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Abstract
Wedemonstrate single atom anisotropicmagnetoresistance on the surface of a topological insulator,
arising from the interplay between the helical spin–momentum-locked surface electronic structure
and the hybridization of themagnetic adatom states. Ourfirst-principles quantum transport
calculations based on density functional theory forMnonBi2Se3 elucidate the underlyingmechanism.
We complement our findings with a two dimensionalmodel valid for both single adatoms and
magnetic clusters, which leads to a proposed device setup for experimental realization. Our results
provide an explanation for the conflicting scattering experiments onmagnetic adatoms on topological
insulator surfaces, and reveal the real space spin texture around themagnetic impurity.

1. Introduction

Topological insulators (TIs) are amaterials class holding great promises for new avenues in both fundamental
and applied condensedmatter physics. In TIs a spin–orbit-driven bulk band inversion results in time-reversal
symmetry-protected surface states. The spin–momentum locked surface states are robust against non-magnetic
disorder and perfect backscattering is forbidden as a consequence of counter-propagating electrons possessing
opposite spins, which cannot beflipped by time reversal symmetry obeying impurities [1, 2].

Conventionalmagnetoresistance (MR) devices, spin valves, utilize twomagnetic electrodes (polarizer and
analyzer) separated by a spacer. Recently, Burkov andHawthorn found a newkind ofMRonTI surfaces, which
requires only one ferromagnetic electrode [3]. TI surface-based spin valves, showing anomalousMR, have also
been studied bymodel calculations [4]. In this paperwe report an extremely large anisotropic single-atomMR
on the surface of a TI, stemming from the interplay between the helical surface states and the spin anisotropy of
themagnetic adatom. Based on this huge anisotropicMR (of several hundred percents, compared to a few
percents usually obtained in conventional ferromagnets), we propose a new device concept, which has a number
of advantages over previous proposals formagnetic sensors: (i) it does not need anymagnetic electrode, but
requires only amagnetic adatom, (ii) it does not rely on opening a band gap in the surface states, and (iii) it does
not require injecting a spin polarized current into the TI. Our idea is based on themagnetic anisotropy of atoms
onTI surfaces, which theory predicts to be large [5] andmagnetic circular dichroism confirms [6, 7],
demonstrating controllablemagnetic doping [8].

In presence ofmagnetic impurities spin-mixing on the surface of a TI is possible and scatteringmay be
allowed.However, experiments have been conflicting and at themoment it is not clear whether or not scattering
is observed [9, 10]. Our results provide a possible way of reconciling these observations.We show thatmagnetic
impurities open newbackscattering channels, but these are found only at those energies where the impurity
presents a large density of states and hybridizes with the underlying TI surface states. Then, the conductance
depends strongly on the orientation of the localmoment of themagnetic adatom,which implies a largeMR.
Away from these energies the transmission is close to the unperturbed value and no signature of themagnetic
dopant is seen.Our large-scale density functional theory (DFT) calculations allow us to probe the real space spin
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texture around themagnetic adatom,where the inclusion of atomistic details reveals significant differences from
previousmodel-based calculations [11, 12].

2. Computationalmethods

First-principles transport calculations are performedusing the SMEAGOL code [13–15],which interfaces theDFT
SIESTApackage [16] to a non-equilibriumGreenʼs function approach. Spin–orbit interaction is described by the on-
site approximation [17]. Anorder-N implementation allows us to study large systemswith a few thousand atoms,
whilemaintaining a goodbasis set quality [18].Weuse a double-ζpolarized basis, with a real spacemesh cutoff of
300 Ry.The generalized gradient approximation for the exchange-correlation functional is used. The valence
comprises Bi (6s, 6p), Se (4s, 4p) andMn(3d, 4s), while norm-conservingTroullier–Martins pseudopotentials
describe the core electrons.Mn is studied in the Bi on-top geometry,which is themost stable [5]. All the atoms in
the topquintuple layer (QL) are allowed tomove and the structures are relaxed until the forces are less that
0.001 eV Å−1. For transport calculations, semi-infinite electrodes comprising threeQLBi2Se3 slabs are attached to
the scattering region (shown infigure 1), and aminimumof 25 Åof vacuum is included along the slab thickness (y-
direction).Weuse a × ×3 1 1k-point grid for converging the charge density,while amuchdenser grid of at least
80 kx-points is employed to evaluate the transmission, reflection amplitudes anddensities of states.

3. Results and discussion

The transmission coefficient for different orientations of theMnmagneticmoment is shown infigure 2. For
=k 0x (normal incidence, figure 2(a)) and theMn spin aligned along the x-axis, which is the spin direction of

the incoming electronʼs traveling along the positive z-axis, the transmission is close to two in the energywindow

Figure 1.Transport setupwith aMn atom adsorbed on a three quintuple layer Bi2Se3 slab, (a) viewed in the plane perpendicular to
and (b) along the transport direction (z). The scattering region supercell consists of 8 Bi2Se3 primitive unit cells in the xy plane and 16
unit cells along z, giving a concentration of 1Mn atom in 1920 Bi/Se atoms (≈0.05%).

Figure 2.Transmission and density of states projected onMn for differentMn spin directions. In (a) and (b) results are for =k 0x ,
while in (c) and (d) they are averaged over all the incidence angles. ForMn spin along x, the transmission is unperturbed, while
reduced transmission occurs for other directions, resulting in a single-atom anisotropicMR.
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of the topological state (approximately−0.1 to 0.3 eV), i.e. there is a unity contribution from each surface. In
contrast, for the two orthogonalMn spin directions, a dip in transmission occurs in the energy range, where a
peak in theMnprojected density of states (PDOS) is found.When theMn spin is along x, there is no reduction in
transmission, even though there is a peak inMnPDOSwith a height comparable to the case of the other two
directions. In all the three cases wefind theMn adatomhaving amoment close to 4.5 μB, in agreementwith
previous reports [5], and a substantial in-planemagnetic anisotropy of 6 mev2. After integrating over the entire
Brillouin zone for all kx values a similar picture is obtained (see figures 2(c) and (d)). Thus, wefind that at the
energies of theMn states there emerges an anisotropicMR, depending upon the spin orientation of themagnetic
adatom.Wefind aMR, = − α αT T TMR ( )x s s s, , , , of 670% (hereTx s, is the transmission at the top surfacewith the
Mn spin along x and αT s, is the surface transmission for the other twoMn spin directionsα = y z, ).

We emphasize that thismechanism forMRdoes not involve opening a band gap in the surface state
spectrum.Our findings can be compared to the results in [19], where, in the presence of amagnetic field, the gap
in the surface state spectrumdoes not open as long as themirror symmetry is preserved. This is a consequence of
the dual topological character of chalcogenides, which are strong TIs as well as topological crystalline insulators.
Thismirror symmetry protects theDirac crossing, however, theDirac crossing can be shifted away from the time
reversal invariantmomenta. Applying amagnetic field perpendicular to amirror plane of the crystal lattice
breaks time-reversal symmetry and destroys theZ2 topological phase, while the topological crystalline phase is
still present, althoughwith theDirac point shifted away fromΓ. In this case sincewe have amismatch between
the states from the electrodes (where theDirac point has not been shifted offΓ) and theDirac states close to the
magnetic impurity, wefind a high resistance state. In this particular setup the transport is along the z direction
and, for normal incidence, the spin–momentum relation locks the spin of the surface state along x. If theMn
impurity spin points along this direction, then electrons sufferminimal scattering and the resistance is low,
while for otherMn spin directionswe find a high resistance state. In contrast, if the electrodes are positioned in
the orthogonal configuration, such that transport is along x, then the propagating electron spinwill be along z. In
this case the low resistance state will be obtained for theMn spin parallel to the direction of propagation, z, while
the other two directions will yield a high resistance state (see figure 4(e)). Since the resistance is given by the
orientation of the localmagneticmoment with respect to the transport direction, thisMR is also anisotropic. In
case of strong hexagonal warping, for instance in Bi2Te3, there is also afinite out-of-plane spin component [20].
For transport along the x-direction, the impuritymagnetization along zwould not be parallel to the spin of the
propagating electron and this would result in a high resisting state.

From the previous results it is not possible to unequivocally distinguishwhether the scattering occurs due to
spin-flip between states on one surface or if theMR is an artifact of inter-surface scattering caused by the finite
Bi2Se3 slab thickness.We clarify this issue by calculating the full scatteringmatrix and evaluating the
transmission and reflection amplitudes for the individual scattering states on the top and bottom surfaces [21].
We obtain inter-surface reflection and transmission amplitudes always smaller than 0.008. For intra-surface
scattering, in contrast, these quantities reach values up to 1, which confirms that the slab is thick enough to
prevent significant coupling between opposite surfaces.

A deeper analysis is provided by studying the scatteringwave vectors, q, and the reflection amplitudes, r, on
the top surface of the TI slab at the peak energy inMnPDOS, as a function of thewave vector kx along the
direction perpendicular to transport. Here = −q k kz z,out ,in is the difference between the outgoing,kz,out and
incoming,kz,in, z-components of the scatteringwave vectors. Since in the bulk gap bothkz,in andkz,out for the
topological surface states are functions of kx, we can evaluate q as function of kx. The result is in figure 3, with the

Figure 3. Scattering vectors, q, as a function of the incident wave vector, kx, forMn spin along (a) x, (b) y, and (c) z. The size of the
circles is proportional to the reflection amplitude. The curves are plotted at energies corresponding to peaks inMndensity of states,

−E EF = 0.08, 0.10 and 0.08 eV, forMn spin along x, y and z, respectively. Here ax and az are lengths of the electrode unit cell along x
and z directions.
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Wehave also verified this value by planewave calculations using VASP code for a smaller × ×3 1 3 supercell.
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size of the circles denoting the reflection amplitude r k( )x . Since the constant energy surface in the energy range
of the topological states is approximately circular, we alsofind the corresponding q-kx plot having a circular
shape. For theMn spin along x and for small kx the reflection amplitude is vanishingly small, while it becomes
larger when kx increases. This is because the overlap between the two counter-propagating surface states get
larger when kx increases. Thus, when theMn spin is along x the impurity behaves as a non-magnetic scattering
center [22]. In contrast, for the other two directions a large reflection is present even for =k 0x , which persists at
larger kx. The total reflection is obtained by integrating this function over all kx, so that the underlying difference
in reflection amplitude for small kx is what yields the anisotropicMR.

Recent scanning tunnelingmicroscopy studies ofmagnetic adatoms onTI surfaces have observed either new
scattering channels, to be ascribed tomagnetic scattering [10], or found the scattering independent of themagnetic
nature of the adatom[9].Our calculations provide a possible explanation for these conflicting observations. In the
case of non-magnetic impurities there is scattering, but only for ≠k 0x . Additional scattering,which can also occur
at =k 0x , is found for certaindirections of themoments of themagnetic impurities.However, this happens only at
the energieswhere the impurity atoms present a large density of states. The transmission coefficients show that a
newbackscattering channel is created only at the energy of the adatomPDOS,while at all other energieswhere the
topological state exists, nofingerprint of themagnetic adatom is visible. Thus, a likely explanation to reconcile
experiments is that the adatom should not only hybridizewith theTI surface, but also present peaks in density of
states at relevant energies for being detected in the transmission spectra. These dependon the specificmagnetic
atomand the adsorption site and therefore can differ in different experiments.Away from these energies the
transmission spectrum resembles the case of non-magnetic impurities.

The anisotropicMR can be understood by considering the impurity as the source of an effective local
magnetic field. If the spin of the adatom is parallel to the spin of the propagating electron such an effective field
provides a collinear scattering potential, thus precluding spinmixing and backscattering. However, if the local
spin forms an angle with that of the itinerant electrons, opposite spin electronswill couple and thus
backscattering between helical states will become possible. Aminimal two-dimensionalmodel can be used to
verify the generality of theMR.Weuse theKane–Melemodel [23] for a ribbonwith amagnetic adatomor a
magnetic cluster placed at the ribbon edge and an exchange coupling between the electron spin and the impurity
[24]. The edge electrons in thismodel capture the essential physics of the =k 0x case of three-dimensional TIs,
which is responsible for the anisotropicMR. The results are shown infigure 4. The transmission is high for the
adatom spin parallel to the electron spin, while it is low for other angles, thus that themodel calculations confirm
ourfirst-principles results. Furthermore, for themagnetic cluster theMR is obtained over an energy range larger
than that of the single adatom. The fact that the anisotropicMR is independent of the details of adatommeans
that one can select othermagnetic ions to tailor the anisotropy direction. For instance, Cr andCo onBi2Se3
exhibit an out of plane easy axis, whileMn and Fe an in plane one [5].

Figure 4. (a) Transmission and (b) adatomPDOS for the two-dimensionalmodel, with the adatom spin pointing parallel and
perpendicular to the electron spin. (c) Transmission and (d) average PDOS for amagnetic cluster in the two spin configurations. The
insets are schematic of the two setups and the dashed lines indicate the transmission of one from the unperturbed edge. Here the
adatomonsite energy is 0.1, the hopping integrals to the ribbon 0.3, the hopping betweenmagnetic atoms 0.5 (in units of the nearest
neighbor hopping) and the other parameters are the same as in [24]. (e) Schematic of the four-probe geometry proposed tomeasure
the anisotropicMR.
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In addition to a two-terminal device the anisotropicMR can bemeasured in a four-probe setup (figure 4(e)).
When the impurity spin points in the direction shown (e.g. due to themagnetic shape anisotropy), then a
measurement of the resistance between the electrodes 1 and 2 yields a low resistance state, while high resistance is
measured between 3 and 4. If a thinfilmwith in-planemagnetization is used, then anMRwill be obtained
depending on the in plane orientation of themagnetization. Out-of-planemagnetization, in contrast, always
yields a high resistance state. In general, when the impurity spin points parallel to the helical electron spin the
resistance is low, while other angles between the two spinswill result in a higher resistance. A largemagnetic
anisotropy also implies the likely absence of Kondo-type features, which occurwith degenerate ground states.
Furthermorewe expect the spin-flip of the impurity to be negligible as long as the bias is smaller than the
magnetic anisotropy [25, 26]. Going a step further, we have found the same anisotropicMR formagnetic
clusters, inwhich the aforementioned effects will be even smaller and themagnetic anisotropymay be
engineered to be large.

Since our ab initio calculations employ extremely large supercells, we are in the position to probe the real-
space spin texture around the isolatedmagnetic impurity. This has been previously studiedwithDirac-like
effectiveHamiltonians [11, 12], but here the full details of the electronic structure are included. A combination
of atomprojectedDOS and local DOS is shown infigure 5 for the three different orientations of theMn spin at
the energy corresponding to the peak inMnPDOSof any given orientation. The induced spins on the atoms
aroundMn are predominantly along the direction of theMn spin. ForMn spin pointing along y, wefind a
hedgehog-like in-plane spin texture, with the spins pointing outwards from the impurity site. This contrasts
continuummodels, which yield a vortex-like in-plane structure [11, 12]. The out-of-plane spin points along the
positive y direction, in agreementwith themodel results. This spin is induced over the first QL. ForMn spin
along y, the spin texture exhibits a three-fold rotational symmetry of the underlying lattice, which is not captured
by the continuum low-energymodel. For the other two directions, this lattice symmetry is broken by theMn
spin and the neighboring atoms exhibit a spin along the impurity spin direction.We have also investigated the
spin texture at other energies and found similar directions as those presented infigure 5, although themagnitude
of the induced spin decreases at energies away fromMnPDOSpeak.Our spin texture predictions naturally call
for an experimental corroboration via spin-polarized scanning tunnelingmicroscopy [27, 28].

4. Summary and conclusions

In conclusionwe have discovered single-atom anisotropicMRonTI surfaces decoratedwithmagnetic adatoms.
This effect is a consequence of the spin–momentum locking of TI surface states interactingwith the adatom
spin. TheMRdoes not originate from the opening of a gap in the surface band structure, nor from spin injection.
Furthermore, our results provide a possible explanation for the conflicting observations concerning scattering
frommagnetic atoms onTI surfaces. Our order-N code allowed us to study the real space spin texture around
the adatom,which has differences frompreviousmodel calculations. Based on thesefindings we propose
magnetoresistive devices with potentially largeMR, utilizing either singlemagnetic atoms or thin filmnanodots
incorporated between non-magnetic electrodes, using an in plane rotation of the thinfilmmagneticmoment.

Figure 5. Local DOS at the energy of the peak inMnDOS, showing the real space spin texture around themagnetic adatomwith its
spin pointing along (a) x, (b) y, and (c) z. The arrows denote the in-plane spin components obtained from the atom-projectedDOS.
The isosurfaces correspond to the local DOSprojected along the direction normal to the plane, with red denoting positive values and
blue negative. The effect of the adatom spin in not limited to the top surface Se atoms, but it is distributed over thefirst QL.
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