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Role of orbital hybridization in anisotropic magnetoresistance
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We theoretically and numerically show that longitudinal orbital currents in ferromagnets depend on the
magnetization direction, which contribute to the anisotropic magnetoresistance (AMR). This orbital contribution
to AMR arises from the momentum-dependent orbital splitting, which is generally present in multiorbital
systems through the orbital anisotropy and the orbital hybridization. We highlight the latter orbital hybridization
as an unrecognized origin of AMR and also as a common origin of AMR and orbital Hall effect.
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I. INTRODUCTION

The anisotropic magnetoresistance (AMR), the depen-
dence of electrical conductivity on the orientation of magne-
tization with respect to the electric current direction, was first
reported by Thomson [1]. A concurrent action of magnetiza-
tion and spin-orbit coupling (SOC) accounts for occurrence
of the anisotropic conduction. Smit [2] suggested that an
admixture of parallel and antiparallel d states due to SOC
results in an unequal distribution of electrons in d orbitals,
in which the inequality is determined by the direction of
magnetization. This suggestion was further reinforced [3] by a
two-current model with s-s and s-d transitions regarding a per-
turbation owing to SOC, (L..S_ + L_S;)/2, where L (S1+) =
L.(Sy) £ iL,(Sy) corresponds to orbital (spin) angular mo-
mentum operator. Another mechanism, proposed by Berger
[4], considered the effect of LS, which causes an anisotropic
shape of 3d atomic wave functions. Subsequent studies have
led to profound understanding on AMR (for a detailed review,
see Ref. [5]). One of these works [6] introduced orbital
degrees of freedom which correlate with the magnetization
through a concerted action between the exchange coupling
and SOC. This correlation, given as :I:%)\Lm where A is the
SOC strength and Ly, denotes the orbital angular momentum
operator projected on the magnetization direction m, splits the
orbital energies according to the orientation of magnetization.
Considering ballistic transport in ferromagnetic nanowires,
they showed that the anisotropic conductance originated from
magnetization-dependent electronic structure at the Fermi
energy.

Since the orbital degrees of freedom are coupled to the spin
degrees of freedom through the SOC, the impact of orbitals in
SOC-related phenomena is an important task to investigate.
For instance, the surface states of topological insulators have
a chiral spin texture in momentum space [7,8], which fosters
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interesting consequences such as Edelstein effect [9], prohibi-
tion of backscattering [10], and so forth. Experimental [11,12]
and theoretical [11,13] efforts have verified the existence
of analogous momentum-space chiral orbital texture that is
coupled to the configuration of spins in momentum space
through the SOC. Likewise, the spin-momentum locking in
Rashba-type band structure is also derived from the orbital
Rashba effect [14,15], which is prior to the spin Rashba
effect. The importance of orbital degrees of freedom for spin-
transfer torques was also highlighted [16]. Considering the
close connection between orbital and spin degrees of freedom,
an exploration on orbital-related phenomena is significant to
elucidate the underlying mechanism of corresponding spin-
related phenomena in spin-orbit-coupled systems.

Orbital textures in momentum space exist even in topo-
logically trivial and centrosymmetric systems and thus are
quite generic [17—-19]. This owes to the orbital hybridization,
which is an overlap between orbitals with distinct angular
quantum numbers in neighboring atomic sites and is a general
property of multiorbital systems. An important outcome of the
orbital hybridization is the orbital Hall effect, which refers
to the transverse orbital current induced by electric field.
The orbital Hall effect has been remarked as the origin of
intrinsic spin Hall effect. Kontani et al. [18] demonstrated
that the orbital Aharonov-Bohm phase that arose from sd
hybridization yields the giant orbital Hall effect, resulting in
spin and anomalous Hall effects. In addition, Go et al. [19]
systematically investigated the dependence of both intrinsic
spin Hall and orbital Hall conductivities on orbital hybridiza-
tion strength and emphasized the significance of the orbital
hybridization in spin-orbit coupled transport.

In this paper, we theoretically analyze the AMR in terms
of orbital degrees of freedom. We show that the longi-
tudinal orbital conductivity also depends on the magne-
tization direction, which we call orbital anisotropic mag-
netoresistance (OAMR), as the charge conductivity does.
The magnetization-dependent conductivities come from the
momentum-dependent orbital splitting, which is achieved by
orbital anisotropy or orbital hybridization. The former was
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alluded to the symmetrical characteristics of each orbital [6],
while the latter is the main finding in this work.

This paper is organized as follows. In Sec. II, we
first present a simple model demonstrating how the
orbital hybridization alone induces the orbital splitting and
causes the anisotropic conduction. An analytic derivation
of magnetization-dependent conductivity is also shown by
perturbation theory in Sec. III A. Then, in Sec. IIIB, we
numerically compute the charge, spin, and orbital conduc-
tivities based on Green’s function formalism [20] with the
magnetization parallel and perpendicular to the current di-
rection where the two orbital factors, the orbital anisotropy
and orbital hybridization, are treated independently. We also
inspect the SOC strength dependence of OAMR and AMR
to examine the connection between them. This work suggests
that AMR is closely related to OAMR where the role of
orbital hybridization is signified as the underlying mechanism.
It is noted that we focus on the mechanism developed by
the anisotropic band structures but ignore the process related
to the anisotropic scattering, which is manifested as the
magnetization-dependent relaxation time.

II. ORBITAL SPLITTING DUE TO ORBITAL
HYBRIDIZATION

We start with a simple tight-binding model, consisting of s
and three p orbitals (py, py, p;) in a cubic lattice [Fig. 1(a)].
The interatomic hopping integrals can be classified by the
equivalence of orbital types involved in hopping between
neighboring atomic sites. One is the hopping between identi-
cal types of orbitals such as s-to-s and p-to-p hopping [lighter
arrows in Fig. 1(a)] and the other is the hopping between
different types of orbitals, s-to-p hopping and vice versa
[darker arrows in Fig. 1(a)]. Except for isotropic s orbital,
the strength of the former hopping strongly depends on its
hopping direction (e.g., across ¢ bond or m bond), which
results in anisotropic splitting of orbital energies. We call this
former pathway providing an anisotropic degree to the system
as the orbital anisotropy and describe it with the difference
between #,, and t,,. The latter hopping between different
orbitals is mediated by the hybridization between s and p
orbitals and gives another degree of anisotropy (shown be-
low). We specify this latter route as the orbital hybridization,
and describe it with a hopping parameter between s and p,
Ysp-

pLet us first consider the simplest case where none of
both orbital factors, exchange interaction, and SOC are
present. In this case, the orbital part of the Hamiltonian is
simplified as

Ho= Y. [Es(k>|ks”><ks"|+ > Ep k) [kpf ) (kpf !],
o=t}
()

where E(,,)(K) is the energy of s(p;) orbitals (i = x, y, z) with
a given Bloch momentum k and |ka?) is the electronic state
with the Bloch momentum Kk, orbital state «, and spin 8. Here
o« =5, py, Py, P and B =1, |. Note that |ka?) = | ;‘ﬁ) in
Appendix A. Because none of orbital factors, exchange cou-
pling, and SOC are present, the energies of p orbitals are de-
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FIG. 1. (a) Illustration of tight-binding model in a cubic lattice
with s, py, p,, and p, orbitals. The hopping integrals between p
orbitals (lighter arrows) are t,,, and t,, according to relevant bonding
type and the hopping between s and p orbitals (darker arrows)
is represented as ys,. Note that the hopping between neighboring
s orbitals is omitted. (b) Schematic band structure showing lifted
degeneracy of p orbitals originating from the inclusion of orbital
hybridization [Eq. (2)]. (c) Fermi surface (k, = 0) at an energy
crossing p orbital energies [dotted line in (b)]. Dashed contours are
the energies without effective SOC, AL - m. When the magnetization
direction is determined, each orbital experiences orbital-dependent
spin-orbit splitting. Solid contours are the resultant Fermi surface
when (left panel) m || X and (right panel) m || §.

generate (i.e., £, = E, = E, ). Withoutloss of generality we
can adopt spherical coordinates (see Appendix B) and rewrite
the second term in Eq. (1) as the summation of the radial
p orbital contribution, E,.(K) |[kpy) (kpy |, and the tangential
p orbital contributions, Ey, (K)([kpg, ) (kpg, | + [kp§, ) (kpg |).
Here, py is the radial p orbital whose lobe is along k and pe, /¢,
is the tangential p orbital whose lobe is perpendicular to k.
E, (k) and E, (k) are the energies of radial and tangential p
orbitals, respectively. Note that the degeneracy of p orbitals is
still maintained (i.e., E, = Ep).

Consideration of the orbital factors breaks the degeneracy.
For the orbital anisotropy, the hopping integral for the radial
orbital is #,, and that for the tangential orbital is ¢, ; thus E,,
and E,; become different. For the orbital hybridization, the
hybridization between s orbital and the radial orbital breaks
the degeneracy between E,, and E,,. Since the effect of the
former on AMR was studied in Ref. [6], we discard it in this
section, in order to demonstrate that the orbital hybridization
alone can result in the orbital splitting. The orbital anisotropy
is restored in Sec. III.

Now we turn on the orbital hybridization. The or-
bital hybridization energy y,,(K) gives the sp hybridization
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Hamiltonian,

Hon = Y ivp®K)(ks”) (kpg| — [kp}) (ks”]),  (2)
o=14

where a finite overlap with s orbital is obtained only for
radial p orbital. The s-to-p hopping is annihilated for the
tangential p orbitals due to opposite contributions of each lobe
[red and green lobes in Fig. 1(a)], which represent opposite
orbital phases. Restoring the orbital hybridization to the sp
system, i.e., H, + Hon, the degeneracy of p orbitals is lifted
according to its character of orbital wave function [upper
(radial) and lower (tangential) energies in Fig. 1(b)]. The
resulting energies of s and p states are

(k) = w k),
i (k) + E, (K
E, (k) = w +e(k), 3)

Ept(k) = Ept k),

where E, (K) is an eigenvalue of Hy + Hon (@' = s, pr, pt)
and € (k) = V[E (k) — E,r (k)] /4 + yg, (k).

Then we bring back the exchange interaction and SOC.
In the strong exchange limit of ferromagnet, a concerted
action of the exchange interaction and SOC produces an
effective correlation between orbital and magnetization [6],
Hso ~ AL - m [Eq. (B4)]. Combining this effective SOC to
the previous system gives rise to the magnetization-dependent
energy splitting if the orbital splitting is present beforehand.
For example, when the magnetization is along the momentum
direction (i.e., m || K), the p orbital energies of Hamiltonian
Hi + Hou + Hso are

~I 3 ~lhE _
E, (k) =Ey,k), E, (k)=Ey®Kk) xa “)

~ll

Here, E (k) is the eigenenergy of Hi + Hou + Hso in
which the subscript denotes the orbital character and the su-
perscript || designates the relative orientation between the mo-
mentum k and the magnetization m. An additional superscript
of tangential p orbitals corresponds to the sign of spin-orbit
splitting, +=X. Note that we omit the energy of s orbital as the
s orbital is the state for zero angular momentum. In contrast,
if the magnetization is perpendicular to the momentum (i.e.,
m - k = 0), we obtain the p orbital energies as

oL 3 3

£, 0= Ot g

oL Ep(R)+Ey (k)

Eyo=1_ 2 ¢ )
E )

where (k) = \/[E,,,(k) — E,(k)]>/4 + A2 and a superscript
L denotes that m L k. Note that the upper (lower) case of
tangential p orbitals corresponds to the orbital state, which is
constructed with the eigenstates perpendicular (parallel) to the
magnetization direction, e.g., |kpy,) (Ikpg,)) when m || (;Sk.
The discrepancy between Eq. (4) and Eq. (5) stems from the
indirect coupling between orbital and magnetization, L - m,
through SOC.

The variation of magnetization direction modifies the form
of effective SOC, which affects the orbital energies in an
orbital-dependent manner. However, if the orbital splitting is
absent (i.e., all orbitals are degenerate), the spin-orbit splitting
results in identical orbital energies regardless of the magneti-
zation direction, E,, & A and E,,,. For this reason, the presence
of orbital splitting is necessary for magnetization-dependent
and anisotropic band structures. Figure 1(c) shows the alter-
ation of Fermi surface at k, = 0 for varied m direction, m || X
and m || §. Before the inclusion of Hgo [dashed curves in
Fig. 1(c)], the inner and outer Fermi surfaces are developed
due to the orbital hybridization, Hop. Based on this orbital
splitting, the effective SOC modifies the Fermi surfaces [solid
curves in Fig. 1(c)] which display magnetization-dependent
band structures as Egs. (4) and (5). When an electric field
is applied in the x direction, the Fermi surfaces are shifted
along the same direction. In consequence of the anisotropic
band structures, an electric transport will also show the
magnetization-dependent behavior and thus AMR.

As a side remark, the above simple argument works when-
ever there is an orbital splitting. Although we focus on the
orbital hybridization contribution in this paper, the orbital
anisotropy, for which E,,. and E,, are different, also makes

~|l ~

E,  and E prpn) different as studied in Ref. [6].

III. LINEAR RESPONSE THEORY

A. Analytical calculation

In this section, we analytically show that the orbital hy-
bridization gives rise to the AMR. The AMR is given by the
magnetization-dependent part of the electrical conductivity.
Basically, the problem is 8 x 8 since we have one s orbital
and three p orbitals for each of the spins. We assume that
the exchange interaction is strong enough for spins to be
aligned with the magnetization and thus reduce the problem
to 4 x 4. First, we express our Hamiltonians in a spherical
coordinate basis. To utilize the expression in Appendix B,
we choose our basis as (|ks?) , [kpy) , [kp?), [kp?)), where

kp%) = (Kpf,) % i [kpg,))/+/2. In this basis,

E, —iyp O 0

iVp E, 0 0
0 0 E, O
0 0 0 Eu

Hi +Hon = (6)

Hereafter we omit the k dependencies in the energies for
concise presentation. Note that diagonalizing the upper 2 x 2
block gives the sp hybridized states in Eq. (3). Since the
tangential p orbitals are degenerate, the choice of the lin-
ear combination of the tangential p orbitals, i.e., ([kpg ) £

ilkpG )/ V2, does not affect the matrix representation of
Hr, + Hon. However, it affects the SOC Hamiltonian signifi-
cantly [compare Egs. (B4) and (B5)].

The SOC Hamiltonian in this basis is given by Eq. (BS):

0 0 0 0
0 0 m_ im
Hso = —A « s 7
0 my x —myg 0
0 —im_,k 0 myg
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where m =m -k, miy, =m- 0y & iy)/+/2, and the ex-
plicit expressions of the spherical coordinate vectors are pre-
sented in Eq. (B1). From the above expression, it is evident
that the role of SOC is twofold. First, the radial component
of magnetization (my) breaks the degeneracy between the
tangential orbitals [corresponding to Eq. (4)]. Second, the tan-
gential components of magnetization m i in the off-diagonal
components of Hgo mix the sp hybridized states in the upper
2 x 2 block and the tangential orbitals in the lower 2 x 2
block [corresponding to Eq. (5)].

Now we treat SOC perturbatively and calculate its second
order contribution to AMR. Our perturbation theory consists
of two steps. At the first step, we block diagonalize the 4 x 4
Hamiltonian to two 2 x 2 blocks, and at the second step, we
diagonalize each of the 2 x 2 blocks. For the first step, we
decompose the Hamiltonian as H, = Ho + H, where

E,  —iyyp 0 0
Ho = iVp E,, 0 0 ’
0 0 Ep 4 Amy 0
0 0 0 Ep — Amy
0 0 0 0
0 0 m_ kg im+ k
=—X ' ' 8
H 0 mix 0 0 ®
0 —im_y 0 0

Here, H, is the block-diagonal part and H; is the block-off-
diagonal part that is treated perturbatively. To block diago-
nalize Hy, we follow the Schrieffer-Wolff procedure [21]
by introducing a unitary transformation H/,, = e%He~ by

choosing
0 Sax2
5= <_S§><2 0 )’
—iYs .
Soxa = —A P - ,
2x2 f<Ept _ E?)(m k ler.k)
f=[Ep — Ex)Ep —E)+y2]7" ©)

Note that S satisfies [Hg, S] = H; + O(A?). Then, the Baker-
Hausdorff Lemma gives the transformed Hamiltonian being

H, O
l Sp 3
= oM7),
HIOI ( 0 Hp[) + ( )

Es _iV5p> 2 2 0 — %
Hy=1|. + 2 (1—m ; 2 )
* <lep Epr ( k)f % E, —E;

Hy=Ey+2(™ °
pe 0 —my
A f 1—mi  2im?
-, - E.;)(_zl.mz_ e mi) (10)

Here we used 2m xm_x = 1 —mi. Note that H;,, is block
diagonal, so one can diagonalize each of the 2 x 2 blocks (Hyp
and H),) to analytically obtain the perturbed energy eigenval-
ues E, (k) and the velocity (along x) v, (k) = (1/h)0k.E, (K).
Here n =0, 1,2,3 is the band index for s and p states.
Although we do not explicitly express E, (k) here, the second

order correction is in the form of
AE,(K) = mpE, (k). (11)

This magnetization-dependent correction is the key result of
our perturbation theory.

To calculate the electrical conductivity, we ignore the
interband contribution which is negligible when the level
broadening is smaller than the energy differences between the
bands. Then, the electrical conductivity is approximated as

2
0 = S5 D 8(Er — E k), (12)
k,n

where Er is the Fermi level and 7/ is the level broadening.
The magnetization-dependent contribution in Eq. (11) clearly
implies the existence of AMR in our model. To explic-
itly demonstrate that the AMR is generated by the orbital
hybridization, we discard the effect of orbital anisotropy
(E,r = Ep) which has been already studied [6] and consider
only that the s band is located at the Fermi level. Then, up to
second order in ysp, the energy eigenvalue for Hg, in Eq. (10)
gives

2 2)12.,2
~ v2 (1 —mp)r2yd
Es(k)""Ev_E _E - (E _E)g
pr s pr N
= Eo (k) + myEg»(K), (13)

where Ep, oc A%y2. Assuming that Eoo(k) and Eoa(k)
are spherically symmetric (thus dependent solely on k)
and quadratic in k, Appendix D gives the -electrical
conductivity
eszF
o= W[EF + 2Ey 5 (kp)m ], (14)
where kp is the Fermi wave vector. The second term (ocA2 yszp)
corresponds to the AMR induced by the orbital hybridization.
We remark that the function (k) in Eq. (9) diverges when
both the orbital anisotropy and the orbital hybridization are
zero. However, this does not mean that the SOC contribution
diverges there. Since our perturbation theory treats A as the
smallest factor, it is implicitly assumed that A < f~!/2, which
is consistent with our numerical simulation parameters. If this
assumption does not hold, one needs to start with the exact
expression of S in Appendix C, expand S with respect to ys,
and E,; — E,, first, and then discard O()\3). This procedure
yields a different expression, but the main message of our
theory is unaltered by the order of expansions.

B. Numerical calculation

In this section, we numerically compute the longitudinal
charge, spin, and orbital conductivities based on Green’s
function formalism [20], not relying on the perturbation the-
ory for SOC. Detailed description of the Hamiltonian and
its numerical parameters are given in Appendix A. Note
that the orbital currents carry an angular momentum aligned
along the magnetization. We assume an electric field &
along the x direction and calculate the resulting conductivities
which are composed of the Fermi surface and Fermi sea
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FIG. 2. Band structures and corresponding Er dependence of AMR and OAMR (a) with both orbital anisotropy and hybridization, (b) with
orbital anisotropy and without orbital hybridization, (c) without orbital anisotropy and with orbital hybridization, and (d) without both orbital
anisotropy and orbital hybridization. (Left panels) The band structures of tight-binding model [Eq. (A2)] for magnetization along the z
direction, where the lowest two bands correspond to s orbital state. (Right panels) The AMR of charge, spin, and orbital conductivities in which
the black, red, and blue curves correspond to the charge, spin, and orbital conductivities. Note that /i /e is defined as unity for convenience.

contributions:
I I
ox = 0y + 0y,

: e [ d’k
oy =—— [ ——=
X 47 | @n)3

x Tr {X[g’;vx(glé - g’z) - (gl; - g%)vxg%]}EF’
w e [

()3
d 0
x Tr {X[aiEjgvxg’; - g’évxaig — (R <—>A)]}, (15)

m_
oy =—

where the subscript X refers to charge, spin, and orbital, and
the corresponding operators X for the physical quantities are
Uy, Om ® vy, and (Lypvy + v Ly)/2, respectively. Here v, is
velocity matrix defined as 9y, H and om(Ly) is Pauli matrix
(orbital angular momentum operator) projected to the mag-

netization direction m. o is the Fermi surface contribution
and o' is the Fermi sea contribution; g’é(A) is the retarded

(advanced) Green function defined as (E — H =+ in)~!, where
n is the level broadening. We only consider the Fermi surface

contribution since the Fermi sea contribution is found to be
negligible in our calculation.

We distinguish two orbital factors and their consequential
anisotropic conductions. As mentioned in Sec. II, the orbital
anisotropy and the orbital hybridization are controlled via the
difference between p-to-p hopping parameters |f,; — ), | and
the hopping parameter between s and p orbitals yqp,, respec-
tively. The band structures and the Fermi energy dependence
of anisotropic conductivities for each combination of orbital
factors are shown in Fig. 2. Here, we represent an anisotropic
conductance as Aoy = a;(“Hy — a;(n”f‘.

The transport of electron charge, spin, and orbital shows
isotropic behavior on the magnetization direction when both
orbital anisotropy and hybridization are absent [Fig. 2(d)].
This is due to the exact degeneracy of p orbitals, which
yields identical band structures for varied m. The inclusion
of orbital anisotropy or orbital hybridization to the system
[Figs. 2(a)-2(c)] produces AMR indicating a relation between
AMR and orbital physics. Besides well-known AMR, which
regards charge currents entailing spin degrees of freedom [22],
finite Aoomita States that the orbital conductivities also depend
on the relative orientation between current and magnetization,
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FIG. 3. Ef dependence of (a) AMR and (b) OAMR with varied
SOC strength, A. Horizontal dotted lines indicate the local maxima
(—1.60eV and —1.55 eV, respectively) and the dependence of charge
and orbital conductivities are calculated at this Fermi energy, which
is summarized in (c). OAMR and AMR of varied SOC strength is
normalized by OAMR and AMR of A = 0.1 eV, which are shown
as filled symbols. Dotted lines show linear and quadratic guidelines
which well describe the tendency of calculated values.

which we coin as OAMR. This generic and inherent correla-
tion between orbital and magnetization will invigorate the po-
tential utilization of orbital transport [23,24] in ferromagnets.
Note that the s orbital may produce AMR under the presence
of orbital hybridization [-2.5eV < Er < 1.0eV in Figs. 2(a)
and 2(c)], through which the anisotropic property of p orbitals
is imparted. In addition, there is a somewhat complicated re-
semblance between the Er dependence of AMR and OAMR.
This tendency is comprehensible considering the fact that the
SOC correlates the feature of orbital and spin [17-19], where
a further examination is done below.

The relevance of OAMR to AMR is observed through their
dependence on the strength of SOC (Fig. 3) in the system
with both orbital hybridization and anisotropy [Fig. 2(a)].
To avoid severe alteration of the band structures, we restrict
our interest to s band contribution and weak SOC regime,
which gives the spin and orbital as a good quantum number.
The calculated AMR and OAMR with A = 0.1, 0.05, and
0.025 eV are shown in Figs. 3(a) and 3(b). Note that both
AMR and OAMR vanish when A = 0. Then, we select a spe-

cific Fermi energy for each phenomena to precisely determine
the order of SOC. For clarity, —1.60 eV and —1.55 eV are
selected respectively in which AMR and OAMR exhibit local
maxima and the corresponding values are normalized by Ao
at A = 0.1 eV. The dotted guidelines in Fig. 3(c) show that
AMR and OAMR follow quadratic and linear manner with
respect to SOC. The linear dependence of OAMR may be
understood as a consequence of effective SOC, AL - m, which
provides a pathway to interact with the magnetization in terms
of magnetization-dependent orbital energies. As long as the
anisotropic band structures prevail the electric conduction, the
magnetization-dependent orbital currents will provoke spin
currents in a similar manner according to the SOC. On that
ground, the OAMR is appreciated as the source of AMR. Note
that although the strength of SOC is chosen to be comparable
to or weaker than that of exchange coupling to maintain
consistency with the previous analytical calculation, strong
SOC does not alter our main conclusion qualitatively (not
shown).

IV. CONCLUSION

To conclude, we investigated the orbital origin of AMR
based on a tight-binding model with s and p orbitals. We found
that the orbital hybridization is the unnoticed origin of AMR
which highlights the role of orbital physics in understand-
ing spin-related phenomena in spin-orbit-coupled systems.
Along with the orbital anisotropy, the orbital hybridization
generates the momentum-dependent orbital splitting which is
the main ingredient of magnetization-dependent band struc-
tures. Through the effective correlation between the orbital
and the magnetization, the electronic structure of the system
responds to the magnetization direction, which ultimately
derives AMR. We showed that not only charge (or spin) con-
ductivity but also orbital conductivity exhibits magnetization-
dependent tendency, which we called OAMR. Moreover, this
OAMR contributes to AMR through SOC as the orbital Hall
effect does for the spin Hall effect [17—19]. The alikeness of
OAMR and orbital Hall effect is also found in the fact that
the orbital hybridization is the common source of both phe-
nomena, emphasizing the importance of the orbital hybridiza-
tion in several substantial observations of spintronics. In this
respect, the measurement of AMR in materials exhibiting
considerable orbital Hall conductivities [25] is intriguing. For
systematic investigation, we also propose nonmagnetic metals
where AMR and OAMR occur through the Zeeman coupling
but material-dependent exchange coupling is excluded.

ACKNOWLEDGMENTS

K.-J.L. acknowledges support from the KIST Institutional
Program (No. 2V05750), the National Research Foundation
of Korea (NRF) funded by the Ministry of Science and ICT
(Grant No. 2020R1A2C3013302), and the KU-KIST Grad-
uate School Program. K.-W.K. acknowledges support from
the KIST Institutional Program (No. 2E30600), the National
Research Council of Science & Technology (NST) (CAP-16-
01-KIST), and the National Research and Development Pro-
gram through the NRF (Grant No. 2019M3F3A1A02071509,

184413-6



ROLE OF ORBITAL HYBRIDIZATION IN ANISOTROPIC ...

PHYSICAL REVIEW B 101, 184413 (2020)

2020R1C1C1012664). G.G. acknowledges support from NRF
(Grant No. 2019R111A1A01063594).

APPENDIX A: TIGHT-BINDING HAMILTONIAN

We consider a general ferromagnetic system with SOC in a
simple cubic structure. Since the conduction electrons have
s character in most materials under our consideration, the
minimal model should include s and p orbitals to realize a
mixture between different orbital states. By assuming s, p,,
Py, and p. orbitals at each Bravais lattice, the Bloch basis
|1//§ﬂ (r)) is defined by

W) = e Rlyrap(r)), (A1)
R
where R is the lattice sites, « = s, pyx, py, p,and B =1, |.
Based on the Bloch basis, the tight-binding Hamiltonian is
written as

200, 2
S+ LS,
R R

Here, Hy is the orbital part of the Hamiltonian, A is
the exchange parameter, A is the strength of SOC, and
m, S, L correspond to the unit vector along the magneti-
zation direction, spin angular momentum operator (7i/2)o,
and orbital angular momentum operator, respectively. The
components of orbital angular momentum operator L in the

(@), ¥y (0) 19 (1)), [ (r))] basis is

00 0 0
00 0 0
Li={og o o =il
00 i 0
0 0 0 0
0 0 0 i
L=1lo 0o o of
0 —i 0 0
00 0 0
0 0 —i 0
L=1o i 0 o (A3)
00 0 0

The second and third terms in Eq. (A2) are the exchange
interaction and SOC, respectively, and the orbital part of the
Hamiltonian [Eq. (1)] is composed of matrix elements given
as

(wﬁl‘('r(l.) |HL | 1//5(\[{)) = E?n + 2ts[f (COS kxa
+ coskya + cosk.a),
(V| HLl¥pa)) = E)" + 215 coskea
+ 21,7 (cos kya + cos k.a),
(W o [HLWpp)) = E" + 200 coskya
+ 2tz (cos k.a + cos kca),
(W HLlWpr) = B + 21p coskea
+ 2t (cos kya + cos kya),

(W3 [HLl W a)) = 2ivsp sinkea,

(W L]V ) = 2ivp sin ke,
Wil HLVpa)) = 2ivyp sinkea,

where Ef) is the on-site energy of the s(p) orbital and
tso» tpo(n), and ys, are the two-center integrals [26] cor-
responding to the nearest-neighbor hopping between s or-
bitals, p orbitals through o () bond, and between s and
p orbitals, respectively. Numerical values of parameters
are chosen as EX" = —1.0, E;j“ = 1.0, t,o = —0.25, 15 =
0.6 (0.1), 1,z = —0.15(0.1), yp =0.5, A =0.1,and Ax =
0.1, all in units of eV. Values in parentheses correspond to the
system without orbital anisotropy. Note that E; < E,, resem-
bles the orbital level of ferromagnetic metals (3d < 4s < 4p).

(A4)

APPENDIX B: SPHERICAL COORDINATES
For a given Bloch momentum k, one can uniquely de-
fine the two angles 6 = cos ' k,/|k| and ¢y = arg (k, + iky).
Then, we can define the three unit vectors (ﬁ, 91(, (;Sk) for a
spherical coordinate system, where

k= (sin B cos @y, sin G sin ¢y, cos b ),

91( = (cos Bk cos Py, cos b sin ¢y, — sin ),

A

$i = (—sin P, cos P, 0). B

Let |kp?) = (Ikp7), |kp]) . [kp?)) be a three dimensional
vector consisting of p orbital states where o = 1, |. Note that
lka?) = |yX,), where @ =5, py, py, p.and B =1, |. Then

lkpg) = [kp°) - k is the radial orbital and |kp, ) = |kp”) - &
and [kpg ) = [kp?) - &k are tangential orbitals. Therefore, the
orbital part of the Hamiltonian is written as

Hi = E,(k) [ks”) (ks” | + E,- (k) |kpg ) (kpg |
+ El’f(k)( ‘kpgk)<kpgk‘ + ‘kpgk)(kp;k’)‘ (B2)

The orbital angular momentum operator L is also rewritten
in spherical coordinates as

L -k = ih[kp} ) (kpg, | — ifi [kpf, ) (kpf,

’

L -8 = in|kpy) (kpG, | — ik [kpG, ) (kpg|.  (B3)
L - ¢y = if [kpg ) (kp | — in [kp) (kpg, |
which gives the effective SOC in the basis
(Iks”), [kpg) . [kpg) . [kpG ) as
Hso =——L -m
0 0 0 0
_ 0 0 —iM¢k imeg,
="*o img, 0 —imy |’ (B4
0 —imgk imk 0

where m = mkﬁ + I/I”ngak + m¢k(7)k.

Another useful basis is given by a linear combination of the
tangential orbitals. Defining [kp%) = (|kpg ) i |kpgk))/«/§,
the off-diagonal components in the tangential orbitals are
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eliminated. In the basis (|ks”) , [kpg) , [kp?) , [kp?)),

where m x = (mg, £ img,)/v/2.

0 0
m_ k im+,k
e | (BS)
k 0 m

APPENDIX C: EXACT EXPRESSION OF S

The exact expression of § satisfying [y, S] = H; without small A approximation is given by

(O S2x2
5= (_S;LXZ 0 >’

iYsph— k ; _ Vel k _
. (Epr—Ep = )(Ep —Es+Ami)+yg, (Epr—Ep+hm)(Ep —Es—Ami )+,
S22 = A _ m_ g (Ep —E+hmy) _ i (B —Ey—hmy ) €D
(Epr—Ep — ) (Ep —Eg+ami )+, (Epr—Ep i )(Ep —Eg =)+,
[
APPENDIX D: DERIVATION OF EQ. (14) some algebra,
We rewrite Eq. (12) as et 4ak?  a+ 2bm)2(
oc=—1Im Z 5 R
2 2 14 3n° Ep — ak? — ie
et Vo (K) k
O'ZvlmZWs (Dl) 4 21.
K oF T Rt e :£cz—i—2bm2 k*8(Ep — ak?®
= ) Zk: (Er .
for an infinitesimal € > 0. Here we take the single s band
(n = 0) only as mentioned in the main text. We assume that _ 2ae’t 2 4 5
Ey (k) and Ep,(k) are spherically symmetric and quadratic T 3R2g2 (a + 2bmx) dkk*3(Ep — ak®)
in k. Then, we may write 21
, , = ——(a+2m3) / dk k*8(kp — k)
Eo(k) = ak” + b(m - k), (D2) 3w
e’t N3
2a 2b Y ) (a + 2bm; )k
vox(K) = Ekx + me(m - k), (D3) T
ke [Er + 2Ey 2 (ke 2] (D4)
= — m N
where Eg o (k) = ak® and Eq 5 (k) = bk* for a positive a. Since 3Rt T’ 020

b o A%y, we keep first order contributions from b only. After

where kp = /EF/a.
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