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Abstract — With the help of an artificially created spin imbalance that induces a charge im-
balance unrelated to the Lorentz force, the relativistic spin-Hall effect (SHE) in 3D superpure
monocrystalline aluminum was first studied. The nonlinear behavior of SHE in a magnetic field
is revealed as a direct proof of the manifestation of the intrinsic (band) mechanism of the spin
polarization of electrons in a nonmagnetic metal under spin-orbit interaction conditions with a
minimized external impurity spin-polarization factor. Based on the data obtained, the spin-orbit

coupling coefficient in aluminum is estimated.

Copyright © EPLA, 2017

Since the introduction of the idea of an additional de-
gree of freedom of an electron called a spin and supported
by the relativistic Dirac equation as an alternative to the
Schrédinger equation, the behavior of the electron wave
function resulting from it has revealed a number of new
properties. In 1929, Mott first showed that one of them
can be a chiral asymmetry of the scattering of electrons
with different spins in the central force field of impurities
under conditions of a relativistic spin-orbit (SO) bond [1].
After 40 years, Diakonov and Perel, based on this idea,
predicted for nonmagnetic conductors the effect of curv-
ing trajectories of electrons with opposite spin orientation
and their subsequent accumulation on opposite edges of
the samples [2]. However, an increased interest in this
effect, not so obvious for solids, arose only after the ap-
pearance of some experimental evidence of its manifesta-
tion [3,4]. Apparently, the most demonstrative result is
an optical demonstration of the existence of SHE [5,6],
which served as an impetus for active research of gener-
ation of spin currents and manipulation of spins. Since,
however, the concept of the Mott impurity mechanism of
asymmetric spin scattering was considered to be the most
accepted, virtually all the experiments and the theoretical
analysis of their results were carried out within the frame-
work that satisfied this concept. Confirmation of this can
be found, for example, in the review [7], where an almost
exhaustive list of existing principal experimental works on

(®)E-mail: chiang@ilt.kharkov.ua

SHE is given. At the same time, it was shown that a
relativistic SO field, which removes two-fold spin degen-
eracy [8], in the presence of an external electric field can
induce in the crystal a transverse spin-dependent electron
velocity even in the absence of scattering [9,10]. Thus, it
was predicted that in addition to the impurity contribu-
tion to the spin-Hall conductivity, there must be a purely
internal contribution, due only to the band structure of
an ideal crystal.

So far, transport studies of SHE on single-crystal struc-
tures with macroscopic mean free paths of electrons, which
minimize impurity mechanisms and, thus, correspond to
the best conditions for the study of exactly intrinsic spin-
dependent effects, have not been carried out. Filling this
gap, we present the results of such a study, fundamen-
tally different in its formulation from other transport stud-
ies SHE.

According to the relativistic momentum-spin dynam-
ics of electrons, counter movement of the spin flows in
the direction transverse with respect to the current direc-
tion accumulates spins of opposite polarization on oppo-
site sides of the samples (see fig. 1). In the cross-section
of the sample, symmetric with respect to the z-axis, the
counter spin flows are equal and, without violating the
equilibrium charge distribution along the y-axis, cannot
create a transverse potential difference. For this reason,
the study of SHE by electric methods is possible only for
a nonequilibrium distribution of spins, and hence charges,
as was achieved in known transport experiments [7] by
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Fig. 1: (Colour online) Schematic representation of a sample
with an asymmetric cross-section, leading to nonequilibrium
dynamics and accumulation of spins in the presence of a spin-
orbit interaction. Areas 1 and 3 refer to N1 and N3 numbers
of carriers, respectively. The spin-flip region is symbolically
marked by 2.

preliminary spin polarization of unpolarized injected cur-
rent. Usually this was achieved with the help of ferro-
magnets, whose ability to create a spin polarization of the
current is confirmed by observing in them an anomalous
spin-Hall effect. The spin-polarized current obtained in
the ferromagnet was then injected into the material under
study, inducing charge and spin nonequilibrium (in par-
ticular, SHE) in this material, which was studied [11,12].

To avoid ambiguity in interpreting the final results, we
created a nonequilibrium distribution of spins in the metal,
without resorting to external methods of preliminary po-
larization of the current. Under the assumption of the
existence of an SO interaction, this can be done with an
asymmetric shape of the sample cross-section A with the
characteristic size VA > £, (£ is the mean free path of
carriers) on the width of the sample (fig. 1). A sample
of aluminum wedge-shaped was cut by an electric-spark
method from a high-purity (ps2x = 1,6-1071° Ohm - cm)
single-crystal ingot (made by zone melting at the Volkhov
Aluminum Plant named after SM Kirov) and processed
by chemical etching and polishing. The physics of the ap-
pearance of a nonequilibrium spin regime with the given
geometry of the sample cross section in a semiclassical
language can be described as follows.

In a perfect crystal, the carrier density n and the dc
density jc,, = nedv (0v is the drift velocity of carriers) are
not related to the sample shape, while the total number
of carriers depends on its volume. If the spin-orbit field
removes the spin degeneracy, then, say, on the scale of the
mean free path [, (= 0.1mm) from the edges, where the
spins, in any case, preserve the orientation, the number of
carriers on the left and on the right of the width of the
sample of length L (areas 1 and 3 in fig. 1), in volumes
‘/1 = AlL and ‘/3 = A3L will be N1 = ?’L‘/l and N3 =
nVs, respectively, with an equal number of spins of both
orientations, “up” and “down”, parallel to the spin-orbit
field, so N1 # Nj.

In the absence of a current j. ., the distribution of the
spins and their corresponding charges is in equilibrium,

and the gradients of the electrochemical potential and
the spin chemical potential in the sample are absent in
any directions. According to the SO interaction concept,
the nonequilibrium dynamics of spins in momentum space
should appear at dv # 0 due to the induced additional
addition to the spin-orbital field (for example, within the
Hamiltonian with a Rashba-type spin-orbit coupling [8]),
leading to a spin-current of two directions along y, depend-
ing on whether the spins are deflected upwards (k, > 0)
or downward (k, < 0) (k is the quasimomentum). If the
dimensions of the sample over the width significantly ex-
ceed the mean free path, as in our sample, then in the
direction y there must exist a “spin-flip” region (shown
in yellow in the figure), where orientations of the moving
spins are is stochastized. As a result, the accumulation of
spins at opposite edges of the sample, arising under the
action of the spin current, turns out to be nonequilibrium,
leading to the appearance of a transverse potential differ-
ence Uy = Uy1 —Uya, not related to the Lorentz force, and
therefore independent of the direction commutation of the
current j. ,, and hence the direction of the gradient of the
nonequilibrium spin chemical potential, V.

This allows us to distinguish and isolate Uy in the pres-
ence of the common usual Hall effect (CHE) in the case of
a magnetic field, since, unlike the conserved U, sign, the
Ucnyp sign, given by the direction of the Lorentz force,
commutes to the opposite one as each of the directions
both the current j., and H, in particular H,, changes.
The necessity of using a magnetic field, that, in general,
intensifies SHE, is dictated by a very small value of the
SHE as a second-order relativistic effect. A reasonable
compromise between the value of CHE and the possibil-
ity of resolution, on its background, SHE, was achieved
in small magnetic fields at w.7 < 1 (w, is the cyclotron
frequency, 7 is the relaxation time). In view of this, we
worked in the interval of magnetic fields at w.7 < 0.1,
which, as will be noted below, also has other important
features.

Thus, using a magnetic field, on the Hall probes Uy,
and U,» located along the y-axis, we measured a poten-
tial difference consisting of two contributions —the CHE
contribution, due to the Lorentz force, and the SHE con-
tribution [13], caused by the nonequilibrium accumulation
of spins under conditions of inhomogeneous distribution of
spins due to the shape effect at macroscopic sample sizes:

w

Ug =Uche +Usue = / Ecuejydy +/ E,dy, (1)
0 0

where
Ecye = (n*e)fl[Biz X Jim] (2)
and &7 is a Hall effective spin-dependent electric field [13,
14]
.«
gy - lokp (3)

In expressions (1)—(3), w is the size of the sample along the
axis y; B and J are the induction vector and the current

[6 % Vie]y.

17001-p2



Intrinsic spin-Hall effect in aluminum

6 8 =
\ ;H 64 OO\o\ ;nﬁ’ .H'ﬁ
S1 + o, S2 P -
44 " T 1 % of
"\\ (I” 4 Lo, - 1y,
T 0,
J o
2 .j\. I‘% 400° 2 Oooo -~
\'\ OOO > 0o, .I'.
cln> 0 " 000 a 0 “Censs oy
S 500 i 11 aagg — .!‘ Oo\O
- ,oOoo ", - -2 f 4y
S§ 2 OOO; ", = 1 f ooo
X ‘4 '. J © OOO
. I -6- .;r ;
-4 +x . ] 'l [ Oo\
- 5] +x X %
-6 T T T T T T T T T T T T T T T T
-300 200 -100 0 100 200 300 -300  -200  -100 0 100 200 300
HJ_a Oe HL, Oe

Fig. 2: (Colour online) The transverse potential difference U,
of sample S1 with a wedge-shaped cross-section as a function
of the magnetic field H, and jc .

Fig. 4: (Colour online) The transverse potential difference U,
in sample S2 with a symmetric (rectangular) cross-section as a
function of the magnetic field H, and jc .
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Fig. 3: (Colour online) The transverse potential difference U,
in the sample S1 as a function of the inclined magnetic field
Htilt and jc,z~

density vector, respectively; kr is the wave Fermi vector;
0, are the Pauli matrices; « is the spin-orbit coupling con-
stant, p. is the chemical potential of the charge carriers,
and n* is the effective concentration of charge carriers; j,
is the unit vector of the y-axis.

Figures 2, 3, and 4 show the transverse potential differ-
ence U, as a function of the magnetic field H for J|| £z and
two orientations of H —parallel (figs. 2, 4) and nonparallel
(fig. 3) to the axis z. The functions Usyg(H), found from
the four equations, using the CHE sign reversal property
for the commutation of directions of the vectors H and J,
are shown in fig. 5 for cases with asymmetric (S1) and
symmetric (S2) configurations of the cross-section of the
samples (see the insets to figs. 2, 4) with respect to the
z-axis, and in fig. 6 for the case with a magnetic field in-
clined to that axis (see the inset to in fig. 3) for sample S1
(also, for comparison, SHE is shown in sample S2 in a
perpendicular magnetic field).

Despite the difference between the curves in figs. 2—4 in
detail, they nevertheless share a common property —the

L L L A DL R R L B |
-300-250-200-150-100 -50 0 50 100 150 200 250 300
H , Oe
L
Fig. 5: (Colour online) Spin-Hall effect in aluminum samples
with asymmetric (S1) and symmetrical (S2) cross-sections in a
perpendicular magnetic field.

reversal of the sign when the direction of any of the vec-
tors changes to the opposite. This means that the trans-
verse charge imbalance in the samples studied due to the
Lorentz force (the first term in eq. (1)) predominates and
exceeds the charge imbalance given by the spin imbalance
(the second term in eq. (1)) for sample S1 by several times
(compare figs. 2 and 3 with figs. 5 and 6), and by at least
two orders of magnitude for the sample S2 with a symmet-
rical cross-section (compare fig. 4 with the data for sample
S2 in figs. 5 and 6).

Other behavior is demonstrated by the functions Usy g,
shown in figs. 5 and 6. It is clear that it has nothing to
do with the behavior of Ucgp: the sign of these functions
neither in the perpendicular nor in the inclined magnetic
fields commutes either with a change in the direction of
the current or with reversal of the direction (but not mag-
nitude) of the magnetic field, which is in conceptual ac-
cordance with the above-described physics nature of the

17001-p3



Yu. N. Chiang and M. O. Dzyuba

3' 1,51
E 1.(s1)
23
N E 1, (S1)
ARE 1,81
,
SENE .
AN
E I (S2)
RE -~ 1,,(82)
E 1.(s2)
-2 : T T T T T T
-300 -200 -100 0 100 200 300

H , Oe
L
Fig. 6: (Colour online) Spin-Hall effect in an aluminum sample
S1 in an inclined magnetic field. For comparison, SHE is shown
in sample S2 in a perpendicular magnetic field.

spin-Hall effect. Moreover, the behavior of Usgp surpris-
ingly correlates with the well-known data on the band fea-
tures of the dependence of the density of states (carrier
concentration) on the magnetic field in Al

It is well known that in trivalent aluminum, the effective
carrier concentration in a magnetic field is determined by
the mixed contribution from of Fermi carriers in the sec-
ond (hole) and third (electron) energy bands [15]. Due to
this, the effective carrier concentration in Al dramatically
depends on the ratio of the contributions from carriers of
different signs in the effective field range 0 < w.7 < 0.1,
changing the sign in this interval [15,16], or for our sam-
ples with [, =~ 0.1 mm in the field interval 50-300 Oe. This
fully explains the character of the nonlinearity observed in
the curves Ugy g in figs. 5, 6, including the dependence of
the sign Ugpy g on the value of w.7 in the above field inter-
val. (We recall that the sign of the ordinary Hall voltage
(as can be seen in figs. 2-4) does not change in this case
when the sign of the carriers changes due to a change in
the direction of the Lorentz force.) Thus, the nonlinear
behavior of Usy g in samples S1 and S2 indisputably tes-
tifies the manifestation of the band (intrinsic) spin-Hall
effect in ultrapure aluminum. As for the experiment with
an inclined magnetic field (see the inset to in fig. 6), the
results of which are shown in fig. 6, then the main conclu-
sion from this experiment is the absence of a noticeable
difference between this case and that in the case with a
perpendicular field.

Estimate of the spin-orbit coupling coefficient « for Al
from the second term in eq. (1) according to the measured
value of Usygp ~ 2.5-107"eV for H = 0,kp = 1.75 -
108em™1, 1. ~ 0.1mm, . = 11.1eV gives the value o ~
1.13-1075, which is two orders of magnitude smaller than
the one given in the literature from the measurements of
impurity effects [7,11].

In conclusion, the direct electrical measurements of the
relativistic spin-Hall effect (SHE) due to the spin-orbit

interaction were carried out for the first time. This is
made possible by the artificially created, transverse to
the transport current, spin-off imbalance induced by the
shape effect. This imbalance, in its turn, induces the cor-
responding charge imbalance, which differs in its chiral
features from the charge imbalance in the common Hall
effect (CHE). For the first time, SHE measurements were
carried out on a massive, ultra-pure nonmagnetic metal-
aluminum single crystal. To identify the effect, we use
the effective magnetic field range 0 < wr < 0.1, where
the carriers, and with them the effective concentration,
change sign. The effect was studied at a liquid-helium
temperature with a resolution of the potential difference
~10711'V [17]. The nonlinear behavior of the SHE de-
tected in a magnetic field serves as a direct proof of the
existence of the nonequilibrium dynamics of spins in mo-
mentum space and the manifestation of an intrinsic (band)
mechanism for the spin polarization of electrons in a non-
magnetic metal under the conditions of a minimized ex-
ternal impurity spin polarization factor. The value of the
spin-orbit coupling coefficient in aluminum obtained by
us is two orders of magnitude smaller than that estimated
from indirect measurements of SHE in disordered metallic
nanostructures [10].
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