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Effects of stacking faults on magnetic viscosity in thin film magnetic
recording media
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There is much interest in crystallographic defects in thin film magnetic recording media and their
role in influencing recording performance such as media noise and thermal loss. In this article we
report a correlation between the magnetic viscosity in CoPtCr thin film media, which is the origin
of thermal loss effects, and the concentration of local fcc-like regions. The concentration of these
defects~the type and density of stacking faults! was varied by growth on different underlayers~Cr
and CrTa/Cr! and was measured with grazing incidence x-ray scattering using synchrotron radiation.
We show that a substantial percentage of local fcc regions in an otherwise hcp cobalt alloy film
leads to significant magnetic viscosity effects at quite modest magnetic fields. We find that the
activation volume is reduced for a sample with a higher percentage of fcc-like regions and suggest
that this can be understood in terms of the effect of weak links acting to stabilize local
micromagnetic configurations. ©1999 American Institute of Physics.@S0021-8979~99!04504-1#
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INTRODUCTION

Recently the phenomena of time dependence of mag
tization has become important for thin film recording med
since, as areal data densities increase and grain size
reduced, significant thermal loss of signal from record
transitions is observed. It is well known that it is the ph
nomenon of thermal loss of data that will limit the ultima
grain size that can be utilized for the storage of informat
in a magnetic medium and not the often quoted superp
magnetic limit which is defined as being that grain s
where magnetization reversal occurs on a time scale of
s.1 For a single particle size, thermally activated magneti
tion reversal is governed by the well-known Arrhenius–N´el
law:2

M irr~ t !5A1B exp~2t/t0!,

where

t0
215 f 0 exp2~DE/kT!. ~1!

Here t0 is the relaxation time, i.e., the time taken for th
magnetization to fall to 1/e ~37%! of its initial value, f 0 is a
constant usually taken to be 109 Hz, andDE is the energy
barrier. Substituting a measurement time of 100 s into
equation gives the well-known criteria for superparam
netic behavior and defines a critical volumeV, where ther-
mal energy will induce spontaneous reversal of the magn
zation of a single grain and hence no remanent magnetiza
results:1

a!Electronic mail: helen@sees.bangor.ac.uk
2770021-8979/99/85(5)/2775/7/$15.00

Downloaded 28 Oct 2005 to 134.79.34.54. Redistribution subject to AIP
e-

are
d
-

n
a-

0
-

is
-

ti-
on

KV525kT. ~2!

However in real materials there exists a distribution of e
ergy barriers and it is generally found that the magnetizat
in zero field after the application of a saturating field follow
the well-known logarithmic law:3

M ~ t !5M ~0!2S ln t. ~3!

It should be noted that depending on the width of the ene
barrier distribution other forms of variation of magnetizatio
with time can result.4,5 This is the well-known magnetic vis
cosity effect which exhibits a variation of the logarithm
decay of magnetizationS, which varies with applied field
and goes through a maximum in the region of the coerciv
of the material. Due to the fact that thermal loss of signa
associated with magnetic viscosity effects, it is thus not s
prising that initial reports in the literature show that the lo
in signal amplitude follows a logarithmic law.6 Furthermore
it could be anticipated that such thermal loss effects w
increase with data density. The increase in the local dem
netizing field generated by the bit itself and by neighbori
bits is on the order of 0.4Ms for data densities on the order o
200 kfci.7 As such these demagnetising fields move the m
dium into the switching region and hence close to the co
civity where magnetic viscosity effects are a maximum.

For a medium which contains a significant number
grains having stacking faults or even the presence of fcc-
regions the effects of magnetic viscosity are expected to
more significant. Such stacking faults are common in t
film media which may typically contain in excess of 10%
the cobalt in the film in a nonideal phase. The origins
these grains can be associated with high platinum con
5 © 1999 American Institute of Physics
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alloys,8 poor epitaxy to the underlayers,9 or the contamina-
tion of the sputtering gas by nitrogen or other impurities10

The effects of impure sputtering gas are well known a
have been used in the past to generate cobalt films ha
reduced coercivities11 and may also be responsible, at least
part, for the recently described ultraclean sputtered fi
where improved crystallinity and resulting recording perfo
mance were reported.10

For normal hcp Co the magnetic anisotropy consta
which determines the height of the energy barrier in Eq.~1!,
is 4.53106 ergs/cc. However where crystallographic defe
are present the value of this anisotropy constant and he
the height of the energy barrier is reduced. This has the ef
of reducing the size of the critical volume of the grain th
will exhibit superparamagnetism, and hence the presenc
fcc-like regions or stacking faults will result in larger grain
becoming thermally unstable. It has recently been shown
where such regions are present, normal statistical cluste
can lead to anisotropically weak areas in a sputtered
film, giving rise to the concept of a weak link in the overa
micromagnetic structure.12 The presence of such anisotrop
cally weak regions can initiate significant thermal activati
effects in the resulting films.

Thus as the quest for increased data density in thin
media proceeds and ever smaller grains are utilized, m
netic viscosity effects are increasingly important, particula
for films with a magnetic layer thickness on the order of 1
Å.6 The connection between the grain size and magnetic
cosity effects is complicated by the effects of intergranu
coupling in the films. This coupling usually arises due to
exchange interaction between the grains, which results
number of magnetic grains reversing as a single entity.13 The
assessment of these effects on magnetic viscosity is us
undertaken via the measurement of a critical or activat
volume which, in thin film media, is generally found to b
larger than the physical grain volume as determined by tra
mission electron microscopy~TEM!. There is a range of pos
sible techniques by which such activation volumes can
determined. However, in a recent review of the
techniques,14 we have shown that this volume can be a
sessed either via a waiting time experiment following t
method of El-Hiloet al.15 or for the case where the magn
tization varies linearly with the log of time via a simplifie
procedure originally due to Ne´el.16 Clearly, for a complete
understanding of thermal activation of magnetization rev
sal in films consisting of coupled grains, an assessmen
both the interaction effects and the activation volume is
quired.

Where anisotropically weak fcc-like regions exist
what is in reality a nonuniform film, complex effects ca
result. In this work we have conducted an assessment of
the level of crystallographic defects and the resulting m
netic parameters, to provide a unified view of the effect
crystallographic defects on the overall magnetic and he
the recording behavior of such materials. Such a stud
essential for an understanding of the structural correla
with any resulting thermal loss effect in the final recordi
medium.
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EXPERIMENT

In this study we have examined two thin films prepar
by sputtering. The films were of composition Co64Pt14Cr22

and of thickness 300 Å. Sample C1 was grown on a 500
Cr layer, whereas C2 was grown on 200 Å of Cr with
further 200 Å of Cr82Ta18 above it. This second sample ha
improved lattice matching of the underlayer to the Co all
layer, hence less stacking faults are expected to occur in
Co alloy grains of sample C2.

X-ray diffraction data were collected at the Nation
Synchrotron Light Source at the Brookhaven National Lab
ratory ~beam line X20A! with a focused x-ray beam and a
incident x-ray energy of 9.999 keV~wavelength of l
51.234 Å). This energy was chosen to be as high as p
sible but below the mirror cutoff~about 10.5 keV!. This
allows a large accessible range for the scattering vectoQ
5(4p/l)sinu, whereu is half the scattering angle. To mini
mize the diffraction from the NiP substrate and Cr/CrTa u
derlayers, a grazing incidence geometry17–20 was used with
incidence and exit angles of 0.34°. This geometry is illu
trated in Fig. 1. The diffracted beam was analyzed with
mrad Soller slits, with a resulting in-plane resolution
DQ50.0076 cosu Å21; the acceptance out of the scatterin
plane was 16 mrad. A Ge detector was used to discrimin
the elastic scattering from the cobalt and chromium fluor
cence.

All magnetic measurements were made using an al
nating gradient force magnetometer on samples cut from
disks. Measurements of time dependence were made by
saturating the samples in a positive field, after which the fi
was reduced to zero and a negative field applied wh
brought the sample into the switching region, i.e., the reg
of the coercivity. At this point the field sweep was stopp
and the variation of magnetization with time recorded ea
second for a period of 10 min. For each new measurem
the sample was resaturated and the measurement proc
repeated. For both samples and for all fields examined
almost exactly linear variation of magnetization with lnt was
observed indicating that the samples possessed fairly b
distributions of energy barriers. Accordingly, the parame
S(H) defined in Eq.~3! was calculated at each field. Also th

FIG. 1. Grazing-incidence x-ray diffraction geometry. The scattering vec
Q is the difference between the scattered and incident x-ray wave vec
and has a magnitude ofQ5(4p/l)sinu, whereu is half the scattering angle
2u. The surface normal isn and the grazing incidence angle isa50.34° in
these measurements.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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actual energy barrier distribution present in the materials
determined via the measurement of the dc demagneti
remanence~DCD! curve obtained by applying successive
larger negative fields again to a sample previously satur
in a positive direction.21 The nature and strength of the co
pling in the films was determined from the well establish
DM technique where

DM ~H !5M̄d~H !2@122M̄ r~H !#, ~4!

whereM̄ r(H) is the remanence in the magnetizing case a
M̄d(H) that in the demagnetizing case normalized to
saturation remanence.22 Also, we have determined the act
vation volume for each of these films. This volume is t
smallest volume which can reverse coherently in the syst
Due to the linearity in the behavior of the magnetic viscos
with ln t we were able to determine the activation volumen
for each sample atH5Hc , from23

kT

nMs
5

S~H !

x irr~H !
, ~5!

where x irr was obtained from the differential of the DC
curve, the measurement of which is described above.

STRUCTURAL RESULTS

Figures 2~a! and 2~b! show the x-ray data from sample
C1 and C2, respectively. As is apparent, the use of sync
tron radiation allows a dynamic range of about 500, limit
only by the background scattering from the media. Th
data were fitted to the calculated diffraction peaks from
CoPtCr film using a least squares method. Since a gra
incidence geometry was used, there is no contribution fr
the NiP substrate and the Cr and CrTa underlayers. The l
in Fig. 2 show the results of these fits and an excellent c
relation with the experimental data is seen. We have cho
to fit the diffraction peak shapes to Lorentzians raised to
3/2 power, since this provides the best overall fit to the d
These shapes probably result from the presence of stac
faults ~see below! and a rather broad distribution of partic
sizes. The peak positions and peak widths resulting fr
these fits are collated in Table I.

The lattice constantsa and c that we extract from the
peak positions are given in Table II. Whilea is the same for
both samples,c is slightly larger for C1~Cr underlayer! than
C2 ~CrTa/Cr underlayer!. From an epitaxial matching stand
point, this seems rather counterintuitive, since the CrTa
tice is larger than for Cr. This must be a manifestation
some other effect such as the different stacking fault de
ties.

As is typical for CoPtCr media,24,25 both samples have
stacking faults along hcp~002! planes, which is evident by
the large widths of the~101!, ~102!, and~103! peaks. For an
hcp material faulting toward fcc along hcp~002! planes, there
are three types of stacking faults: growth~or twin!, deforma-
tion, and correlated deformation faults~which are extended
regions of fcc!. These different faults are illustrated in Fig.
The probabilities that deformation or growth faults occur
any given hcp~002! plane area and b, respectively. These
quantities were calculated for each sample from the~101!,
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~102!, and ~103! diffraction peak widths using the metho
described in Refs. 26 and 27 and are given in Table II.28

The presence of correlated deformation faults, or
tended fcc regions, is manifest in the data of Fig. 2 in t
ways: first there are distinct shoulders in the data atQ
'3.45 Å21, which are due to fcc~200! reflections, and sec

FIG. 2. Grazing incidence diffraction data for samples C1 and C2@~a! and
~b!, respectively#. The intensities are corrected for the illuminated area a
polarization. The lines are best fits to the data.

TABLE I. Peak positions and widths@in full width at half maximum
~FWHM!# for samples C1 and C2.

Sample
peak

C1 C2

Position~Å21! FWHM ~Å21! Position~Å21! FWHM ~Å21!

~100! 2.828 0.073 2.825 0.056
~002! 3.017 0.043 3.026 0.043
~101! 3.185 0.130 3.196 0.076
~102! 4.131 0.225 4.135 0.142
~110! 4.878 0.102 4.881a 0.124
~103! 5.320 0.220 5.341 0.114
~200! 5.65a 0.1a 5.634 0.126
~112! 5.730 0.084 ¯ ¯

~201! 5.832a 0.17 5.837 0.12
~004! 6.031 0.066 6.049 0.072
fcc~111! 2.95a 0.12a 2.93 0.12a

fcc~200! 3.4a 0.22a 3.4a 0.22a

aIndicates peak-fitting parameters that were held fixed~due to weak peak
intensities!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ond there is an asymmetry atQ'2.94 Å21 near the hcp~002!
position, which are fcc~111! reflections. These are marked b
arrows in Fig. 2. Note that it is impossible to adequately
the diffraction data without these fcc peaks. Since th
peaks are broad~see Table I!, they most likely result from
small fcc regions within predominately hcp grains i.e., c
related deformation faults. From the integrated intensities
these fcc peaks relative to the hcp~002! peak, we can esti-
mate the amount of fcc phase in these regions~fcc!. These
are given in Table II.

From the raw data in Fig. 2, specifically the peak widt
and intensity of the fcc~200! reflection and the data in Tabl
II, it is apparent that sample C1 has a higher density
growth and deformation faults along with more extended
regions. In other words, more of C1 is in an fcc-like en
ronment than C2. We can be somewhat more quantita
and can use the growth and deformation fault probabili
together with~fcc! to estimate the total amount of the film i
an fcc-like environment. With reference to Fig. 3 for
growth fault, theB plane labeled with the arrow is locall
rather fcc. However, this is only partly so, since lookin
below or above, the stacking is still hcp~i.e., ABAB and
BCBC, respectively!. Thus, we estimate that for the grow
faults the amount of material in an fcc-like environment
given by 1/2b. Comparably, for a deformation fault tw
planes are locally nearly fcc~see Fig. 3!, and we approximate
the amount of material in an fcc-like environment asa.
While this assignment is slightlyad hoc~indeed, there isno
clear method of doing this!, it does provide a valid procedur
for comparison. Thus, the amount of the thin film in an fc

FIG. 3. Schematic illustration of stacking faults in hcp materials. The
rows mark regions that are locally fcc-like.

TABLE II. Lattice constants~a andc!, deformation and growth fault prob
abilities ~a andb, respectively!, estimated particle sizes along the~002! and
~100! directions @D(002) and D(100)#, estimated fcc amount from the
fcc~111! and fcc~200! peak intensities@g~fcc!#, and amount of sample in an
fcc-like environment for samples, C1 and C2.

Sample
underlayer

C1
Cr

C2
CrTa/Cr

a~Å! 2.57660.002 Å 2.57460.002 Å
c~Å! 4.16660.002 Å 4.15360.002 Å
a 0.0960.01 Å 0.0260.01 Å
b 0.0560.01 Å 0.0660.01 Å
D(002) 150620 Å 130620 Å
D(100) 50610 Å 65610 Å
~fcc! 3.0%60.2% 2.1%60.3%
Total percentage of fcc 17%62% 7.5%61%
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like environment is:g(fcc)11/2b1a. This gives an estima-
tion of 17%62% and 7.5%61% for C1 and C2, respec
tively ~see Table II!, and from this we can see that muc
more of C1 is in an fcc-like environment than for C2.

The peak width data also allows an estimation of t
average particle size of the media. The particle size is
extent of the coherently diffracting regions and may
somewhat different from the grain size due to poorly orde
regions at the edges of the grains or to dislocations. A
evident in Table I, there is a crystallographic anisotropy
the peak widths@e.g.,~002! is sharper than~100!# and hence
in the particle size. We useD(002) andD(100) to denote
the average particle dimensions along the~002! and ~100!
directions. These were calculated using the method of in
gral breadths29 from the peak widths of the nonfault
broadened peaks:~002! and ~004!, and separately,~100!,
~200!, and ~110!. The inhomogeneous strain defined as t
root-mean-square variance in the lattice constants was
sumed isotropic and was found to be 0.009 for each sam
One possible cause of this rather large inhomogeneous s
is the distribution of Cr concentration within a grain due
the Cr segregation to grain boundaries.30 The particle dimen-
sions obtained using this procedure are shown in Table
They are the same for both C1 and C2, but are marke
anisotropic. This is likely to be a result of a high density
dislocations along the~100! direction, which is due to a
poorer lattice match with the Cr or CrTa underlayer in th
direction compared with the~002! direction. Specifically, the
mismatch is about 2% along the~002! but is about 10%
along the~100!. Since the peak widths are best fit Lorent
ians raised to the 3/2 power, there is a broad distribution
particle sizes.

MAGNETIC RESULTS

Figure 4 shows the hysteresis loops of the two samp
From this figure the dramatic effect of the high level
stacking faults in sample C1 can clearly be seen; for exam
the coercivity is reduced from 3.34 to 1.86 kOe. The act
switching field distributions, as determined from the diffe
ential of the remanence curves, are shown in Fig. 5. On
figure we have marked the percentage of the area unde

-

FIG. 4. Hysteresis loops for samples C1 and C2. The amount of film in
fcc-like environment is 17% and 7.5%, respectively.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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curve corresponding to the amount of the thin film in
fcc-like environment. Of course, we cannot be specific
associating grains with lower energy barriers with those p
sessing a nonideal crystallographic structure. Thus the d
sion shown on the distribution is simply a guide to the e
for the region of field where some of the grains may
reversing. Where a nonideal grain is isolated from others
surrounded by perfect grains with high anisotropy, the eff
of this grain is likely to be minimal. However, at such hig
levels of defective grains clustering will inevitably occur a
this will lead to anisotropically weak regions in the film
where lower energy barriers will result. For example, n
the wider distribution occurring for sample C1 and the lo
tail in the distribution at low fields of less than 1 kOe.
sample C2 there is also a significant tail to the distribut
caused by grains with low switching fields of below 3 kO
Hence the effect of the lower level of fcc-like regions is s
significant and may potentially give rise to significant the
mal loss.

Figure 6 shows theDM curves for both samples. Here
is seen that the magnitude ofDM is comparable in each cas

FIG. 5. Switching field distributions of samples C1 and C2 determined fr
the normalized differential of their respective remanence curves. The
centage of the area under the curve corresponding to the amount of fi
a fcc-like environment is marked by a line for each sample~17% for C1 and
7.5% for C2!.

FIG. 6. DM curves for samples C1 and C2 showing that both samp
exhibit significant intergranular exchange coupling.
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and furthermore, the slope of theDM curve which gives a
clearer indication of the effect of coupling31 is almost iden-
tical for both samples. This arises because of the sim
grain size and preparation conditions under which these fi
were made. From these data we infer that these sample
hibit significant intergranular exchange coupling whi
would not be expected to vary due to crystallographic defe
in the grains themselves.

Figure 7 shows the variation of the time dependen
parameterS(H) for both samples. From this figure it can b
seen that significant magnetic viscosity effects occur
sample C1 down to zero field which corresponds to the re
anent point on the hysteresis loop. Thus, this sample cle
exhibits thermally unstable magnetization behavior throu
out the entire second quadrant of the hysteresis loop. He
a bit to bit demagnetizing field on the order of 0.4Ms would
be expected to lead to significant thermal loss in a film
this type.

For sample C2 the coercivity is much higher and t
time dependent behavior exhibits a peak at around 3.3
as shown in Fig. 7. Given that this film is prepared und
almost identical conditions with an identical grain size
film C1, the effect of the weak link regions on the glob
coercivity is clearly evident. This result is consistent wi
some of our current modeling work.31 However, there also
appears to be significant time dependence occurring at fi
around 2 kOe. This behavior is slightly anomalous sin
there is no evidence of magnetization reversal occurr
around these fields in the differentiated remanence cu
shown in Fig. 5. This would appear to be an additional eff
of the weak links caused by the low anisotropy grains wh
has not previously been observed. This may account for
relatively modest thermal loss effects which are reported
many thin films including those which do not have a sign
cant proportion of low anisotropy grains. Furthermore, t
data in Fig. 7 show that significant time dependence of m
netization occurs at fields between 2.5 and 3 kOe. Again,
thermal relaxation may lie within the range of demagnetiz
fields arising from bit to bit effects for ultrahigh density re
cording, i.e., greater than 200 kfci. Hence, some thermal

r-
in

s

FIG. 7. Variation of the time dependence parameterSwith field for samples
C1 and C2. The percentage of the area under the curve corresponding
amount of film in a fcc-like environment is marked by a line for each sam
~17% for C1 and 7.5% for C2!.
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of data might be expected even at this low defect level.
We have also determined the activation volumes fr

Eq. ~5! for both samples over a range of applied fields
shown in Fig. 8. It is interesting to note that sample C1 w
the higher proportion of fcc-like regions, exhibits bimod
behavior in the activation volume, while sample C2 displa
the more usual single peak around its coercive field. T
bimodality is not evident in the hysteresis loop of sample
but suggests that the higher proportion of fcc-like regions
this sample is producing two types of grains with distin
coercivities. It is evident from Fig. 8 that it is the lowe
coercivity grains withHc around 1 kOe that have lower va
ues of activation volume and are responsible for the ther
instability of this sample.

The activation volumes of both samples at the coerciv
are 17310218cm3 for sample C1 and 20310218cm3 for
sample C2. This compares with the grain volume for b
samples estimated from the x-ray data to be on the orde
5.3310218cm3, hence it is clear that for these coupled film
as indicated viaDM ~Fig. 6! a number of grains~;10! re-
verse in one event consistent with our previous work.4 The
fact that the activation volume for sample C1 is mu
smaller than C2 is surprising but it can be understood in
context of our work on modeling the effect of local fcc-lik
regions, which has been reported elsewhere.12 It would ap-
pear that the effect of weak links is to stabilize local micr
magnetic configurations. In this way smaller activation v
umes are formed due to the ability of the weak anisotro
grains to follow local fields forming quasiflux closure co
figurations. However, in the case where there is a very
proportion of fcc regions, such as in sample C2, the stren
of the anisotropy means that less stable micromagnetic
figurations result. Thus units containing a larger number
grains reverse in a single step and this gives rise to a la
activation volume.

For films such as those measured in this study, where
magnetic layers are on the order of 300 Å thick, large sc
thermal loss is not seen at normal data densities. This
somewhat puzzling result given the magnetic viscosity d
but may be due to the fact that demagnetizing fields in s
systems are not large enough to make these effects appa
However, as the thickness of the magnetic layer is reduce
below 100 Å, such effects are seen and will be exacerba
by the presence of crystallographic defects. Also, in orde

FIG. 8. Variation of the activation volume with field for samples C1 and C
Downloaded 28 Oct 2005 to 134.79.34.54. Redistribution subject to AIP
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reduce noise in such systems, an increased decoupling o
grains will be used and the isolation of crystallographica
defected grains can only lead to an increase in thermal
of data. Hence the extension of longitudinal recording to
ultimate limits will require control of the crystallographicall
defective content in order to maintain a high level of t
anisotropy constant and the presence of a narrow distribu
of that anisotropy constant.

CONCLUSIONS

In conclusion we have shown that the use of synchrot
radiation allows us to obtain details of the crystallograp
structure of thin film media which has important implicatio
for its performance. We have been able to quantify the le
and type of stacking faults in these samples in considera
detail. In samples with a high proportion of grains in a fc
like environment we have shown that significant magne
viscosity effects result at fields close to the value of the lo
bit-to-bit demagnetizing field. Modeling studies on syste
such as these have shown that it may well be the case tha
presence of a limited number of local fcc grains may ena
smaller transitions to be stabilized in a given medium. Ho
ever, a compromise of properties will be required to ens
that significant thermal loss effects do not result from th
presence. Further modeling studies of the effect of low
isotropy grains in thin film media are in progress and will
reported.
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