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bridge. The bridge consists of a polarization beamsplitter oriented at 45° to the incident
laser polarization, and 0y is measured via the normalized intensity difference between the
two orthogonal components at £45°% 20 = (I145 — I—45)/(I 145 + I -45). The photodiode
difference current is converted to voltage (transimpedance gain = 40 VmA ™', or ~20V
per mW of unbalanced laser power at 790 nm) and measured in a spectrum analyser.
Above a few kilohertz, the measured noise floor arises primarily from photon shot noise,
which contributes ~175nV Hz ™"/ of spectrally flat (white) noise at a typical laser power
of 200 pW. The photodiodes and amplifier contribute an additional 65nV Hz ™/ of
uncorrelated white noise. All noise spectral densities are r.m.s. values, and spectra were
typically signal-averaged for 10—20 min. The accuracy of measured hyperfine constants
and g-factors was imposed by the 0.01 G resolution of the Hall bar magnetic field sensor.
Measurement of inter-hyperfine spin coherence (Fig. 4d) was performed with a higher-
bandwidth, lower gain amplifier (~0.70 VmA '), and a typical laser power of 3.5 mW.
Unless otherwise stated, measurements of rubidium (potassium) vapour were performed
with 250 (125) torr of nitrogen buffer gas, which broadens the linewidth of the D1 and D2
optical transitions and causes the motion of the alkali atoms to become diffusive (thereby
increasing the average time the atoms spend in the laser beam and narrowing the magnetic
resonance peaks.) The diameter of the laser beam in the vapour cell can be increased
(decreased) by closing (opening) the aperture in front of the final focusing lens.
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Magnetic domains, and the boundaries that separate them
(domain walls, DWs), play a central role in the science of
magnetism'. Understanding and controlling domains is import-
ant for many technological applications in spintronics, and may
lead to new devices®. Although theoretical efforts have elucidated
several mechanisms underlying the resistance of a single DW*>%,
various experiments’ > report conflicting results, even for the
overall sign of the DW resistance. The question of whether an
individual DW gives rise to an increase or decrease of the
resistance therefore remains open. Here we report an approach
to DW studies in a class of ferromagnetic semiconductors (as
opposed to metals'®'?) that offer promise for spintronics'®. These
experiments involve microdevices patterned from monocrystal-
line (Ga,Mn)As epitaxial layers. The giant planar Hall effect
that we previously observed” in this material enables direct,
real-time observation of the propagation of an individual mag-
netic DW along multiprobe devices. We apply steady and pulsed
magnetic fields, to trap and carefully position an individual DW
within each separate device studied. This protocol reproducibly
enables high-resolution magnetoresistance measurements
across an individual wall. We consistently observe negative
intrinsic DW resistance that scales with channel width. This
appears to originate from sizeable quantum corrections to the
magnetoresistance.

Multiterminal devices for this work are patterned from
Gag 94sMng 052 As epitaxial layers (epilayers; see Methods). The
longitudinal device axis, along which the current flows, is oriented
collinear with a cleave edge [110], also a cubic hard axis. Figure la
displays the measurement set-up, showing utilization of three pairs
of transverse (Hall) voltage probes to sense the magnetoresistance to
the longitudinal current within the device (Methods).

(Ga,Mn)As films are intrinsically magnetized in-plane owing to a
combination of compressive lattice-mismatch-induced strain and
demagnetization effects*. The vector plot in Fig. 1b (inset) depicts
the four in-plane easy axes. A representative R—H loop (here R is the
giant planar Hall resistance', and H is magnetic field) is shown in
Fig. 1b. At high negative field values the sample magnetization is
saturated along easy axis I (Fig. 1b, inset). When the field is ramped
up, the first jump corresponds to a magnetization transition from I
to II (or [010] to [100]); the second jump completes the reversal by
switching from II to III (or [100] to [010]). The magnetization
transitions evolve via the formation of a 90°-DW'**">>, The square
hysteresis loops obtained at low temperatures are indicative of
magnetization switching dominated by wall propagation, rather
than domain nucleation®.

DW propagation experiments are carried out by inducing a free
wall within the sample (Methods). Figure 1c shows the temporal
evolution of signals obtained simultaneously using the sample’s
three transverse probes. The data are recorded with a drive field at
point A in Fig. 1b (74 Oe). The successive jumps in the resistance
versus time record for each of the three channels correspond to a
single DW sequentially passing the transverse probe pairs. These
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three resistance jumps display identical magnitudes and rise
times, and DW propagation between adjacent pairs of voltage
probes exhibits identical time intervals. Equal time delays are, in
fact, expected as all probe-to-probe spacings are equal (100 pm
for this measurement). These data are consistent with the picture
that the DW retains a fixed shape while propagating along the
device, with a speed that can be calculated directly from the
time-of-flight between the probes. Detailed investigations we
report elsewhere” demonstrate that DW velocity spanning four
decades can be observed by varying the strength of the applied
in-plane magnetic field. Two regimes—manifesting slow and
fast dynamics, involving thermally assisted flow for low
fields and viscous flow for high fields, respectively—have been
identified>.

Our initial domain wall resistance (DWR) measurements have
been carried out quasistatically. First, an in-plane ‘driving’ field is
adjusted so that a solitary DW propagates very slowly across the
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Figure 1 Sample configuration and measurement scheme. a, A constant sensing current
is imposed between contacts 1 and 5, which are oriented along [110]. An external,
in-plane magnetic field is applied 15° away from this axis. High-input-impedance
differential amplifiers are used to make potential measurements across three transverse
probes. b, Atypical (transverse) giant planar Hall resistance, R ,, versus magnetic field, H,
hysteresis loop for a 100-pm-wide Hall bar at 7= 4.2K. Inset, schematic displaying
orientation of the four in-plane easy axes of (Ga,Mn)As epilayers. ¢, After nucleation at one
side of the sample, with a 74 Oe in-plane field applied, the DW propagates sequentially
across the three transverse probes (differentiated by the coloured traces), successively
generating transverse voltage signals.
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sample (~50s delay between successive probes). Then, during the
DW’s traverse, we obtain high-resolution measurements of two
distinct longitudinal resistances, which we term RY, and RE, by
lock-in detection with short, 30 ms, integration times. These involve
either a pair of voltage probes on the top side of the device,
Rx[i = Ry5,4, Or a pair on the bottom, R?x = Rys5 6. (Here, conven-
tional four-probe notation is used, with R;;;; corresponding to a
sensing current imposed from terminal i to j, which results in an
induced potential from k to I.) Simultaneously, we also measure the
transverse resistances obtained from the left and right transverse
probes (RJLC}, = Ry5.08, Rfy = Ris46) that provide continuous moni-
toring of the arrival and departure of individual DWs from the
‘measurement region’ between probes (Fig. 2a).

Figure 2b displays the change in longitudinal resistance resulting
from entrapment of a single DW within the measurement region. A
perturbation as large as 0.6% (~30 ) is manifested; however, this
rather conspicuous excess resistance cannot be interpreted as the
intrinsic contribution from an individual DW, because both RY. and
RP_ comprise admixtures of both the longitudinal and planar Hall
resistances. A sum rule holds: the difference between RY. and RY,
equals that between transverse resistances R,Lcy and Rffy (Fig. 2¢).
Elsewhere*, we describe a theoretical model for anisotropic
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Figure 2 Time-resolved magnetoresistance measured across a single DW. a, Transverse
resistance, R, at 4.2 K from two pairs of probes monitoring the entrance and exit of a
single DW from the channel. b, Longitudinal resistance, R ,, across the wall is measured
simultaneously from both the top and bottom of the device channel, R, and R,
respectively. ¢, A resistance sum rule is satisfied: the difference between transverse
resistances, Hiy - ny, is equal to the difference between longitudinal resistances

RXUX - fo. d, When the DW is completely resident between probes, the difference
between measured longitudinal resistance, (R(#) (violet), and a simple model described in
the text, R°() (dashed grey) allows differentiation of the predominant, eddy-like part of
domain-induced magnetoresistance from the ‘intrinsic’ DWR.
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Figure 3 Scheme to align devices along the crystallographic [110] orientation. a, Arrays
of alignment marks are patterned across a wafer with orientation along the natural
‘cleave’ axis. These are inadvertently misaligned an angle & from the true [110]
orientation. Subsequently, a series of devices are fabricated with angles stepped at 2°
with respect to these alignment marks (for example, A = 0, £2°, £4°, ...) The zero-
field asymptotic magnetoresistance between magnetization states | and Il are measured
for each device and the one yielding the smallest value is identified; data are shown in
b. For the next round, we fabricate another set of devices, on the same wafer using the

(‘classical’) Boltzmann transport across an individual DW. The
model demonstrates that the experimentally observed longitudinal
resistance perturbation can largely be attributed to the discontinuity
in resistivity across a DW?>%.

We wish to separate phenomena arising solely from the resistivity
discontinuity at a DW from the more subtle magnetic scattering
phenomena in that locale. Hereafter, we call the latter contributions
the ‘intrinsic’ DW resistivity. Precise extraction of the intrinsic
DWR can be achieved by averaging the measured longitudinal
resistances, (R) = (Rgx + RZC) /2, which compensates the obfuscat-
ing contributions from the transverse voltages®. In Fig. 2d we
plot both (R(t)), this average of experimental data, and
RO(t) = p°(t)L/A, a simple, idealized prediction for the longitudinal
resistance. Here R°(#) and p°(¢) describe respectively the resistance
and resistivity distribution along the channel; L and A are respect-
ively the length and cross-sectional area of the channel. For the
simplest example, a device containing a single DW oriented per-
pendicular to the channel walls, we can write p°(x(t)) = (1 —
x/L)pl) + (x/L)oY). Here we assume the DW is positioned at
0= x(t) = L. p¥ and p!¥) represent the asymptotic resistivities of
the initial and final magnetization states, respectively; their values
differ slightly (Fig. 2b). As the DW traverses the ‘measurement
region’” between longitudinal probes, R%(¢) evolves linearly, reflect-
ing the changing fractional contributions from the two domains
present. The non-zero difference between the experimental trace,
(R(t)), and the simple average, R°(t), clearly displays the presence of
effects beyond those associated with a simple resistivity disconti-
nuity at the DW.

There are two fundamental contributions to this difference; we
call them the ‘eddy-like’ and ‘intrinsic’ DW resistivities. The former
originates from local, static variations in current density induced by
the resistivity discontinuity across the DW>?**. (Since these contri-
butions persist for zero DW velocity, they are distinct from true
eddy currents associated with DW motion.) These eddy-like cur-
rents are only found to be appreciable when the DW is in close
proximity to the probes; when the DW is roughly mid-way between
these probes, (R) settles to reflect the simple linear evolution
expected for R(¢) (ref. 24). However, in this ‘intermediate’ regime
we observe a small, but distinct, negative offset from the expected
value for R°(¢). This offset evidently reflects the true, intrinsic
contribution to the resistivity arising from an individual DW. In the
intermediate regime, x = L/2, this particular device reproducibly
manifests a negative offset (R(x)) — R%(x) = —0.44Q. This is well
within our measurement resolution (~0.2Q), but comparable to
the accuracy of our interpolation yielding R°(#) (which we estimate
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same set of alignment marks, with orientation now stepped at 0.2° and centred about the
optimal device identified in the first round. This process is iterated until devices with
minimal offset are obtained for high-resolution investigations of DWR. Alignment
accuracies of ~0.03° are realized. Data of Fig. 4 were obtained with devices oriented
about 6 = 0.10-0.13°, which provided the closest alignment to [110]. Error bars
represent standard error of the mean. ¢, Magnified view of a 60-pm-wide device,
showing the region between two transverse probes.

to be 100 p.p.m. of (R), that is, ~0.5 Q).

To obtain further confirmation of this negative intrinsic DW
resistivity, we have refined our methodology to enhance our
measurement resolution (to ~10 p.p.m. of the longitudinal resist-
ance) and to minimize extraneous contributions from the bulk
magnetoresistance (Methods). First, we achieve precise alignment
of the devices with respect to [110] orientation to strongly suppress
contributions from the anisotropic magnetoresistance (AMR). The
detailed procedure is illustrated in Fig. 3. Second, instead of
measuring the DW quasistatically, as in our initial measurements,
we make measurements on individual, stationary DWs at zero
applied field. To accomplish this we precisely position individual
DWs along the device channel in a stepwise manner, using in-plane
magnetic field pulses. Between these pulses we record longitudinal
resistance across the stationary DW in the absence of an applied
field. These zero-field measurements upon a static DW are free of
effects from the field-induced longitudinal magnetoresistance, the
Lorentz-force-induced component of transverse resistance, and
effects from (true) eddy currents and fluctuations that can arise
from DW motion.

For these high-resolution measurements, we pattern two families
of long, second-generation devices (see Methods). In Fig. 4a,b we
demonstrate how DW position is precisely ascertained as it is
stepped along the device (see also Methods). Figure 4a displays
the evolution of the transverse resistance for the left and right pair of
probes from a 30-pm-wide device.

After each step in the DW’s position, we measure the longitudinal
resistances R, and R using long integration times to obtain
resolution SR =~ 0.1 Q (S8R/(R) = 5 X 10~ °). Figure 4c shows the
measured longitudinal resistances R, and RP . These data traces,
together with their average (R) are in good agreement with the
theoretical predictions®. A magnified plot of (R) is displayed in
Fig. 4d. For these devices, an extended phase of linear evolution is
manifested in the intermediate regime, where the DW is localized
between the transverse probe pairs.

Successive experiments on several devices, involving many
repeated launching of individual DWs, establish firm bounds on
the magnitude of this consistently negative DW resistivity. Figure 4e
displays a histogram of intrinsic DWRs from 27 consecutive runs
upon a precisely oriented 30-pm-wide device, taken over the course
of one week. The average DWR obtained is Rpw =~ —1.0 £ 0.2 Q.
Two factors appear to contribute to observed variance. First, the
DW orientation evidently changes slightly from run-to-run, varying
between 90 = 20°, and therefore the length of DW changes pro-
portionately. Second, drifts in the electronics occur over the 3-hour
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Figure 4 High-resolution extraction of the intrinsic DWR. a, Transverse resistance signal
showing the sequential stepping of a single DW along the device channel. b, Calculated
position of the DW as it approaches the left- and right-most pair of probes; extrapolation
provides high-confidence positional data in between. ¢, Measured longitudinal
resistances, RY, (blue) and R?, (orange), and their average, (R) (violet). The longitudinal
axis is rescaled to reflect DW position and an average background resistance

measurement interval, which is required to slowly and sequentially
step-and-measure each nucleated DW through a given device.
Figure 4f displays measurement results on a 60-pm-wide device,
for which the intrinsic contribution to the DWR is found to be
Rpw = —0.3 £0.2Q. Assuming a DW width that we estimate to
be dw = 10nm (ref. 25, T. = 45K is used in the calculations),
these DWRs may be translated into effective DW resistivities:
opw(30pm) = —3*0.6)x10*Qm and ppw(60pm)= —(1.8*
1.2)X10~*Qm. These are quite appreciable—comparable, in fact,
to the bulk resistivity of the epilayer itself, p. Our initial measure-
ments (Fig. 2) yielded p pw(100 pm)/p = —108 * 123% for 150-
nm-thick (Ga,Mn)As devices. Negative intrinsic DWR is confirmed
by our subsequent high-resolution measurements on 100-nm-thick
devices (Fig. 4), which yield ppw(30 pm)/p = —100 * 20% and
pow(60 pm)/p = —60 =+ 40%.

At present, understanding of DWR is unsettled—a conflicting
body of work, both experimental and theoretical, exists in the
literature. DWR has, most typically, been inferred from the excess
resistance arising from large ensembles of DWs within a sample®™".
Progress in domain imaging and nanofabrication has more recently
enabled resistance measurements on samples containing signifi-
cantly reduced numbers of DWs'>">. To date, however, the experi-
mental results obtained from these various methods are conflicting;
both positive™"'>'*!* and negative'®"> DWRs are reported. Theory
has elucidated several scattering mechanisms that can yield positive
DWR: reflection of carriers by the DW*, a ‘zigzag’ current redis-
tribution inside the wall due to the Hall effect’, and spin-dependent
scattering analogous to the GMR effect in magnetic multilayers™®.
The possibility of negative DWR arising from electronic coherence
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R, = 16.8kQ has been subtracted from all traces. d, Magnified view of the average
resistance data (violet). The difference between the theoretical model, R° (black trace)
and the average of data in the linear region (red line) is the DWR, Rpywy = —1.1 = 0.1Q
for this particular experiment. e, f, Variance of the intrinsic DWR for a large number (>25)
of such experiments in which single DWs are launched and stepped along two well-
aligned devices (widths, W= 30 um and 60 wm).

in ferromagnetic metals has also been proposed’. In theory, this can
arise from suppression of dephasing of weakly localized electrons at
a DW, thereby effectively reducing the intrinsic resistivity of DWs.
Additionally, a semiclassical model, which can theoretically yield
either positive or negative DWR, has been developed®. In this latter
model, a large impurity-scattering asymmetry is required to yield a
negative value.

Semiclassical models cannot account for the relatively large
negative magnitude of the intrinsic DWR we observe. Although
these negative DWRs could originate from quantum corrections, it
is difficult to quantify the degree to which transport is phase
coherent in experiments (such as these) involving ferromagnetic
semiconductors. Extraction of this information from experimental
data is far from straightforward; further developments in theory are
clearly necessary. We anticipate that the technique for manipulating
and measuring DWs reported here may be useful in ferromagnetic
semiconductor devices for magnetic logic and memory'®. These
methods may also provide a new avenue for measuring quantum
signatures of DW motion at low temperatures, where macroscopic
quantum tunnelling of DWs should be manifested. O

Methods

Multiterminal device fabrication and magnetoresistance measurements
Our device fabrication begins with growth of 150-nm-thick Gay 945Mny o5,As epilayers on
top of an insulating GaAs buffer layer by low-temperature molecular beam epitaxy (MBE).
These epilayers are subsequently patterned into multiterminal devices, with longitudinal
axes of the device channels (direction of current flow) oriented collinear with a cleave edge
[110], which is also a cubic hard axis. Additional fabrication details are presented
elsewhere'>?°.

Figure la displays the measurement set-up, showing utilization of three pairs of
transverse (Hall) voltage probes to sense the magnetoresistance to a current flowing
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longitudinally within the device. Measurements are carried out with a battery-supplied,
constant a.c. sensing current of =500 nA; this is well below the onset of current-induced
non-equilibrium effects. The induced transverse voltages are coupled through electrically
isolated, low-noise differential amplifiers to a set of commonly synchronized lock-in
amplifiers, which enable simultaneous acquisition of three signal channels. Both
longitudinal and transverse resistances are recorded. The device is maintained at liquid
helium temperature, while a magnetic field is applied within the epilayer plane via a
precisely controlled, three-axis superconducting magnet. Magnetoresistance is obtained
with a field oriented 15° away from [110] and ramped at a rate of 15 Oes ™.

Launching of individual DWs

We first apply a strong in-plane magnetic field to saturate the magnetization, then linearly
ramp to a specific field magnitude with orientation anti-aligned to the initial saturation
field (for example, close to the switching field labelled as point A in Fig. 1b). At ~4 K, DW
nucleation then occurs infrequently through stochastic processes. Once nucleated, the
constant in-plane field drives growth of the particular domain possessing magnetization
most closely aligned with the applied field. We find that DW motion induced in this
manner always involves propagation from a wide current contact pad into the channel.
With this protocol, completely reproducible signals are detected.

High-resolution magnetoresistance measurements on single, stationary DWs
In the initial measurements, DWR was measured quasistatically as single DWs were
sequentially driven slowly through the device. We have developed optimized techniques
enabling high-resolution measurements on individual, stationary DWs. To accomplish
this we have perfected a method allowing us to stepwise translate and position individual
DWs along the device channel, through sequential, pulsed application of the in-plane
magnetic field. Quick removal of the external field allows the DW to be ‘frozen’ at any
desired location within the channel and, thereafter, the DW remains stationary for as long
as we have been willing to measure. Subsequent application of in-plane field pulses allows
the DW to be precisely stepped, in arbitrarily small increments, along the device channel.
Between the applications of field pulses we are able to record longitudinal resistance across
the stationary DW at zero applied field.

An individual DW is ‘stepped’ sequentially through the device, and its position is
ascertained as follows. A magnetic field pulse—of magnitude 110 Oe, orientation 30° from
hard axis [110], and duration 10 s—is applied every 8 min. For a given transverse-probe
pair, a jump in transverse resistance is observed after each pulse, if the DW is proximal.
Thereafter, the resistance remains unchanged until the next field pulse is applied. This
giant planar Hall resistance allows direct computation of the DW’s relative displacement
from the transverse probes. Figure 4b displays the deduced positions of a DW when it is in
the vicinity of the left and right pair of probes. This linear evolution of DW position
confirms that the DW travels a constant, fixed distance in response to each field pulse—
about 10 pm for the aforementioned conditions. For measurement points in the
intermediate region, which may be ‘far’ from either transverse-probe pair, DW position
can be reliably determined by linear extrapolation between known positions.

To enhance our ability to resolve the intrinsic DW resistivity, we minimize the
longitudinal resistance background by precise alignment of the devices with respect to
[110] orientation (to within ~0.03°). This is achieved through a novel protocol based
upon iterative, wafer-scale electron beam lithography (Fig. 3) that permits suppression of
the AMR to a value as small as ~AR/R = 6 X 10>, Two families of precisely aligned
devices, with widths 30 pm and 60 pm and a constant 6:1 aspect ratio (that is, length/
width) from a thinner (Ga,Mn)As epilayer (100 nm thickness, Curie temperature
T = 45K) have been iteratively patterned. The long 6:1 aspect ratio serves to extend the
intermediate region that is unperturbed by eddy-like contributions (compare Fig. 2d). To
preclude spurious DW trapping along the channel itself, transverse probes are located
solely at the entrance and exit of each channel (Fig. 3¢).
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In the present-day climate, surface water salinities are low in the
western tropical Pacific Ocean and increase towards the eastern
part of the basin'. The salinity of surface waters in the tropical
Pacific Ocean is thought to be controlled by a combination of
atmospheric convection, precipitation, evaporation and ocean
dynamics?, and on interannual timescales significant variability
is associated with the El Nino/Southern Oscillation cycles. How-
ever, little is known about the variability of the coupled ocean—
atmosphere system on timescales of centuries to millennia. Here
we combine oxygen isotope and Mg/Ca data from foraminifers
retrieved from three sediment cores in the western tropical
Pacific Ocean to reconstruct Holocene sea surface temperatures
and salinities in the region. We find a decrease in sea surface
temperatures of ~0.5°C over the past 10,000 yr, whereas sea
surface salinities decreased by ~1.5 practical salinity units. Our
data imply either that the Pacific basin as a whole has become
progressively less salty or that the present salinity gradient along
the Equator has developed relatively recently.

On interannual timescales, the El Nino/Southern Oscillation
(ENSO) causes large changes in salinity over the equatorial
Pacific as the warm, low-salinity waters from the western tropical
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