Supplementary Materials 

for more DFT results and discussion).  Figure 5 shows the average magnetic moments of Pt in 

the vicinity of the interface.  The magnitude of the magnetic moment starts at over 0.16 μB/atom 

in the first two Pt layers and decreases at layer 3 away from the interface.  In layer 4 and layer 5, 

the magnetic moments approach zero with minor fluctuations, suggesting that the presence of the 

Pt moments comes from the magnetism induced by Fe2O3.   

Conclusion.  Our experimental results provide evidence for MPE in the Pt/α-Fe2O3 bilayers, 

which most likely arises from the uncompensated surface spins of α-Fe2O3 [27, 68]. In our model, 

we assume that the AMR is induced by the MPE and the MPE-induced magnetization in Pt is 

parallel to H, which fits our experimental data well.  We note that our results cannot rule out 

other possible mechanisms for MPE, such as local ferromagnetism induced by nonuniformities 

or defects at the interface.  The confirmation of the MPE needs more direct measurement of the 

induced moment in Pt on Fe2O3, such as using X-ray magnetic circular dichroism (XMCD).  The 
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interpretation of the AF-induced MPE requires a more rigorous theoretical understanding of the 

surface AF spin structure on Fe2O3. 

This work was supported primarily the U.S. Department of Energy (DOE) under Grant 

No. DE-SC0001304 (YC, SSY, and FYY), and partially supported by the Center for Emergent 
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Figure Captions: 

Figure 1. (a) XRD 2θ/ω scan of a Pt(2 nm)/α-Fe2O3(30 nm) bilayer on Al2O3(0001).  Right inset: 

high-resolution scan of the α-Fe2O3 (0006) peak with Laue oscillations.  Left inset: XRD rocking 

curve of the α-Fe2O3 (0006) peak. (b) AFM image of an α-Fe2O3(30 nm) with a roughness of 0.1 

nm. STEM images of the (c) α-Fe2O3/Al2O3 and (d) Pt/α-Fe2O3 interfaces viewed along ሺ12ത10ሻ 

and ሺ54ത10ሻ, respectively. 

Figure 2. (a) Hall resistance for a Pt(2 nm)/α-Fe2O3(30 nm) bilayer at 10 and 100 K. (b) 

Schematics of α (xy-plane), γ (zx-plane), and β (yz-plane) angular dependence measurements. (c) 

γ-scans of a Pt(2 nm)/α-Fe2O3(30 nm) sample at 10 K an various magnetic fields, which show a 

sharp peak at out-of-plane field (0°, and 180°) and a broad peak at in-plane field (90° and 270°). 

Curves are shifted vertically for clarity. (d) γ-scans at 10 and 300 K for Pt(2 nm)/α-Fe2O3(30 nm) 

at 14 T.  Control experiments of γ-scans for (e) a Pt(8 nm)/α-Fe2O3(30nm) bilayer and (f) a Pt(2 

nm) on Al2O3(0001) taken at 14 T and 10 K, where OMR dominates the angular dependence. 

The red curves in (e) and (f) are cosine fits. 

Figure 3. (a) β-scans of a Pt(2 nm)/α-Fe2O3(30 nm) bilayer at 10 K and various fields. (b) 

Comparison of the β-scans between 10 and 300 K at 14 T. (c) β-scan of a control sample Pt(2 nm) 

on Al2O3(0001) at 14 T and 10 K. (d) α-scans of a Pt(2 nm)/α-Fe2O3(30 nm) bilayer at 10 K and 

various fields. (e) Comparison of the α-scans between 10 and 300 K at 14 T.  The solid curves in 

(c), (d), and (e) are cosine fits.  (f) α-scan of a control sample Pt(2 nm) on Al2O3 (0001) at 14 T 

and 10 K. Curves are shifted vertically for clarity. 

Figure 4.  (a) Schematics of AF spin configurations as an applied field rotates from in-plane 

towards out-of-plane in the yz-plane (for β scans), where the green lines illustrate the three in-
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plane easy axes of α-Fe2O3. (b) Simulation of φN, the angle between the Néel order n and the x-

axis, at different field angle ߠH.  Fitting of (c) γ-scans and (d) β-scans at 10 K for various fields, 

where the solid curves are fits to the experimental data. Curves are shifted vertically for clarity.  

Figure 5.  DFT calculations of the average magnetic moments for Pt atoms as a function of layer 

number away from the Pt/α-Fe2O3 interface. Error bars are the standard errors of the mean. 
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Figure 2. 
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Figure 3. 
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