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Partially built hard disk writer structures with a multilayered yoke formed from 4 repeats of a

NiFe(�1 nm)/CoFe(50 nm) bilayer were studied by time and vector resolved scanning Kerr

microscopy. Dynamic images of the in-plane magnetization suggest an underlying closure domain

equilibrium state. This state is found to be modified by application of a bias magnetic field and also

during pulse cycling, leading to different magnetization rotation and relaxation behavior within the

tip region. VC 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4802977]

Increased write head fields with repeatable picosecond

rise and fall times are required to increase storage densities

and bit rates within perpendicular magnetic recording (PMR)

technology, while avoiding erase after write1 (EAW) phe-

nomena and popcorn noise.2 The pole tip, yoke, and conflu-

ence region together constitute a complex 3 dimensional

object, and advanced measurement techniques have been

developed to characterize its non-uniform magnetic state.3

Previous experimental studies4–9 of the rise time and rema-

nent value of the write field have concentrated on the pole

tip region. However, the magnetization dynamics within the

yoke have a significant impact upon the amplitude and tem-

poral form of the write field generated by the pole tip.

Current understanding of yoke dynamics is derived mainly

from simulations.10 In a recent study,11 time resolved scan-

ning Kerr microscopy (TRSKM) was used to simultaneously

detect all three spatial components of the magnetization

within a writer structure with a single layer yoke subject to a

bias field. Time resolved images confirmed the occurrence of

flux beaming,12 where magnetic flux is concentrated along

the symmetry axis of the yoke during dynamic operation of

the writer, demonstrating that TRSKM can directly image

the dynamic response of the writer.

In this study, writer structures with a multilayered yoke

were excited with high-frequency current waveforms of dif-

ferent polarities, and with different bias magnetic fields to

empirically determine and understand the static and dynamic

states of the writer magnetization under conditions similar to

those experienced in a hard disk drive. In contrast to Ref. 12,

the upper layer of the yoke exhibits a clear flux closure state,

and a richer variety of dynamic behavior is observed. The

equilibrium state magnetization within the tip region of

the writer is found to be complicated, being influenced by

the bias field and the polarity of the driving current, in some

cases with indications that EAW may be significant.

The sample consisted of a partially built writer structure

with yoke and pole tip formed from 4 repeats of a

NiFe(�1 nm)/CoFe(50 nm) bilayer designed to possess a high

moment and low coercive field. The geometry of the yoke,

pole tip, and coil windings shown in Figure 1(a) is identical

to that in Ref. 10. The three coil turns, labeled C1, C2, and

C3, lie between the top and bottom layers of the yoke and

generate an in-plane driving field when current is applied.

The schematic layout of the TRSKM is shown in Figure

1(b) and has been described in detail previously.10 The pulse

used to excite the writer had 1.6 ns duration and 11.2 V am-

plitude since larger values led to signals that had noticeable

stochastic character.11,13 The response of the yoke was

probed by a laser pulse of 100 fs duration focused onto its

surface by a� 60 microscope objective lens. A bias magnetic

FIG. 1. (a) Wide field optical microscope image of the sample. C1, C2, and

C3 are the coil turns. A and B are positions where time resolved signals

were recorded. (b) The experimental set-up.
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field was applied in the plane of the yoke and perpendicular

to its axis of symmetry. The back-reflected optical pulse was

directed into a quadrant photodiode polarization (vector)

bridge.14 The vector bridge was used to simultaneously

detect the total reflected optical intensity (refl.), the in-plane

magnetization components parallel (paral.) and perpendicu-

lar (perp.) to the bias field, and the out of plane magnetiza-

tion component (polar). Due to the optical skin depth effect,

only the upper surface region of the upper layer of the yoke

was probed by the TRSKM.

Measurements were first performed without a static bias

magnetic field. Figure 2(a) shows time resolved signals

acquired from position B in Figure 1(a), while Figures 2(b)

and 2(c) show dynamic images taken at the time delays indi-

cated in Figure 2(a). While the magnetic images appear less

sharp than the reflectivity image, they were acquired simulta-

neously, suggesting that the dynamic magnetization indeed

varies gradually with position. The direction of the pulsed

current Ip is shown in each panel. The polarity of the time

resolved signals, and the contrast within the perpendicular

and polar channels of the dynamic images, is seen to reverse

with the polarity of the pulsed current as expected. However,

in Figure 2(a), the parallel channel in the upper panel shows

a constant value during the whole 4 ns scan, while a clear

time dependent response to the pulsed current is seen in the

parallel channel in the lower panel. The shapes of the signals

observed in the perpendicular and polar channels also show

definite but less dramatic differences between the upper and

lower panels, for opposite current polarity. Surprisingly, the

contrast in the polar channel, within Figures 2(b) and 2(c),

shows the same polarity to the left and right of the coil wind-

ings even though the driving field is out of plane with oppo-

site polarity. The polar contrast above the coil windings is

somewhat weaker since the driving field lies in the plane.

Comparison of Figures 2(b) and 2(c) reveals an almost identi-

cal distribution of contrast within the parallel channel as the

current polarity is reversed. This can be understood if the

static magnetization forms stripe domains with magnetization

alternating between the up and down directions in adjacent

domains. The magnetic field generated above the coil wind-

ings lies parallel to the symmetry axis of the yoke and points

to the left or right depending upon the polarity of the current.

In either case, the magnetization attempts to rotate parallel to

the horizontal field, leading to a similar change in the vertical

magnetization component regardless of the current polarity.

Since the parallel channel images show the change in the ver-

tical magnetization component, light and dark stripes corre-

spond to the magnetization rotating from þ/�Y directions.

The parallel channel images at negative time delay, 0.3 ns in

Figure 2(b) and 0.34 ns in Figure 2(c), show weaker contrast

at the right compared to the center of the yoke, suggesting a

significantly different relaxation behavior at different posi-

tions within the yoke. Strong contrast is also observed in the

parallel channel within the tip region at negative delay in

Figure 2(b), but not in Figure 2(c), indicating a different

equilibrium state and different relaxation behavior within the

tip region for different current polarities.

The perpendicular channel in Figure 2(b) shows no con-

trast within the tip region throughout the 4 ns time scan.

However, strong contrast appears within the tip region in the

perpendicular channel in Figure 2(c) from 1.04 ns onwards

and is still present at 3.46 ns after the driving current has been

switched off, suggesting a potential EAW problem. Taken to-

gether with the contrast observed in the parallel channel in

Figures 2(b) and 2(c), this indicates a complex equilibrium

state magnetization distribution and tip response for different

current polarities. The perpendicular channel images at 1.9

and 2.6 ns in Figure 2(b) and 1.04, 1.66, 2.28, and 2.7 ns in

Figure 2(c) show that the maximum contrast appears within

the upper and lower parts of the yoke, respectively. This indi-

cates that the equilibrium state magnetization is not exactly

vertical but is canted so as to lie parallel to the edge of the

yoke within the confluence region. In Figure 2(b), where

the current flows along �Y, the maximum contrast appears in

the upper part of the yoke because the static magnetization is

canted towards the right and so must rotate further to align

with the driving field that points to the left. By similar reason-

ing, in Figure 2(c), where the driving current instead flows

along þY, the driving field points to the right, and the mag-

netization must rotate through a larger angle in the lower part

of the yoke, leading to stronger contrast in the perpendicular

channel. The perpendicular channel in Figure 2(b) at 3 and

FIG. 2. (a) Time resolved signals acquired from position B in Figure 1(a). The direction of the pulsed current within the current windings Ip for the upper and

lower panel is shown. (b) and (c) Dynamic images obtained from the 4 detector channels defined in the main text with Ip flowing downwards and upwards,

respectively. For a particular channel, the contrast is normalized to the maximum Kerr amplitude observed within that time series. Black/white corresponds to

the dynamic magnetization lying in the �/þ z-direction, �/þ x-direction, and þ/� y-direction for the polar, perpendicular, and parallel channels, respectively.

The Cartesian axes are defined within Figure 1(a) and shown above the columns in panels (b) and (c).
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3.5 ns shows a dark horizontal band reminiscent of “flux

beaming” superimposed on a “chequer board” type back-

ground. This occurs after the driving field has begun to fall,

suggesting a different rate of relaxation across the area of the

yoke. A completely different relaxation behavior is observed

in Figure 2(c). The central horizontal band and chequer board

background are not observed, and strong contrast is instead

observed in the lower part of the yoke.

Based on the dynamic images from the perpendicular

and parallel channels, a putative equilibrium state that occurs

during the pulse cycling has been sketched in Figure 3(a).

The yoke contains two closure domain structures. The mag-

netization within the large stripe domains lies principally in

the vertical direction as a result of induced anisotropy from

wafer-level processing. The magnetization within each do-

main is canted differently within the upper and the lower

parts of the yoke so as to be parallel to the edges at the right

and left hand ends of the paddle. Proposed metastable equi-

librium states within the tip region during repeated pulsing

are inset in Figure 3(a) and are seen to depend upon the cur-

rent polarity.

To obtain a better understanding of the equilibrium state

and relaxation behavior, a bias field of 200 Oe was applied

orthogonal to the symmetry axis of the yoke. Figure 4(a)

shows the time resolved signals obtained from position B for

both of the field polarities. The direction of the current was

along þY axis in all cases. Surprisingly, the strongest con-

trast is observed within the lower part of the yoke in the per-

pendicular channel in both cases, and a stripe domain

structure continues to be observed within the parallel chan-

nel. This indicates that the 200 Oe bias field is insufficient to

make the equilibrium state uniform.

The perpendicular channel in Figure 4(b) shows clear

contrast within the tip region at 1.7, 2.44, 3.02, and 3.86 ns,

but the contrast within the same region is very weak for the

perpendicular channel in Figure 4(c).

The parallel channel signals in Figure 4(a) show a sig-

nificant offset which appears as a dark background in the

parallel channel images of Figures 4(b) and 4(c). This is

most likely the result of mechanical vibration since the bias

field exerts a force upon the coil windings when current is

supplied. Figure 4(c) shows a black stripe parallel to the bias

field at the right end of the yoke for the full range of delay

and a weaker dark region close to the tip. Within Figure

4(b), the distribution of contrast is more similar to that in

Figures 2(b) and 2(c) with 2 stripes along Y axis appearing

at the center and right hand end of the yoke. The polar chan-

nel images within Figures 4(b) and 4(c) are almost identical,

FIG. 3. Sketches of proposed equilibrium states.

The dashed lines delineate regions with differ-

ent canting directions. There is no bias field Hb

applied in (a), while Hb is applied in the �Y

and þY directions in (b) and (c), respectively.

Metastable states of the tip during pulse cycling

are inset with the polarity of the pulsed current

Ip shown.

FIG. 4. (a) Time resolved signals acquired from position B in Figure 1(a). The direction of the bias field Hb for the upper and lower panel is shown. (b) and (c)

Dynamic images obtained from the 4 detector channels (X: Perp., Y: Paral., Z: Polar and Refl.) with Hb along �/þY axis. For a particular channel, the contrast

is normalized to the maximum Kerr amplitude observed within that time series. Black/white corresponds to the dynamic magnetization lying in the �/þ
z-direction, �/þ x-direction, and þ/� y-direction for the polar, perpendicular, and parallel components, respectively. The Cartesian axes are defined within

Figure 1(a) and shown above the columns in panels (b) and (c).
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indicating that the polar component is not affected by the

direction of the bias field. Based upon the images recorded

in the perpendicular and parallel channels, sketches of the

putative equilibrium states that occur during the pulse cy-

cling are presented in Figures 3(b) and 3(c). The 200 Oe bias

field is insufficient to produce a uniform equilibrium state. A

stripe domain pattern is still observed and the magnetization

within the upper and lower parts of the yoke continues to

cant in different directions. However when the bias field is

along þY direction, as in Figure 4(c), there are only three

domains with anti-parallel magnetization within the yoke.

Again the magnetization within the tip region does not sim-

ply follow the direction of the applied bias field, but occupies

a meta-stable equilibrium state that is dependent on both the

pulse polarity and the applied bias field. The blurriness of

the dynamic images may indicate that the yoke dynamics are

partly stochastic in character.

Figure 5 shows the perpendicular component of the time

resolved signal acquired at position A in Figure 1(a), which

is located deep in the confluence region, both with and with-

out bias field and for driving currents of different polarities.

When there is no bias field, the amplitude of the perpendicu-

lar magnetization component is greater when the driving

current flows along þY (red curve), but the magnetization

relaxes less effectively after the current pulse has passed.

When the current flows upwards, the response is larger when

the bias field points to þY (þ200 Oe, blue curve) rather than

�Y (�200 Oe, green curve), and the response is larger rather

than without the bias field. This behavior is consistent with

the contrast seen within the tip region for the perpendicular

channel in Figures 4(b) and 4(c) and confirms that the

direction of the applied bias field has a significant effect

upon the dynamics of the writer. Since position A is close to

the air bearing surface (ABS), it seems likely that very dif-

ferent head fields will be obtained by changing the polarity

of either the driving current or the bias field. The perpendicu-

lar magnetization component does not appear to relax fully

after the current has passed for any of the four curves, sug-

gesting that EAW may be a significant problem.

In summary, the magnetization dynamics within a multi-

layered writer yoke have been clearly resolved in TRSKM

measurements. The perpendicular and parallel channel

dynamic images suggest that, in the absence of a bias field,

the yoke supports a stripe domain equilibrium state while the

equilibrium state of the tip during pulse cycling is metastable

and depends upon the polarity of the driving current. A bias

field of 200 Oe is insufficient to induce a uniform equilib-

rium state and a modified stripe domain configuration contin-

ues to be observed. The dynamics observed within the tip

region suggest that the equilibrium state during repeated

pulsing depends upon the polarity of both the driving current

and the bias field. Different combinations of bias field and

current polarity lead to different dynamics deep within the

confluence region, in agreement with recent modeling

work.15 These data suggest that the magnetization dynamics

throughout the yoke can vary significantly depending on the

current polarity and any bias or anisotropy field.
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