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Time-Reversal-Even Nonlinear Current Induced Spin Polarization
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We propose a time-reversal-even spin generation in second order of electric fields, which dominates the
current induced spin polarization in a wide class of centrosymmetric nonmagnetic materials, and leads to a
novel nonlinear spin-orbit torque in magnets. We reveal a quantum origin of this effect from the momentum
space dipole of the anomalous spin polarizability. First-principles calculations predict sizable spin
generations in several nonmagnetic hcp metals, in monolayer TiTe,, and in ferromagnetic monolayer
MnSe,, which can be detected in experiment. Our work opens up the broad vista of nonlinear spintronics in

both nonmagnetic and magnetic systems.
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Nonlinear responses of solids are attracting great interest
in recent research [1,2]. They dominate in crystals where
the linear response is symmetry forbidden, probe novel
band geometric quantities, and offer new tools to character-
ize and control material properties. For example, recent
studies on various nonlinear anomalous Hall effects have
connected them to intriguing geometric quantities such as
Berry curvature dipole [3-5] and Berry connection polar-
izability [6-8], and revealed their utility to extract Néel
vector [9-11] and to detect nontrivial band topologies
[12,13].

In the field of spintronics, current induced spin polari-
zation (CISP) is the central effect that enables electric
control of spin degree of freedom [14,15]. In this context,
one usually distinguishes contributions according to their
parities under time reversal (7'), i.e., under the reversal of
all magnetic moments in the system [15-17] (see Fig. 1).
Clearly, the 7 -odd part is present only in magnets, whereas
the 7 -even CISP exists in both magnetic and nonmagnetic
systems [18-21]. It was shown that they give rise to two
basic types of spin-orbit torques, allowing electrical
manipulation of magnetic order parameters [15-17,22—
31]. Previous studies focused on the linear CISP, which is
limited to systems with inversion symmetry (P) breaking.
This left out the large family of P symmetric materials, in
which the leading CISP is necessarily of nonlinear char-
acter. Recently, the 7-odd second-order nonlinear CISP
was proposed in Ref. [32]. However, the corresponding
T -even part has not been investigated yet. As mentioned,
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the 7 -even nonlinear CISP occurs in even wider range of
material systems, including also the nonmagnetic materials,
many of which are technologically important (such as the
elemental metals).

In this work, we study a special type of such a 7-even
nonlinear CISP. It has a quantum origin arising from the
anomalous spin, which is spotlighted here as a basic
property of spin-orbit-coupled electrons under an electric
field and can be expressed in terms of an intrinsic band
geometric quantity which is called the anomalous spin
polarizability (ASP). We show that the 7 -even nonlinear
spin response is determined by the momentum space dipole
of ASP over the occupied states. We clarify the symmetry
character of this effect and find that in several magnetic
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FIG. 1. Schematic figure showing the difference between

T-even and 7-odd CISPs. (a) Applied E field generates spin
polarization ds. Gray arrows denote the (background) local
magnetic moments in the material. (b) Under the reversal of
local moments, the 7-even CISP is unchanged, whereas the
T-odd CISP flips sign. In nonmagnetic systems, only 7 -even
CISP exists.

© 2023 American Physical Society


https://orcid.org/0000-0002-4843-070X
https://orcid.org/0000-0002-3963-9325
https://orcid.org/0000-0002-3731-3866
https://orcid.org/0000-0003-4617-8659
https://orcid.org/0000-0002-1384-3897
https://orcid.org/0000-0001-6003-1501
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.130.166302&domain=pdf&date_stamp=2023-04-21
https://doi.org/10.1103/PhysRevLett.130.166302
https://doi.org/10.1103/PhysRevLett.130.166302
https://doi.org/10.1103/PhysRevLett.130.166302
https://doi.org/10.1103/PhysRevLett.130.166302

PHYSICAL REVIEW LETTERS 130, 166302 (2023)

crystal classes, the 7-even and 7 -odd contributions give
orthogonal spin polarizations, hence their effects can be
readily separated in experiment. Combining our theory
with first-principles calculations, we report sizable non-
linear spin generations in a number of nonmagnetic
elemental metals, in monolayer TiTe,, and in ferromagnetic
monolayer MnSe,. Our finding establishes the 7 -even
nonlinear CISP as a fundamental spintronic effect, which
renders a new nonlinear spin-orbit torque in centrosym-
metric magnets.

Symmetry characters.—Let us first understand the emer-
gence of 7-even nonlinear CISP from the symmetry
perspective. The quadratic spin polarization response s
to an applied electric field can be expressed as

5sa = aabchEcv (1)

where a is the nonlinear response tensor, the roman indices
label the Cartesian components, and the Einstein summa-
tion convention is adopted. Obviously, in a P-symmetric
system, the linear response ds o« E is forbidden, and (1)
becomes the leading effect.

a,p. can always be separated into a 7 -even part and a 7 -
odd part: a= a4+ @°¥, Note that in nonmagnetic
materials, only a®V" exists. The two parts have different
symmetry properties. Here, we focus on a®'*", which obeys
the following symmetry transformation rule:

aZYZ’nc’ = det(R)Ru’aRh’th’caZ\}ﬁn’ (2)
with R being a point group operation [33]. The obtained
constraints are summarized in Table I.

From the analysis, we find that the 7 -even nonlinear
CISP is supported by 10 of the 11 centrosymmetric point
groups, implying broad material platforms in which the
effect could be dominating. The detailed forms of a%}"

abc

tensor constrained by symmetry are presented in the

TABLEL  Constraints on agiyi) = (g + dguy')/2 from mag-
netic point group symmetries. “v”’ (“X”’) means that the element
is symmetry allowed (forbidden). Symmetry operations R7 and
‘R impose the same constraints. For simplicity, we assume the E

field is applied within the xy plane.

P G G S CieSi CupSi CbS oo o
aty vooX —ay X v/ v X Vv
(xiz;;‘) A S X X X X X
ans vooX v X v v X Vv
anyy /X v X X X X X
a;z;;) o X agy X v v X Vv
ans X —ay X X v X X
e v/ v v X X v X
f(vf‘;) v / X X v v v /
A . A

Supplemental Material [34]. Importantly, we find that in
6m'2', 4/mm'm’, 6/mm'm’, and 3m’ magnetic groups,
which do not support the linear CISP, the nonlinear CISPs
due to 7-even and 7 -odd parts must be along orthogonal
directions for any direction of the driving electric field [34],
thus allowing an easy separation of the two parts.

ASP dipole mechanism.—The spin density is given by
the integral of the spin polarization s” (k) carried by each
electron wave packet weighted by the distribution function
fulk) (wesete=h=1):

s= / (k] £ (K)s" (k). 3)

where n and k are the band index and the wave vector,
respectively, and [dk] is shorthand for Y dk/(2x)? with d
being the dimension of the system. The 7 -even response
requires a distribution function that breaks the occupation
symmetry at k and —k, otherwise it would vanish in
nonmagnetic systems due to the Kramers degeneracy.
This is provided by the nonequilibrium distribution com-
puted to the first order of the driving E field. Using the
Boltzmann equation with the constant relaxation time
approximation, we have f, = fo —7E.0.f, where f is
the equilibrium Fermi distribution, 7 is the relaxation time,
and 0, = 9d;_. Meanwhile, with spin-orbit coupling, " (k) of
a wave packet also acquires a correction by the E field [47]:

sa(k) = (u, (k)[3a[un (k) + 15, (k) Ep, (4)

where the first term is the expectation value of the spin
operator for the eigenstate |u,(k)), and the second term is
the anomalous spin correction linear in the electric field.
The coefficient of the correction,

sa” (k)vy" (k)
T (k) = 2ImS | e W )
b % [en (k) — &y (k)]z

is the ASP, an intrinsic band geometric quantity represent-
ing the polarizability of anomalous spin to the applied £
field. In (5), ¢,(k) is the band energy, and the numerator
involves the interband matrix elements of spin and velocity
operators.

Substituting the expressions of f, and (4) into (3) and
collecting the 7-even terms of E? order, we obtain the
nonlinear CISP response tensor

(5)

Aope: = TDabc ’ (6)

abc

with

Dahc = /[dk}anLTZb (7)

being the momentum space dipole moment of ASP over
all occupied states in equilibrium. One checks that this
is indeed a 7-even pseudotensor complying with the
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symmetry analysis. It is a Fermi surface property as can be
seen via an integration by parts in (7).

Our result shows that the 7 -even nonlinear CISP is
proportional to the ASP dipole. This is analogous to the
T -even nonlinear anomalous Hall effect in Ref. [3], which
is proportional to the Berry curvature dipole. In fact, the
expression of ASP [Eq. (5)] is also similar to the Berry
curvature tensor €, [48], with one of the velocity matrix
element replaced by the spin matrix element. The analogy
can be further exemplified by comparing Eq. (4) with the
well-known semiclassical equation of motion: 7} = v +
Q. E;, [48-50]. One directly observes that the anomalous
spin parallels the anomalous velocity Q,,E,. Moreover,
while integrating the anomalous velocity over occupied
states gives the intrinsic linear anomalous Hall effect, the
integration of anomalous spin also produces the intrinsic
linear CISP [23,24,30]. This highlights the significance of
anomalous spin (and ASP) as an essential ingredient in the
description of spin-orbit-coupled Bloch electrons.

A model study.—To illustrate the features of ASP dipole
and the resulting CISP, we first apply our theory to a
modified Kane-Mele model defined on a buckled two-
dimensional (2D) honeycomb lattice [Fig. 2(a)] [51-53],
which reads

:—tg cmc,(,Jrltw E 1/,, ic {m, Cjo’

(ijpoo’

—ifg Z ﬂijcia s xdij): Cio- (8)
(ijhoo’

Here c;, (c ) is the annihilation (creation) operator for an
electron with spin ¢ at site i. The first term is the nearest
neighbor hopping. The second term is the intrinsic spin-
orbit coupling in second neighbor hopping, where
v;; = +(=) if the electron makes a left (right) turn during
hopping from j to i. The third term is the intrinsic Rashba
spin-orbit coupling due to lattice buckling, where d;; is the
unit vector pointing from site j to i. This term is needed to
lower the symmetry from Dy, to D5, , such that a nonlinear
spin polarization can be induced by an in-plane E field.
According to Table I, the symmetries C%, C3, and o, of
D5, group enforce the following relations on a®*":

anSt = a% = —a$y$". It follows that the system only

xXyy y(xy) XXX .
allows an in-plane spin polarization in the form of

(85y, 85,) = aSxM(cos 2¢, —sin 2¢) E2. 9)

Interestingly, the result is determined by a single indepen-
dent element a$\y", and exhibits an angular dependence
with 7z periodicity. Here, ¢ is the polar angle of the in-plane
E field measured from the C; axis.

In Figs. 2(c)-2(f), we plot in the Brillouin zone the
distribution of ASP as well as the k-resolved ASP dipole,
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FIG. 2. (a)Top and side views of the buckled honeycomb lattice

for the modified Kane-Mele model. (b) Low-energy bands for this
model, with two valleys at K and K'. Here, we take r = 0.85 eV,
t,o = 10 meV, and tp = 10 meV. (c)—(f) show the k-space
distribution of the ASP (c) T,,, (d) Y, and the k-resolved
ASP dipole (e) D, (k) and (f) Dy, (k) for the valence band.
(g) Calculated ASP dipole D,,, versus the chemical potential p.
The legends denote (,,, z) in units of meV. (h) D, versus f,,,
for y = —60meV and 1z = 10 meV.

ie, Dy(k) =2, foo.Y",, the integrand of (7). One
observes that these quantities are concentrated around
the small-gap region in the band structure, reflecting the
interband coherence nature of band geometric quantities.
Here, D, (k) is odd in k,, whereas D,,.(k) is even,
resulting in a nonvanishing ASP dipole D,,,. In Fig. 2(g),
we plot D, versus the chemical potential y, which shows
that the ASP dipole is enhanced around the band edges. In
Fig. 2(h), we further see that D,,, flips its sign with the
spin-orbit coupling f,,.

Application to nonmagnetic metals.—Next, we ask if the
T-even nonlinear CISP is appreciable in real materials.
Combining our theory with first-principles calculations, we
first evaluate the effect in several hcp nonmagnetic tran-
sition metals, as listed in Table II, which have served as a
main platform for studying the spin Hall effect [54]. These
materials forbid the linear CISP because of their inversion
symmetry.

Take the x/z to be along the crystal a/c axis, the Dy,
point group dictates only one nonzero independent element
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TABLE II. Calculated ASP dipole and CISP of some hcp
transition metals at room temperature (RT). The RT transport
relaxation time 7 is obtained by using experimental resistivity
data [55] and calculated Drude weight. The driving electric field
is taken as E = 10° V/m [22,56,57].

Dy(ax) Js, v
System 10" (ug/cm?®)[s(V/m)?]~" 1077 (up/nm3) (10 fs)
Ti —0.50 —-0.43 0.85
Zr 1.69 1.34 0.79
Hf -0.73 —0.80 1.10
Re -0.93 —0.60 0.64
Ru —1.18 —1.00 0.85

of ASP dipole Dj,,), and the induced spin polarization
must take the form of

6s — aeven
y(xz)

sin 20(— sin ¢, cos ¢, 0) E2, (10)
lying in the xy plane, where @ and ¢ are spherical angles for
the E field. Notably, ds is always normal to the field, and
has a 27 periodicity in ¢ and a x periodicity in 6. For
instance, if the E field is applied within the zx plane,
the induced spin is along the y axis and reads

osy = aj,‘(’z) sin20E?, which reaches its maximum magni-

tude when 0 = z/4 and 3z /4.

The results of Dy, and Js, from our first-principles
calculations (calculation details in [34]) are shown in Table II.
The induced spin density can reach 1077 pz/nm?® at E =
10° V/m, which is considerable compared to the linear CISP
(~107° to 107® pp/nm?) that has been measured in non-
centrosymmetric nonmagnetic systems in previous experi-
ments [58,59]. In the Supplemental Material [34], we also
show the result for a 2D P-symmetric nonmagnetic metal, the
experimentally synthesized monolayer TiTe, [60], which
shows nonlinear CISP of a similar magnitude.

Application to ferromagnetic 2D MnSe,.—Our second
example is the monolayer 1T-MnSe,, which has been
synthesized in recent experiment and demonstrated to be
a room-temperature 2D ferromagnetic metal [61,62]. Its
lattice structure is shown in Figs. 3(a) and 3(b), where each
Mn atom is located at an inversion center, and the lattice
point group is D3,. Previous experiment [61] showed that
the magnetization is out-of-plane (along z), so the magnetic
point group is 3m’. Again, in this system, the linear CISP is
forbidden by P, thus the nonlinear effect dominates. The
CISP constrained by symmetry takes the same form as
Eq. (9). Thus, for an in-plane E field, the CISP is also in-
plane and hence normal to the equilibrium magnetization.

The calculated band structure is plotted in Fig. 3(c).
Figure 3(d) shows the variation of a$}S" with respect to the
Fermi energy p. As there has been no reported values for the
relaxation time in monolayer MnSe,, we take 7 as 0.05 ps, a
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FIG. 3. (a) Top and (b) side views of the structure of monolayer
MnSe,. (c) Calculated band structure for monolayer MnSe, in the
ferromagnetic phase. (d) Calculated a$)$" versus the chemical

potential.

typical value for 2D metals at low temperatures [4].
Then, a2i$" is found to be ~ — 7.1 up/V? without doping,
and is greatly enhanced upon hole doping, reaching ~7 x
10? up/V? at u = —0.22 eV as a result of the small local
gap (about 15 meV), as marked by the red arrow in
Fig. 3(c). In practice, such a doping level can be achieved
in 2D materials by electric gating [4,63].

Under a moderate driving field of 10° V/m [22,56,57],
the 7 -even nonlinear CISP can reach ~0.7 x 107 pp/nm?
(or 2.5 x 1073 pg/nm? considering the monolayer thick-
ness). Previous experiments showed that the linear CISP
with much smaller magnitude, e.g., ~107° to 107® pz/nm?,
can be measured in ferromagnets by magneto-optical or
anisotropic magnetoresistance effects and can drive mag-
netization dynamics [22,26,30]. Thus, the predicted effect
here is indeed significant. It should be readily detectable
and can produce sizable spin-orbit torques.

In magnets, the 7-odd nonlinear CISP may also be
present [32], which can be at the zeroth or the second order
of 7. In experiment, such contributions can be distinguished
from the 7-even effect here by their different = scaling
(e.g., by plotting against the longitudinal conductivity with
varying temperature) [5,7]. Another way to separate them is
to utilize their different symmetry properties. As men-
tioned, for the 3m’ group, to which the ferromagnetic 2D
MnSe, belongs, the 7-even and 7-odd CISPs are always
orthogonal (see the Supplemental Material [34]). For
example, with E field along x, the 7-even CISP is along
x, whereas the 7-odd CISP is in the yz plane. This permits
an easy separation of the two effects [15].

Discussion.—We have proposed the 7-even nonlinear
CISP effect and revealed its geometric origin in the ASP
dipole. It offers a new mechanism for electric control of
spin in P-symmetric nonmagnetic materials and for driving
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spin-orbit torques in ferromagnets. We demonstrate the
first-principles evaluation of the effect for concrete non-
magnetic and ferromagnetic materials, with sizable results
well within the capacity of experiments. The study can be
naturally extended to other materials. From our result, the
effect should be favored in materials with band near
degeneracies around Fermi level and with strong spin-orbit
coupling for the low-energy states.

As mentioned, the ASP dipole mechanism for the
nonlinear CISP parallels the Berry curvature dipole mecha-
nism in the nonlinear anomalous Hall effect [3]. The
relaxation time approximation is adopted here, so that
the detailed disorder forms which are usually unknown do
not pose a difficulty. Contributions beyond this approxi-
mation can be approached via semiclassical or quantum
kinetic theories by assuming some specific form of dis-
order, in a way parallel to the study of the nonlinear Hall
effect [64,65].

Besides CISP, there also exists current-induced orbital
magnetization (OM). However, the theoretical description
of OM is generally quite tricky [66—73]. Especially, how to
formulate OM in nonequilibrium metallic states remains an
open problem [72,73]. Some main difficulties of this
problem are discussed in [34], and these are interesting
topics to explore in future studies.

The spin polarization studied here is a spatially averaged
quantity. In general, there can exist site-dependent spin [74]
(and orbital [75]) polarization even in systems with
preserved P, as long as the site symmetry is low. Our
theory can be extended to study such effects. This could be
of particular interest for certain antiferromagnets [76],
where the site-dependent CISP can induce a Néel torque
to manipulate antiferromagnetism [15,17,77].
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