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The behavior of minor hysteresis loops in perpendicular anisotropy [Co/Pt] and [Co/Pd] multilayers has been
investigated. Upon applying a succession of identical magnetic field cycles, we observe a very substantial
cumulative growth of the minor loop area. For the [Co/Pt] multilayers this effect only saturates near complete
magnetization reversal while the behavior is slightly more limited for [Co/Pd] multilayers. We also find this
cumulative growth to occur even if the minor loop field cycles are made asymmetric by means of a positive
bias field. The cumulative behavior persists up to a sample-dependent threshold value above which this effect
disappears. In all samples, the cumulative minor loop growth is correlated with a small reduction in the
maximum magnetization value in each cycle. Magneto-optical Kerr microscopy studies correlate the minor
loop growth with the memory and cumulative expansion of lateral domain cycling. All experimental observa-
tions can be consistently explained as an accumulation of small nucleation domains that aid subsequent

reversals and facilitate the cumulative minor loop growth.
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I. INTRODUCTION

A key aspect of ferromagnetic materials is the occurrence
of hysteresis, which is generally observed as a branching of
the magnetization M vs external field H dependency.! Fun-
damentally, this nonequilibrium phenomenon is the result of
a first-order phase transition occurring upon reversal of the
external magnetic field H. In the vicinity of this reversal, the
magnetic free energy exhibits more than one stable or meta-
stable state, making the state occupied by a ferromagnet de-
pendent on the field history.! M(H) becomes a single-valued
function only for fields large enough to suppress the popula-
tion of all metastable states in the time frame of the measure-
ment. The minimum field, at which such a single-valued re-
lation is reached, is the closure field H*.2 Thus, hysteresis
loops measured with a maximum applied field H,,,,>H"
have well-defined starting points and are referred to as the
major loop whereas loops with H,,,,<H" are called minor
loops.!

While it is well established that hysteresis loops show a
pronounced temperature and frequency dependence, it is
generally assumed that a ferromagnetic sample produces a
unique hysteresis loop under identical external conditions.>*
This perceived uniqueness allows the utilization of hysteresis
loop measurements as a material characterization method
and is furthermore important in applications. Indeed, ferro-
magnetic materials are most frequently utilized according to
their specific hysteresis properties.” However, magnetization
reversal is a stochastic process at nonvanishing temperatures,
and therefore typically progressing along multiple micro-
scopic pathways.® This particular aspect was highlighted by a
number of recent experimental studies in which the absence
of microscopic repeatability was found for major hysteresis
loops in several material systems.””!” Nonetheless, M vs H
loops are, in general, an accurate characterization tool for
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macroscopic samples because the volume averaged magneti-
zation (M) repeats itself with a very high degree of accuracy
due to statistical averaging and the fact that all reversal pro-
cesses are driven toward lowering the Zeeman energy, which
is proportional to (M)."!

The above statements about the repeatability of hysteresis
loops have to be differentiated between major and minor
loops. While the macroscopic M(H) curve is generally
unique for major loops, the absence of M(H) repeatability is
more commonly found in minor loops if they are measured
consecutively, even though changes are typically small.!?
Most commonly, minor loops show a small driftlike motion
without a substantial change in shape or size, which is gen-
erally referred to as accommodation or reptation. These ef-
fects are especially visible if the applied minor loop field
sequence H(z) is biased, i.e., has a time-averaged net value
(H)# 0.'31% In addition to such driftlike minor loop changes,
Ferre et al.'> observed also a modest increase in between
repeated minor loops for ultrathin Co/Au films. In general,
the repeatability of minor loops is an important materials
property, because magnets are exposed to field cycles with
H<H" in many applications and, more fundamentally, be-
cause numerous hysteresis models and characterization tech-
niques are based on the assumption of stable minor
loops.'6-22

In this paper, we describe a cumulative growth effect in
the time-evolution M(z) upon applying a cyclical magnetic
field H(z) for Co/Pt and Co/Pd multilayers with perpendicu-
lar anisotropy. The effect leads to a substantial growth of the
minor loop area upon field cycling and differs from the more
commonly reported driftlike behavior.!»'* As mentioned
above, Ferré et al.'” also observed a growth of minor loops
upon multiple cycling but the effect was rather modest in
comparison to our findings and occurred only in a very nar-
row field range. Furthermore, no other details, such as its
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field dependence, for instance, were reported. Other aspects
of unusual magnetization reversal behavior were recently re-
ported for Co/Pt multilayers by Iunin et al.>* They observed
not only asymmetric domain nucleation in their samples but
also time-dependent effects that are consistent with asym-
metric domain expansion and retraction dynamics in minor
loops. However, no specific study of multiloop behavior and
its applied field dependence was presented. Asymmetric
domain-wall dynamics was also observed in lithographically
defined magnetic microstructures that were specifically de-
signed for this purpose to facilitate a magnetic domain-wall
ratchet.?*

The specific multilayer structures, used in our study, are
[Co(4 A)/Pt(7 A)]y and [Co(4 A)/Pd(7 A)]y with 5<X
< 10. The samples were deposited by magnetron sputtering
(3 mT Ar pressure) onto ambient temperature Si-nitride
coated Si substrates. As seed layers, we used 200 A Pt for
the Co/Pt multilayers as well as a 30 A Pd underlayer for the
Co/Pd multilayers. These deposition conditions produce
magnetic multilayers with an easy axis along the surface nor-
mal and large enough anisotropies to produce high remanent
magnetization. X-ray diffraction measurements confirmed a
(I11) crystalline texture for both types of multilayers. Hys-
teresis loop studies were performed by using an alternating
gradient magnetometer as well as a superconducting quan-
tum interference device (SQUID) magnetometer, and later-
ally resolved studies were done using a magneto-optical Kerr
effect microscope equipped with an air coil for the applica-
tion of perpendicular fields. For all the measurements pre-
sented here the field was applied perpendicular to film plane,
i.e., along the anisotropy axis.

II. Co/Pt MULTILAYER RESULTS

Fig. 1 shows an example of the M(H) dependence for a
[Co(4 A)/Pt(7 A)]s-multilayer film upon cycling an exter-
nal field H<<H" multiple times in comparison with the major
hysteresis loop measured for the same sweep rate. The inset
of Fig. 1 is a schematic of the H vs time ¢ sequence used in
this experiment, for which a period of 7=80 s was used. The
H(t) sequence was chosen to be symmetric around H=0 with
a maximum and a minimum applied field such that H,,,,
=—H_;,=290 Oe, which is about 10% smaller than the co-
ercivity for this sample. Prior to the actual measurement se-
quence, a sufficiently high field Hy=1 kOe > H" was applied
to start the measurement sequence in a well-defined mag-
netic state.”> As one can see from Fig. 1, the resulting minor
loops show neither repeatability nor a driftlike dependence.
Instead, the loops show a very pronounced asymmetric
growth. While the upper part of the magnetization curves
appears to fall back onto the major loop in each cycle, the
lower part reaches increasingly lower magnetization levels.
The amount of magnetization reversal AM, defined as

— l (Mmax - Mmin)
2 M

AM (1)
is cumulative, i.e., increasing with each successive minor
loop cycle. Hereby, M, and M, are the maximum and
minimum magnetization values in each cycle, respectively. It
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FIG. 1. Field dependence of the magnetization for a (Co/Pt)g
multilayer. The thick solid line represents the major loop behavior
while the thin solid line shows a sequence of successive minor
loops upon applying a symmetric field amplitude of H ,,,=—Hyin
=290 Oe. The first, third, and fifth minor loop are labeled. The
inset is a schematic of the H vs ¢ dependence, which was applied for
this measurement.

is noteworthy that the effect is large, changing AM from
about 25% of the saturation magnetization Mg for the first
minor loop to nearly 90% of Mg for the 19th minor loop
repetition, increasing the hysteresis loss of the minor loops to
about 350% of its original value in this sample.

To follow the time evolution of such multiple minor loops
in more detail, we have plotted M vs t directly in Fig. 2(a)
for several experiments using different field amplitudes H ,,,.
From these curves we can make the following observations:
(i) all curves show clearly an increase in the magnetization
reversal amplitude upon field cycling, making it evident that
the cumulative hysteresis loop growth is a general phenom-
enon in our samples; (ii) the data for H,,,,=300 Oe indicate
that this growth only stops once full or nearly full magneti-
zation reversal is achieved; and (iii) the number of cycles
needed to reach full magnetization reversal increases for de-
creasing field amplitude. The envelope function for all
curves follows an exponential saturation behavior. Therefore,
we have analyzed the measured M(¢) curves by performing
least-squares fits of

M) = M- {1 - {1 -exp<- %‘)] - (sin(t,) + 1)} )

to all data sets. Here, 7 is the time constant for approaching
full magnetization reversal and the ¢; are time phase factors
for the envelope function and the oscillatory term of Eq. (2),
respectively. The solid lines in Fig. 2(a) represent the results
of these fits. The envelope function is very well reproduced,
indicating that these minor loop oscillations approach full
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FIG. 2. (a) M(t) dependence for successive minor loop cycles
measured for a (Co/Pt)g multilayer. The different curves were mea-
sured for different peak values of the magnetic field H,
(==Hyin)- The time is given in units of the cycle period 7=80 s,
which was held constant for all experiments. The experimental data
are shown as (@) while the solid lines represent least-squares fits of
Eq. (2); (b) relaxation time constant 7, derived from the least-
squares fits of Eq. (2) to the experimental data, as a function of
—H - The squares are the results of the individual fits while the
dashed line illustrates exponential field dependence according to
Eq. (4).

magnetization reversal with a characteristic 7, which is
strongly dependent on the applied field amplitude H .. Fig-
ure 2(b) shows the values of the time constant 7, given in
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units of the oscillation period 7, as a function of H,, in a
semilogarithmic plot. As one can see from these data, 7 in-
creases strongly with decreasing field amplitude and follows
very closely an inverse exponential behavior,

T~ exp(— I-%)’ 4)

which is indicated by the dashed line in Fig. 2(b). H, is a
sample-dependent constant. Such a behavior is consistent
with a thermally activated process, in which the activation
barrier of the controlling reversal mechanism is linearly de-
pendent on the externally applied field. While such a charac-
teristic is typically indicative of domain-wall motion by
means of thermally activated depinning,'>?® it is unusual
here that the process is very asymmetric, i.e., completely
different on the reversal starting side near H ,;, and the loop
completion side at H,,,,. While the magnetization appears to
return to full positive Mg at H,,,,, the reversal amplitude AM
increases with every successive reversal. This finding is,
however, consistent with other observations for this class of
materials, i.e., ultrathin films and multilayers with perpen-
dicular magnetic anisotropy. As reported in the work by
Ferre et al."> as well as in some very recent works on Co/Pt
multilayers?’ and CoB thin films,?® such films exhibit asym-
metric remagnetization processes, meaning that it is easier to
magnetize them back to the original state by inverting the
magnetic field than to completely reverse the magnetization
by keeping the field applied. In these studies, it is also
observed that it is even easier to invert the magnetization
process than initially start the magnetization reversal
process. 32728

Despite this minor loop asymmetry and the ease with
which remagnetization occurs, our Co/Pt samples exhibit a
multiloop memory, so that they cannot really return to full
positive magnetization or identical magnetization states at
H .« upon successive field cycling. Instead, the system must
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FIG. 3. M(r) dependence for successive minor loop cycles mea-
sured for a (Co/Pt)g multilayer. The solid line, corresponding to the
left-hand scale, shows the complete time evolution upon applying a
field sequence with H,, =—H,;;=280 Oe. The open circles (O)
show the maximum magnetization M, reached in every cycle and
correspond to the right-hand scale.
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“remember” the previous cycles in a way that produces only
very small deviations from saturation. This behavior can in-
deed be observed in Fig. 3, in which M(¢) is compared with
M ax 1.€., the maximum magnetization reached in every mi-
nor loop. As one can see from the comparison, M ,,, exhibits
a very small decline upon multiple cycling of the field,
barely above the noise level of the experiment. While M,
only declines by about 1%, AM reaches more than 85% of
Mg, thus masking the M, decline. Figure 3 furthermore
indicates that the M,,, decline is synchronous with the AM
increase because M,,,,(r) follows the envelope function of
M(7) and is characterized by the same 7. Our results there-
fore show that while initial remagnetization processes upon
field reversal require lower fields, just as previously
reported,’>?”-?8 the same is not true near saturation, where it
becomes increasingly more difficult to reach the same mag-
netization value with every minor loop cycle.

II1. Co/Pd-MULTILAYER RESULTS

Figure 4(a) shows the magnetization reversal amplitude
AM as a function of time for different oscillation fields
H,..=—Hg 1.6, symmetric minor loops, for a
[Co(4 A)/Pd(7 A)lg multilayer sample. Also here, we ob-
serve a substantial cumulative increase in the minor loop
amplitude and hysteresis loop area for successive field
cycles. Furthermore, we find that the time constant, with
which a stable minor loop is reached, decreases with increas-
ing field amplitude, just as in the case of the previously
shown Co/Pt multilayers. This is visible in Fig. 4(b), where
the relaxation time constant 7 is displayed as a function of
the field amplitude H,,,. Also here we see the exponential
field dependence of the relaxation time, indicated by the
straight line in the semilogarithmic plot.

There is, however, one obvious difference in between the
Co/Pd- and the Co/Pt-multilayer samples we investigated. As
one can see from the data in Fig. 4(a) and the corresponding
data fits for the magnetization reversal amplitude AM, the
limiting amplitude of the minor loop oscillation is not the
same for all applied fields and it also is clearly smaller than
the full saturation magnetization for the Co/Pd case, whereas
the assumption of Mg as the limiting oscillation amplitude
independent from the field, i.e., Eq. (2), worked well for the
Co/Pt case. Correspondingly, Eq. (2) is not suitably to de-
scribe the observed behavior here and has to be modified.
Also, the number of M(r)-data points per minor loop cycle in
our Co/Pd measurement was much more limited due to the
fact that these measurements were done by means of a
SQUID magnetometer and we tried to keep the cycle time T’
comparable to the Co/Pt-multilayer case. Thus, we directly
fit the minor loop amplitude AM as a function of time, just as
shown in Fig. 4(a). For this, we then utilized

AM() =AM, - {1 -exp<- iﬂ 5)

to determine the time constant values 7 displayed in Fig.
4(b). But despite these technical differences and the some-
what more limited growth of the minor loops in these Co/Pd
samples, the basic observations of cumulative growth, expo-
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FIG. 4. (a) AM(r) dependence for successive minor loop cycles
measured for a (Co/Pd)g multilayer upon applying symmetric field
sequences of varying strength H,, =-H,; (b) relaxation time
constant 7, derived from the least-squares fits of Eq. (5) to the
experimental data, as a function of —H ;. The circles are the results
of the individual fits while the line illustrates exponential field de-
pendence according to Eq. (4).

nential saturation approach, and an exponential field depen-
dence of the relevant time constant are identical in both
material systems.

For the Co/Pd multilayers, we also studied the degree in
which the cumulative minor loop growth would be preserved
upon applying a positive field bias during the minor loop
field cycles. Correspondingly, we performed experiments, in
which H,,,, > —H,;,- Some of our results are shown in Fig. 5.
Figure 5(a) shows a sequence of measurements, in which
H,,..=450 Oe was held constant, while H,;, was varied in
the same range as previously used for symmetric magnetic
field cycles, shown in Fig. 4. We can see that the cumulative
growth behavior is not substantially changed and that the
minor loops continue to grow, even though a positive mag-
netic field far larger than the coercive field is applied as part
of the magnetic field cycles. Also the dependence from the
minimum field in every cycle is not changed in so far as
larger |H,;,| values produce faster minor loop growth toward
larger saturation values of AM, indicating that the here ob-
served processes are fairly independent from H,,. This
rather weak dependence on the positive bias field becomes
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FIG. 5. AM(r) dependence for successive minor loop cycles
measured for a (Co/Pd)g multilayer upon applying asymmetric field
sequences: (a) Hpy, =450 Oe for different values of H,;,; (b)
—H,in=370 Oe for different values of H .

even more evident in Fig. 5(b), where a sequence of mea-
surements is displayed, in which —H,;,=370 Oe was held
constant, while H,,, was varied in between 450-525 Oe.
While there clearly is a dependence on H,,,,, it is however
weak, much weaker than the field dependence on H,.
Whereas, the 10 Oe steps of H,,;, in Fig. 5(a) cause substan-
tial changes in between the different cumulative growth
curves, rather small changes occur for the 25 and 50 Oe steps
in H,,,, shown in Fig. 5(b).

This rather weak sensitivity of the cumulative growth on
the applied maximum field H,,,, during the minor loop cycle
is also observed in the relaxation time constant 7. Figure 6(a)
shows the dependence of 7 from the applied minimum field
H,in, just as Figs. 2(b) and 4(b), but for asymmetric field
loops with H,,,>—H;,. We find the relaxation time con-
stants 7 to be independent of the applied maximum field
H,.., at least in the range shown here. So, while the absolute
scale of AM is moderately changed by increasing H,,,, from
400 to 500 Oe, the corresponding time constant of the cumu-
lative growth is not affected at all. It is only, and very
strongly dependent on the minimum field in each cycle H;,.

Our Co/Pd-multilayer measurements also corroborate the
observed synchronous nature of the M, reduction in every
minor loop cycle with the increase in this cycle’s amplitude
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FIG. 6. (a) Relaxation time constant 7, derived from the least-
squares fits of Eq. (5) to experimental data from a (Co/Pd)g
multilayer, as a function of —H,;, for different values of H,,
=500 Oe (H), 450 Oe (O), 400 Oe (A), and H,,,=—H;,, (¥ ); (b)
M.« vs AM data for successive minor loop cycles with —H,;,
=360 Oe (O), 370 Oe (@), and 380 Oe (A) and fixed H,y
=500 Oe.

that was shown for the Co/Pt samples in Fig. 3. Figure 6(b)
shows M., as a function of AM for data measured on a
Co/Pd multilayer at various —H,;, values with H .  held
constant at 500 Oe. Here, the M, level and AM are fully
correlated and show an approximately linear relation. Thus,
the change in between multiple minor loops is evident for
both quantities, M,,,, and AM, but with strongly different
amplitudes, yielding a strongly asymmetric expansion of
successive minor loops.

Another way to interpret the linear functional relationship
in between the M,,,, and AM is that if the system is brought
back to the same level of M, in every cycle, no further
increase in AM will occur. Therefore, the only weak depen-
dency of the cumulative growth behavior from the positive
bias field H,,,, has to reach a threshold value above which
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FIG. 7. AM(r) dependence for successive minor loop cycles
measured for a (Co/Pd)g multilayer upon applying asymmetric field
sequences for different values of H,,,, and —H,;,=370 Oe.

the phenomenon has to disappear because M, returns to a
stable value even after only one cycle. Apparently the clo-
sure field H*, which we discussed in the introduction would
be sufficient to achieve this suppression of the cumulative
minor loop growth behavior. Figure 7 shows AM(¢) data in
this regime. The measurements were done under identical
conditions as the ones shown in Fig. 5(b), with the one dif-
ference that H,,,, was set higher, up to 600 Oe for this par-
ticular Co/Pd sample. We see that while a cumulative minor
loop growth is still clearly visible at H,,,,=550 Oe, a field of
H,..=600 Oe completely suppresses this phenomenon. In
this field regime, minor loops are found to be completely
stable.

IV. DISCUSSION OF RESULTS

To develop a physical picture and fundamental under-
standing of the processes associated with the observed mac-
roscopic phenomenon of cumulative minor loop growth, it is
important to have an understanding of the microscopic mag-
netic processes that occur. For this purpose, we have per-
formed magneto-optical microscopy studies on Co/Pd-
multilayer samples during subsequent minor hysteresis loop
cycles. The applied field values and rate of field change are
consistent with our macroscopic measurements. Figure 8
shows a sequence of domain images that are characteristic
for the behavior we have found. Every row shows three pic-
tures that were all measured during the same minor loop
cycle, and the four rows are pictures taken for four subse-
quent identical field cycles. The first column (al)-(d1),
shows domain structures at the negative remanent state,
meaning they are taken for H=0 Oe directly after having
been exposed to the maximum negative field of H;,
=-380 Oe. As one can see from this sequence the sample
exhibits a cycle-to-cycle growth of the dark domains that
have negative magnetization, i.e., the pictures display cumu-
lative growth in full agreement with our magnetometry data.
Furthermore, the strong correlation of the domain structure
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FIG. 8. Sequence of Kerr-effect microscopy images taken on a
(Co/Pd)g-multilayer sample at different points of an asymmetric
field sequence (H,=500 Oe, —H,;,=380 Oe) during consecu-
tive cycles. Columns 1, 2, and 3 correspond to the negative rema-
nent state, the positive remanent state, and the initial negative re-
versal state at H=-240 Oe, respectively. Rows (a)—(d) show
pictures taken in four subsequent minor loop cycles. The schematic
insets in (al)—(a3) indicate at which point on the minor loop cycle
the observation was made.

that is visible in between the pictures in this column, seems
to indicate that the cumulative minor loop growth proceeds
by domain expansion, a process that one would expect for a
single magnetization reversal in such samples, but not nec-
essarily for multiloop processes.

The middle column of Fig. 8, i.e., pictures (a2)—(d2) show
microscopy images of the same location that are taken for
H=0 Oe directly after having been exposed to the maximum
positive field in the minor loop cycle H,,=500 Oe and fol-
lowing the acquisition of the first column of pictures. The
contrast level for all 12 pictures shown in this figure is iden-
tical. Even though some faint contrast may still be visible,
the pictures fundamentally show a very uniform magnetiza-
tion state that appears to be very close to positive saturation,
just as we observed macroscopically under those experimen-
tal conditions. The right column of pictures in Fig. 8, i.e.,
(a3)—(d3), shows Kerr microscopy pictures of the same po-
sition, measured after the positive remanent pictures were
taken and while a negative field of H=-240 Oe is being
applied. This specific field value, which is reached during the
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measurement sequence before the sample is being exposed to
H i, was chosen because it is still above the threshold field
strength, at which substantial magnetization reversal sets in.
Correspondingly, these pictures show the very initial part of
the minor loop reversal after being nearly saturated by the
previously applied positive field. In all these pictures, (a3)-
(d3), one can see a faint contrast of the initial reversal do-
mains. Furthermore, the lateral pattern appears to be nearly a
replica of the previously recorded negative remanent state
(Ieft column) in all cases, as far as sufficient details can be
recognized above the noise level. This shows, that subse-
quent negative reversal segments of the minor loop proceed
by: (i) first recreating the domain reversal structure that was
generated during the previous negative field application, or a
domain structure very similar to it, and (ii) second expand
the lateral extend of this reversal domain structure, before the
magnetic field is increased again, as shown by moving from
row to row in Fig. 8. For example, by going from (b3) to
(c1), which are successive Kerr images in the overall field
sequence, one can see the lateral growth of the reversed
(dark) domain structure.

Given the strong perpendicular anisotropy of the multilay-
ered samples that we used for our study, the very substantial
contrast difference in between the left and the right column
images of Fig. 8 cannot be explained by a different degree of
local perpendicular magnetization orientation, i.e., having
fully out-of-plane domains in the left column and mostly
in-plane oriented domains in the right hand column. Instead
the contrast difference must stem from the resolution limit of
our Kerr microscope, which may be almost one order below
the typical lateral size of perpendicular stripe domains in
such multilayer materials.? Correspondingly, the local con-
trast that we observe represents the local population balance
between up and down domains, in terms of domain size and
number. Thus, the faint contrast on the right-hand column
means that there are fewer and/or smaller reverse domains
present in the same region than there were originally in the
preceding negative remanent state, i.e., prior to applying the
positive field of 500 Oe.

The local reemergence of previously observed reversal
domain pattern at smaller reverse fields than in previous mi-
nor cycles, i.e., the behavior seen here in Fig. 8, also requires
that the process does not start anew with every new cycle,
but instead starts from a preconfigured system, which keeps
the reversal domain structure locally memorized. This means
that upon applying the positive field a local domain pattern
persists that is not completely erased, from which the next
cycle of magnetization reversal can expand upon. This be-
havior is schematically indicated in Fig. 9, which shows a
magnetization state sequence similar to the Kerr microscope
picture sequence. As one progresses from the negative rem-
anent state (left column) to the positive remanent state in the
same minor loop cycle upon applying H,,, (middle column),
the domain structure breaks up into many small local do-
mains that are preserved, because H, <H" is not large
enough to annihilate all of them. Such left-over domains
have actually been observed by Davies et al.>* in thicker
Co/Pt-multilayer samples, where they cause anomalies in the
hysteresis loops. Also Cheng et al.3! found channellike sub-
structures in magnetic domains on Co/Pt multilayers, to
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FIG. 9. Schematic of the underlying physical process: the se-
quence of images shows the domain evolution during consecutive
minor loop cycles. Columns 1, 2, and 3 correspond to the negative
remanent state, the positive remanent state, and the initial negative
reversal state for H> H,;,, respectively. Rows (a)—(c) illustrate the
behavior of three subsequent minor loop cycles. The schematic in-
sets in (al)—(a3) indicate, which point on the minor loop cycle is
represented in every column.

which they attributed unusual magnetization reversal proper-
ties such as the field-induced fading of magnetic domains. In
experiments like our Kerr microscopy measurements, these
leftover domains may not be visible because they are so
small that they cannot be resolved and there are so few of
them that their signal contribution is insufficient to detect
them above the experimental noise, which appears to be the
case for the pictures shown in the middle column of Fig. 8.
However, they are present as corroborated by our macro-
scopic measurements of the M, reduction with every cycle,
shown in Figs. 3 and 6(b). This is schematically shown in the
center column of Fig. 9 by making the left-over domains
visible but with substantially reduced contrast. The right col-
umn of Fig. 9 shows the subsequent start of the next negative
magnetization reversal cycle by enhancing the local domain
contrast through domain growth below the resolution limit of
the imaging technique. The larger domain pattern reemerges,
just as we have seen in our Kerr microscope images. Here,
the left-over domains of the previous cycle now act as the
nucleation centers during the next magnetization reversal
loop. The overall effect of this sample behavior is that a
sequence of reversed minor loop states, such as the ones
shown in the left column of Figs. 8 and 9, progresses in a
way that resembles simple domain expansion by means of
domain-wall movement. In a certain sense, the complete mi-
nor loop has no effect but to put a temporary stop on this
expansion, even though almost full positive saturation is
reached during the minor loop cycle.
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FIG. 10. Sequence of Kerr-effect microscopy line scans taken
on a (Co/Pd)g-multilayer sample at different points of an asymmet-
ric field sequence (H,,=500 Oe, —H,;,=380 Oe) during the
same cycle: (bl)— (b2) —(b3) as shown in Fig. 8.

The here discussed physical picture is furthermore cor-
roborated by the data shown in Fig. 10. Here we see three
line scans extracted at the same position from the Kerr im-
ages (b1)—(b3) of Fig. 8. Due to the averaging over multiple
line scans, we see that not only the near reversal state (b3)
shows a clear resemblance to the previous negative remanent
state (b1), but also the intermediate remanent state after the
positive field H,,,, (b2) displays this structure, even though
the contrast is substantially weaker. This corroborates that
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the here investigated Co/Pt and Co/Pd multilayers have a
local multiloop memory that is facilitated by very small re-
verse domains that are substantially more stable toward an-
nihilation in a positive field than toward expansion in a nega-
tive field. This asymmetric field dependence then causes a
local domain expansion and retraction upon field cycling that
enables a large macroscopic growth of the magnetization re-
versal amplitude in subsequent minor loop cycles, the phe-
nomenon that we termed here cumulative minor loop growth.

While this effect is probably present in many magnetic
materials, it appears to be particularly pronounced in perpen-
dicular magnetized films of intermediate thickness. We did
not observe this effect in very thin [Co/Pt]; multilayer?
and found only a much smaller effect in thicker
[Co/Pd]sy-multilayer samples. So, even though cumulative
minor loop growth might be a more general phenomenon, it
may be a rather small effect in most cases as it relies on the
intricate nucleation-annihilation asymmetry discussed above.
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