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Temperature and ion irradiation dependence of magnetic domains
and microstructure in Co ÕPt multilayers

G. J. Kusinskia),b) G. Thomas,b) G. Denbeaux, and K. M. Krishnan
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

B. D. Terris
IBM Almaden Research Center, 650 Harry Road, San Jose, California 95120

Microstructure and magnetic properties of Co/Pt multilayers with perpendicular anisotropy were
studied as a function of growth temperature (TG) and ion irradiation. With increasedTG , larger
columnar grain size and an improved^111& texture were observed. Up to a critical temperature
(Tcrit), a monotonic increase in coercivity (HC) with TG was measured, followed by a decrease in
HC with further increase inTG . Magnetic domains of films grown belowTcrit were irregular, with
their submicron size decreasing gradually with increasingTG . Films grown at 390 °C.Tcrit had fine
domains on the sub-100 nm length scale. BothHC and domain size were reduced after the
multilayers were exposed. ©2002 American Institute of Physics.@DOI: 10.1063/1.1452230#
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Magnetic multilayers~MLs! composed of modulated
ferromagnetic–nonmagnetic layers have attracted much
tention in recent years. In particular, Co/Pt MLs,1–3 with
large perpendicular magnetic anisotropy~PMA! and high co-
ercivity have been proposed as future magnetic media
Terabit/in2 magnetic recording systems.4 Moreover, ion-
beam irradiation has been shown to modify the magn
properties in such MLs by effectively reducing PMA.5–7

Hence, local patterning of magnetic properties can
achieved by application of spatially varying irradiatio
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dose.8,9 Understanding the magnetic domain structure in su
films is important from a technological as well as a fund
mental perspective. In this article, the influence of grow
temperature10 and ion-beam irradiation on magnetic prope
ties and, in particular, on the domain structure and coerciv
HC , is discussed.

For the specific experiments discussed here, Co/Pt M
with the following structure: /20 nm Pt seed/1
3(0.3 nm Co/1 nm Pt)/1 nm Pt cap layer/, were fabrica
by electron-beam evaporation.10 For the purpose of transmis
FIG. 1. Plan-view BF TEM images, SAD patterns and~111!DF images of the Co/Pt MLs grown atTG5190 °C,TG5250 °C, andTG5390 °C, displayed in
rows. All SADs were collected with a 5mm aperture.
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sion electron microscopy~TEM! and magnetic transmissio
x-ray microscopy~MTXM ! imaging, MLs were deposited o
electron transparent Si3N4 windows. For all samples dis
cussed in this article, both the 20 nm Pt seed layer, and
ML stack were evaporated at roughly the same growth te
perature,TG , ranging between 200 and 390 °C. In additio
samples were exposed to 700 keV N1 ion irradiation, from a
NEC 3UH Pelletron accelerator. Magnetic hysteresis m
surements were performed using magneto-optical Kerr ef
~MOKE! techniques.

The microstructure of all samples was evaluated
TEM ~using a Philips CM200FEG and a JEOL 3010!, utiliz-
ing bright field-~BF!, dark field-~DF!, and high resolution-
~HRTEM! imaging, and selected area diffraction~SAD!.
High resolution magnetic imaging was performed with
magnetic transmission x-ray microscope,11–13 to study the
magnetic domain structure as a function of growth tempe
ture and ion irradiation dose with a 25 nm spat
resolution.14

As depicted in Fig. 1, all of the investigated samp
were polycrystalline with an average grain size increas
with TG . The SAD patterns, Figs. 1~d!, 1~h!, and 1~l!,
showed a typical ring spacing associated with polycrystal
face-centered-cubic Pt structure. For all samples,~111! and
~002! rings were weak, but not zero, and the~022! ring was
the strongest. This implies strong out-of-planê111&
texture,15 with only some grains oriented randomly, contri
uting to ~111! and~002! rings. The SAD patterns from large
areas show a uniform intensity distribution around all rin
indicating random in-plane orientation and only out-of-pla
^111& texture.

Figures 1~b!, 1~f!, and 1~d! are~111! DF images showing
only the grains without thê111& texture and Figs. 2~c!, 2~g!,
and 2~k! are respective lower magnification images show
the distribution of such grains. As presented, samples gr
at the low temperature of 190 °C, Figs. 2~b! and 2~c!, had a
large number of uniformly distributed grains lacking th
^111& texture. With increasingTG , the number of such mis

FIG. 2. Enlarged sections of SAD patterns.~a! TG5250 °C and~b! TG

5390 °C.
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oriented grains decreased. For theTG5250 °C sample, Figs
2~f! and 2~g!, the majority of the misoriented grains wer
smaller than the average grain size, although a few la
misoriented grains were also found. For samples grown
390 °C, a good̂111& texture was observed, with only ver
few grains lacking thê111& texture, as shown in Figs. 2~j!
and 2~k!. Moreover, such misoriented grains were mu
smaller than thê111& textured grains.

Figures 2~a! and 2~b! show enlarged sections of SAD
patterns for samples grown at 250 and 390 °C, respectiv
For lowerTG samples, 190 °C~not presented! and 250 °C, all
diffraction rings were split indicating two distinctive lattic
parameters for the Co and Pt layers. The relative ratio of
to Pt rings was 0.97, indicating highly strained Co laye
This splitting explains a fine Moire´ fringe contrast, visible in
some of the grains for 190 and 250 °C films, Figs. 2~a! and
2~e!. However, the intensity in the two subrings had the sa
radial distribution, indicative of columnar growth extendin
throughout the thickness of the multilayer stack, with t
grain size determined by the seed layer. This was also c
firmed by HRTEM. For samples grown above a critical tra
sition temperature,Tcrit , the ring splitting attributed to two
separate Pt and Co parameters was not detectable, as s
by one broad ring in Fig. 2~b!, indicating a continuous gra
dient in lattice parameter between that of strained Co~mea-
sured for 190 and 250 °C! and Pt.

In addition to effecting the grain size and the^111& tex-
ture,TG is also known to influence magnetic properties~i.e.,
HC , domain size!.16 As shown in Fig. 3, MTXM was used to
investigate the magnetic domain size, and MOKE was u
to measureHC . It was reported earlier thatHC of the Co/Pt
MLs increases almost linearly with increasingTG .10,17

Moreover, Welleret al.10 showed that whenTG is increased
beyondTcrit a decrease inHC is observed.

For samples grown belowTcrit , square loops were ob
served with a high hysteresis slope. The increase inHC in
this temperature regime was associated with small shea

FIG. 3. MTXM images of samples grown at differentTG : ~a! 190 °C, ~b!
250 °C,~c! 390 °C, and~d! same sample as in image~b! but irradiated with
700 keV 531014 N1/cm2.
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of the loops, seen as a small decrease in the hysteresis s
The increase inHC correlates with an observed increase
grain size and improvement of the^111& texture. Similar val-
ues ofHC and nucleation,HN , were measured, indicating
magnetic reversal, which is communicated throughout
film via strong exchange coupling between grains. In agr
ment, the MTXM imaging found large irregularly shape
submicrometer magnetic domains. As shown, Figs. 3~a! and
3~b!, the size of the observed domains was found to decre
with increasingTG , consistent with the increase inHC .

On the other hand, for samples grown aboveTcrit , the
hysteresis loops were significantly sheared, indicating re
sal over a broad range ofHA . This suggests magnetic clus
ters that reverse rather independently of their neighbors o
a range ofHA , implying an exchange de-coupled granu
system. For these samples, a very fine domain struct
comprised of individual grains or small clusters of similar
oriented grains, with length scales below 100 nm was
served as shown in Fig. 3~c! for sampleTG5390 °C.Tcrit .
TEM analysis of theTG5390 °C sample showed one set
CoPt rings indicating diffused interfaces, which correla
with the observed reduction in PMA measured as lowerHC .
Moreover, energy filtered TEM revealed Co depleted, Pt r
columnar boundaries in samples grown aboveTcrit . This can
explain magnetic measurements, which indicate grain dec
pling, and may help explain the small size of the observ
domains.

As reported earlier,7 ion irradiation can be used to reduc
the perpendicular anisotropy of these Co/Pt multilaye
Doses of 700 keV N1 as low as 1014 N1/cm2 reduceHC

without, however, effecting the square loop shape. A subs
tial decrease in the perpendicular remanence is observe
doses above;1015 N1/cm2. When the dose is increased fu
ther ~beyond 3 – 431015 N1/cm2!, the transition from out-
of-plane to in-plane easy axis orientation occurs. These
fects are associated with a gradual decrease in the PMA

Figure 3~d! shows an MTXM, domain image of th
sample grown atTG5250 °C and irradiated with 700 keV
531014 N1/cm2, a dose sufficient to reduceHC' by half, to
approximately 3.5 kOe. Comparing Figs. 3~d! and 3~b!,
which shows magnetic domains in the as-grown state, a
stantial decrease in domain size after ion irradiation is e
dent. However, the domains still had similar irregular appe
ance but a smaller feature size. A similar decrease in dom
size upon ion irradiation was found for all the samples, w
larger doses yielding a smaller domain size. The TEM inv
tigations of the ion irradiated samples revealed no noticea
grain size changes from the as-grown samples even a
doses of 531016 N1/cm2, which are;10 times larger than
those needed to fully reduce PMA and render in-plane m
netization. For these MLs, the ion induced decrease inHC is
associated with the reduction in the PMA.

Moreover, combining and re-emphasizing the resu
presented in Figs. 3~a!, 3~b!, and 3~d! an important conclu-
sion is made. The domain sizes,D, are not directly deter-
mined byHC , and are governed in a complex way by bo
the PMA and the microstructure. As shown,D(190 °C,HC

53.8 kOe).D(250 °C,HC57.8 kOe) yet.D ~250 °C and
531014 N1/cm2, HC53.5 kOe!. When TG is increased
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from 190 °C—Fig. 3~a! to 250 °C—Fig. 3~b!, HC increases
and domain size decreases. The increase inTG results in
improved ^111& texture what gives increased anisotropy r
sulting in increase ofHC from 3.8 to 7.8 kOe, correspondin
to smallerD. When theTG5250 °C sample was then irrad
ated, which reducedHC back down to 3.5 kOe, the smalle
domain size was observed@Fig. 3~d!#. In the latter step, how-
ever, the grain structure is not changed, and only the PM
reduced due to local intermixing of the MLs. Hence, the i
irradiation reduces the domain size, similar to the increas
TG in the high temperature regime, aboveTcrit .

To summarize, changes in the domain structure with p
cessing parameters, i.e.,TG and N1 ion dose, were investi-
gated. With increase inTG up to Tcrit , an increase in grain
size and an improved̂111& texture were found, both contrib
uting to increase inHC . Moreover, a decrease in the doma
size was observed. For MLs grown atTG5390 °C.Tcrit , a
decrease inHC was measured, and small magnetically d
coupled domains, with size about the grain size, were
served. This correlates well with Co depletion at the colu
grain boundaries and diffused Co/Pt interfaces. The latter
is known to reduce the PMA and, hence, reduceHC .
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