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Modes of Periodic Domain Wall Motion in Ultrathin Ferromagnetic Layers
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Magnetization reversal in a periodic magnetic field is studied on an ultrathin, ultrasoft ferromagnetic
Pt/Co(0.5 nm)/Pt trilayer exhibiting weak random domain wall (DW) pinning. The DW motion is
imaged by polar magneto-optic Kerr effect microscopy and monitored by superconducting quantum
interference device susceptometry. In close agreement with model predictions, the complex linear ac
susceptibility corroborates the dynamic DW modes segmental relaxation, creep, slide, and switching.
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Quenched randomness in ferroic systems (e.g., ferro-
magnets or ferroelectrics) containing domain walls
(DWs) has fundamental consequences on their response
to an external conjugate field. Depending on the strength of
a driving dc field, H, the DWs exhibit different states of
motion below and above the “depinning” field, H,. As
shown schematically in Fig. 1(a), it separates the regions of
thermally activated creep (H < H,) and friction-limited
viscous slide (H> H,) [1-3]. Although the stationary
states of creep, depinning, and slide under static external
fields are meanwhile understood [4], rigorous theoretical
results on dynamic states in alternating fields are scarce.
An oscillating driving field, H = Hyexp(iwt), initiates
additional states of motion at finite angular frequencies,
> 0. On one hand, at constant temperature, 7 > 0, and
fixed field amplitude, H,, segmental domain wall relaxa-
tion (‘“‘relaxation” for short) without net wall motion
occurs at high frequencies [5]. On the other hand, at low
frequencies the wall dynamics finally turns into periodic
switching between differently poled states provided that
H,, overcomes coercivity [6]. It should be noticed that very
similar phenomena are encountered in high-7', supercon-
ductors, where vortices may undergo pinning and creep as
reflected among others by ac susceptibility spectra [7].

In this Letter, direct experimental evidence of all the
dynamic modes, viz., relaxation, creep, slide, and switch-
ing, is given for the first time on a suitable ferromagnetic
(FM) system. To this end we have studied the complex
linear ac susceptibility, y = x’ — ix”, of a magnetically
Ising-like soft ultrathin FM layer with perpendicular an-
isotropy, whose magnetization reversal is dominated by
DW motion. In such films, weakly pinned DW propagation
and magnetization reversal have previously been investi-
gated under stationary conditions, H = const [2], or via
dynamical magnetization loops, M(H[f]) [8,9]. Our
method of probing the dynamic behavior makes use of
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the spectral signatures of y = y(w), where w = 27f
with the frequency f. The above four dynamic modes are
mirrored by typical shapes of the so-called Cole-Cole
diagrams, y” vs yx' [10], as shown schematically in
Fig. 1(b). This was first verified in ‘““superferromagnetic’
multilayers of CoggFe,y nanoparticles embedded in amor-
phous alumina, Al,O5 [11-13]. The Cole-Cole fingerprint
identification of relaxation and creep has also proven suc-
cessful in periodically poled wuniaxial ferroelectric
KTiOPO, [14].

The Cole-Cole signatures of the different dynamic re-
gimes are understood as follows [15]. Relaxation refers to
the polydispersive response of DW segments smaller than
the Larkin pinning length, L,, which defines the shortest
length of the DW controlled by the density of pinning
centers via the fluctuations of their random pinning forces
[16]. These segments oscillate between local free energy
minima without net DW displacement or velocity [6,11]. In
the Cole-Cole plot this corresponds to a flattened semi-
circle [marked “R’ in Fig. 1(b)] at low ac field and high

(2) ) (b)

FIG. 1. (a) Schematic plot of the DW velocity, v vs dc field H,
which does not report on the high-field behavior, exhibiting
depinning at H = H, and slide (marked as SL) at T = 0 (broken
line) and—additionally—creep (C) at 7 >0 (solid line).
(a) Schematic Cole-Cole plot of the susceptibility components,
X" vs x', due to a randomly pinned DW in ac driving fields,
exhibiting relaxation (R), creep (C), slide (SL), and switching
(SW).
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frequencies. Here, low (or high) field refers to H smaller
(or larger) than the frequency dependent coercive field,
H.(f).

Creep denotes the nonadiabatic, i.e., the nonergodic
regime, where inner (“‘minor’”) hysteresis loops are cycled
at low field and velocity hysteresis is encountered [12,17].
One finds an inverse power-law for the complex suscepti-
bility, (@) = xl[1 + (iw7)"#], hence, a linear depen-
dence, x" = (¥ — xo)tan(78/2), marked “C” in
Fig. 1(b). Here B is a polydispersivity exponent, 0 < 8 <
1, 7 a characteristic relaxation time and Y. the limiting
value for w — 0.

The transition between relaxation and creep is readily
understood when considering the general relation for the
susceptibility of a weakly pinned DW segment of length L
with a curvature of radius R, magnetic moment m,, and
interface stiffness I' [5],

m%L2 1
RT 1+ iwr(L)

X(w) = ey
L either scales with the frequency of the ac field or remains
constant beyond the depinning frequency w ,, respectively,
as [18]
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with the dynamical exponent z.

Since weak pinning takes place on all scales above L,
the susceptibility finds contributions at all frequencies w <
w ,, weighted by a density of states, g(L) = L™%, where
{ = 2/3 is the roughening exponent [4]. The principal
contributions of the DW segments satisfy the condition
o7 = 1, hence, 7 « L*. Thus, Eq. (2) yields the heteroge-
neously broad susceptibility function by weighting with
g(L), substituting L by Eq. (3) and w7 = 1 [15]:
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As a result, a Debye law is predicted in the relaxation
regime, @ > w,. Owing to the finite width of the distribu-
tion function of the pinning length scale, g(L,), polydis-
persive broadening may occur. It usually gives rise to
flattening of the Debye semicircle as observed, e.g., in
KTiOPO, [14]. Empirically it can often be described by
a Cole-Cole dispersion law, y(@) = xol[1 + (iw7)!7¢]7!
with o < 1 [10].

On the other hand, in the creep regime, w < w,, we find
a power law as described above, where ., = m3L?/RT’
denotes the bulk background susceptibility. Obviously the
creep exponent satsifies the relationship 8 = (2 — 2¢)/z.
Hence, when inserting the dynamical exponent z = 2(1 —
£/9) [18], where £ = 4 — D with the wall dimension D,

we expect 8 = (2 —2/)/1.3 = 0.5 for a 1D wall in a 2D
ultrathin magnetic film.

The inner loops cycled in the slide regime at lower
frequencies and high fields are dominated by adiabatic
(= ergodic) “viscous” DW motion [12]. The complex
susceptibility is, again, described by the creep equation,
however, with 8 = 1. Hence, disorder becomes irrelevant
and the dynamic susceptibility is purely imaginary and
contributes a vertical segment (‘““SL”) to the Cole-Cole
plot. In this case, the system can successfully be modeled
assuming one DW with a quasistationary dependence of
the mean velocity on the applied field, v « H [12]. This
contrasts with the creep regime, where modeling has to
consider the full equation of motion of a one-dimensional
elastic interface in a two-dimensional random medium
[6,12,17].

Finally, switching refers to the range, where complete
magnetization reversal occurs during cycles in high field.
In the Cole-Cole plot it is reasonably well approximated by
a low frequency quarter circle (“SW”’) [11,12]. Indeed, in
the picture of a periodically swept DW only half a Debye
semicircle with apex at f = 1/277 is expected to appear.
For angular frequencies @ > 1/7 one half of a field cycle,
i.e., the time the DW needs to move from one side to the
other, is shorter than the intrinsic relaxation time of switch-
ing. Under this condition the system does not switch, but
rather remains in the slide regime.

The sample studied is a high quality ultrathin magnetic
trilayer, Pt(3.5 nm)/Co (0.5 nm)/Pt (4.5 nm), with per-
pendicular anisotropy, sputtered in high vacuum onto a
Al,05(0001) substrate at room temperature [19]. Its static
coercive field at 7 = 300 K was lowered to ugH, =
0.4 mT by uniform He™ -ion beam irradiation at an energy
of 30 keV and a fluence of F = 1.5 X 10'® He™ /cm? [20].
Thus successful switching experiments prove possible
within our ac susceptometer based on a superconducting
quantum interference device (SQUID, Quantum Design
MPMS-5S). Its copper coil for ac fields provides a maxi-
mum amplitude woH, = 0.42 mT at frequencies 1072 <
f <103 Hz. ac susceptibility is measured in zero field after
reducing the residual field at the sample location to below
2 uT by quenching the superconducting solenoid and
compensating for remanent fields.

The dominance of domain wall motion under weak ac
fields at low-f has been inspected with P-MOKE micros-
copy at room temperature. Figure 2 (upper panels 1 to 5)
shows five temporally equidistant (Az = 2.5 s) domain
configurations (size 200 X 150 wm?) recorded during 1.4
periods of a quasistationary hysteresis cycle at f = 0.1 Hz.
They are driven into an oscillating mode by a sinusoidal
field with an amplitude poH, = 0.45 mT (Fig. 2, lower
panel). Moderate DW amplitudes, Ax = 50 wm, at typical
creep velocities, = 107 ms™!, are observed. Because of
weak pinning, the observed roughness of the DWs gradu-
ally increases from period to period [21]. Partially revers-
ible avalanches corroborate heterogeneous DW nucleation
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FIG. 2 (color online). Upper panel: P-MOKE micrographs
(size 200 X 150 wm?) of a Pt/Co(0.5 nm)/Pt trilayer taken at
time distances At = 2.5 s during 1.4 periods of an ac excitation
at f = 0.1 Hz with uogHy, = 0.45 mT and f = 0.1 Hz. Lower
panel: Oscillating magnetic field woH and magnetization AM vs
t with time labels 1-5 corresponding to the images in the upper
panel.

at fluctuations of the quenched random bonds during the
periodic excitation.

The oscillating magnetization, AM/AM,, is integrated
every 0.5 s within an area of 310 X 388 um? over all “up”
(“black™) and “down” (““white’’) magnetized domains,
where 2A M, denotes the difference between the extremes,
1 and 3 (Fig. 2, lower panel). As expected from the
extremely nonlinear v vs H dependence [Fig. 1(a)] the
largest variations of the magnetization occur at the sum-
mits of wuoH, while M flattens around H = 0. Closer
inspection reveals an average phase shift between both
curves below 90°, which complies with the phase angle
B/2 expected for creep, where 8 < 1. Susceptibility data
discussed below indicate 8 = 0.8.

In order to identify the above introduced different dy-
namic DW modes, the complex linear ac susceptibility
x(w) = x' — ix" was recorded at constant temperatures,
275 = T = 350 K. Although this very first component of
the full Fourier expansion is only a poor approximation in
the case of hysteretical M vs H loops with highly nonlinear
behavior at larger field amplitudes, it was shown previ-
ously [12] that y(w) reveals meaningful and characteristic
signatures in all dynamic regimes. Figure 3 shows spectra
of the real, x/, and imaginary part, ", of the ac suscepti-
bility vs frequency, f, at T = 325 [panels (a),(b)] and
350 K (d),(e), for three ac amplitudes, woHy = 0.42, 0.2
and 0.1 mT. The noisy spectra taken at lower temperatures
at the detection limit of the susceptometer are not shown.

It should be noticed that the conditions ‘“high” and
“low” field in comparison with the quasistatic coercive
field, i.e., H = H_, can be controlled either isothermally by
varying woHy at T = const (see above) or isomagnetically
by varying T at uoH, = const. ‘“Hysteresis hardening” is
found on decreasing the temperature, since the static co-
ercive field increases with decreasing temperature,
MmoH. =0.03, 0.11 036 mT for 7 =350, 325, and
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FIG. 3 (color online). Spectra of the real, x’, and imaginary
part, x, of the ac susceptibility vs. frequency, f, at T = 325
(a),(b) and 350 K (d),(e) for ac amplitudes, woH = 0.42 (black
circles), 0.2 (red squares) and 0.1 mT (blue triangles), and the
corresponding Cole-Cole plots, x” vs x' (¢),(f). Bold solid lines
mark the power-law creep spectra in (c) and the switching
quarter circles in (f). Arrows in (b),(c) mark the relaxation-to-
creep crossover. Thin solid lines are guides to the eye.

300 K, respectively. While at T = 350 K, i.e., close to
the Curie temperature, 7. = 370 K, all of our field ampli-
tudes suffice to operate switching, at 7 = 325 K they
primarily activate creep.

In Fig. 3(d) and 3(e), at 350 K, one clearly observes
dispersion steps in the real and—complementarily to
this—peaks in the imaginary parts. Theses features match
perfectly with results obtained from simulations of a driven
DW in a random medium [12] and signify monodispersive
switching, which shifts to lower frequencies with decreas-
ing amplitudes and decreasing temperatures. They mark
the crossover from switching to DW slide and creep occur-
ring at higher f [Fig. 1(b)]. As a rule, this crossover occurs
at lower f—i.e., at lower sweep rates—as lower Hy or T
are chosen. Indeed, at T = 325 K, the switching spectra
shift to very low frequencies, while power-law-like creep
spectra, x'(f) and x”(f), Eq. (2), dominate [best seen in
panels (a) and (b)].

The mode signatures are best recognized in the Cole-
Cole plots (¢) and (f). The curve for T = 350 K and
moHy = 0.42 mT [Fig. 3(f)] matches perfectly with the
curve shown in Fig. 6 of Ref. [12]. For low frequencies one
observes the expected Cole-Cole quarter circle, which
corresponds to the switching regime as indicated in the
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plot. For increasing frequencies one enters a steep slide and
then (unresolved) the flatter creep regime. For smaller
amplitudes, the slide regime is broader and rounded, proba-
bly due to the multidomain situation, which evolves quite
generally after many field cycles (see Fig. 2).

Isothermal control of the dynamic DW modes via wuoH,
is clearly seen at T = 325 K [Fig. 3(c)], although creep is
dominating as indicated by linear relationships y” « y' —
X (denoted as “C”) for all field amplitudes. From the
slopes tan(78/2) = 1.4 =02, 1.5+ 0.2 and 1.6 = 0.2
[cf. Eq. (3)], we deduce [18] B=Q2—-20)/z=
0.6 0.1, 0.7 £ 0.1, and 0.8 = 0.1 for uoH, = 0.1, 0.2,
and 0.42 mT, respectively. Inserting z = 1.3 for a 1D wall
in a 2D ultrathin magnetic film [18] we obtain a roughnen-
ing exponent { = 0.6 £ 0.1, in reasonble agreement with
the theoretical value, { = 2/3, as already measured in a
similar nonirradiated film [2]. Distinct from creep we
notice in Fig. 3(c) that the increasing slope for uoHy =
0.42 mT at low f hints at the onset of slide (‘“SL’*), while
the observed bending of the woHy, = 0.1 mT data into a
negative slope at high f indicates the segmental relaxation
regime (““R’’). To the best of our knowledge, this regime,
being well known from ferroelectric domain systems [14],
has now for the first time been observed in an ultrathin FM
film. The observed sharp crossover from creep to relaxa-
tion reflects the fact that the spectrum of dynamically
active domain wall segments condenses to the pinning
length, L ,, when exceeding the threshold frequency, i.e.,
Sfp = 100 Hz for pwoHy = 0.1 mT at T = 325 K [arrows
in Figs. 3(b) and 3(c)].

In conclusion, we have studied periodic magnetization
reversal due to DW dynamics of an ultrathin ferromagneti-
cally soft Ising-like Pt/Co(0.5 nm)/Pt film by imaging the
DWs with dynamic P-MOKE microscopy and by measur-
ing the complex ac SQUID susceptibility. The sample is a
nearly ideal model system for a 2D random bond ferro-
magnet showing all four regimes of DW dynamics—re-
laxation, creep, slide, and switching. They are identified by
their specific signatures in Cole-Cole plots of the linear
susceptibility, x” vs x’, which completely characterizes
the different modes even in regimes of large nonlinear and
hysteretic response. It will be interesting to extend these
investigations into the high-field region beyond the Walker
breakdown [22], where precessional dynamics replaces the
viscous slide motion [23].
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