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The observation of magnetoresistance (MR) varying with the rotation of magnetization in the plane
perpendicular to the electric current is an important discovery in spintronics in recent years. The
famous conventional anisotropic MR (AMR) says that the resistance of a polycrystalline magnetic
material must depend on magnetization component along the current direction only, thus cannot
account for this newly observed unusual AMR (UAMR). This UAMR leads to the notion of the spin-
Hall MR (SMR) in the famous SMR theory. However, the SMR theory may only explain UAMR
observed in heavy-metal/magnetic-insulator bilayers, not other types of bilayers. Here, we present

a two-vector theory that can explain not only all existing experiments on the unusual angular
dependence of longitudinal and transverse resistivity when the magnetization rotates in three
mutually perpendicular planes, but also how three amplitudes of MR angular oscillation are related
to each other. The theory is very general and its correctness depends only on the assumption that the
magnetization and interfacial field are the only vectors affecting electron transport besides of other
scalar variables such as the temperatures and impurities. Experiments that can test this theory against
the SMR theory are also proposed.

A dramatic development during the debate of the transverse spin Seebeck effect'™ is the discovery of an unu-
sual anisotropic magnetoresistance (UAMR) in bilayers that consist of either one non-magnetic film and one
magnetic film or two magnetic films at nanometer scales. The ubiquitous UAMR occurs in the non-magnetic
polycrystalline metallic-film*™*%, no matter whether it is a heavy metal with strong spin-orbit coupling or not
as long as it is highly susceptible to magnetism, and no matter whether the magnetic layer is insulating or not.
UAMR exists also in a magnetic polycrystalline metallic-film'* in contact with a non-magnetic insulating layer. In
comparison with the well-known usual anisotropic magnetoresistance (AMR) that says resistance depends only
on the magnetization component along the current, UAMR depends not only on two magnetization components
perpendicular to the current, but also on them differently.

In order to appreciate the unusualness of UAMR, let us summarize its main experimental features®'* in
a compact form. Denote the interface of a bilayer heterostructure as the xy-plane and current along the x

14i

-axis, the longitudinal resistivity and transverse resistivity take the forms of pxx = p, + Apy m2 + Apy mﬁ and

Pxy = Rmz + Ap3m; + Apimymy, where m is the unit vector of magnetization M. Py> Ap1, Apa, Aps, and R
are constants whose physical meaning are clear. p, is the longitudinal resistivity of the heterostructure when

the magnetization is along the y-direction. In addition to the term of Ap; (% - j)? for usual AMR and planar
Hall resistance'®, Ap, is the newly discovered UAMR that people cast wrongly as Ap [ - (2 X ))]* = Apa mis

although it is mathematically the same as Apym? after replacing mﬁ by 1 — m2, where j denotes the unit vector
of the current. R and Ap; are the amplitudes of one-fold and three-fold angular dependence of unusual planar
Hall resistance accompanied the UAMR®*™". R-term is normally known as the anomalous Hall effect. In terms
of above terminology, the usual AMR corresponds to Ap, = Apz = 0.
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Spin-Hall magnetoresistance (SMR) theory'® provides the popular explanation of UAMR in a bilayer of one
non-magnetic heavy metal film and one magnetic insulating film. Due to the spin-Hall effect, a charge current
in the heavy metal generates a y-polarized spin current propagating toward heterostructure interface. This
spin current, in turn, induces a charge current opposite to the original current in the heavy metal through the
inverse spin-Hall effect such that the current is reduced and resistivity of the heavy metal increases by a factor
of (1 4 6sp7)?, where 6y is spin-Hall angle. The spin current impinged on the magnetic insulator is completely
reflected at the heterostructure interface in the ideal scenario when the spin current polarization is collinear with
the magnetization of the magnetic insulator such that spin current in the heavy metal vanishes and its resistivity is
reduced. Spin current is completely absorbed by the magnetic insulator when its magnetization is perpendicular
to the spin current polarization such that above mentioned spin-current-enhanced resistivity prevails.

Although the picture of spin polarized electron transmission and reflection at a heterostructure interface
in the SMR theory is opposite to that of tunnelling-magnetoresistance theory, the justification is that polarized
electrons exert no torque on a collinear magnetized insulator and cannot pass their spin angular momentum
to the insulator such that spin current cannot but reflect back to the heavy metal. SMR theory may be able to
explain the UAMR in bilayers of heavy metals with magnetic insulators, but it would be unnatural to explain
similar results of bilayers of one heavy metal and one magnetic metal because the assumption of above reflection
and transmission of spin current by a magnet is not consistent with physics picture of giant magnetoresistance
and tunnelling magnetoresistance. According to giant and tunnelling magnetoresistance, it is easier (harder)
for a polarized current to pass through a magnet when its magnetization is parallel (anti-parallel) to the current
polarization than that when the magnetization is perpendicular to the incoming electron spins. By the same
argument of spin-current enhanced resistivity, SMR theory should predict, for example, px to be different when
the current reverses its direction. Of course, this is not what was observed in experiments. Indeed, challenges
of SMR theory for UAMR have already been recognized by many people>®*!* for bilayers of one magnetic metal
layer and one either magnetic or non-magnetic insulating layer. In summary, a successful theory that can fully
account for observed UAMR in various types of bilayers is yet to be developed. This problem, as well as other
subtle ones, motivates this study.

In this paper, we show that UAMR of a bilayer is the natural outcome of polycrystalline metal(s) whose
resistance depends on two vectors. One is the magnetization of the bilayer, and the other is an interfacial field
perpendicular to the heterostructure interface.

Following the convention in most studies of UAMR, unit axis vectors X and Z denote respectively the in-plane
current direction and the direction perpendicular to the heterostructure interface. The metals of the heterostruc-
ture are polycrystalline and heterostructure resistance depends on the magnetization M because they are either
magnets or magnetized through magnetic proximity effect. All experiments with UAMR show, from thickness
dependences of transport properties, that resistance is affected by the heterostructure interface. Theoretically,
there exists always charge transfer across the interface because materials on the two sides of the interface have
different chemical potentials. This charge redistribution will always create an interfacial potential. The width of
the potential well is sensitive to carrier density, and could be order of micrometer in semiconductor and typically
nanometer for metals. The potential will inevitably change the electron properties at the interface. In turn, the
resistance of a bilayer should be affected by the interfacial potential that provides an effective local electric field
perpendicular to the interface. Thus, it is natural to expect that an effective field along 77 = Z can affect electron
transport and the magnetoresistance of the heterostructure should be a function of both M () and 1, as well as
other material parameters that are not important for universal forms of UAMR.

For the linear response, the electric field Ein response to an applied current density J in the heterostructure
must be

E="p (mn)], (1)

where 0" (7, 1) is the resistivity tensor of rank 2 that depends on microscopic properties of the heterostructure
and parameters that defines its thermodynamic state. No matter how complicate the microscopic interactions
that a heterostructure might be, the tensor form can only come from the order parameters that characterize the
macroscopic states of the system. In the absence of an external magnetic field, 7 and 7 are the only available
vectors that can be used to construct tensor <o”. Thus, 5" should be the linear combination of /i, 7, and nin
1718 Each of the three Cartesian tensors is not irreducible!’, and can be decomposed into irreducible forms of
a scalar, a vector, and a traceless symmetric tensor. Thus, from 7 and 1, it is possible to construct three vectors
and three traceless symmetric tensors of ranks 2. They are i1, #1, m X 1, mm — 1/3, mn + im — 2m - n/3, and
nn — 1/3, where M is the magnitude of magnetization M. Thus, with these angular dependent terms together
with a scaler term, the electric field Edueto f, after grouping similar terms and using f perpendicular to 71, must
take the following generic form

E207+7X(B1ﬁ’l+B2H+B3I’?lXH) (2)
+ AT - )i+ Ag(im - )] + As (- i,
where p By, By, B3, A1, Az, and As are parameters that depend on M and 171 - n = m,, which is the only scalar
associated with the direction of M, as well as other material parameters that have nothing to do with the direc-

tion of M. Thus, the longitudinal resistivity and the transverse resistivity are
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pxy = E-J/] = Aymymy — Bim, — By.

Magnetoresistance should be the same when the heterostructure is placed upside-down. This is true if the
heterostructure is made of achiral materials. In another word, Eq. (2) should be invariant under transforma-
tion of # — —n. One should not confuse reciprocity condition with inversion symmetry requirement. For an
achiral system with reciprocity condition, 05 A1, and Bj must be even functions of m, while A,, A3, By, and
B3 must be odd. If one defines p = > "—o° p,m?"; A; = Apy + > = ay,m2™; By = —Ry — > 1=0° by,m2h
Ay = Apamy + S 0" apym?™ By = —Romy, — S =0 byym2'TL By = S 170° by,m2" ] and keep only the
lowest possible terms in these expansions (if the spin dependent scattering is the main source of magnetoresist-
ance and the power in m, is related to the number of magnons involved in the scatterings, then one should expect
higher-power terms negligible) the longitudinal resistivity and transverse resistivity take following universal
forms

Pxx = Po + Alolmx2 + A1027’”22
Pxy = Rmz + Apimymy,

(4)

where pp, Ap1, Aps, and R = (R; + R;) are angular-independent material parameters.

To further see that Eq. (4) has exactly the forms of observed UAMR, we consider p and pyy for M (i) varying
in the xy- and yz-, and zx-planes and define angle o between the magnetization M and x-axis when M rotates in
the xy-plane; or angle 8 (y) between M and the z-axis when M rotates in the yz-plane (zx-plane). We then have the
usual anisotropic magnetoresistance px, = oo + Ap; cos? o and planar Hall resistance Pxy = (Ap1/2) sin(2a) for

M in the xy-plane; newly discovered UAMR pyx = po + Ap2 cos? Band accompanied unusual angular depend-
ence of planar Hall resistivity ox, = R cos for M in the yz-plane; and pxx = po + Ap2 + (Ap1 — Ap2) sin? y and

Pxy = Rcos y for M in the zx-plane. Clearly, both phases and amplitudes of pxy and py, are what were observed
in experiments®*®!"14, Thus, UAMR does not need to involve the spin-Hall and the inverse spin-Hall effects.
In some bilayers such as Pt|Y3Fe50;,’, an additional three-fold angular dependence of Pxy On B were observed.
This is also allowed in Eq. (3) if we keep the second term in the expansion of B, and redefine Ap3 = by, such
that py, = Rcos B + Aps cos’ B.

Real bilayer heterostructures show various possible relative values of Ap; and Ap,. In Pt|Fe3O4 where a
polycrystalline Pt is on a single crystal poor metal Fe3O4, Ap; > 0 was observed!? such that py, is not sensitive
to B, or rotating magnetization in the yz-plane (perpendicular to the current). This observation is difficult to
understand within the SMR theory, but is a natural outcome of the case of Ap, > 0 in the present theory. The
slightly different angular dependence of usual AMR curve can be naturally understood from the contribution
of the poor single crystal metal of Fe304'°. Whether Ap; is an intrinsic parameter of materials is an interesting
question. It should not be difficult to settle this issue. One needs only to fabricate similar bilayers under different
conditions so that the interface and microscopic structures of two layer would be different. All samples should
have the same Ap; if it is intrinsic, and different Ap;, otherwise. In W|CoFeB|MgO structure, px is not sensitive
to y, or rotating magnetization in the xz-plane. This is the consequence of Ap; > Ap,. To our knowledge, the
case of Ap; = 0 is yet to be observed. The current theory explains also why three amplitudes of the oscillations
of pxx with @, B, and y satisfy following rule: sum of the two’s equal to the third one.

As shown above, UAMR can be perfectly understood from the combined actions of magnetism and interfacial
field of a bilayer on electron transport. According to this mechanism, the UAMR should decrease with thickness
of polycrystalline metal film when the film thickness is larger than interacting range of the interfacial field such
that shunting effect dominates and resistance from interface region is less important. One should also expect
that UAMR decreases when the film thickness is smaller than the interface-roughness in structure and physical
properties such that interfacial field characterized by 7 becomes problematic and resistance cannot feel 1 effect.
This may explain why UAMR is peaked at an optimal film thickness. One likely interface effect on the resistance
is from the interfacial scatterings. If the scatterings involve the interfacial phonon, then UAMR should be more
pronounced at high temperature because a phonon scattering is more effective. All these features are shared by
UAMR experiments®™*"!*. Thus the thickness-dependences of UAMR provides the information of interacting
range of the interfacial potential or interfacial field. The optimal thickness, at which the UAMR is most pro-
nounced, contains information of interface roughness. So far, UAMR are found in bilayers of non-magnetic
film on a magnetic layer. From the theory presented in this paper, similar results should exist in bilayers of two
different magnetic layers that could be both magnetic polycrystalline metals or one polycrystalline metal and
one magnetic insulator. If one uses strong magnetic field to align the magnetisations of the two magnetic layers
in the same direction in angular dependence measurement of MR, then the above analysis is applicable. Other-
wise, one should generalize the theory into the case of three vectors. In a short summary, there are experimental
ways to distinguish the current theory from the popular SMR theory. One important remark is to exclude the
metallic single crystal that will introduce extra contributions to the angular dependences of magnetoresistance'.

In SMR theory, there are five material parameters to be extracted from various experimental measurements.
They are conductivity at bilayer interface, spin Hall angle and spin diffusion length of the heavy metal, and
complex spin-mixing conductance (real and imaginer parts). These five parameters cannot be directly extracted
from transport measurements, and are obtainable by fitting thickness dependences of conductivity to certain
theoretical models plus other independent experiments such as ferromagnetic resonance on the same bilayers®.
In comparison, there are only four material parameter in this theory. These four parameters defined in Eq. (4) as
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00, Ap1, Apz, and R can directly be extracted from resistivity measurements. The current theory predicts also an
angular dependence of p, = E - 2/] = —Rmy + Apgmym;. This is highly non-trivial: It says that a voltage drop
exist in the z-direction proportional to m, and mym.. This prediction distinguishes the current theory with all
other existing theories. Of course, how to find a proper system that allows one to measure a small voltage drop
perpendicular to an ultra-thin film may not be easy.

It should be emphasised that a complete theory is presented here with precise predictions of how MR should
vary in three mutually perpendicular planes, and how their amplitudes should be related to each other. Several
very feasible experiments are proposed to test this theory against the SMR theory. The theory is so general that
any achiral system, no matter how complicate its microscopic Hamiltonian and interactions might be, must agree
with the results presented here. The approach is similar to the derivation of Einstein’s gravitation theory that is
about possible construction of a rank 2 tensor out of metric tensor?’. Of course, UAMR is not as fundamental as
gravitation theory, and our results are a relationship between MR and magnetization, not a partial differential
dynamical equation as the Einstein’s gravitation theory is.

It should also be interesting to study chiral heterostructure when reciprocity condition does not hold.
Follow exactly the analysis above, it is easy to see that UAMR of chiral system should be described as
pxx = po + Rimz Apym? + Apym? and pyy = Rm; + Apymemy, + Apym?. f and y dependences of both pxy
and pyy are different from its achiral counterparts while the & dependence are the same. It should be very inter-
esting to test these predictions using heterostructure made of helimagnets.

Onsager reciprocal relation breaks down for our bilayers involving magnetization since the magnetic materials
do not respect reversibility. Of course, extra symmetries can impose further restriction on the possible structure
of the resistivity tensor. It should also be pointed out that this manuscript and Ref. 15 consider different systems
although they share the similar mathematical technique and ask similar question. Reference 15 study the angular
dependence of resistance of homogeneous samples such as ferrimagnets or antiferromagnets described by at least
two order parameters. On the other hand, this manuscript consider bilayers heterostructure with at least one
magnetic layer. The objective is to provide a natural explanation for the universal angular dependences in three
mutually orthogonal planes. Both layers could be metallic, or one metallic and one insulating. Both of them can
be magnetic, or one magnetic and one non-magnetic.

In conclusion, unusual angular dependence of magnetoresistance in bilayers consisting of one non-magnetic
film and one magnetic film can be explained by a two-vector resistance theory if the metallic layer(s) is poly-
crystalline. It is predicted that similar behaviours should also hold for bilayers of two different magnetic films.
The general UAMR can come from physics beyond the spin-Hall and inverse spin-Hall effects. Experiments that
can test this theory are also proposed.

Data availability
All data generated or analysed during this study are included in this published article.

Received: 3 September 2022; Accepted: 3 January 2023
Published online: 06 January 2023

References
1. Uchida, K. et al. Observation of the spin Seebeck effect. Nature 455, 778. https://doi.org/10.1038/nature07321 (2008).
2. Jaworski, C. M. et al. Observation of the spin-Seebeck effect in a ferromagnetic semiconductor. Nat. Mater. 9, 898. https://doi.org/
10.1038/NMAT2860 (2010).
3. Huang, S. Y. et al. Transport magnetic proximity effects in platinum. Phys. Rev. Lett. 109, 107204. https://doi.org/10.1103/PhysR
evLett.109.107204 (2012).
4. Schmid, M. et al. Transverse spin Seebeck effect versus anomalous and planar Nernst effects in permalloy thin films. Phys. Rev.
Lett. 111, 187201. https://doi.org/10.1103/PhysRevLett.111.187201 (2013).
5. Chen, Y.-T. et al. Theory of spin Hall magnetoresistance (SMR) and related phenomena. J. Phys. Condens. Matter 28, 103004.
https://doi.org/10.1088/0953-8984/28/10/103004 (2016).
6. Nakayama, H. et al. Spin Hall magnetoresistance induced by a nonequilibrium proximity effect. Phys. Rev. Lett. 110, 206601.
https://doi.org/10.1103/PhysRevLett.110.206601 (2013).
7. Miao, B. E, Huang, S. Y., Qu, D. & Chien, C. L. Inverse spin Hall effect in a ferromagnetic metal. Phys. Rev. Lett. 111, 066602.
https://doi.org/10.1103/PhysRevLett.111.066602 (2013).
8. Shang, T. et al. Extraordinary Hall resistance and unconventional magnetoresistance in Pt /LaCoO j; hybrids. Phys. Rev. B 92,
165114. https://doi.org/10.1103/PhysRevB.92.165114 (2015).
9. Meyer, S. et al. Anomalous Hall effect in YIG|Pt bilayers. Appl. Phys. Lett. 106, 132402. https://doi.org/10.1063/1.4916342 (2015).
10. Miao, B. E, Sun, L., Wu, D., Chien, C. L. & Ding, H. F. Magnetic scattering and spin-orbit coupling induced magnetoresistance in
nonmagnetic heavy metal and magnetic insulator bilayer systems. Phys. Rev. B 94, 174430. https://doi.org/10.1103/PhysRevB.94.
174430 (2016).
11. Miao, B. E, Sun, L., Wu, D., Chien, C. L. & Ding, H. F. Tuning the magnetoresistance symmetry of Pt on magnetic insulators with
temperature and magnetic doping. Appl. Phys. Lett. 110, 222402. https://doi.org/10.1063/1.4984221 (2017).
12. Ding, Z. et al. Spin Hall magnetoresistance in Pt /Fe3 O 4 thin films at room temperature. Phys. Rev. B 90, 134424 https://doi.org/
10.1103/PhysRevB.90.134424 (2014).
13. Cho, S., Baek, S. C., Lee, K.-D., Jo, Y. & Park, B.-G. Large spin Hall magnetoresistance and its correlation to the spin-orbit torque
in W/CoFeB/MgO structures. Sci. Rep. 5, 14668. https://doi.org/10.1038/srep14668 (2015).
14. Ding, S. et al. Observation of the orbital Rashba-Edelstein magnetoresistance. Phys. Rev. Lett. 128, 067201. https://doi.org/10.1103/
PhysRevLett.128.067201 (2022).
15. Wang, X. R. A theory for anisotropic magnetoresistance in materials with two vector order parameters. Chin. Phys. Lett. 39, 027301.
https://doi.org/10.1088/0256-307X/39/2/027301 (2022).
16. Chen, Y.-T. et al. Theory of spin Hall magnetoresistance. Phys. Rev. B 87, 144411. https://doi.org/10.1103/PhysRevB.87.144411
(2013).

Scientific Reports |

(2023) 13:309 | https://doi.org/10.1038/s41598-023-27530-6 nature portfolio


https://doi.org/10.1038/nature07321
https://doi.org/10.1038/NMAT2860
https://doi.org/10.1038/NMAT2860
https://doi.org/10.1103/PhysRevLett.109.107204
https://doi.org/10.1103/PhysRevLett.109.107204
https://doi.org/10.1103/PhysRevLett.111.187201
https://doi.org/10.1088/0953-8984/28/10/103004
https://doi.org/10.1103/PhysRevLett.110.206601
https://doi.org/10.1103/PhysRevLett.111.066602
https://doi.org/10.1103/PhysRevB.92.165114
https://doi.org/10.1063/1.4916342
https://doi.org/10.1103/PhysRevB.94.174430
https://doi.org/10.1103/PhysRevB.94.174430
https://doi.org/10.1063/1.4984221
https://doi.org/10.1103/PhysRevB.90.134424
https://doi.org/10.1103/PhysRevB.90.134424
https://doi.org/10.1038/srep14668
https://doi.org/10.1103/PhysRevLett.128.067201
https://doi.org/10.1103/PhysRevLett.128.067201
https://doi.org/10.1088/0256-307X/39/2/027301
https://doi.org/10.1103/PhysRevB.87.144411

www.nature.com/scientificreports/

17. Zhang, Y., Zhang, H. W. & Wang, X. R. Extraordinary galvanomagnetic effects in polycrystalline magnetic films. Europhys. Lett.
113, 47003. https://doi.org/10.1209/0295-5075/113/47003 (2016).

18. Wang, X. R. Anomalous spin Hall and inverse spin Hall effects in magnetic systems. Commun. Phys. 4, 55. https://doi.org/10.1038/
542005-021-00557-9 (2021).

19. Sakurai, J. J. & Tuan, S. F. Section 3.10 in Modern Quantum Mechanics Revised. (Addison Wesley Longman, 1994).

20. Carmeli, M. Classical Fields: General Relativity and Gauge Theory (World Scientific Publishing Company, 2001).

Acknowledgements

XRW would like to thank Kavli Institute for Theoretical Sciences, CAS, for hosting his visit during which this
work was done. This work is supported by the National Key Research and Development Program of China (No.
2020YFA0309600), the NSFC Grant (No. 11974296), and Hong Kong RGC Grants (Nos. 16301518, 16301619,
16300522, and 16302321). X.S.W. acknowledges support from the Natural Science Foundation of China (NSFC)
(Grants Nos. 11804045 and 12174093) and the Fundamental Research Funds for the Central Universities.

Author contributions
X.R.W. planned the project and wrote the manuscript. All authors discussed the results and commented on the

manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.R.-W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:309 | https://doi.org/10.1038/s41598-023-27530-6 nature portfolio


https://doi.org/10.1209/0295-5075/113/47003
https://doi.org/10.1038/s42005-021-00557-9
https://doi.org/10.1038/s42005-021-00557-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A theory of unusual anisotropic magnetoresistance in bilayer heterostructures
	References
	Acknowledgements


