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fully spin-down for ¥, about the degeneracy
point (A) and fully spin-up for V, about the
degeneracy point (B) in Fig. 1E. Accordingly, we
calculate B from the conductance peaks along the
two dotted lines in Fig. 2D, obtaining B ~ 0.26,
which is close to Pr ~ 0.28 and indicates a
filtering efficiency larger than 0.9.

Lastly, we stress that the spin-ratchet effect is
related to quasi-particle tunneling through the high-
transparency junction (22). To further show this,
we fabricated normal super conductor ferromag-
net (NSF) devices with the normal metal lead made
of Cu connected to the low-transparency junction.
Here, R; = 650 kQ and R, = 70 kQ. Because the
high-transparency tunnel barrier connected to the
ferromagnetic lead controls the transport, 8 should
remain close to Pg, when calculated as in Fig. 3D.
Moreover, because R, in this device is estimated to
be of the same order of magnitude as that of the
FSF device, the conductance peaks should not be
substantially affected. Both these observations
agree with the experimental d//dV results shown
in Fig. 4. At B=0 (Fig. 4A), B is again zero within
the sensitivity of our measurements and, at B> Bgg
(Fig. 4B), B ~ 0.25 ~ Py, whereas the magnitudes
of the conductance peaks compare well with those
shown in Fig. 3.

Spin ratchets represent a fundamentally new
approach for spin current generation and detec-
tion; thus, our research paves the way for a new
means to study spin-related phenomena. Because
the spin ratchets presented here work at the single-
electron level, they can, for example, be used to
initialize and read out the state of spin-based quan-

tum bits (8) or to identify the spin orientation of
single electrons in a test of the Einstein-Podolsky-
Rosen paradox (24) with spin-entangled elec-
trons (25-29).
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Spin Transfer Torques in MnSi
at Ultralow Current Densities

F. Jonietz,> S. Miihlbauer,>? C. Pfleiderer,'* A. Neubauer,® W. Miinzer,* A. Bauer,* T. Adams,*
R. Georgii,™ P. Boni,* R. A. Duine,® K. Everschor,* M. Garst,* A. Rosch*

Spin manipulation using electric currents is one of the most promising directions in the field of
spintronics. We used neutron scattering to observe the influence of an electric current on the
magnetic structure in a bulk material. In the skyrmion lattice of manganese silicon, where the spins
form a lattice of magnetic vortices similar to the vortex lattice in type Il superconductors, we
observe the rotation of the diffraction pattern in response to currents that are over five orders of
magnitude smaller than those typically applied in experimental studies on current-driven
magnetization dynamics in nanostructures. We attribute our observations to an extremely efficient
coupling of inhomogeneous spin currents to topologically stable knots in spin structures.

netoresistance, now used commercially

in the hard disk drive industry, is widely
recognized as the starting point of the field of
spintronics. It represents the first example of
electric currents controlled efficiently by spin
structures. The complementary process of so-
called spin transfer torques, where magnetic struc-
tures and textures are manipulated by electric
currents (1, 2), appears to be even more promis-
ing. For instance, strong current pulses allow the

The discovery of the effect of giant mag-

movement of ferromagnetic domain walls (3, 4),
the switching of magnetic domains in multilayer
devices (3, 6), the induction of microwave oscil-
lations in nanomagnets (7), and the switching
of ferromagnetic semiconductor structures (8).
However, the typical current densities required
to create observable spin transfer torques in
present-day studies exceed 10"'A m 2 Because
this implies extreme ohmic heating, it was gen-
erally believed that spin torque effects can be
studied exclusively in nanostructures. We report

the observation of spin transfer torques in a bulk
material, the skyrmion lattice phase of MnSi.
The spin transfer torques appear when the cur-
rent density exceeds an ultralow threshold of
~10° A m 2, five orders of magnitude smaller
than those used typically in experimental studies
on current-driven magnetization dynamics in fer-
romagnetic metals and semiconductors.

The skyrmion lattice in chiral magnets, like
MnSi and related B20 compounds, was only
recently discovered in neutron-scattering studies
(9-12) and confirmed to exist in Lorentz force
microscopy for Fe,_Co,Si (x = 0.5) (13). It
represents a new form of magnetic order that
may be viewed as a crystallization of topolog-
ically stable knots of the spin structure that
shares remarkable similarities with the mixed
state in type II superconductors. For zero mag-
netic field (Fig. 1A), helimagnetic order appears in
MnSi below the critical temperature 7, = 29.5 K.
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In a small magnetic field, the skyrmion lattice
stabilizes in a pocket below T, also known as
the A phase. The spin structure of the skyrmion
lattice in MnSi consists of a hexagonal lattice of
magnetic vortex lines oriented parallel to the
magnetic field B (Fig. 1A, inset).

Skyrmion lattices in chiral magnets are at-
tractive for studies of spin torque effects, because
they are coupled very weakly to the atomic crys-
tal structure (9) and may be expected to pin very
weakly to disorder. In addition, electric currents
couple very efficiently to skyrmions as follows.
When the conduction electrons in a metal move

across a magnetic texture, their spin follows the
local magnetization adiabatically. Spins that
change their orientation pick up a quantum me-
chanical phase, the Berry phase, that may be
viewed as an Aharonov-Bohm phase arising
from a fictitious effective field (/4-16) By =
R DM (5;M x 6¢M), where M = M/|M] is
the direction of the local magnetization and
@, = h/e is the flux quantum for a single elec-
tron (h is Planck’s constant). In the skyrmion
lattice, B.g has a topologically quantized aver-
age strength of —®, per area of the magnetic
unit cell [for MnSi Beg = 2.5 T (11)]. Begr in-

REPORTS

duces an effective Lorentz force, which gives
rise to an additional “topological” contribution to
the Hall effect proportional to the product of B.g
and the local polarization of the conduction elec-
trons as observed experimentally (11, /7). Corre-
spondingly, because the electrons are deflected,
a force is exerted on the magnetic structure so
that there is an efficient “gyromagnetic coupling”
(18) of the current to the skyrmion lattice (19).
From an altermative point of view, the skyrmion
lattice may be viewed as an array of circulating
dissipationless spin currents, because the skyrmions
are characterized by gradients in the spin orienta-

A B electric current
ST FY
0.6 field-polarized  * Bc2 - Baz ’:‘ ” 'é' "‘(:)‘:- cold
= B . ) -
o :
: AN L )'. J k3
E conical Y i’-ﬁ‘x‘,’o’f o_".“\:“. o B
m 03] * ALY 5 | 89
0.2} A-phase — Ve .::f Tdrag
0.1 MnSi
Y i
helical B // <100> " Vagnus
20 25 30 35 ’

T(K)
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therefore a rotational torque.
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tion related to their quantized winding number.
This is analogous to superconductors, where dis-
sipationless charge currents flow around quan-
tized vortices because of gradients of the phase.
‘When an extra spin current is induced by driving an
electric current through the magnetic metal, the spin
currents on one side of the skyrmion are enhanced,
while they are reduced on the other side. As for a
spinning tennis ball, this velocity difference gives rise
to a Magnus force acting on the skyrmions. Note,
however, that spin (because of spin-orbit coupling)
is in contrast to charge not conserved, and there-
fore this intuitive picture is incomplete. Most im-
portantly, further dissipative forces also arise (20),
which drag the skyrmions parallel to the current.

In Fig. 1B, this magnetic Magnus force, which
is perpendicular to current and field direction, is
sketched together with the additional drag forces.
The Magnus and drag forces may lead to a trans-
lational motion of the skyrmion lattice. However,
for the current densities used in our experiment
the drift velocity of the electrons and therefore
also the drift velocity of the skyrmions is not
very large and thus very difficult to detect in a
neutron scattering experiment.

In contrast to a translational motion, a rota-
tion is much easier to measure in neutron scatter-
ing. Thus, we performed our experiment in the
presence of a small temperature gradient parallel
to the current, causing the magnetization and
therefore the spin currents to vary in magnitude
across the domains of the skyrmion lattice. In
turn, the strength of the Magnus force varies
across the skyrmion lattice (Fig. 1B), inducing
a net torque. As estimated below, the torques
are sufficiently strong to induce rotations that
can be measured directly by neutron scattering.

For our measurements, an electric current
was applied along bar-shaped single crystals,
where the direction of the current was always
perpendicular to the magnetic field and therefore
to the skyrmion lines. In Fig. 2, the neutron beam
was always collinear to the magnetic field (27).
The sixfold diffraction pattern of the skyrmion

Fig. 3. (A) Change of the azimuthal angle of
rotation of the scattering pattern as a func-
tion of current density for three different tem-
peratures. Data were recorded in a magnetic
field of 0.175 T. Above a threshold of 10° A
m~2, an increasingly strong rotation is observed,
where the sign of the rotation depends on the
direction of the current. (B) Temperature differ-
ence between the surface of the sample and
the sample holder as a function of current
density, where the temperature at the surface
of the sample was kept constant for each of
the three values given in (A).
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lattice at zero current, j = 0 (Fig. 2A), can be
compared to the same scattering pattern at a cur-
rent density, j = 2.22 x 10° A m =, first in a setup
minimizing any thermal gradients along the cur-
rent direction (Fig. 2B). The current was applied
along the vertical [110] direction, whereas the field
and the neutron beam were collinear to the line
of sight and along [110] (the horizontal direction
is along [001]). Under a current, the peaks of the
diffraction spots remain in the same location and
broaden azimuthally.

We next generated a small temperature gra-
dient along the direction of the current as ex-
plained in (21). Figure 2C shows the diffraction
pattern of the skyrmion lattice for this setup
under an electrical current density, j = 2.22 x
10 A m 2, which shows a pronounced counter-
clockwise rotation as compared with Fig. 2, A
and B (note that arrows show the technical
current direction and the line of sight is opposite
to the direction of the neutron beam, consistent
with convention). When the current direction is
reversed, the rotation changes sign, and the dif-
fraction pattern turns clockwise (Fig. 2D).

There are several unusual aspects of this ro-
tation. First, the entire scattering pattern rotates
with respect to its center; that is, all spots move
by the same angle even though the electric current
has a distinct direction. Second, when reversing
either the direction of the current or the direction
of the applied field, the sense of the rotation
changes sign. This is illustrated in Fig. 2, E and
F, which shows the difference of intensity under
current reversal and simultaneous reversal of cur-
rent and field, respectively. For the latter case, the
difference of intensities vanishes.

To confirm that the small temperature gra-
dient along the current direction causes the rota-
tion of the scattering pattern, we reversed the
direction of the thermal gradient. As illustrated
in Fig. 2, G and H, this reverses the sense of
rotation with respect to the current and field di-
rection applied in Fig. 2, C and D. Thus the dif-
ferences of intensity under field reversal, shown

i (10° Aim?)

in Fig. 21, are reversed as compared with Fig. 2E
(red and blue spots have changed location).
When reversing both current and field direction,
the difference of the patterns, Fig. 2J, vanishes
as before. Lastly, when applying the current along
a different crystallographic direction (we tested
(111) and an arbitrarily cut sample), the same
antisymmetric rotations of the diffraction pattern
as a function of magnetic field, electric current,
and temperature gradient are observed (27).

The detailed rotation as a function of the ap-
plied current was determined in systematic mea-
surements for various temperatures and samples.
Here, the temperature measured at a specific spot
at the surface of the sample (27) was kept con-
stant, and temperature gradients had always the
same direction. The resulting current dependence
of the azimuthal rotation angle Ad, shown for
three temperatures as a function of the applied
current density in Fig. 3, exhibits a well-defined
threshold of order j, = 10° A m™? above which
the rotation begins. For |j| > j., the entire scat-
tering pattern rotates, and Ad increases steeply
with increasing || — je.

Potential parasitic effects cannot explain the
observed rotations. First, detailed studies show
that there are no changes of orientation of the
skyrmion lattice as a function of temperature
atj =0 (10, 12, 13). Second, the temperature
difference AT between the sample surface and
the sample support shows a smooth quadratic
increase with current density independent of the
direction of the current (Fig. 3B) in contrast to
Fig. 3A. Third, for the current densities applied
in our study, the Oersted field increases from zero
(at the center of the sample) to a value of roughly
1 mT at the surface of the sample, much smaller
than the applied magnetic field of 175 mT and
therefore negligible. Lastly, for a current parallel
to the skyrmion lines or the pristine helimagnetic
state, neither a rotation nor a broadening was ob-
served. Interestingly, recent numerical simulations
(22, 23) suggest that much larger current den-
sities of the order 10'* A m 2 may change the
orientation of helical magnetic structures.

To explain our experiments, the interplay of
three tiny forces has to be considered: (i) spin
transfer torques, that is, current induced forces;
(i) pinning forces; and (iii) anisotropy terms.
These determine the origin of the rotation, the
presence of a threshold, and the angle A® of the
rotated diffraction pattern, respectively. The spin
transfer torques can, for example, be described
by a Landau-Lifshitz-Gilbert (LLG) equation or
variants of Landau-Lifshitz Bloch equations (24),
which include both reactive and dissipative com-
ponents representing the Magnus and drag forces
mentioned above, respectively. Both are expected
to be of the same order of magnitude (25). Al-
though the strength of the dissipative forces (re-
lated to the parameter B in the LLG equations) is
not known, it is possible to estimate the strength of
the reactive forces quantitatively.

The size of the Magnus force is given by the
product of spin current and the fictitious effec-
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tive magnetic field, fi; = ¢jBes, and may be es-
timated as

Jj 2.5 x 10°N

= p(T
e T N
j 2.7 x 10 0%g T,
~p(T 1
P 05 A= @ m
where a = 4.58 A is the lattice constant of

MnSi, kg is the Boltzmann constant, 7, =
29.5 K is the ordering temperature, and the local
temperature-dependent polarization is defined as
the ratio of the spin and charge current densities
times the elementary charge, p(T') = ¢j/j. For the
skyrmion phase, we estimate p(7") = 0.1 (11). The
resulting forces at the current densities of 10° A m >
studied are much larger than, for example, gravi-
tational forces on the sample, but small when ex-
pressed in terms of the microscopic units, kpTJa*
(compare with Eq. 1), raising the question of why
the critical currents j. are so small.

For j < j. the current-induced forces are
balanced by pinning forces caused by disorder
and the underlying regular atomic crystal lattice.
The latter may be neglected because of the small
spin-orbit interaction (26). The discussion presented
in (21) suggests that even a very strong defect,
which locally destroys the magnetization com-
pletely, will result in a very small pinning force,
less than a few 10~ kg7, /a per impurity, mainly
because the magnetization of the skyrmions
varies very smoothly. Therefore the observed crit-
ical current density j. together with our estimate,
Eq. 1, is consistent with strong pinning defects
with a density below 1 part per million. In fact,
even though the real density of defects may be
higher, their influence may be strongly reduced
as the system is in the “collective pinning” re-
gime known, for example, from vortices in super-
conductors (27). Here, pinning forces of random
orientation average out to a large extent because
of the rigidity of the skyrmion lattice.

The size of the rotation of the skyrmion lat-
tice for j > j. reflects the balance of the torques
1), and 1, due to inhomogeneous Magnus forces
and the atomic lattice, respectively. We start by
noting, that by symmetry the orientation of a
perfect skyrmion lattice (described by a third
rank tensor) cannot couple linearly to the current
J because of the sixfold rotational symmetry of
the lattice. However, a small temperature gra-
dient breaks this symmetry and generates sizable
variations of the amplitude of the magnetization
and associated polarization p(7') of the electric
currents, because the skyrmion phase is only
stable close to 7. (compare with Fig. 1). As a
result, the Magnus force, Eq. 1, which is pro-
portional to the spin currents and therefore to
p(T), will be considerably larger at the “cold”
side of the skyrmion lattice than at its “hot”
side. This gives rise to a net torque per volume

TV ~ Ir x f\(r)d®r/V. By using Eq. 1 with a
spatially varying p(T") and ignoring again dis-

www.sciencemag.org SCIENCE VOL 330

sipative forces for an order of magnitude estimate,
we find that the rotational torque per volume, Ty,
in the direction of the fictitious field By for a
skyrmion lattice domain of size R is given by

j ° Vp Rz kBTc
10°Am?a &

sl (R :
a \1 mm

where we assume j = j,. and Vp = 0.1/10 mm.

Note that the effect is proportional to the gra-
dient of the temperature parallel to the current
as Vp = g—‘;VT (Fig. 1B). Thus 1ty changes sign
when either current, magnetic field, or temper-
ature gradient is reversed. The sign of 1y and
all other forces obtained from this analysis (Fig.
1B) is consistent with all our experiments taking
into account that charge carriers are holelike as
measured experimentally (/1, 17). This explains our
main experimental results. According to this analysis,
the rotational torques arise from temperature-
gradient-induced gradients in the spin current.
Interestingly, it is more difficult to generate an
analogous effect for vortices in superconductors,
because charge, as opposed to the spin in skyrmion
lattices, is exactly conserved [in (28), a rotation of
a superconducting vortex lattice has been induced
with a bespoke current distribution].

For an estimate of the factor (R/1 mm) in
Eq. 2, a lower limit R > 1 um may be inferred
from the resolution-limited rocking width of the
magnetic Bragg peaks in the skyrmion phase
when avoiding demagnetization fields (27). Yet,
even a small torque 1), may lead to large rota-
tion angles, because the balancing torque, T,
which orients the skyrmion lattice relative to the
atomic lattice, is tiny. Only anisotropy terms aris-
ing in high power of the spin orbit coupling Aso
contribute to the torque per volume 1, which we
estimate as (217)

™ ~ 10710

(2)

kT,
a3

1~ —10720%, sin(6®) (3)

For small rotation angles, the torque t; grows
linearly in the rotation angle ®. However, in con-
trast to the torques arising from the inhomoge-
neous Magnus force, 1 is independent of the
size R of the domains. The rotation angle ® is
finally determined by the balance of 1 and 1.
Because of the small prefactor in Eq. 3, 10 %A%,
the large rotation angles observed in our experi-
ments can be explained even for moderately large
domains.

It is likely that for j > j.. not only a rotation by
an angle sets in but also a linear motion of the
magnetic structure, because any rotation of a siz-
able magnetic domain requires a depinning from
defects. For moving domains, spin currents in a
frame of reference that is comoving with the do-
main enter in all formulas given above. Therefore
the size of the rotation in the end also depends
sensitively on the frictional forces that break
Galilean invariance (25).

REPORTS

Our observations identify chiral magnets and
systems with nontrivial topological properties
as ideal systems to advance the general under-
standing of the effects of spin transfer torques.
For instance, spin transfer torques may even be
used to manipulate individual skyrmions, recently
observed directly in thin samples (/3). In fact,
even complex magnetic structures at surfaces and
interfaces may be expected to exhibit the spin
torque effects we report here (29).
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