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1. Introduction
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First I’d give a brief introduction about the background.



• Ordinary Hall effect (1879)

• Anomalous Hall effect
(1880&1881)
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Hall discovered in 1879 that there was a transverse voltage  if applying the electrical and magnetic fields this way in metals like Cu or Au. Just one year later he realized in Fe, Ni and Co that there was another much bigger term in these ferromagnetic metals, besides the ordinary one. Unlike the simple Lorenz force responsible for the ordinary Hall effect, the mechanism of the AHE is still under debate after 130 years. The key issue is to establish the proper scaling between rho(ah) vs rho(xx) both theoretically and experimentally.



Experimental Results
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While for example in extra-pure Ni at low temperature (around 4K) a linear scaling was found.



Co Mn5Ge3
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However in some other materials such as Co and MnGe alloy a combination between the two were declared.
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Lastly but presumably the most puzzling scaling with non-integer scaling were observed, such as in the case of normal single crystal Ni. The scaling is strongly temperature dependent. No one has ever understood such kind of strange and nontrivial behavior.



Mechanisms of Anomalous Hall Effect
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Anomalous velocity
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e.g., S. Onoda, N. Sugimoto, N. Nagaosa, PRL, 97, 126602 (2006)



(2) Skew-scattering (Smit, 1955)

(3) Side-jump (Berger, 1970)
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Question 1:
Intrinsic and Extrinsic  ?
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So experimentally the key issues are also twofold, i.e., what’s the proper scaling of the AHE and how to disentangle the intrinsic and extrinsic mechanisms.
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Question 2:
Temperature Dependence in the AHE-Ni ?
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So experimentally the key issues are also twofold, i.e., what’s the proper scaling of the AHE and how to disentangle the intrinsic and extrinsic mechanisms.
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Lastly but presumably the most puzzling scaling with non-integer scaling were observed, such as in the case of normal single crystal Ni. The scaling is strongly temperature dependent. No one has ever understood such kind of strange and nontrivial behavior.



Transition metals 
Anomalous Hall Conductivity (Ωcm)-1

Theory Exp
bcc Fe 752 1032

hcp Co 477 480

fcc Ni ‐2203 ‐646

X. J. Wang, et.al. Phys. Rev. B 76, 195109 (2007)
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两者之间存在很大的差距.



2. Experimental Results
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Tuning with impurity and temperatureTuning with thickness and temperature
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Usually the rho(xx) is varied two ways, either by temperature or impurity. But the impurity approach is not a appropriate one in this case because as mentioned earlier it would change the intrinsic as well as the extrinsic mechanism. In this experiment we avoid the impurity approach by adopting the ultrathin film approach, as shown in the figure.
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Now we propose a different scaling in contrast to the routinely used.  Then it is very critical to check which one works better for the raw data without doing any modeling or curve fitting.
For the old and new one, a different linear plot would be expected.
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When we plot sigma(ah) as a function of sigma(xx) for different films, it’s very interesting to observe that they start at very different places at low temperature but merge to about the same point which is exactly the value Dheer obtained in bulk Fe whisker sample. Therefore we have now strong reason to believe that this is the intrinsic contribution for the AHE, which is independent of impurity scattering, i.e., the long sought anomalous velocity term proposed by KL!
The naïve picture to explain this is all the extrinsic scattering centers would become kind of fuzzy in high temperature while the band structure contribution is more robust against the kT change.
In addition,  we found the extrinsic contribution is negative for bulk Fe at low temperature.




Y. Shiomi, Y. Onose and Y. Tokura, PRB 79, 100404(R) 2009

Intercept: 0.3%: 0.99×103 Ω‐1cm‐1, 1%: 1.07×103 Ω‐1cm‐1
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When we plot sigma(ah) as a function of sigma(xx) for different films, it’s very interesting to observe that they start at very different places at low temperature but merge to about the same point which is exactly the value Dheer obtained in bulk Fe whisker sample. Therefore we have now strong reason to believe that this is the intrinsic contribution for the AHE, which is independent of impurity scattering, i.e., the long sought anomalous velocity term proposed by KL!
The naïve picture to explain this is all the extrinsic scattering centers would become kind of fuzzy in high temperature while the band structure contribution is more robust against the kT change.
In addition,  we found the extrinsic contribution is negative for bulk Fe at low temperature.
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Substrate

Thickness wedge

Capping layer

Roughness<0.2nm
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我们在比较平整的MgO(001)衬底上外延生长了一系列厚度的Ni薄膜,高能电子衍射图案表明薄膜具有良好的单晶质量. 在薄膜表面再覆盖一层5nm左右的MgO作为保护.这样我们就可以将样品拿出真空腔制作Hall bar,然后进行电阻率和霍尔电阻率的测量.
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~ 4 nm





Temperature dependent magneto-crystalline anisotropy

330K

W. J. Carr, Phy. Rev. 109 (1958) 1971

93% decrease!













3. Conclusions



Intrinsic and Extrinsic in the AHE 
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Y. Tian, L. Ye, X.F. Jin, Phys. Rev. Lett., 103,  087206 (2009) 

L. Ye, Y. Tian, X.F. Jin, D. Xiao, arXiv: 1105.5664
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So experimentally the key issues are also twofold, i.e., what’s the proper scaling of the AHE and how to disentangle the intrinsic and extrinsic mechanisms.
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