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Abstract: A tenet of special relativity is that no particle can exceed the speed of light. In certain
magnetic materials, the maximum magnon group velocity serves as an analogous relativistic limit
for the speed of magnetic solitons. Here, we drive domain walls to this limit in a low-dissipation
magnetic insulator using pure spin currents from the spin Hall effect. We achieve record current-
driven velocities in excess of 4300 m/s, within ~10% of the relativistic limit, and observe key
signatures of relativistic motion associated with Lorentz contraction, leading to velocity saturation.
The experimental results are well-explained through analytical and atomistic modeling. These
observations provide critical insight into the fundamental limits of the dynamics of magnetic
solitons and establish a readily-accessible experimental framework to study relativistic solitonic
physics.

One Sentence Summary: Magnetic domain walls are driven to their relativistic speed limit,
where the signatures of Lorentz contraction leading to velocity saturation are observed
experimentally.
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Main Text:

In 1905, Einstein showed that Newtonian mechanics based on Galilean invariance breaks
down at high speeds (/). Instead, Lorentz contraction and time dilation conspire to ensure that the
velocity of an object never exceeds the speed of light ¢, irrespective of the reference frame of the
observer. In certain condensed matter systems, such as dislocations in crystals (2), charge density
waves (3) and magnetic domain walls (4-9), space and time variables are entangled in such a way
that quasiparticle solitonic solutions of the equations of motion can likewise exhibit relativistic
kinematics. For quasi-one-dimensional uniaxial magnetic systems at rest relative to the observer,
this can be explicitly shown by describing low-energy dynamics within the Lagrangian formalism.
Here, under the conditions of continuum theory, the Euler-Lagrange equation takes the form of the
widely-studied Lorenz-invariant sine-Gordon equation (see Supplementary Information for
complete derivation) (4-9),
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where 6/2 is the polar magnetization angle, ¢,;, = vg*** is the maximum magnon group velocity,

and A is the characteristic magnetic lengthscale (the equilibrium domain-wall width). This model
describes stationary states, where the azimuthal magnetization angle is constant in time, such that
the magnetization dynamics can be simply described by just the polar angle 8/2 in Eq. (1). The
sine-Gordon equation shown in Eq. (1) is invariant under the Lorentz transformation of the space

(x) and time (¢) variables through the Lorentz factor y’ = (1 — v?/c?)~/?

with arbitrary velocity
|v| < ¢, Where ¢, plays a role analogous to ¢ in the theory of special relativity (5, 7—10). This

relativistic nature of the field dynamics in Eq. (1) is naturally inherited by the dynamics of its

nonlinear solitonic solution, a traveling magnetic domain wall (DW), 6(x,t) =
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4tan~! [exp (X_Tvt)], which behaves like a “relativistic” free extended particle whose velocity is
ultimately limited by vg*** (4, 3, 8, 9).
In real systems, DWs are typically driven by an external force and subjected to damping,

which can be captured by including two terms on the right-hand side of the sine-Gordon equation,

026 020 ¢k a0 0 2)
2 m . -1 .
572 " Cm3y2 + _A% sinf =t ETA + f sin 5

where 7 is the relaxation time of the magnetic dynamics and f represents the driving force
proportional to the applied field (see Supplementary Information for complete derivation).
Although the damping term o 7! breaks the Lorentz invariance of the equation, it has been shown
numerically and analytically that the solution is still given by the same ansatz, such that a DW
moving at the velocity v still exhibits relativistic-like effects (//—15) — that is, the length
contraction of its width and the limitation of its velocity are governed by the Lorentz factor shown
above. In particular, the equation of motion of the DW momentum mimics Newton’s second law

for a point particle (35), and thus the DW width A, and terminal DW velocity vy = (y4, /a)H,

transform to

A= 8|1 (v/vpex )’ ®)

and

v= vo\/l — (v/vg]m" )2 ¥

in the laboratory frame (5, &), where y is the gyromagnetic ratio, « is the Gilbert damping, and H
is the driving field (see Supplementary Information). That is, Lorentz contraction of the DW width

ensures that its velocity never exceeds vg"** (4, 5, 8, 9). Equation (2), and its solution with
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relativistic-like phenomena, hold for antiferromagnets, ferrimagnets, and ferromagnets. A
complete mapping of the sine-Gordon equation to these magnetic systems can be found in the
Supplementary Information.

In ferromagnets, large damping limits the DW mobility, and dynamical instabilities such
as Walker breakdown (/6) typically set in far below the magnonic limit, making relativistic
kinematics inaccessible. However, in antiferromagnets and ferrimagnets, precessional dynamics is
suppressed (/7-20) and the possibility of relativistic kinematics under experimentally-realizable
conditions has recently been predicted (/2, 13, 15, 21-23). Here, we show that by using a low-
dissipation ferrimagnetic iron garnet, current-induced torques can drive DWs to record velocities
in excess of 4300 m/s, limited by Lorentz contraction of the DW width as v asymptotically
approaches the magnonic limit. Our experimental results are supported by analytical and atomistic
modeling of the dynamics, which account well for our observations. These results give critical
insights into the ultimate speed of magnetic quasiparticle excitations, and hence the operating
speed of spintronic devices that utilize them(24, 25), while providing a new arena for relativistic
solitonic physics that puts related phenomena such as THz spin-wave radiation (/5, 23) within
experimental reach.

We examined DW dynamics in 6.9 nm thick epitaxial Bi-substituted yttrium iron garnet
(BiYIG, Fig. 1a; see Methods), a perpendicularly-magnetized ferrimagnetic insulator with low
damping (26) to facilitate a high DW mobility. A thin Pt overlayer was used to generate a current-
induced torque via the spin Hall effect (27—-29), which has recently been shown to allow for
current-induced switching and fast DW motion in rare earth iron garnets (30—32). Figure 1b shows
exemplary x-ray diffraction results that illustrate fully strained film growth with high structural

quality. Perpendicular magnetic anisotropy with near-bulk saturation magnetization was



10

15

20

Science 18 Dec 2020:
Vol. 370, Issue 6523, pp. 1438-1442
DOI: 10.1126/science.aba5555

confirmed with vibrating sample magnetometry (VSM) and polar magneto-optical Kerr effect
measurements (MOKE, Fig. 1c; see Methods and Supplementary Information). Deterministic
magnetization switching via the spin Hall effect (Fig. 1d) was verified by injecting current pulses
in a lithographically-fabricated track (see Methods). The switching polarity depends on the
direction of a longitudinal bias field (Fig. 1d), as expected for damping-like spin-orbit torque
(SOT).

Current-induced DW motion was imaged in a conventional racetrack geometry (Fig. 2a)
using a wide-field MOKE microscope (Methods). The track had electrical contacts at either end
for current injection and an orthogonal Au strip line for initializing DWs via an Oersted field from
a short current pulse. Spin current injected from Pt via the spin Hall effect exerts a torque on a DW
that is maximum when the moments in the DW are collinear with the charge current density j (Néel
DW), and which vanishes when the DW moments are orthogonal to j (Bloch DW) (33, 34). We
observe no current-induced motion in the absence of an in-plane bias field along j, which implies
that the equilibrium DW orientation is fully Bloch, as also evidenced by an independent
measurement (see Supplementary Information). This is in contrast to recent reports in thulium iron
garnet, in which Néel DWs were observed as a result of a significant Dzyaloshinskii-Moriya
interaction (DMI) (31, 32). Therefore, DMI is evidently negligibly small or absent in our non rare-
earth-containing BiYIG. However, a longitudinal bias field Hx can be used to induce a Néel
character in the DWs, such that spin Hall current-driven motion can be realized, as seen in Fig. 2d.

In a one-dimensional model, DW motion driven by a magnetic field can be described by
v = (YA /a)H (34). This can be readily adapted to SOT-driven DW motion by modeling the
current-driven torque as an effective magnetic field Hq¢ driving the DW. In particular, for a

ferrimagnet with strongly exchanged-coupled antiparallel sublattices, such as BiYIG, and in the
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absence of DMI, the velocity expression takes the following analytical form in the standard one-

dimensional model:

— T Yeffd HoHeft (5)
2 aeff \/1+[Hesr/(@errHx)]?

where p, is the vacuum permeability. This expression resembles the case for SOT-driven

ferromagnets (33, 34); however, the gyromagnetic ratio y and Gilbert damping a are rescaled to
Veff = % and Qe = S?“ (where S, is the magnetic dissipation) to account for the net angular

momentum S of the antiferromagnetically-coupled sublattices in the ferrimagnet (/8) (see
Methods). Here, the current-induced effective field Hesr o j accounts for the combined damping-
like torque exerted on each of the individual sublattices, ultimately driving the DW motion. The
torque drives both sublattice DWs in the same direction dictated by the DW chirality and the
injected spin polarization direction. BiYIG lacks magnetic ions on the dodecahedral sites and
hence does not show compensation. Nonetheless, this model accounts for ferrimagnetic current-
driven dynamics irrespective of the degree of compensation, as shown theoretically (35) and
experimentally (/8). Away from angular momentum compensation, as is the case for BiYIG, the
dynamics exhibits two distinct regimes: a low-drive regime, with v « j, and a high-drive regime,

where the velocity saturates toward vy, = %yAuOHx. The latter saturation of the velocity occurs

because, with increasing j, the SOT drives the DW further and further towards the Bloch
configuration where it is less susceptible to the torque. This is the origin of the denominator in Eq.
5, which leads to an asymptotic velocity limit proportional to the field Hx that defines the
“stiffness” of the Néel orientation.

Figure 2e shows measured v(j) curves for several Hy. In all cases, v first increases with j

and then saturates, consistent with the dynamics described above. Low damping contributes to a

6



10

15

20

Science 18 Dec 2020:
Vol. 370, Issue 6523, pp. 1438-1442
DOI: 10.1126/science.aba5555

high mobility which, together with a small critical current of ~5x10'° A/m?, allows for high speeds
to be achieved at modest current densities. Under small in-plane fields, vg,, scales linearly with
Hy (Fig. 2f), as expected from Eq. 5. However, at larger Hy, a ceiling is reached, beyond which
further stiffening of the DW fails to increase vg,;. This observation is the central experimental
result of this work. All conventional velocity-limiting mechanisms relate to the strength of the
restoring torque in the DW when it is driven away from its equilibrium orientation. Our observation
of a limiting velocity that is independent of the stiffness of the DW, that is, independent of the
internal energetics of the DW itself, has never before been observed experimentally. This indicates
that the observed velocity maximum arises from a more fundamental limiting phenomenon.
Similar measurements were performed on a thinner garnet film GSGG/BiYIG(2.4 nm)/Pt(4.0 nm)
are shown in the Supplementary Information and yield consistent, velocity saturation results.

To shed light on the observed DW velocity saturation and magnon dynamics, we perform
Brillouin light scattering (BLS) on an exemplary, fully-strained GSGG/BiYIG(29 nm) film. A
532 nm laser is incident on the sample under an applied H, (Fig. 3a; see Methods), where inelastic
scattering of incident photons from magnons under momentum and energy conservation can yield
quantitative magnetic information about the film. Figure 3b shows the BLS results at an incident
angle of @ =45° for various H,. The three observed peaks were analyzed based on a model of
dipole-exchange spin wave dispersion relations in thin films (36) (see Supplementary
Information). To identify the magnon modes of these peaks, we measured spectra at various angles
of incidence (0, see Fig. 3¢). The different wavevector (k) sensitivty of each mode allows us to
identify the first BLS spectrum peak as the Damon-Eshbach (DE) mode and the third peak as the
perpendicular standing spin wave (PSSW; see Supplementary Information) [REF]. Note that the

second peak which is independent of H,, is a phonon peak [REF]. The PSSW mode along film
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thickness yields the maximum exchange contribution (37, 38) and enables the extraction of the
exchange constant of the thin film (39). From the H, - and k-dependence of the BLS spectra (Figs.
3b,c), we obtain A = (4.54 + 0.40) X 10712 J/m for 29 nm BiYIG film. Wihin error, the
extracted value is comparable with the bulk BiYIG exchange constant, 4.15 X 10712 J/m (40),
signifying that the exchange constrant of fully strained, epitaxial BiYIG films does not vary from
bulk and is relatively thickness-independent.

The spin wave dispersion relation in a strongly exchange-coupled ferrimagnet is given by

(15)
+8, + /62 + 4p(Ak? + K) (6)
W, =
* zp
where w is the angular frequency, ‘+’ and ‘-’ represent spin wave solutions with opposite

handedness, & is the wavevector, 4 is the exchange constant, §; is the net spin density, K is the
easy-axis anisotropy, and p is the inertia of the dynamics (see Methods and Supplementary
Information). Figure 4a shows the spin-wave dispersion relation and group velocity calculated
using the experimental material parameters for our BiYIG film (see Supplementary Information
for details of experimentally-measured parameters), including the BLS-confirmed exchange
constant. From Eq. (6), expect a maximum group velocity vg*** ~ 5000 m/s. The maximum
observed DW velocity is ~4300 m/s, significantly faster than that seen in compensated rare earth-
transition metal alloys driven by field or current (/7, 18). This velocity is comparable to vg***,
suggesting that the theory for full relativistic kinematics should be employed to properly describe

the observed DW dynamics.

Since the saturation velocity of v(j) scales as v,y = %yAuOHx, the deviation from linearity

between v, and Hy at high speeds in Fig. 2f is consistent with a reduction in the dynamical DW
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width A from its static value, A,. By estimating A, from vg,, at small Hx (see Supplemental
Information), A/A, can be inferred directly from the dynamics data, since any unknown
parameters are eliminated in the ratio. In Fig. 4b, we see that A/A, is indeed reduced at high
speeds, suggesting that Lorentz contraction gives rise to the asymptotic velocity maximum in Fig.
2f.

Figures 4¢,d show analytical and atomistic modeling that fully account for the experimental
observations. Equation (4) can be readily rearranged to yield an analytical expression for the

relativistic DW velocity in a one-dimensional model. Specifically, for the case of ferrimagnets, the

DW dynamics manifest as

v (7)

2 b
1+[p/vI0%]

<
Il

where we have replaced v, in Eq. (4) with ¥(j; H,), the SOT-driven DW velocity given by Eq. 5
with the equilibrium DW width A, used. Figure 4c shows analytically-computed v(j) curves for
various Hx, using all experimentally-determined material parameters, including the exchange
constant, Gilbert damping, applied magnetic fields, and effective fields (see Supplemental
Information). Figure 4d shows the corresponding vg,; versus Hx. We have also performed two-
sublattice atomistic simulations of the current-driven motion for a one-dimensional ferrimagnetic
system, using atomistic parameters corresponding to the continuum material parameters used in
the analytical model, all of which were experimentally measured (see Methods and Supplementary
Information). We find excellent agreement between the analytical model and the full atomistic
simulations, as seen in Figs. 4c,d, with deviations arising primarily from the fact that finite Hx
changes the equilibrium DW width Ao, which is not captured in the analytical model. The

dynamical DW width extracted from the atomistic simulations closely follows the expected



10

15

Science 18 Dec 2020:
Vol. 370, Issue 6523, pp. 1438-1442
DOI: 10.1126/science.aba5555

Lorentz contraction, as seen in Fig. 4b. A comparison with the results in Figs. 2e,f shows that this
modeling fully captures the experimentally-observed behavior. We hence conclude that Lorentz

contraction as v approaches vg"®* serves as the underlying cause of the velocity ceiling observed

in Figs. 2f and 4d.

In summary, we demonstrate current-driven DW motion in perpendicularly magnetised
BiYIG, with velocities exceeding 4300 m/s, limited by a saturation velocity that is independent
of the Néel stiffness of the DW. These exceptionally high DW velocities further illustrate the utility
of iron garnets in spintronic devices. We show that at these speeds, relativistic kinematics leads to
this experimentally-observed velocity limit, which can be understood as a consequence of Lorentz
contraction of the DW width rooted in Lorentz invariance of the underlying equations of motion.
Our results provide critical insight into the dynamical behavior of DWs at ultrafast velocities, and
demonstrate that magnetic systems under suitable conditions can serve as a laboratory platform
for the relativistic kinematics of solitons. This may further enable the experimental observation of
rare relativistic phenomena such as soliton dynamics in two- or three-dimensional systems such as
skyrmions under well-controlled conditions, and of solitons interacting dynamically with the

lattice structure that is expected to mimic general relativity to a certain degree.
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Figure 1| Structural and magnetic characterisation. a. Schematic of GSGG/BiYIG/Pt trilayer
structure. Arrows indicate the orientation of the Fe*" magnetic moments in BiYIG where Tet (Oct)
stands for the tetragonal (octahedral) site. b. High-resolution X-ray diffraction (26 — w scan) of
32 nm thick (black) and 6.9 nm thick (blue) GSGG/BiYIG. ¢. Vibrating sample magnetometry
(blue, left axis) and magneto-optical Kerr effect (MOKE, black, right axis) hysteresis loops of a
perpendicularly magnetised GSGG/BiYIG(6.9 nm) film. d. Current-induced switching probed via

MOKE in GSGG/BiYIG(6.9 nm)/Pt(4.0 nm). M, saturation magnetisation. a.u., arbitrary units.
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Figure 2| Relativistic domain wall motion. a. Schematic of the domain wall track structure of
BiYIG(6.9 nm)/Pt(4.0 nm). The light grey overlayer represents the Pt layer. Red color in BiYIG
represents a nucleated domain wall. A zoomed-in view of the domain wall is shown in b. for the
case of no applied in-plane field H,,, and c. under a significant in-plane field. Arrows indicate the
orientation of net magnetisation. d. Time stamped magneto-optical Kerr microscopy depicting
current-driven domain wall motion in BiYIG. A train of pulses with current density
j~1.65 X 1012 A m~2 was injected between each image frame. e. Domain wall velocity vp,, as a
max

function of j for various H,. f. Saturation velocity vpi* as a function of H,. Error bars represent

the standard deviation of three independent measurements of the domain wall velocity.
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Figure 3| Brillouin light scattering. a. Schematic of BLS spectroscopy. Thermally excited spin
waves at room temperature were detected by BLS signals with an in-plane H,.. b. BLS spectra of
GSGG/BiYIG(29 nm) for various in-plane fields H, at an incident angle of 45° (k = 16.7 rad -
um™1). The top spectra shows both Stokes and Anti-Stokes peaks, while subsequent spectra detail
the Anti-Stokes peaks. Red dotted lines track the Damon-Eshbach (DE) and and perpendicular
standing spin wave (PSSW) mode peaks. ¢. Dependence of the frequency on wavevector k at

H, = 6.6 kOe. Solid lines are fitted curve using spin wave dispersion relations of each DE and
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PSSW mode. (see Supplementary Information). Error bars in (c) are fit uncertainty of the BLS

spectra peaks.
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Figure 4| Modeling of relativistic domain-wall motion. a. Analytically computed dispersion
relations (Eq. 6) of spin waves of each handedness and their common group velocity in BiYIG(6.9
nm). b. Lorentz contraction of the normalized domain wall width A in
GSGG/BiYIG(6.9 nm)/Pt(4.0 nm) calculated analytically (lines, Eq. 3), through atomistic
simulations (open circles), and experimentally-inferred from the domain wall velocity data (orbs).
¢. Analytical (lines, Eq. 7) and atomistic (symbol) modeling of the domain wall velocity vy, as a
function of current density j for various in-plane fields H,. d. Analytical (lines, Eq. 7) and
max

atomistic (symbols) modeling of the saturation velocity vpi* as a function of H,,. k, wave vector.

w, frequency of spin wave.
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